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Overview of Vaccines

Gordon Ada

1. Patterns of Infectious Processes
Most vaccines are designed as a prophylactic measure to stimulate a lasting immune

response so that on subsequent exposure to the particular infectious agent, the extent
of infection is reduced to such an extent that disease does not occur (1). There is also
increasing interest in designing vaccines that may be effective as a therapeutic mea-
sure, immunotherapy.

There are two contrasting types of infectious processes.

1.1. Intracellular vs Extracellular Patterns
Some organisms, including all viruses and some bacteria, are obligate intracellular

infectious agents, as they only replicate inside a susceptible cell. Some parasites, such
as plasmodia, have intracellular phases as part of their life cycle. In contrast, many
bacteria and parasites replicate extracellularly. The immune responses required to con-
trol the different patterns of infections may therefore differ.

1.2. Acute vs Persistent Infections
In the case of an acute infection, exposure of a naive individual to a sublethal dose

of the infectious agent may cause disease, but the immune response generated will
clear the infection within a period of days or weeks. Death occurs if the infecting dose
is so high that the immune response is qualitatively or quantitatively insufficient to
prevent continuing replication of the agent so that the host is overwhelmed. In con-
trast, many infections persist for months or years if the process of infection by the
agent results in the evasion or subversion of what would normally be an effective
immune control reaction(s).

Most of the vaccines registered for use in developed countries, and discussed briefly
in the next section, are designed to prevent acute human infections.
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2. Types of Vaccines

Almost all of the vaccines in use today are used against viral or bacterial infections
(Table 1). They are mainly of three types—live attenuated agents; inactivated, whole
agents; and parts of an agent—subunit, polysaccharides, carbohydrate/conjugate
preparations, and toxoids.

Table 1
Currently Registered Viral and Bacterial Vaccines

Viral Bacterial

Live, attenuated
Vaccinia (smallpox) BCG
Polio (OPV) Salmonella typhi (Ty21a)
Yellow fever
Measles
Mumps
Rubella
Adeno
Varicella

Inactivated, whole organism
Influenza Vibrio cholerae
Rabies Bordetella pertussis
Japanese encephalitis Yersinia pestis
Hepatitis A Coxiella burnetii

Subunit
Influenza Borrelia burgdorferi
Hepatitis B (Hep B) Salmonella typhi VI

B. pertussis (acellular)
Carbohydrate Neisseria meningiditis (A, C, Y, W135)

Streptococcus pneumoniae
Conjugates Haemophilus influenzae, type b

Streptococcus pneumoniae
Neisseria meningiditis (C)

Toxoids
Corynebacterium diphtheriae
Clostridium tetani

Combinations
Measles, mumps, rubella (MMR) Diphtheria, tetanus, pertussis

whole organism (DTPw)
Diphtheria, tetanus, pertussis
acellular (DTPa)
DTPa, Hib, Hep B
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2.1. Live, Attenuated Microorganisms
Some live viral vaccines are regarded by many as the most successful of all human

vaccines (see Subheading 4.), with one or two administrations conferring long-last-
ing immunity. Four general approaches to develop such vaccines have been used.

1. One approach, pioneered by Edward Jenner, is to use a virus that is a natural pathogen in
another mammalian host as a vaccine in humans. Examples of this approach are the use of
cowpox and parainfluenza viruses in humans, and the turkey herpes virus in chickens.
More recently, the use of avipox viruses, such as fowlpox and canarypox, which undergo
an abortive infection in humans, is being used in humans as vectors of DNA coding for
antigens of other infectious agents (2).

2. The polio, measles, and yellow fever vaccines are typical of the second approach. The
wild-type viruses are extensively passaged in tissue culture/animal hosts until an accept-
able balance is reached between loss of virulence and retention of immunogenicity in
humans.

3. Type 2 polio virus is a naturally occurring attenuated strain that has been highly success-
ful. More recently, rotavirus strains of low virulence have been recovered from children’s
nurseries during epidemics (3).

4. A fourth approach has been to select mutants that will grow at low temperatures but very
poorly above 37°C (see Chapter 2). The cold-adapted strains of influenza virus grow at
25°C and have mutations in four of the internal viral genes (4). Such strains were first
described in the late 1960s, and have since been used successfully in Russia and have
undergone extensive clinical trials in the United States.

In contrast to the these successes, bacillus Calmette-Guérin (BCG) for the control
of tuberculosis was for many years the only example of a live attenuated bacterial
vaccine. Although still widely used in the WHO Expanded Programme of Immuniza-
tion (EPI) for infants, it has yielded highly variable results in adult human trials. In
general, it has proven more difficult to make highly effective attenuated bacterial vac-
cines, but with increasing examples of antibiotic resistance occurring, there is now a
greater effort. A general approach is to selectively delete or inactivate part or groups
of genes (see ref. 5; Chapter 9). Salmonella strain Ty21a has a faulty galactose
metabolism, and strains with other deletions are being made. The latest approach is to
sequence the bacterial genome, and this has now been done for many different bacteria
(see Chapter 19).

Genetic modifications also show promise for complex viruses. Thus, 18 open read-
ing frames have been selectively deleted from the Copenhagen strain of vaccinia virus,
including six genes involved in nucleotide metabolism, to form a preparation of very
low virulence, yet one that retains immunogenicity (6). This approach has also been
tried with simian immunodeficiency virus (SIV), first with deletion of the nef gene (7)
and more recently with portions (the V2 and V3 loops) of the env gene (8).

Live attenuated vaccines have the potential to stimulate a wide range of immune
responses that may be effective in preventing or clearing a later infection in most
recipients.
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2.2. Inactivated Whole Microorganisms
Viruses and bacteria can be treated to destroy their infectivity (inactivation) and the

product used with varying efficacy as a vaccine (Table 1). Compared to attenuated
preparations, inactivated preparations must be given in larger doses and administered
more frequently. The viral vaccines are generally effective in preventing disease, and
the relatively low efficacy of the influenza viral vaccine is partly the result of the
continuing antigenic drift to which this virus is subject (9). In contrast, the only bacte-
rial vaccine of this nature still in wide use is the whole-cell pertussis vaccine that is
reasonably effective, but has been replaced in many developed countries by the sub-
unit (acellular) vaccine in order to avoid the adverse effects attributed to the whole-
cell vaccine (10).

Inactivated whole vaccines generally induce many of the desirable immune
responses, particularly the infectivity-neutralizing antibody. Generally, they do not
induce a class I MHC-restricted cytotoxic T-cell response, which has been shown to
be the major response required to clear intracellular infections caused by many viruses
and some bacteria and parasites.

2.3. Subunit Vaccines

The generation of antibody that prevents infection by both intra- and extracellular
microorganisms has been regarded as the prime requirement of a vaccine. The epitopes
recognized by such antibodies are usually restricted to one or a few proteins or carbo-
hydrate moieties that are present at the external surface of the microorganism. Isolation
(or synthesis) of such components formed the basis of the first viral and bacterial sub-
unit vaccines. Viral vaccines were composed of the influenza surface antigens, the
hemagglutinin and neuraminidase, and the hepatitis B-surface antigen (HBsAg). Bac-
terial vaccines contain the different oligosaccharide-based preparations from encapsu-
lated bacteria (see Chapter 10). In the latter case, immunogenicity was greatly increased,
especially for the children under 2 yr of age, by coupling the haptenic moiety (the
carbohydrate) to a protein carrier, thereby ensuring the involvement of T-helper (Th)
cells in the production of different classes of immunoglobulin (Ig), particularly IgG.
This approach has become increasingly more popular in recent years (11,12). The two
bacterial toxoids, tetanus, and diphtheria, represent a special situation in which the
primary requirement was neutralization of the toxin secreted by the invading bacteria.
Whereas this has traditionally been done by treatment with chemicals, it is now being
achieved by genetic manipulation (see Chapter 9).

HBsAg exists as such in the blood of hepatitis B virus (HBV)-infected people, and
infected blood was the source of antigen for the first vaccines. Production of the antigen
in yeast cells transfected with DNA coding for this antigen initiated the era of geneti-
cally engineered vaccines (13). Up to 17% of adults receiving this vaccine are poor or
nonresponders, and this is a result of their genetic make-up and/or their advanced age
(14). A second genetically engineered subunit preparation from B. burgdorferi to con-
trol lyme disease is now available (15).
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3. Vaccine Safety
All available data concerning the efficacy and safety of candidate vaccines are

reviewed by regulatory authorities before registration (see Chapter 22). At that stage,
potential safety hazards which occur at a frequency greater than about 1/5,000 doses
should have been detected (see Chapter 21). Some undesirable side effects occur at
much lower frequencies, which are seen only during immunosurveillance following reg-
istration. The Guillain-Barré syndrome occurs after administration of the influenza vac-
cine at a frequency of about 1 case per million doses; but following the mass vaccination
of people in the United States with the swine influenza vaccine in 1976–1877, the inci-
dence was about 1 case/60,000 doses (16). The incidence of encephalopathy after
measles infection is about 1 case per 1000 doses, but only 1 case per million doses of
measles vaccine (17). In the United States, the use of OPV resulted in about one case of
paralysis per million doses of the vaccine, because of reversion to virulence of the type
3 virus strain. The Centers for Disease and Control (CDC) Advisory Committee on
Immunization Practices and the American Academy of Pediatrics (AAP) recommended
that only the IPV be used in the United States after January 1, 2000 (18).

Following successful vaccination campaigns that greatly reduced disease outbreaks,
the low levels of undesirable side-effects following vaccination gain notoriety. The
evidence bearing on causality and specific adverse health outcomes following vacci-
nation against some childhood viral and bacterial diseases, mainly in the United States,
has been evaluated by an expert committee of the Institute of Medicine (IOM) (19).
The possibility of adverse neurological effects was of particular concern, and evi-
dence for these as well as several immunological reactions, such as anaphylaxis and
delayed-type hypersensitivity, was examined in detail. In the great majority of cases,
there was insufficient evidence to support a causal relationship, and where the data
were more persuasive, the risk was considered to be extraordinarily low.

Measles has provided an interesting example of vaccine safety. The experience of
the WHO EPI shows that the vaccine is very safe (20). Although natural measles
infection induces a state of immunosuppression, even immunocompromised children
rarely show this effect after vaccination (19). In developing countries, the EPI sched-
ule is to give the vaccine at 9 mo of age. This delay is meant to allow a sufficient drop
in the level of maternally derived antibody so that the vaccine can take. In some infants,
this decay occurs by 6 mo, resulting in many deaths from measles infection in the
ensuing 2–3 mo. “High-titer” vaccines were therefore developed, which could be given
at 6 mo of age. Trials in several countries showed the apparent safety and efficacy of
the new vaccine, but after WHO authorized its wider usage, some young girls in disad-
vantaged countries died, leading to the withdrawal of the vaccine (21). One possibility
is that the high-titer vaccine caused a degree of immunosuppression sufficient to allow
infections by other infectious agents.

Even after using great care in developing a vaccine, unexpected effects can occur
after the vaccine has been registered for use. A rotavirus vaccine, registered for use in
the United States in 1998, was withdrawn in 1999 after administration to 1.5 million
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children, because of an unacceptable level—about one case per 10,000 recipients in
some areas—of the condition intussusception (22).

It is particularly difficult to attribute causality to the onset of diseases that may
occur many months after vaccination. When such claims are made, national authori-
ties or WHO establish expert committees to review the evidence. There have been
claims—sometimes in the medical literature but often from anti-vaccination groups—
that a vaccine can cause sudden infant death syndrome (SIDS), multiple sclerosis,
autism, asthma, or a specific allergy. There is no sound medical, scientific or epide-
miological evidence to support these claims. For example, at least eleven different
investigations have found no evidence that inflammatory bowel disease and autism
occur as a result of measles, mumps, rubella (MMR) vaccination (23,24).

4. Efficacy
Many countries keep yearly records of disease incidence and the Centers for Dis-

ease Control and Prevention (CDC) in Atlanta have kept records from as early as
1912. The incidence of cases of some common childhood infectious diseases during a
major epidemic is compared in Table 2 with the incidence in 1997, some years after
the introduction of the vaccine. Although derived in relatively ideal conditions, as all

Table 2
Efficacy in the USA of Some Childhood Vaccinesa

Before vaccination            After vaccination

Decrease in
Number of Vaccine Number of disease

Disease agent   cases (yr) (yr)*      cases (1997) incidence (%)

Diphtheria 206,919 (1921) 1942 5 99.99
Measles 894,134 (1941) 1963 135# 99.98
Mumps 152,209 (1971) 1971 612 99.6
Rubella 57,686 (1969) 1971 161 97.9
Pertussis 265,269 (1952) 1952 5519 97.9
Poliomyelitis
 (paralytic) 21,269 (1952) 1952** 0 100
 (total) 57,879
H. influenzae 20,000 (1984) 165 99.2

(Hib) 1984

aAs measured by the decrease in incidence of disease some time after the vaccine was introduced
compared to the incidence during an epidemic prior to vaccine availability.

*Year of introduction of the vaccine.
** IPV, Salk vaccine in 1952; OPV, Sabin vaccine in 1963.
# A two-dose schedule for measles vaccination was introduced after an epidemic in 1989–1991.

The 135 cases in 1997 were all introduced by visitors to the United States.
Data kindly provided by the Centers for Disease Control and Prevention, Atlanta, and Summary of

notifiable diseases, United States. 1998; MMWR. 47; no. 53.
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the infections are acute and each agent shows little (if any) antigenic drift, the data
show that vaccines can be extraordinarily effective (20). Equally impressive is the
reduced incidence of one infectious disease in the United Kingdom—a 92–95% reduc-
tion in toddlers and teenagers respectively, within 12 mo of the introduction in 1999 of
a new N. meningiditis C vaccine (see ref. 11; Chapter 21).

One of the greatest public health achievements in the twentieth century was the glo-
bal eradication of smallpox. Announced to the World Health Assembly (WHA) in 1980,
3 yr after the last case of indigenous smallpox in the world was treated, the goal took 10
yr to achieve after formation of the Special Programme for Smallpox Eradication by
WHO (25). Following the successful elimination of indigenous poliomyelitis in the
Americas in 1991, the WHA announced the goal of global eradication by the year 2000.
The elimination of indigenous poliomyelitis has now also been achieved in the Euro-
pean and Western Pacific regions, and global eradication is now planned by 2005 (26).

Prevention of transmission of measles infection has been achieved in several smaller
countries, including Finland, as well as in the United States and Canada, following the
introduction of a two-dose vaccination schedule.

Table 3 lists necessary and desirable properties for an infectious disease to be eradi-
cated by vaccination. Although the first four factors are critical, the other three factors
contribute to the ease or difficulty of the task. If the Smallpox Eradication Programme
had failed, it is unlikely that the other eradication programs would have been initiated.

5. Opportunities for Improved and New Vaccines
There are over 70 infectious agents—viruses, bacteria, parasites, and fungi—that

cause serious disease in humans (27). There are registered vaccines against 25 infec-
tious agents (nearly 40 different vaccines) and approx 14 other candidate vaccines
have entered or passed phase II clinical trials. Vaccine development is at an earlier

Table 3
Necessary and Desirable Factors for an Infectious Disease
to be Eradicated by Vaccination

Disease

Factor Smallpox Poliomyelitis Measles

1. Infection is limited to humans. Yes Yes Yes
2. Only one or a few strains (low antigenic drift). Yes Yes Yes
3. Absence of subclinical/carrier cases. Yes Yes Yes
4. A safe, effective vaccine is available. Yes* Yes* Yes
5. Vaccine is heat-stable. Yes No No
6. Virus is only moderately infectious.** Yes High Very high
7. There is a simple marker of successful

vaccination. Yes No No

*The levels of side effects after vaccination were/are acceptable at the time.
**The level of vaccine coverage to achieve herd immunity and prevent transmission varied

from (usually) 80% for smallpox and is about 95% for measles.
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stage with most of the other viruses and bacteria (28). Table 4 lists some examples of
when improved vaccines are required, and other examples of vaccine development at
an advanced stage.

6. New Approaches to Vaccine Development
6.1. Anti-Idiotypes

The advantages of this approach include the fact that the anti-idiotype should mimic
both carbohydrate and peptide-based epitope; and the conformation of the epitope in
question. The potential advantages of the former point have disappeared following the
recent successes of carbohydrate/protein conjugate vaccines (11,12). The use of this
technology may be largely restricted to very special situations, such as identifying the
nature of the epitope recognized by very rare antibodies that neutralize a wide spec-
trum of human immunodeficiency virus (HIV)-1 primary isolates (29).

Table 4
Some Opportunities for Improved and New Vaccines

Improved New

Viral
Japanese encephalitis Corona
Polio Cytomegalo
Rabies Dengue
Measles Epstein-Barr
Influenza Hantan

Hepatitis C
Herpes
HIV-1, 2
HTLV
Papilloma
Parainfluenza
Respiratory syncytial
Rota

Bacterial
Cholera Chlamydia
M. tuberculosis E. coli

H. ducreyi
M. leprae
N. gonorrhoeae
Shigella

Others
Malaria
Filariasis
Giardia
Schistosomiasis
Treponema
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6.2. Oligo/Polypeptides (see also Chapter 8)

The sequences may contain either B-cell epitopes or T-cell determinants, or both.
Sequences containing B-cell epitopes may either be conjugated to carrier proteins,
which act as a source of T-helper cell determinants, or assembled in different ways to
achieve particular tertiary configurations. Some of the obvious advantages of this
approach are that the final product contains the critical components of the antigen and
avoids other sequences that may mimic host sequences, and thus potentially induce an
autoimmune response. Multiple Antigenic Peptide Systems (MAPS) are more immu-
nogenic than individual sequences (30), and the immunogenicity of important “cryp-
tic” sequences may sometimes be enhanced by the deletion of other segments (31).
New methods of synthesis offer the possibility of more closely mimicking the confor-
mational patterns in the original protein.

This approach is likely to be applicable, especially for some bacterial and parasitic
vaccines. However, the first peptide-based candidate vaccine that underwent efficacy
trials in malaria endemic regions yielded disappointing results (32). A preparation
composed of polymers of linked peptides from group A streptococcus, which was
effective in a mouse model (33), is currently undergoing clinical trials.

6.3. Transfection of Cells with DNA/cDNA Coding
for Foreign Antigens

This is now a well-established procedure. Three cell types have been used: prokary-
otes; lower eukaryotes, mainly yeast; and mammalian cells—either primary cells (e.g.,
monkey kidney), cell strains (with a finite replicating ability), or cell lines (immortal-
ized cells such as Chinese Hamster Ovary cells [CHO]). Each has its own advantages.
As a general rule, other bacterial proteins should preferably be made in transfected
bacterial cells, and human viral antigens, especially glycoproteins, in mammalian cells,
because of the substantial differences in properties, such as post-translational modifi-
cations in different cell types.

6.4. Live Viral and Bacterial Vectors
Table 5 lists the viruses and bacteria mostly used for this purpose. Of the viruses,

the greatest experience has been with vaccinia and its derivatives such as the highly
attenuated modified vaccinia virus Ankara (see Chapter 4). These have a wide host
range, possess many different promoters, and can accommodate DNA coding for up to
10 average-sized proteins. The avipox viruses, canary and fowlpox, undergo abortive
replication in mammals, making them very safe to use as vectors. Adeno (see Chapter 3)
and polio viruses, and Salmonella (see Chapter 6) are mainly used for delivery via a
mucosal route, although vaccinia and BCG have been administered both orally and
intranasally.

Making such chimeric vectors has also been an effective way to evaluate the poten-
tial role of different cytokines in immune processes (see Chapter 12). Inserting DNA
coding for a particular cytokine as well as that for the foreign antigen(s) results in the
synthesis and secretion of the cytokine at the site of infection so its maximum effect
should be displayed. Thus, IL-4 and IL-12 have been shown to have dominant effects
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in inducing a humoral or cell-mediated immune response, respectively. Incorporating
DNA coding for IL-4 into the genome of ectromelia virus greatly increased the viru-
lence of this virus for otherwise resistant mice, and even if the latter had been immu-
nized before challenge (34).

6.5. “Naked” DNA
The most fascinating and exciting of the recent approaches to vaccine development

has been the injection of plasmids containing the DNA coding for antigen(s) of interest,
either directly into muscle cells or as DNA-coated tiny gold beads into the skin, using a
“gene gun” (35; see Chapter 23). In the latter case, some beads are taken up by
Langerhan’s (dendritic) cells, and during passage to the draining lymph nodes, the
expressed foreign protein(s) is processed, appropriate peptide sequences attach to MHC
molecules and the complex is expressed at the cell surface. These complexes are recog-
nized by naïve, immunocompetent T-cells in the node, and activation of these cells
occurs. A basically similar process occurs following muscle injection. In subhuman
primates, this procedure primarily induces a “type 1” T-cell response resulting in both
an antibody and cell-mediated response, with both CD4+ and CD8+ effector T-cells,
rather similar in many respects to the response following an acute infection. One advan-
tage is that the response occurs in the presence of specific antibody to the encoded
antigen.

7. Properties and Functions of Different Components
of the Immune System
7.1. Classes of Lymphocytes

Our knowledge of the properties of lymphocytes—the cell type of major impor-
tance in vaccine development—has increased enormously in recent years (36). The

Table 5
Some Viruses and Bacteria Currently Used Experimentally as Vectors
of RNA/DNA Coding for Antigens from Other Infectious agents

Infectious agents
for humans

Viruses (RNA genome) Influenza, picorna viruses (polio, mengoviruses)
Rhino, Semliki Forest, Venezuelan equine encephalitis

(DNA genome) Poxviruses* (vaccinia, Ankara, NYVAC), adeno,* herpes
simplex, Vesicula stomatitis

Bacteria BCG* Brucella abortis, Lactococcus lacti, Listeria monocytogenes,
Salmonella typhi*

Avian infections# Fowlpox,* canarypox*

Insect Baculovirus*

*Vectors most widely studied.
#Avian viruses undergo an abortive infection in humans.
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major role of B-lymphocytes is the production of antibodies of different isotypes and,
of course, specificity. The other class of lymphocytes, the T-cells (so called because
they mature in the thymus), consist of two main types. One, with the cell-surface
marker CD4, exist in two subclasses, the Th-1 and Th-2 cells (h = helper activity). The
major role of Th-2 cells is to help B-cells differentiate, replicate, in the form of plasma
cells, secrete antibodies of a defined specificity, and of different subclasses: IgG, IgE,
and IgA. This is facilitated by the secretion of different cytokines (interleukins, or ILs)
which are listed in Table 6. Th-1 cells also have a small but important role in helping
B-cells produce antibody of various IgG subtypes, but the overall pattern of cytokine
secretion is markedly different. Factors such as IFN-γ, TNF-α, and TNF-β have sev-
eral functions, such as anti-viral activity and upregulation of components (e.g., MHC
antigens) on other cells, including macrophages that can lead to their “activation” and,
if infected, greater susceptibility to recognition by T-cells. Th-1 cells also mediate (via
cytokine secretion) delayed-type hypersensitivity (DTH) responses that may have a
protective role in some infections.

The other type of T-cell has the cell-surface marker CD8, and its pattern of cytokine
secretion is similar to that of CD4+Th-1 cells, although they generally mediate DTH
responses rather poorly. As primary effector cells in vivo, CD8+ T-cells recognize and
lyse cells infected either by a virus or by some bacteria and parasites—hence the name
cytotoxic T-lymphocytes (CTLs). An important aspect of this arm of the immune
response is that susceptibility of the infected cell to lysis occurs shortly after infection
and many hours before infectious progeny is produced, thus giving a “window of time”
for the effector cell to find and destroy the infected cell (37).

Table 6
Properties and Functions of Different Components
of the Immune System

Stages of infectious process

Type of
Type of response Cytokine profile infection Prevent Limit Reduce Clear

Innate I – ++ + –
E – ? ? –

Adaptive I +++ ++ ++ +/–
Antibody E +++ +++ +++ +++
CD4+TH2 IL-3,4,5,6,10,13 I

E
CD4+Th1 IL-2, IFNγ, TNFα I – ++ ++ +?

E – ++ ++ ++
CD8+CTLs IFNγ, TNFβ, TNFα I – +++ +++ +++

E – – – –

I, intracellular infection; E, extracellular infection; IL, interleukin; IFN, interferon;
TNF, tumor necrosis factor.
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7.2. Recognition Patterns
Both CD4 and CD8 T-cells recognize a complex between the MHC molecule and a

peptide from a foreign protein. In the former case, the peptide, which is derived from
antigen being degraded in the lysosomes, complexes with a class II MHC antigen. In
the second case, the peptide is derived from newly synthesized antigen in the cyto-
plasm, and binds to class I MHC antigen. These complexes are expressed at the cell
surface and are recognized by the T-cell receptor. Since nearly all cell types in the
body express class I MHC molecules, the role of CD8+ CTLs has been described as
performing a continuous molecular audit of the body (38).

7.3. Roles of Different Immune Responses

Table 6 ascribes particular roles to specific antibody and to the T-cell subsets. Some
general conclusions regarding adaptive immune responses are:

1. Specific antibody is the major mechanism for preventing or greatly limiting an infection.
2. CTLs are the major mechanism for controlling and finally clearing most (acute) intracel-

lular infections (39). Generally, they would not be formed during an extracellular infec-
tion. There are only a few, rather special examples of antibody clearing an intracellular
infection (40,41).

3. Antibody should clear an extracellular infection with the aid of activated cells expressing
Fc or complement receptors such as macrophages, which can engulf and often destroy
antibody-coated particles. Th-1 cells are important for the activation of such cells.

4. Th-1 cells may contribute to the control and clearance of some intracellular infections.
For example, IFNγ has been shown to clear a vaccinia virus (a poorly virulent pathogen
for mice) infection in nude mice (42).

7.4. The Selective Induction of Different Immune Responses

During an acute model infection such as murine influenza, the sequence of appear-
ance in the infected lung of adaptive responses is: first, CD4+ Th-cells, then CD8+
CTLs, and finally antibody-secreting cells (ASCs). The CTLs are largely responsible
for virus clearance, and it is believed that the subsequent decline in CTL activity,
which occurs shortly after infectious virus can no longer be recovered (43), is a result
of the short half-life of these cells. However, it has now been found that if IL-4 forma-
tion is “artificially” induced very early after infection, CTL formation is substantially
suppressed (44). Thus, the early decline in CTL activity, which occurs as IgG-anti-
body-secreting cells are increasing in number, may be the result, at least in part, of the
production of IL-4 which favors a Th-2 response. The important point is that a large
pool of memory CTLs has already been formed by the time CTL-effector activity
disappears. These memory cells persist, and are rapidly activated if the host is exposed
to the same or closely related infectious agent at a later time. In contrast, in other
systems, IL-12 has been found to favor a Th-1 type response (45).

It is now recognized that, as well as affecting the magnitude and persistence of
immune responses to non-infectious preparations, adjuvants can also greatly influence
the type of immune response (see Chapter 11). Some adjuvants, such as alum and
cholera toxin and its B subunit, favor CD4+ Th-2 responses. Water-in-oil emulsions,
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such as Freund’s complete and incomplete adjuvant and lipopolysaccharide (LPS),
favor a Th-1 response. A variety of delivery systems is available for the induction of
CTL responses (46).

8. Some Factors That Affect the Ease of Development of Vaccines
Although the new technologies are making it more likely that attempts to develop

vaccines to an increasing number of infectious agents will be successful, many other
factors may influence the final outcome. Some of these factors are:

1. The simpler the agent, the greater the chance that important protective antigens will be
identified.

2. The occurrence of great antigenic diversity in the pathogen can be a major hurdle,
especially in the case of RNA viruses, because escape mutants (antigenic drift) may
readily occur.

3. Integration of DNA/c.DNA into the host-cell genome is likely to lead to lifelong infec-
tion, which it is difficult for a vaccine to prevent/overcome.

4. If a sublethal natural infection does not lead to protection from a second infection, an
understanding of the pathogenesis of the infection and how the normal protective
responses (antibody, cell-mediated) are subverted or evaded is important.

5. The ready availability of an inexpensive animal model that mimics the natural human
disease can be very helpful.

9. Promising Developments
Despite these constraints, there are also some promising recent developments.

9.1. Combination Vaccines
Vaccine delivery is a major cost component in vaccination programs. Combining

vaccines so that three or more can be administered simultaneously results in consider-
able savings, so there are determined efforts to add further vaccines to DPaT and
MMR, such as DPaT-hepatitis B-H. influenzae type b. There must be compatibility
and no interference by one component on another. There is the risk of antigenic com-
petition that occurs at the T-cell level, and the likelihood of such interference is diffi-
cult to predict. However, in the case of mixtures of carbohydrate/protein conjugates,
using the same carrier protein should remove this risk. Individual components in mix-
tures of live viral vaccines, such as MMR, should not interfere with the take of other
components. The use of the same vector—e.g., the same poxvirus, in mixtures of chi-
meric constructs—should also minimize this difficulty. Again, vaccination with DNA
also offers the prospect of great advantages. Other than the possibility of antigenic
competition, it is expected that combination of different DNA vaccines should not be
subject to these other constraints.

Two other recent developments should facilitate vaccine availability and uptake.
One is the application of the vaccine directly to prewashed skin using a powerful adju-
vant such as cholera toxin, a technique known as transcutaneous immunization (47).
The second is the ability to produce some antigens (and also antibodies) in plants so
that simply eating say the fruit of the plant containing the antigen would result in
vaccination (48).
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9.2. Mixed Vaccine Formulations: The Prime/Boost Approach
Immunization of vaccinia-naïve volunteers with an HIV gp160/vaccinia virus con-

struct followed by boosting with a recombinant gp 160 preparation gave higher anti-
gp160 antibody titers compared to using either preparation for both priming and
boosting (49). Mice that were immunized with a chimeric DNA preparation and later
boosted with chimeric fowlpox both expressing influenza hemagglutinin (HA), gave
anti-HA titers up to 50-fold higher than those found after two injections of the same
preparation (50). This approach is now being vigorously pursued to induce very high
and persistent specific CTL responses to HIV-1, SIV, Ebola virus, M. tuberculosis,
and plasmodia antigens, with very encouraging results in mice and/or monkeys (51).
Clinical trials are now underway to determine whether humans respond as well as
lower primates to this approach.

9.3. The Genomic Analysis of Complex Infectious Agents
Whole-genome sequencing of complex microbes such as bacteria and parasites is

poised to revolutionize the way vaccines are developed (see Chapter 19). This enables
the characterization of potential candidate proteins that might be recognized by infec-
tivity-neutralizing antibodies, and which ones may provide important T-cell determi-
nants. In one recent example, mice immunized with six of 108 proteins from S.
pneumoniae, which had been identified from the DNA sequence as having appropriate
structural characteristics, were protected from disease when later challenged with this
organism (52).
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Temperature-Sensitive Mutant Vaccines

Craig R. Pringle

1. Introduction
Many live virus vaccines derived by empirical routes exhibit temperature-sensitive

(ts) phenotypes. The live virus vaccines that have been outstandingly successful in con-
trolling poliomyelitis are the prime example of this phenomenon. The three live attenu-
ated strains developed by Albert Sabin were derived from wild-type isolates by rapid
sequential passage at high multiplicity of infection (MOI) in monkey tissue in vitro and
in vivo, a regimen that yielded variants of reduced neurovirulence. Concomitantly, the
three vaccine strains developed ts characteristics, a phenotype that correlated well with
loss of neurovirulence. The reproductive capacity at supraoptimal (40°C) temperature,
the rct phenotype, proved to be a useful property for monitoring the genetic stability of
the attenuated virus during propagation, vaccine production, and replication in
vaccinees. Nucleotide sequencing of the genome of the poliovirus type 3 attenuated
virus and its neurovirulent wild-type progenitor (the Leon strain), revealed that only ten
nucleotide changes, producing three amino acid substitutions, differentiated the attenu-
ated derivative from its virulent parent despite its lengthy propagation in cultured cells.
One of the three coding changes, a serine-to-phenylalanine substitution at position 2034
in the region encoding VP3, conferred the ts phenotype. A combination of nucleotide
sequencing of virus recovered from a vaccine-associated case of paralysis and assay in
primates of the neurovirulence of recombinant viruses prepared from infectious cDNA
established that two of the ten mutations in the type three vaccine strain were associated
with the loss of neurovirulence. The mutation conferring temperature-sensitivity was
one of these mutations (1).

Since all three independently modified poliovirus vaccines exhibit temperature-
sensitivity, it is likely that ts mutations in general may be attenuating by diminishing
reproductive potential without appreciable loss of inmunogenicity. However, it is not
clear why temperature-sensitivity per se should adversely affect replication of polio-
virus in the central nervous system (CNS), while allowing replication to proceed nor-
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mally in the gut. Since the restrictive temperature in the case of the poliovirus vac-
cines is above normal in vivo temperature, it is possible that a mild febrile response
following initial infection is sufficient to limit the amount of virus leaving the gut
epithelium and to reduce the likelihood of access of the virus to the CNS.

The potential of ts mutants as live virus vaccines is more obvious in the case of
infections by the respiratory route, since the mean temperature of the nares and the
upper respiratory tract is likely to be significantly lower than that of the lower respira-
tory tract. Thus, virus replication can proceed unrestricted in the nasopharyngeal epi-
thelium, inducing both local and systemic immune responses, and causing minimal
discomfort to the host. Temperature-sensitive mutants employed in this way must have
sufficient genetic stability to ensure that the host organism can mount an effective
immune response before virus penetrates into the lower respiratory tract. Experimen-
tal ts mutant vaccines have been developed for a number of human respiratory viruses,
and these have shown promise in experimental animals and in volunteer trials (2).
None has been approved for clinical use because of uncertainties regarding their
genetic stability and concern about their semi-empirical mode of development. How-
ever, ts mutant vaccines for respiratory diseases are gaining favor again as a result of
the increasing ease with which the genomes of viruses can be manipulated in a con-
trolled manner by recombinant DNA technology. The over-riding advantage of live
virus vaccines is their inherent property of auto-amplification and their ability to in-
duce a balanced immune response (2).

Although the genomes of single-stranded and double-stranded DNA viruses and
those of positive-stranded RNA viruses are amenable to manipulation by standard
recombinant DNA methodology, until recently the introduction of specific mutations
by reverse genetics was not possible in the case of negative-stranded RNA viruses.
However, appropriate methodology has been developed now for genetic engineering
of the genomes of both segmented genome negative-stranded RNA viruses (3) and
non-segmented negative-stranded RNA viruses (4). The existence of an infectious
DNA copy of the wild-type viral genome is a prerequisite for implementation of re-
verse genetics. The current strategy requires also the prior existence of an empirically
derived attenuated (usually ts) vaccine virus, which can be utilized as a model for the
identification of the genetic determinants of virulence. Recently, the first successful
incorporation of a foreign gene into the genome of the double-stranded RNA virus,
reovirus type 3, has been reported (5). It remains to be seen whether this approach can
be generalized into a method of reverse genetics applicable to other mammalian
double-stranded RNA viruses.

The first part of this chapter describes three approaches that have been used suc-
cessfully to produce experimental ts attenuated viruses, and the second part provides
an example of a reverse genetics approach for insertion of attenuating mutations into a
viral genome, which can serve as a model.

1.1. Classical Empirical Approach

Three approaches have been used successfully to produce experimental ts attenu-
ated viruses. The first approach involves continuous passage of a virulent virus at
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gradually reduced temperatures to produce a strain that is no longer able to replicate
efficiently at supraoptimal or physiological temperatures. Cold-adapted (ca) viruses
with potential as vaccines have been derived for influenza virus and several paramyx-
oviruses. The rationale behind this approach is that spontaneous ts mutants will accu-
mulate and gradually diminish the pathogenic potential of the virus. The advantage of
this procedure is that the process is progressive. It can be monitored continuously and
terminated when the appropriate degree of attenuation has been obtained. The accu-
mulation of spontaneous mutations is likely to achieve better genetic stability because
the final phenotype is the product of many small incremental changes rather than a few
major changes, which may be subject to reversion at high frequency. Such a ca virus
may exhibit a reduced capacity to multiply at normal body temperature in addition to
its extended low-temperature range. However, this is not always observed, and virus
may become attenuated without becoming temperature-adapted. Such attenuated
viruses are described as cold-passaged (cp) virus, or (cp/ts), where they exhibit a ts
phenotype (6–8).

The second approach is sequential passage of virus in the presence of a mutagen in
order to accelerate the accumulation of mutants. This method could be combined with
passage at low temperature to enhance the selection of ts mutants, but it has been used
mainly at normal incubation temperatures to optimize virus replication (important in
the case of base analog mutagens) and to maximize the yield of mutants. A Rift Valley
fever virus vaccine has been derived in this manner using 5-fluorouracil (5-FU) as the
mutagen (9).

The third approach is direct isolation of single spontaneous or induced ts muta-
tions. Individually, such mutants are generally too unstable genetically to be suitable
as vaccines. Greater stability can be achieved by isolating several ts mutants. The
isolation of multiple ts mutants is achieved by isolation of single ts mutants sequen-
tially at progressively reduced restrictive temperatures, as described below.

The protocols outlined in the following sections have been used in the generation of
an experimental human respiratory syncytial virus vaccine (10,11), but they are gener-
ally applicable with minor modification. Human respiratory syncytial virus (order
Mononegavirales, family Paramyxoviridae, subfamily Paramyxovirinae, genus
Pneumovirus) has a narrow host range, grows to low titer, and is intolerant of extremes
of heat and pH. Thus, modification of the protocols listed here for use with other
viruses usually entail no more than a relaxation of some of the specific restrictions and
a change of cell substrate.

2. Materials
2.1. General Virology and Mutagenesis

1. A class II laminar flow safety cabinet, located in a dedicated laboratory with restricted
access.

2. Disposable gloves, gowns, and face masks.
3. A minimum of two CO2-gassed incubators.
4. A circulating water bath able to maintain temperature within +/– 0.2°C.
5. A refrigerated bench centrifuge.
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6. A UV-microscope.
7. A liquid nitrogen storage cylinder.
8. Tissue-culture-grade sterile disposable plastic ware: 150 cm2, 75 cm2 and 25 cm2 flasks

with vented caps; 50-mm Petri dishes; 6-well cluster plates, 96-well flat-bottomed plates;
1-mL, 5-mL, and 10-mL disposable pipets; plugged narrow-bore Pasteur pipets; screw-
capped freezer vials.

9. Glasgow Minimum Essential Eagle’s Medium (GMEM) or equivalent, supplemented with
200 mM glutamine, antibiotics (100 ug/mL streptomycin and 100 U/mL penicillin). Used
with 10% mycoplasma-free fetal calf serum (FCS) for cell propagation, with 1% FCS for
maintenance of infected cell cultures and as a diluent.

10. Cell freezing medium; GMEM 70%, glycerol 10%, FCS 20%.
11. Versene (EDTA) and versene/trypsin solutions for cell transfer; used at a concentration

of 0.5 g porcine trypsin plus 0.2 g EDTA per L.
12. Neutral red stain.
13. Agar or agarose.
14. DAPI stain (see Note 5).
15. MRC-5 human diploid embryonic lung cells (ATCC No. CCL 171).

2.2. Reverse Genetics

1. An infectious full-length cDNA clone of the wild-type viral genome.
2. A vaccinia virus recombinant expressing the T7 RNA polymerase, or, when available,

susceptible mammalian cells stably expressing the T7 RNA polymerase.
3. Support plasmids expressing the essential proteins for replication and encapsidation of

the viral genome.
4. Susceptible cells able to support virus replication and encapsidation, and expression of

the vaccinia virus T7 RNA polymerase recombinant and the support plasmids.
5. Standard reagents and equipment for recombinant DNA manipulation.
6. Specific primers for polymerase chain reaction (PCR) synthesis.
7. Thermal cycler for PCR synthesis (see Note 6).

3. Methods
3.1. General Methodology

All experimental operations should be conducted according to appropriate safety
regulations/guidelines in a class III facility in which all equipment and reagents are
dedicated solely to vaccine development. There should be no exchange of materials or
reagents with other laboratories during the course of the project. The virus isolates,
media, and cell cultures should be stored in dedicated refrigerators, preferably housed
within the containment area. Gowns, gloves, and perhaps special footwear should be
worn at all times. Staff used on the project should not be assigned during the same
working day to other tasks that could bring them into contact with other viruses and
cells. Visitors should be kept from the working area.

3.1.1. The Cell Substrate
Use a cell substrate approved for vaccine development and production from the

outset. A diploid cell line is mandatory in the case of vaccines destined for ultimate
use in humans. The MRC-5 cell line is appropriate for most purposes. MRC-5 cells
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grow slowly and achieve confluence at low density; their useful life may extend up to
about 40 passages. Beyond this time, there is a progressive retardation of growth rate.

1. Establish an adequate cell bank at the outset from a low-passage seed to ensure an ad-
equate supply of cells for the entire enterprise. MRC-5 cells can be propagated in growth
medium consisting of Eagle’s medium with non-essential amino acids (Glasgow formu-
lation), supplemented with antibiotics (100 U/mL penicillin and 100 µg/mL streptomy-
cin) and FCS. The concentration of foetal calf serum is the critical factor (see Note 1).
FCS is preferred because of its content of growth factors and the absence of inhibitory
substances and antibodies present in adult animal sera (see Note 2). Newborn or other
animal sera may be suitable for some purposes (see Note 3). Heat-treat sera for cell cul-
ture (30 min at 56°C) before use to destroy complement and other nonspecific inhibitory
substances.

2. Propagate MRC-5 cells as monolayer cultures by seeding 1 × 106 cells into a large (150
cm2) tissue culture-grade plastic flask with vented lid. Incubate in a 5% CO2-gassed incu-
bator at 35–37°C. Confluence should be achieved within 4–5 d, providing a yield of 5–10
× 106 cells.

3. Harvest cells by removing the incubation medium and washing the monolayer with 20
mL 0.2% (v/v) versene solution. Incubate in the presence of 20 mL versene without cal-
cium and magnesium for 5–10 min at room temperature, then wash with 20 mL trypsin/
versene solution followed by incubation in the presence of 2.5 mL trypsin/versene at
37°C until the cells detach. If the cells do not detach within 5 min, decant and add fresh
trypsin/versene.

4. For continued propagation of cells, seed large (150 cm2) flasks at a density of 2.5 × 106/
mL. Use small (25 cm2) flasks for virus production and 50-mm-diameter plastic Petri
dishes for virus infectivity assay, both seeded at 1 × 106 per mL. Seed multi-well plates
with 2.5 × 106 cells distributed proportionately.

5. Establish a cell bank. To do this amplify low-passage MRC-5 cells by 1:1 splits, prepare
a cell suspension containing 2.0 × l06 cell per mL in a storage medium consisting of
Eagle’s growth medium containing 10% glycerol and 20% FCS (see Note 4). Distribute
aliquots of 1.5 mL into l.8-mL screw-capped freezer vials and freeze the vials slowly (at
approx 1°C per min) from room temperature to –70°C. Transfer the vials to the vapor
phase of a liquid nitrogen storage cylinder.

6. Screen cell cultures for the presence of extraneous agents. Check visually and by subcul-
ture for the presence of fungi and yeasts. Inoculate samples of fluids into broth culture for
the detection of bacteria. Use DAPI-staining of cells for detection of mycoplasma (see
Note 5). More detailed treatments of this topic can be found in reviews by Knight (12)
and Gwaltney et al. (13).

3.1.2. Temperature Control
The accurate control of temperature of incubation is essential. The greatest control

can be achieved by total immersion of cultures in a circulating water bath maintaining
temperature with an accuracy of at least ± 0.2°C. Screw-capped glass medicinal flat
bottles are generally superior to plastic flasks for this purpose. Petri dishes can be
placed in plastic containers, which are gassed and sealed before submergence.

However, it is possible to obtain satisfactory temperature control using many com-
mercial cell culture fan-assisted incubators, provided there is adequate attention to
humidification, preheating of reagents and containers, and control on access.
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3.1.3. Virus Source
It is important to initiate vaccine development with a recent virus isolate that has

relevance to current epidemiological circumstances. The virus should originate from
material isolated from a patient or a diseased animal, and be inoculated directly into
the vaccine-approved cell substrate (see Note 7). It is preferable to inoculate the clini-
cal specimen into cell culture, or into antibiotic-containing transport medium with
subsequent inoculation into cell culture in the laboratory. After inoculation, the trans-
port medium should be held at low temperature, unfrozen. Delay between sampling
and isolation into cell culture should be kept to a minimum.

1. Establish a genetically homogeneous stock by propagation from single plaques. To do
this, isolate virus from individual plaques appearing on cell monolayers infected at limit-
ing dilution. The time of incubation and the temperature will depend on the particular
virus. For respiratory syncytial virus, incubate at 37°C under a 0.9% (v/v) agar (or agar-
ose, because the growth of some viruses is inhibited by impurities in commercial agar)
overlay for 5–7 d. Visualize the plaques by addition of a 0.05% (v/v) neutral red-contain-
ing agar overlay at d 4 or 5 (see Note 8). Pick plaques into l mL growth medium from
monolayers with single plaques whenever possible, by inserting a sterile Pasteur pipet
through the agar overlay and removing an agar plug and attached cells. Resuspend the
sample and after dilution plate immediately onto fresh monolayers, without intervening
freeze-thawing. Many viruses are sensitive to freeze-thawing, and in the case of respira-
tory syncytial virus, a preferential loss of ts virus was observed (14).

2. Repeat the cycle of infection and plaque picking at least three times; exceptionally, in the
case of an avian pneumovirus (Turkey rhinotracheitis virus), it was necessary to carry out
ten sequential re-isolations before homogeneous stocks of two distinct plaque morphol-
ogy mutants were obtained from a mixed parental stock (15).

3. Amplify the final plaque isolate by sequential passage in small (25 cm2), medium (75
cm2), and large (150 cm2) flask cultures to achieve the final volume of virus-containing
supernatant required. Pool the fluids from the final passage in large flask cultures and
clarify by low-speed centrifugation in a refrigerated bench centrifuge. Distribute into
freezer vials as 1-mL aliquots and store frozen in the vapor phase of a liquid nitrogen
storage cylinder.

4. Test several randomly selected aliquots of this stock virus for the presence of fungal,
mycoplasmal, and bacterial contaminants by inoculation into appropriate detection me-
dia. Freedom from adventitious cytopathic viral agents can be verified by prolonged
incubation of MRC-5 cells inoculated with the triple-cloned stock virus rendered
non-infectious by exposure to specific neutralizing antiserum. The absence of known viral
pathogens can be ensured by inoculation of appropriate susceptible cells and screening by
immunofluorescence using specific monoclonal antibodies (MAbs). An updated consid-
eration of likely pathogens is given by Gwalteny et al. (13).

3.1.4. Mutagenization
Decide whether to attempt isolation of spontaneously occurring mutants or to em-

ploy mutagens to induce mutations and thus enhance the frequency of recovery of
mutants (16). RNA viruses have high mutation rates because viral RNA-dependent
RNA polymerases lack proofreading capability. As a consequence, ts mutants can be
isolated without mutagen treatment in the case of viruses that achieve moderate to
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high progeny virus titers during growth in cultured cells. In the case of viruses that do
not grow to high titer, such as respiratory syncytial virus, it may be essential to use
mutagens. Even in the case of a virus such as Rift Valley fever virus, which does grow
to moderate titers, it may be expedient to use mutagens to accelerate modification of
the virus during propagation in vitro (see Subheading 3.5.). Mutagenization is obliga-
tory in the case of DNA-containing viruses.

1. Choose an appropriate mutagen. Chemical mutagens are more controllable than ionizing
or non-ionizing radiation, and are preferred. In the case of easily purified viruses that
grow to high titer, it is feasible to carry out the mutagen treatment in vitro by exposing
purified virus or nucleic acid to the mutagenic agent for varying periods of time. The
mutagen is usually added to virus-infected cells to induce mutations, predominantly by
causing mis-incorporation of nucleotides during replication. 5-bromodeoxyuridine
(BUDR) and 5-fluorouracil (5-FU) are the first choice for DNA-containing viruses and
for RNA-containing viruses, respectively (see Note 9).

2. Determine the concentration of mutagen required to enhance the yield of mutants. To do
this, inoculate replicate susceptible cell monolayers with the plaque-purified virus at a
ratio of 1 pfu per cell. After adsorption, remove the virus inoculum by three changes of
medium, and then add a range of concentrations of a base analog mutagen (e.g., 5-FU or
5-BUDR) made up in normal incubation medium. In the case of the mutagenization of
RNA-containing viruses with 5-FU, final concentrations in the range of 10–500 µg per
mL are appropriate. At these concentrations, the viability of MRC-5 cells is not seriously
affected for several days.

3. Then incubate the mutagen-exposed infected cell cultures at a suboptimal temperature
(30–33°C) until cytopathic effect is maximal in cultures containing no mutagen (see Note
10). Harvest the supernatant fluids and clarify by low-speed centrifugation.

4. Remove the mutagen by dialysis for 18–24 h against changes of normal incubation
medium (with antibiotics, but without serum).

5. Determine the reduction in virus yield by assay of residual infectivity at both permissive
and restrictive temperatures (see Subheading 3.2.). Identify the minimum mutagen con-
centration at which there is a measurable increase in the difference between the infectiv-
ity titers at permissive and restrictive temperatures of incubation (see Subheading 3.2.).
Use this mutagen concentration as the initial treatment, and subsequently adjust in
response to the yields of mutants obtained. The protocol described is designed to limit the
frequency of isolation of multiple mutations so that the majority of the ts mutants isolated
are the consequence of single base changes (see Note 11).

3.2. Isolation of TS Mutants Following Mutagen Treatment
To avoid the re-isolation of mutant virus originating from the same mutational

event, several mutagenic treatments of wild-type virus should be carried out indepen-
dently with only one ts mutant isolated from each treatment. The isolation of ts mutants
of respiratory syncytial virus by three methods is described here as examples. As a
preliminary step to all three methods, first establish appropriate permissive and
restrictive temperatures as follows. Assay the wild-type unmutagenized virus for
plaque-forming ability on monolayers of susceptible cells incubated at a range of tem-
peratures between 30°C and 42°C. The permissive temperature should be the lowest
temperature of incubation at which the virus yield does not depart significantly from
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the mean, and the restrictive temperature should be the highest incubation tempera-
ture at which the titer does not differ by more than 1 log10 unit from the mean.

3.2.1 Screening After Pre-Amplification
1. Plate out the mutagen-treated virus at limiting dilution on MRC-5 monolayers in 50-mm

plastic Petri dishes, or six-well cluster plates. Aspirate off the inoculum and add an agar-
containing overlay. Incubate the infected monolayers at the predetermined permissive
temperature until macroscopic plaques are clearly visible. Add a second agar overlay
containing neutral red stain, but no serum, and allow it to solidify. Incubate at the permis-
sive temperature for an additional 24–48 h, avoiding exposure to light.

2. Choose monolayers with single or a few well-dispersed plaques for plaque picking (see
Note 12). Plaque picking is accomplished by inserting a narrow bore (~l-mm diameter)
sterile cotton wool-plugged Pasteur pipet into the agar above the plaque. Withdraw an
agar plug and expel it directly onto a fresh cell monolayer or into a storage vial containing
a small volume of growth medium. It is not necessary to scrape the monolayer; sufficient
infectivity will be present in cells attached either to the base of the agar plug, or as virus
that has diffused into the agar.

3. The screening of the plaque-picked isolates for temperature-sensitivity can be carried out
either after preliminary amplification to provide a reference stock, or directly by inocula-
tion onto replicate monolayers that are then incubated at the permissive and restrictive
temperatures. The pre-amplification of plaque-picked virus is generally a more efficient
and reliable procedure, although time-consuming and more expensive in terms of
consumables. Inoculate each plaque isolate directly onto a monolayer of susceptible cells
in a small (25 cm2) screw-capped flask. Adsorb for 1 h at permissive temperature; then
add 3 mL of maintenance medium without removal of the inoculum. Incubate at the per-
missive temperature until the cytopathic effect is extensive. The advantage of this proce-
dure is that screening and the isolation of clones can be carried out at different times.

4. To screen the amplified isolates for temperature-sensitivity, inoculate two sets of mono-
layers of susceptible cells in 96-well flat-bottomed cluster plates and adsorb at room tem-
perature for 30 min. Then add maintenance medium and incubate one set of plates at
permissive temperature and one set at restrictive temperature until the cytopathic effect is
extensive in control wells simultaneously infected with wild-type virus (see Note 13).
Those isolates that fail to produce cytopathic effect on monolayers incubated at restric-
tive temperature are putative ts mutants.

5. To ensure the absence of any carry-over of wild-type virus, initiate second and third cycles
of cloning of these putative ts mutants by plating out and re-isolation of single plaques.

6. Verify and quantify temperature-sensitivity by determining plaque counts for the triple-
cloned virus at restrictive and permissive temperatures. Those mutants that differ by less
than three log10 units are unlikely to be useful, and should be discarded unless none better
can be isolated.

3.2.2. Screening Without Amplification
An alternative procedure, which is more economical in time and consumables, is

screening without pre-amplification. This follows the procedure outlined in the previ-
ous section, with the difference that fluid from the storage vial containing the agar
plug is inoculated directly onto duplicate assay plates for incubation at the two tem-
peratures. This procedure is the preferred one, in which the yield of infectious virus
from a single plaque is appreciable (>1000 pfu). In the case of viruses for which the
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yield may be low (<100 pfu), this procedure is prone to error and the number of false-
positives can be high. Putative ts mutants, however, must undergo the same triple
cloning and verification procedure to provide a substrate for the next round of
mutagenesis.

3.2.3. Screening by Replica Plating
An accelerated version of the preceding method is to bypass the isolation step by

inoculating the agar plug in equal proportions directly into two corresponding wells in
duplicate 96-well blocks. One block is then incubated at permissive temperature, and
the other block at restrictive temperature. Since no virus has been stored, the block
incubated at permissive temperature serves as the repository of the isolates as well as
the assay control block. When a potential mutant is identified, virus is recovered from
the corresponding well of the block incubated at permissive temperature, and sub-
jected to triple cloning as previously described. This method is fast and economical,
but vulnerable to losses by fortuitous contamination, since a single contaminated well
entails loss of the remaining 92 isolates.

Sectored plates can substitute for multi-well plates. These are prepared as follows.

1. Allow 2.5 mL of agar overlay to solidify in 50-mm Petri dishes containing confluent mono-
layers of MRC-5 cells. Mark the plates into sectors on the underside with indelible ink.

2. Inoculate picked plaques onto duplicate sectored plates. Insert the Pasteur pipet through
the agar overlay and expel half of the plug onto one plate. Inoculate the other half of the
plug similarly onto the corresponding sector of a duplicate plate.

3. After a period of 30 min at permissive temperature in a humidified incubator for adsorp-
tion, add a second agar-containing overlay of 2.5 mL to seal the plates. Incubate one of
each pair of plates at permissive temperature, and the other at restrictive temperature.

4. Absence of cytopathic effect at the restrictive temperature indicates a putative ts mutant.
Produce an amplified stock by propagation of virus from the control plate incubated at
permissive temperature.

This procedure is rapid and less vulnerable to losses by contamination than the
multi-well plate method. It has the advantage that plaque morphology differences can
be screened simultaneously with temperature-sensitivity.

3.3. Establishment of Mutant Stocks and Determination
of Mutant Phenotype

The protocols outlined in the following sections include verification of the tem-
perature-sensitivity of putative mutants and the growth of triple-cloned stocks.

It is also necessary to undertake some preliminary characterization of the pheno-
type of the first harvest of mutants in order to select a suitable mutant to form the
parental virus for the next round of mutagenesis. Properties of relevance are a matter
for intuitive decision for each particular infectious agent, and no general guidance can
be given here; detailing of methodology is inappropriate (see ref. 17 for methods of
phenotyping for a respiratory syncytial virus).

In the case of respiratory syncytial virus, it was found that the mutants that showed
most promise in trials in adult volunteers were those with an RNA-positive phenotype
and thus able to support viral protein (antigen) synthesis at the restrictive temperature.
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In general, mutants with RNA-negative phenotypes, although showing dramatic reduc-
tion in pathogenicity, did not induce good immune responses in adult volunteers (10,11).

3.4. Vaccine Development by Sequential Selection of Multiple TS
Mutants

The following protocol is generalized, with specific details for respiratory syncy-
tial virus inserted for illustration (10,11).

3.4.1. Isolation of the Primary Series of (Putative Single) TS Mutants
1. Establish permissive and restrictive temperatures and prepare a triple-plaque purified

stock of the parental virulent virus as described in Subheadings 3.1.3. and 3.1.4., respec-
tively. In the case of respiratory syncytial virus, the initial restrictive temperature was
39°C, and a permissive temperature of 31°C was used throughout.

2. Carry out mutagen treatment as described in Subheading 3.1.4. Respiratory syncytial
virus was mutagenized by infection of MRC-5 cells at a multiplicity of approx 1, fol-
lowed by incubation in maintenance medium (Eagle’s medium plus glutamine, antibiot-
ics, and 1% (v/v) FCS) supplemented with 100 µg/mL 5-FU (see Note 14).

3. Plate out at limiting dilution samples of the supernatant fluids of several independently
mutagenized cultures.

4. Carry out plaque picking and screening for temperature-sensitivity as described in Sub-
heading 3.2. It was observed in the case of respiratory syncytial virus that yields of ts
mutants were improved by avoiding freeze-thawing.

5. Determine the phenotypes of at least five mutants originating from independently
mutagenized cultures as described in Subheading 3.3. In the case of respiratory syncytial
virus, the single mutant with the greatest temperature restriction at 39°C (e.g., the ratio of
plaques at 39°C/plaques at 31°C), in conjunction with an RNA-positive phenotype, was
identified as the most suitable parental virus for the next round of mutagenesis. A stock of
this mutant, designated ts1A, was prepared by triple-cloning and amplification as de-
scribed in Subheading 3.1.3.

3.4.2. Isolation of a Secondary Series of (Putative Double) TS Mutants
1. Mutagenize the primary series ts mutants, tslA in the case of respiratory syncytial virus,

as outlined in Subheading 3.1.4. For the second round of mutagenesis, choose a mutagen
with a different chemical specificity from that used in the first round of mutagenesis. The
mutagen used in isolation of the candidate respiratory syncytial virus vaccine double-
mutant tslB was an acridine derivative, known as ICR 340 (10).

2. Incorporate the mutagen into standard maintenance medium at an appropriate concentra-
tion (10 µg/mL ICR 340 for respiratory syncytial virus) and incubate the mutant-infected
cells in its presence until cytopathic effect (CPE) is far advanced in control unmutagenized
cultures. Again avoid freeze-thawing (see Note 15).

3. Plate out the mutagenized virus at limiting dilution and pick plaques from plates incu-
bated at permissive temperature as before (see Subheading 3.3.). In the case of viruses of
moderate to good stability, growing to reasonable titer, the mutagen should be removed
by dialysis against maintenance medium before inoculation and plaque picking.

4. Pick isolated plaques, or preferably plaques from single-plaque plates, and screen for
temperature-sensitivity. In the case of respiratory syncytial virus, screening for tempera-
ture-sensitivity was carried out at a restrictive temperature arbitrarily chosen as one degree
below that used for selection of the first mutant, in this case, 38°C.
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5. Determine the phenotypes of at least five mutants from independently mutagenised cul-
tures as described before in Subheading 3.3. In the case of respiratory syncytial virus, the
single mutant with the greatest temperature restriction at 38°C, in conjunction with an
RNA-positive phenotype at that restrictive temperature, was identified as the most suit-
able parental virus for the next round of mutagenesis. A stock of this mutant, designated
ts1B, was prepared by triple-plaque purification and amplification as described in Sub-
heading 3.1.3.

3.4.3. Isolation of a Tertiary Series of (Putative Triple) TS Mutants

1. Mutagenize the secondary ts mutant, designated mutant ts1B in the case of respiratory
syncytial virus, as outlined in Subheading 3.1.3. Choose a mutagen of a different speci-
ficity from that used in the preceding mutagenesis. However, in the case of the respira-
tory syncytial virus project, 5-FU was used again because experience has shown that this
mutagen is the most reliable and consistent for RNA viruses (16).

2. Plate out independently mutagenized lots of the second series mutant (mutant ts1B) at
limiting dilution and incubate the plates at permissive temperature.

3. Pick well-dispersed plaques, preferable plaques from single-plaque plates, and screen for
temperature-sensitivity at a third restrictive temperature. In the case of respiratory syncytial
virus, this was arbitrarily chosen as l°C below (37°C) that used for selection of the second
series mutant. The single mutant with the greatest temperature restriction at 37°C, in con-
junction with an RNA-positive phenotype at that restrictive temperature, was selected as the
third series (putative triple) mutant, which represented the endpoint of the project.

4. Produce a stock of this mutant, designated ts1C in the case of respiratory syncytial virus,
by three sequential re-isolations from single plaques and amplification (see Subheading
3.1.3.) for subsequent evaluation as a candidate vaccine (10,11,18).

3.5. Modification of Virus by Continuous Mutagenization
A successful protocol for continuous mutagenization has been described for Rift

Valley fever virus (Family Bunyaviridae, Genus Bunyavirus) by Caplen et al. (9). The
following is a brief outline of their method, modified to permit accumulation of ts
mutations.

1. Infect monolayers of MRC-5 cells at a multiplicity of 0.1 pfu/cell. Remove unadsorbed
virus by several washes with growth medium and finally replace with growth medium
containing 10% (v/v) FCS and 200 µg/mL 5-FU (see Note 16). Incubate the infected
cultures for 3–4 h at 33°C in a 5% CO2-gassed incubator. Remove unadsorbed or des-
orbed virus by discarding the culture fluid and replacing it with fresh medium containing
the same concentration of 5-FU.

2. Harvest the culture supernatants after a further 48–72 h incubation at 33°C.
3. Titrate the yield of infectious virus on MRC-5 cell monolayers by incubation for 4 d at

33°C under a 0.5% agarose overlay containing a reduced concentration (4%) of FCS
before application of a second 0.5% agarose overlay containing 0.01% neutral red stain.

4. After incubation for a further 18–24 h, pick two large well-separated plaques and inocu-
late onto fresh MRC-5 cell monolayers in screw-capped flasks.

5. Harvest the fluid from these infected cultures after 48–72 h incubation at 33°C, and clarify
by low-speed centrifugation. Store the clarified supernatant at –70°C.

6. Assay these yields for plaque formation at a predetermined restrictive (38–40°C) and
permissive (31–33°C) temperature.
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7. Initiate the next round of infection and mutagenesis using the virus that exhibits the great-
est differentia1 between the assays at the permissive and restrictive temperatures.

8. Continue this procedure as long as there is evidence of an increase in temperature-sensi-
tivity without decline in yield at the permissive temperature (see Note 17).

A control series of plaque isolations, propagated under identical conditions but in
the absence of mutagen, is required to properly evaluate the progress of mutagenization
and the accumulation of ts virus.

3.6. Modification by Passage at Low Temperature

There are many routes to achieving modification of virus by passage at low tem-
perature. Since these are determined to a large extent by the host range and biological
properties of specific viruses, it is not appropriate to present a protocol here.

The reader is referred to the literature on the derivation of ca experimental influ-
enza A virus (Family Orthomyxoviridae) vaccines. Here, there is the added dimension
of utilization of subunit reassortment. A ca virus has been used successfully as a donor
of attenuating genes for the construction of other attenuated influenza A viruses (19).

3.7. Evaluation of Vaccine Potential of Modified Virus
The evaluation of the vaccine potential of any virus modified by the procedures

described here, or by any other methodology, is a problem of great complexity, and is
beyond the scope of this chapter. Each virus poses a different set of challenges, and
specific solutions must be sought without regard to precedent.

The normal path to authenticating the merits of a candidate human vaccine is
through evaluation in whatever animal models are available, through volunteer trials
in sero-positive individuals, ultimately to trials in sero-negative individuals
(2,6,20,21).

3.8. Reverse Genetic Approaches
3.8.1. Overall Strategy

The ability to produce infectious virus from cDNA provides an alternate route for
production of precisely characterized attenuated viruses. The evaluation of empiri-
cally derived candidate vaccines identifies the sites of attenuating mutations, and such
mutations can be introduced by reverse genetics into other related viruses that may
possess more appropriate antigenic characteristics, or to enhance the genetic stability
of existing candidate vaccine strains (22,23).

Paradoxically, the technique of reverse genetics has been exploited to greatest
extent in the case of the negative-strand RNA viruses, long the most inaccessible to
controlled genetic modification by site-specific mutagenesis. In the case of negative-
strand RNA viruses, the genomic and the anti-genomic RNA are not infectious, and
the minimal replicative unit is the nucleocapsid, which contains the nucleocapsid (N)
protein tightly bound to the RNA, together with the phosphoprotein (P) and the poly-
merase (L) protein, which are less tightly bound. The basic strategy, developed first
for rabies virus (4), involves providing genes encoding the essentia1 nucleocapsid
components, N, P, and L, in cells together with a cDNA producing the anti-genome.
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This strategy depends on intracellular synthesis of T7 RNA polymerase, which is most
conveniently supplied by a vaccinia virus recombinant, to direct the synthesis of
mRNAs encoding the components of the vira1 nucleocapsid complex and a copy of
the cloned genome (usually as the +ve sense anti-genome) terminated with a ribozyme
sequence to achieve precise termination of the transcript. The intracellularly synthe-
sized nucleocapsid proteins (N, P, and L, supplied by support plasmids) mediate the
replication of both the +ve sense antigenomic RNA and transcribe –ve sense genomic
RNA, which also results in the production of the remaining virus structural proteins
and packaging of functiona1 nucleocapsids. The infectious progeny virus is separated
from the vaccinia-T7 recombinant and propagated for analysis of phenotype. This gen-
eral procedure is applicable to all negative-strand RNA viruses, varied only by the
inclusion of any additional essential nucleocapsid components when applicable (25).

Since all of these operations involve nucleotide sequence-specific components and
primers and standard recombinant DNA methodology, a generalized protocol is inap-
propriate. Instead, two protocols for critical stages common to all strategies are pre-
sented in detail.

3.8.2. Site-Directed Mutagenesis
Site-directed mutagenesis is performed using standard recombinant DNA technol-

ogy involving oligonucleotide-directed mutagenesis of an infectious cDNA clone of
the virus genome. This is achieved by a polymerase chain reaction (PCR), in which
one of the primers encodes the desired mutation as a mismatch to the wild-type se-
quence. If the mutation is close to a naturally occurring restriction enzyme cleavage
site, the replacement of the wild-type sequence with the mutation is straightforward. If
there is no appropriate cleavage site, then the PCR fragment containing the mutation
can be joined to other PCR fragments that extend the sequence to a usable cleavage
site, either by overlapping PCR or by direct ligation (see Note 16). Overlapping PCR
utilizes two sets of primers, in which one of each set includes complementary se-
quences at their 5'-termini, and two separate PCR reactions are performed, followed
by ligation of the products (refs. 22,23, and 24 provide examples of how these proto-
cols are integrated into the complete procedure, including the substitution of commer-
cial kits in place of the following protocols).

3.8.2.1. SITE-SPECIFIC MUTAGENESIS BY OVERLAPPING PCR

1. Overlapping PCR utilizes two sets of primers in which one of each set includes comple-
mentary sequences at their 5'-termini.

2. Two separate PCR reactions are performed using cDNA as the template. The following is
a reliable procedure, which uses Gibco Taq polymerase and the buffers supplied by the
manufacturer.

3. PCR reaction mix (on ice):
a. 10 µL 10X buffer.
b. 3 µL MgCl2.
c. 2 µL detergent (1% w-1) (optional).
d. 2 µL 10 mM dNTP mix (see Note 18).
e. 1 µL primers (~0.4 µg).
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f. 4 µL cDNA.
g. 79 µL sterile distilled water.
h. 0.4 µL Taq polymerase.

4. The amounts of primer or cDNA employed may be different, in which case the amount of
sterile distilled water should be adjusted so that the final volume remains 100 µL. The
10X buffer, MgCl2, and detergent are supplied ready-made with the Taq enzyme (see
Note 19).

5. Use the appropriate program on the PCR thermal cycler. Use 1-min extension times for
each kilobase to be amplified.

6. To check if your PCR has worked, run a sample on an agarose gel with an appropriate
ladder for calibration. Different concentrations of agarose are required to resolve differ-
ent size fragments: 2% gel for fragments <500 bp; 1% gel for fragments 500 bp-3K; 0.7%
gel for fragments >3K.

7. The products can be purified by agarose gel electrophoresis to remove unincorporated prim-
ers. Alternatively, cut out the PCR product from the agarose gel using a clean scalpel blade.

8. Use a Qiagen gel extraction kit to purify the PCR product.
9. PCR is performed a second time using only the outside set of primers. PCR reactions

should be carried out using thin-walled tubes.
10. The product of this reaction is then inserted into the plasmid carrying the cDNA copy of

the viral genome using appropriate restriction enzyme sites.

3.8.2.2. PCR LIGATION

1. Two PCR reactions are performed using cDNA as the template.
2. Purify the PCR products by agarose gel electrophoresis.
3. Add 1 mM ATP reaction buffer (see Subheading 3.8.2.1.) to each PCR product. Raise

the temperature to 70°C and then add 50 U of T4 polynucleotide kinase. Incubate at 37°C
in a 50 µL vol for 30 min.

4. Mix 5 µL of each phosphorylated primer (adjusted to approx equimolar proportions) with
400 U of T4 DNA ligase, and leave for 15 min at room temperature.

5. Use 1 µL of this ligation reaction as the template for a PCR with appropriate external
primers and insert the product into a plasmid carrying the virus genome copy using con-
venient restriction sites.

3.8.3. Transfection
The second critical stage is the recovery of the mutagenized virus from the infectious

cDNA clone. A reliable method using Lipofectace (Gibco-BRL) is described here.

1. In a 12-well tissue-culture-plate seed cells (in this example, Hep-2 cells) per well in
GMEM supplemented with fetal bovine serum (FBS) at a final concentration of 10%.
Incubate at 37°C for 18–24 h (see Note 20). The goal is to obtain 50–75% confluent
monolayers. (NB: Since transfection efficiency is sensitive to culture confluence, it is
important to maintain a standard seeding protocol from experiment to experiment see
Note 21).

2. Prepare the following solutions in separate polypropylene tubes: Solution A: For each
transfection, dilute 1 µg plasmid DNA in 50 µL serum-free Optimem (Gibco-BRL). So-
lution B: For each transfection, dilute 4 µL Lipofectace (Gibco-BRL) reagent in 50 µL
serum-free Optimem (Gibco-BRL).
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3. Combine the two solutions, mix gently by pipetting up and down and incubate at room
temperature for 15 min. The solution may appear cloudy; however, this will not affect the
transfection.

4. Aspirate medium from the cells.
5. For each transfection, add 400 µL serum-free Optimem (Gibco-BRL) to each tube con-

taining the lipid-DNA complexes. Mix gently and overlay the diluted complex onto the
cells.

6. Incubate the cells for 5 h at 37°C.
7. Add 500 µL GMEM (10% FBS) without removing the transfection mixture. If toxicity is

a problem, remove the transfection mixture and replace with normal medium. Replace
medium with fresh medium at 18–24 h following the start of transfection.

8. Assay cell extracts for virus activity 48–72 h after the start of transfection.

4. Notes
1. Normally a concentration of 10% (v/v) is adequate, but sera of different origin may vary

in suitability, and each batch should be tested before use. For most viruses optimal yields
are obtained with optimally growing cells. Assay of virus concentration by plaque forma-
tion is best achieved at concentrations of FCS, which maintain viability but restrict growth
(0.5–1%).

2. FCS originating from the United Kingdom and other European countries should not be
used for vaccine development and production because of the risk of contamination by the
bovine spongiform encephalopathy (BSE) prion.

3. For example, adult sheep serum has good growth-stimulating properties and is a good
substitute if the presence of antibody is not a concern. However, the serum must originate
from scrapie-free animals.

4. Care should be taken to remove any residual trypsin by sedimentation of the cells from
the transfer medium prior to resuspension in storage medium.

5. Seed sterile degreased cover slips in 30-mm sterile Petri dishes with approx 105 cells per
dish. Grow to subconfluence and fix in methanol. Treat with a solution of l µg/mL DAPI
(4,6 diamidino-2-phenylindole) for 15 min at 37°C. Remove stain and wash in methanol.
Examine by fluorescence microscopy. Uncontaminated cells have brightly fluorescing
nuclei but unstained cytoplasm, whereas mycoplasmal-contaminated cells show cytoplas-
mic and surface fluorescence.

6. In all cases of PCR-mediated mutagenesis, the reaction should be performed with proof-
reading polymerases and a low cycle number (<25) to limit misincorporation. (If PCR
machine is not of the heated lid variety, put a drop of mineral oil on top of the mix to
prevent evaporation during the PCR.)

7. It is important before initiating the process of vaccine development to verify by whatever
means available that the isolate retains the characteristic pathogenic properties of the
wild-type virus.

8. Neutral red has a photodynamic inactivating effect on virus. Consequently, the overlaid
monolayers and any solutions containing neutral red should not be exposed to light more
than is necessary.

9. 5-fluorouridine or 5-azacytidine can be used as alternative mutagens for RNA viruses,
and nitrous acid, hydroxylamine, ethyl methane sulphonate, ethyl ethane sulphonate, N-
methyl-N-nitro-N-nitrosoguanidine, and proflavine and other acridines are alternative
mutagens for DNA and RNA viruses (16).
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10. In the case of respiratory syncytial virus, it was observed that a concentration of 50 µg per
mL 5-FU or above inhibited cytopathic effect and reduced virus yield.

11. A concentration of mutagen which reduced the yield of progeny virus from respiratory
syncytial virus-infected MRC-5 cells at permissive temperature to approx 1% of normal
was found to give yields of ts mutants at frequencies in the range 1–5%.

12. Plaque picking is intended to recover progeny virus originating from a single infectious
particle. In practice, this cannot be achieved reliably when there is more than one plaque
on the monolayer, because there is always a fluid layer between the cell monolayer and
the overlying agar allowing lateral diffusion of released virus. Nonetheless, this is not a
serious concern with highly cell-associated viruses and plaques can be picked from plates
with several plaques. It should be remembered, however, that virus-infected cells can
extend beyond the boundary of the visible lytic plaque.

13. Each cluster plate should contain two uninoculated cell control wells and two wild-type
virus infected wells. Thus, 92 isolates can be screened on each pair of multi-well plates.

14. 5-FU (Sigma, London) can be made up as a stock solution of 1 mg/mL in sterile distilled
water, filtered through a 0.22-mu filter, and stored frozen as aliquots at –20°C.

15. If an interruption is unavoidable, even thermosensitive viruses such as respiratory syncy-
tial virus can be stored at an accurately maintained +4°C for a few days without serious
loss of infectivity.

16. The concentration of 5-FU used by Caplen et al. (9) was that required to reduce the virus
yield 102–103-fold.

17. Modification of the pathogenetic properties of Rift Valley fever virus required 16–18
cycles of mutagenesis.

18. 10 mM dNTP mix is prepared as follows: 5 µL l00 mM dATP; 5 µL 100 mM dTTP; 5 µL
100 mM dGTP; 5 µL 100 mM dCTP; 30 µL H2O. Make sure to use dNTPs and not
ddNTPs. Label the dNTP stock and store it at –20°C.

19. When setting up PCR reactions, use the PCR-grade Gilson micropipets and barrier filter
tips to avoid contamination. Aways include a negative control.

20. For 6-well plates or 35-mm dishes, the amount of DNA and lipofectace should be multi-
plied by 2.5.

21. For transfection of other cell lines using Lipofectace or Lipofectamine, the amount of
DNA and lipid used for transfection should be determined separately. By keeping the
amount of DNA constant (2 µg is a good starting point), different amounts of Lipofectace
or Lipfectamine should be used (e.g., 1, 2, 4, 6, 8, and 10 µL of each in the first instance).
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Live Viral Vectors

Construction of a Replication-Deficient Recombinant Adenovirus

Anthony R. Fooks

1. Introduction
Throughout the last century, conventional vaccination strategies have advanced sig-

nificantly, and vaccine application has resulted in the reduction of the disease burden
on a global scale. Despite these obvious successes, many human and veterinary dis-
eases remain intractable with the use of conventional technologies. Novel approaches
to vaccine design are now needed to tackle those pathogens for which conventional
technologies have failed to generate efficacious vaccines.

Since genetic engineering techniques have become widespread, it has become pos-
sible to create new vaccine candidates by design. The development of one such group
of candidate vaccine “carriers” includes the use of genetically modified live viral vec-
tors (1,2). The basis for using genetically modified recombinant viruses as potential
vaccine vectors involves the incorporation of specific genes from a pathogenic organ-
ism into the modified genome of a proven, safe nonpathogenic or attenuated virus (3).

Recombinant adenoviruses that are being considered as vaccine vectors can either
be replication-competent or replication-deficient (see ref. 4; Table 1). These viruses
have a wide host range, and attenuated adenoviruses have already been used as vac-
cines with few side effects. A live, replication-competent adenovirus vaccine based on
serotypes 4 and 7 was licensed for human use in 1980. The virus is capable of replica-
tion in the intestines of the recipients, but does not cause clinical disease. The vaccine
is safe, non-reactogenic, and efficacious, and confers protection against acute respira-
tory disease. The vaccine is administered in enteric-coated capsules as a niche vaccine
to US military recruits and their family members (5,6).
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1.1. First-Generation (El–) Adenovirus Vectors
The development of adenovirus vectors as vehicles for vaccine research has been

widely studied, and various methods for the production of adenovirus vectors have
been proposed (7–25). Researchers are also promoting the usefulness of adenovirus
vectors in gene-delivery protocols for therapeutic purposes.

Successful results have been obtained in rodents using replication-deficient recom-
binant adenoviruses as immunizing agents for tick-borne encephalitis virus NS1 pro-
tein (26), measles virus nucleoprotein (27,28), hemagglutinin (HA), and fusion
proteins (29,30). It has also been shown that immune responses and protection were
elicited in different animal models after the oral administration of adenovirus vectors
expressing heterologous proteins. These include the measles virus nucleoprotein, HA,
and fusion proteins (30,31); hepatitis B virus surface antigen (HBVsAg) in chimpan-
zees (32) and humans (33); vesicular stomatatis virus glycoprotein (8); PRV gp50
protein (34); the rabies virus glycoprotein in mice, dogs (35), and foxes (36,37); the
respiratory syncytial virus fusion glycoprotein and attachment glycoprotein in dogs
(38); and the Simian immunodeficiency virus (SIV) Gag-protein (39). Other immuno-
genicity studies using adenovirus vectors have included their use in stimulating the

Table 1
Relative Properties of Replication-Competent and Replication-Deficient
Adenoviruses as Live Viral Vectors

Adenoviral vectors

Replication-competent Replication-deficient
adenoviruses adenoviruses

High-level expression Yesa Yesa

Expression of authentic
 recombinant proteins Yes Yes
Expression of host
 viral proteins Yes Nob

Oncogenic potential Yesc Noc

Long-term protein
 expression in vitro No (lytic) Yes
Ease of scale-up Yes Yes
Gene-therapy use in animal
 models Yes (50) Yes (51)
Vaccination use in animal
 models Yes (52) Yes (53)

aHigh-level expression is dependent on the promoter.
bBreakthrough of host viral proteins may occur at very high multiplicities of infection

(in vitro).
cCertain adenovirus genotypes can exhibit transforming properties. However, adenovirus

type 5 serotype is a non-transforming adenovirus (54).
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production of inflammatory cytokines (40) and in the induction of T-cell responses for
hepatitis C virus (41) and human immunodeficiency virus (HIV), respectively (42,43).

The main advantages of adenovirus vectors as gene delivery vehicles include:

1. Capable of infecting a wide range of cell types in vivo (44) and eliciting an immune
response against the desired protein;

2. Ability to infect and achieve gene expression by infecting a single cell regardless of cel-
lular replication;

3. Administration of the constructs by injection, oral, or aerosol vaccination with efficient
gene delivery into human cells;

4. Induction of strong systemic and local mucosal immune responses (45,46);
5. Genetically stable to ensure that reversion to a virulent phenotype is precluded;
6. Mutated genome to confer a deficiency in virus replication, especially in target cells (47),

since non-expression of the viral genome prevents immune clearance of infected cells;
7. Removal of deleterious regions of the virus genome;
8. Ability to carry large gene inserts;
9. High-level expression of the desired immunogen under the control of a strong, well-char-

acterized promoter;
10. Relative ease of construction (48);
11. Can be propagated to high-titer virus stocks (>1010 pfu/mL) (49).

1.2. Inflammatory Response Directed at the Adenovirus Vector

The major disadvantages in the use of adenoviral vectors for vaccine delivery re-
mains the inflammatory immune responses elicited against the vector backbone, al-
though in some circumstances, the inflammatory response may be partially directed
toward the transgene (55). Following such an inflammatory response, rapid clearance
of the adenovirus vector occurs, thereby reducing its therapeutic potential. In addition,
re-administration of the adenovirus vector as a delivery tool is not feasible. The re-
quirement to eliminate this response has in part promoted the move toward vectors
with more of the adenoviral genes removed (“gutless adenovirus vectors”). Refine-
ments of the vector by removing more of the viral genome to eliminate immune re-
sponses to the vector backbone may be critical in overcoming the safety and toxicity
issues for clinical use. Second-generation vectors with deletions in the E1, E2B, and
E4 regions exhibit decreased immunogenicity when compared with the first-genera-
tion E1a/E1b-deleted vectors (56). Such deletions require the provision in trans of the
viral genes using a helper-cell line. Further deletions of viral genes have been achieved
using the Cre-Lox system to remove approx 25 Kb of the viral genome (57,58). These
vectors require the use of an E1– deleted helper virus to propagate virus particles in a
permissive cell line, although a potential drawback is the contamination with helper
virus at a level of up to 1% (59).

Further research is still required to reveal optimal strategies for repeated adenovi-
rus delivery and maximize long-term gene expression in the presence of immunologi-
cal memory responses to the vector. It is also important to specifically address safety
issues before these approaches are successfully used in the clinic; these include the
prevention of pro-inflammatory responses to the vector and evaluations of the optimal
route of virus inoculation. The continued use of adenovirus vectors as a vaccine-deliv-
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ery vehicle for therapeutic genes underscores the need for continued fundamental re-
search into virus interactions with the human immune system.

2. Materials
1. For research purposes only: Plasmid pMVI00 (transient expression vector; see Note 1) and

pMV100 containing the β-galactosidase (β-gal) reporter gene (pMV35) can be obtained
from The Centre for Applied Microbiology and Research (CAMR, Porton Down, UK).

2. Plasmid pMV60 (adenovirus transfer vector; see Note 2) is identical to pXCX2, except
that a linker containing HindIII and XhoI cloning sites has been inserted at its unique
XbaI cloning site.

3. Plasmid pJM17 (defective adenovirus vector; 60) can be obtained from Microbix
Biosystems, Inc. (Toronto, Ontario, Canada) (see Note 3).

4. All restriction and modifying enzymes were purchased from Promega (Chilworth Re-
search Centre, Southampton, UK).

5. In many laboratories, plasmids are purified using Qiagen columns, according to the
manufacturer’s instructions (Qiagen, Chatsworth, CA).

6. 293 cells (human embryonic kidney cells) (47) and MRC5 cells (primary human fibro-
blasts) can be obtained from the European Culture Collection of Animal Cells (ECACC,
Porton Down, UK) or from Microbix Biosystems.

7. Cells were cultured in complete Glasgow Minimal Essential Medium (GMEM) (Imperial
Laboratories, Andover, UK) supplemented with 10% (v/v) fetal calf serum (FCS), (PAA,
Linz, Austria), 100 mg/mL kanamycin, 0.03% (w/v) glutamine (Sigma, Poole, UK).

8. TE buffer: 0.5 mM ethylenediaminetetraacetic acid (EDTA), 1 mM Tris-HC1, pH 7.5:
Autoclave and store at room temperature.

9. 2 M Calcium chloride: Autoclave and store at room temperature.
10. 2X HBS: 280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, pH 7.1: The pH is very

critical. Autoclave the solution, and store at –20°C for up to 6 mo.
11. TBS buffer: 137 mM NaCl, 5 mM KCl, 0.7 mM CaCl2, 0.6 mM Na2HPO4, 25 mM Tris-

HCl, pH 7.4: Autoclave and store at room temperature.
12. Phosphate-buffered saline (PBS): Autoclave and store at room temperature.
13. Glutaraldehyde 0.5% (v/v) in PBS. Store at room temperature.
14. Staining solution: 3 mM potassium ferrocyanide, 3 mM ferricyanide, 1.3 mM magnesium

chloride—made up in 1X PBS. Immediately prior to use, add 100 µL of prewarmed 2%
(w/v) 5-bromo-4-chloro-3-indoyl-β-D-galactopyranoside (“X-gal”; dissolved in dimethyl
formamide [DMFA]). Store potassium ferrocyanide and potassium ferricyanide as 300
mM stock solutions in PBS. Note: DMFA degrades polystyrene, and therefore should be
stored in glass containers.

15. Arklone P: A site license is required from ICI Pharmaceuticals (UK) to use Arklone P for
research purposes. The Arklone P phase (lower layer) must be discarded according to
local health and safety regulations.

All chemicals should be evaluated and handled according to local health and safety
regulations.

3. Methods

This chapter specifically describes the development of a recombinant adenovirus.
It was  assumed that readers are familiar with established molecular biological tech-
niques (61).
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3.1. Construction of a Recombinant Vector for Expression
Under the Control of the HCMV IE Promoter

As part of the cloning strategy to develop recombinant adenoviruses, the first stage
requires cloning the transgene under the control of the strong HCMV IE promoter
(see Fig. 1).

1. Ligate the gene of interest into the transient expression vector (pMV100) at either of the
unique cloning sites (BamHI or XbaI).

2. Transform the resulting recombinant plasmid into E. coli JM109.
3. Grow the bacteria on nutrient agar plates (Difco Ltd., Surrey, UK) supplemented with 50

µg/mL ampicillin at 37°C for 16 h.
4. Select single colonies and grow in 10 mL L-broth (Difco Ltd.), supplemented with 50 µg/

mL ampicillin, at 37°C in a shaking incubator at 200 rpm for 16 h.
5. Isolate the plasmid DNA from single colonies of the organism using conventional tech-

niques.
6. Establish the presence of the transgene by restriction analysis using the unique restriction

site HindIII.
7. Orient the transgene within pMV100 using the unique restriction sites SphI and ClaI to

ensure that the gene is in frame with the promoter.

3.2. Construction of a Recombinant Adenovirus Transfer Vector
The expression cassette containing the transgene, HCMV promoter, and terminator

from pMV100 is now cloned into the adenovirus, transfer vector (pMV60) at the
unique HindIII restriction site. This surrounds the cassette with adenovirus flanking
regions, which are required for recombination into the replication-deficient adenovi-
rus. If a HindIII site is present in the transgene, a partial digest can be used to clone the
cassette.

1. Ligate the cassette containing the transgene (from Subheading 3.1.) into the transfer
vector (pMV60) at the unique HindIII cloning site.

2. Transform the resulting plasmid into E. coli JM109.
3. Isolate the plasmid DNA from single colonies of the host organism (see Subheading 3.1.).
4. Establish the presence of the cassette by restriction analysis using the unique HindIII

restriction site.
5. Orient the transgene within pMV60 using the restriction site SphI.
6. Purify the plasmid DNA using either commercially available methods (see Subheading

2., item  5—e.g., Qiagen columns) or CsCl purification protocols. It is important to en-
sure that the purified plasmid DNA is of a high quality for the subsequent transfection
procedures.

3.3. Cotransfection of 293 Cells to Produce Recombinant
Adenovirus

To produce the recombinant adenovirus, 293 cells are cotransfected with both the
transfer vector containing the transgene and the replication-deficient adenovirus
genome, which is present on the plasmid pJM17. Homologous recombination results
in the insertion of the CMV IE promoter expression cassette into the adenovirus vector
(which requires a high transfection frequency). The recombination event reduces the
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overall size of the vector by deleting the “stuffer” region pBRX and the adenovirus E1
region, permitting packaging of the adenovirus genome (see Fig. 1). This can be
achieved using commercially available methods (e.g., transfection, DOTAP, and

Fig. 1. Diagram of the adenovirus construction, which involves placing the gene (shaded
areas) under the control of the HCMV IE promoter (IEP) and terminator (IE term) by cloning
into the vector pMV100. The CMV cassette containing the transgene is then cloned into the
plasmid pMV60 at a unique HindIII site to surround the gene/cassette with adenovirus-flanking
regions (hatched areas). The resultant plasmid is then cotransfected with pJM17 in 293 cells.
On homologous recombination, the prokaryotic vector (pBRX) in pJM17 is replaced with the
gene/cassette, reducing the overall size of the adenovirus genome in pJM17 and producing a
recombinant virus.
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lipofectin), and details of these are readily available from the manufacturers. Here we
describe the calcium phosphate precipitation method (62), which is currently used
with consistent success in many laboratories.

1. Grow 293 cells as monolayers in growth media (see Subheading 2., item 7). Gas cells
with 5% CO2/95% air (BOC) and incubate at 37°C. Change media when acid pH becomes
evident by color changes (red-yellow) within the medium.

2. Seed 293 cells produced in step 1 into 25-cm2 flasks (2 × 106/mL) or 18-cm2 Petri dishes
(1.5 × 106/mL) 24 h before transfection to produce monolayers that are 80% confluent. It
is recommended that the cotransfection procedure be performed in duplicate, using ap-
propriate controls. One particularly important control is pMV35 expressing β-gal (see
Subheading 2., item 1), to evaluate the transfection frequency (see Note 4).

3. Dissolve plasmid DNA (20 µg; with a molar ratio 5:1 with pJM17) in 420 µL of TE
buffer in a 10-mL polypropylene centrifuge tube.

4. Gently vortex the DNA solution while adding dropwise 60 µL of 2 M CaC12 (see Note 5).
5. Add 480 µL of 2X HBS to a separate polypropylene centrifuge tube.
6. Gently vortex the 2X HBS while adding dropwise the DNA/calcium chloride solution.
7. Allow the precipitate to form for 15–30 min at room temperature.
8. Visualize the precipitate formation using a light microscope (×40).
9. Without removing the cell medium, add the solution containing the precipitate dropwise

to the cell monolayer produced in step 2.
10. Re-examine the appearance of the precipitate on the cell monolayer using a light micro-

scope. If the precipitate flocculates on the cells, wash the monolayer with prewarmed
media to remove excess precipitate before incubation.

11. Gas (5% CO2/95% air) the treated 293 cells and incubate for 16 h at 37°C.
12. Discard the spent medium and wash the monolayers once with 3 mL Tris-buffered saline

(TBS) buffer and once with 3 mL complete medium, and replace with fresh media.
13. Gas the cells with a mixture of 5% CO2/95% air and incubate at 37°C until plaques can be

visualized (usually 6–10 d). Cells transfected with pMV100 with the β-gal gene (see step
2) are removed after 24 h of incubation and treated as described in Subheading 3.4., to
determine the transformation frequency.

14. If no plaques are visualized, change media when pH falls.
15. Harvest the medium after the formation of plaques and store at –80°C. The next stage for

this procedure is to separate the recombinant virus by amplification and plaque assay (see
Note 6).

3.4. Estimation of Transfection Efficiency
1. Wash the β-galactosidase-transfected cell monolayer (see Subheading 3.3.) once with PBS.
2. Fix the cells with 3 mL 0.5% (v/v) glutaraldehyde in PBS for 15 min at room temperature.
3. Wash the cells with IX PBS.
4. Add 3 mL of freshly prepared staining solution to the cell monolayer.
5. Incubate at 37°C for 16 h.
6. Examine using light microscope (×40) to estimate the number of blue-stained cells.

3.5. Virus Purification and Plaque Assay of Recombinant
Adenovirus

It is essential to purify the recombinant adenovirus to homogeneity by isolating a
single replication-deficient adenovirus containing the transgene. This also removes
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any parental defective adenoviruses that may have been present in the initial cell cul-
ture. The same method is used to titrate the purified recombinant adenovirus (49).

1. Seed 293 cells in 24-well trays to produce monolayers that are 80% confluent.
2. Make 10-fold dilutions of the harvested medium produced from the transfected cells in

Subheading 3.3. in prewarmed fresh growth media.
3. Remove the media from the 24-well trays and discard.
4. Add 1 mL of the diluted virus solution to each well.
5. Incubate the cells for 6 d in a 5% CO2/95% air atmosphere at 37°C.
6. Examine the cell monolayers for cytopathic effect (CPE; cell rounding or lysis) using a

light microscope. Plaques or CPE should appear after 7–10 d; however, it may be neces-
sary to incubate for longer periods, which will require feeding the cells with fresh media.

7. Determine the end point dilution where the virus has caused CPE.
8. Harvest the end point wells containing the virus.
9. Clarify the supernatant by centrifugation (1000g for 10 min at 4°C), and store at –80°C.

10. Repeat this procedure twice to ensure purification of the recombinant virus.
11. Calculate the virus titers by the Spearman-Karber end point determination (63).

3.6. Propagation of Recombinant Adenovirus Stocks

Adenovirus recombinants are propagated in 293 cells to provide a large source of
viral material. The resultant virus can be titrated using the method described in Sub-
heading 3.5.

1. Seed 293 cells in a 175-cm2 flask to produce cells that are 80% confluent as described in
Subheading 3.3.

2. Dilute 5 mL of the recombinant virus in 15 mL of media and inoculate into a flask from
step 1. Allow the virus to adsorb onto the cell monolayer for 2 h at 37°C after gassing
with 5% CO2/95% air.

3. Wash the cell monolayer 1X with prewarmed PBS.
4. Add prewarmed growth media, gas with 5% CO2/95% air, and incubate at 37°C until CPE

is evident in 100% of the monolayer.
5. Remove the cells by gentle agitation into the media.
6. Pellet the cells by centrifugation at 2000g at 4°C for 10 min.
7. Discard the supernatant and gently wash the pellet in 2 mL cold PBS.
8. Pellet the cells by centrifugation at 2000g at 4°C for 10 min.
9. Discard the supernatant and gently wash the pellet in 2 mL cold PBS.

10. Extract the virus by mixing the cells vigorously with an equal volume of Arklone P.
11. Centrifuge at 2000g at 4°C for 10 min.
12. Remove the aqueous phase (upper layer), which contains the virus, repeat from step 10,

combine the prepared virus, and store in 1-mL aliquots at –80°C. Note that adenoviruses
may loose titer by exposure to CO2, and thus appropriate precautions should be used for
their transportation (64).

Alternatively, recombinant adenovirus vectors may be grown on 911 cells derived
from human embryonic retinoblasts, transformed with a defined region of E1 from the
adenovirus serotype 5 genome (65). These cells produce up to three times more aden-
ovirus vector compared to the quantity produced in 293 cells.

The reader may also consider further purification of the recombinant adenovirus stock
using standard methods of isopycnic gradient centrifugation with caesium chloride.
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4. Notes
1. Plasmid pMV100 (a transient expression vector) contains the HCMV IE promoter and

terminator with two unique cloning sites (XbaI or BamHI) on the CMV cassette (Fig. 1).
PMV100 has the polylinker of pUC 19 replaced by a fragment containing the CMV IE
promoter (–299 to +69) and its associated polyadenylation signal (+2757 to +3053).
Nucleotide-sequence numbering of the HCMV IE promoter has been previously described
(66,67). For a gene to be inserted into the vector, either of the two restriction sites must be
present in its flanking regions. If these sites are not available, the chosen restriction sites
must be inserted by a subcloning strategy, which could include blunt-end ligation, site-
directed mutagenesis, or PCR cloning (61).

2. Plasmid pMV60 (adenovirus transfer vector) was derived from pXCX2 (68), and con-
tains the unique cloning HindIII site (69), which is used to construct the adenovirus re-
combinants (see Fig. 1). The HindIII linker in pMV60 is located between regions, with
homology from either side of the genome. The nucleotide regions of the areas of homol-
ogy of the human adenovirus type 5 genome are at nucleotides 30 and 420, and between
3328 and 5788. Regions of the adenovirus genome that share homology with the replica-
tion-deficient adenovirus surround the unique cloning sites.

3. Plasmid pJMl7 (defective adenovirus vector) contains the genome of adenovirus type 5
dl309, with the prokaryotic vector pBRX (size 4.3 kb) inserted into the Ela gene, result-
ing in the deletion of the E1 gene. The Ela gene between bp 402 and 3328 shares regions
of homology with the adenovirus transfer vector (pMV60) between bp 30–452 and 3328–
5788, to allow recombination to occur on co-transfection (60).

4. Using 293 cells at an early stage of growth after subculture (2 h) before cell clumping is
evident may enhance transfection efficiency.

5. The success of the calcium phosphate transfection method depends on obtaining a cor-
rectly sized precipitate. If the precipitate is too small or too large, the cells will not accept
the DNA. The correct precipitate forms at an optimum pH value, which is critical for the
process. It is therefore important to vortex the DNA solution gently when adding the
CaC12 solution in a dropwise manner.

6. Caution: An important safety consideration is that adenovirus vectors containing
transgenes are potentially infectious in humans or other permissive cell lines. The use of
recombinant virus vectors is normally carried out in accordance with local health and
safety regulations, and will require the use of a class II safety cabinet. Recombinant
adenoviruses containing transgenes should be individually constructed to prevent cross-
contamination.
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Live Viral Vectors

Vaccinia Virus

Caroline Staib and Gerd Sutter

1. Introduction
Poxviruses are among prime candidates for generation of recombinant virus vac-

cines against infectious diseases and cancer. Poxvirus-based experimental vaccines
have already proven to be efficient with regard to antigen delivery and the induction of
antigen-specific immune responses in several animal models and first clinical trials
(1–7). Live vector vaccines are designed to mimic microbial infections allowing for de
novo synthesis of vaccine antigens that appear particularly suitable for presentation
via MHC-I molecules. Vaccination with these live vaccines may elicit appropriate
“danger” signals to the immune system, resulting in preferential recognition and pre-
sentation of recombinant (vaccine) antigens. Additional features of poxvirus vectors
include the ability to accommodate large amounts of foreign DNA, high stability, and
reasonable cost of manufacturing. However, vaccinia virus—the prototype live viral
vaccine—can replicate in humans, and its imperfect safety record as a smallpox vac-
cine was a concern for its use as a vector in clinical applications. Therefore, most of
the currently evaluated recombinant vaccines are based on vectors derived from highly
attenuated vaccinia viruses such as modified vaccinia virus Ankara (MVA) (8),
NYVAC (9) or avipoxviruses (10,11). These viruses all share the property of replica-
tion deficiency in mammalian cells that may have contributed to the already estab-
lished clinical safety of these vectors (12–14). Importantly, even high dose inoculation
of MVA was shown to be safe in immune-suppressed macaques, suggesting the safety
of recombinant MVA vaccines in potentially immunocompromised individuals (15).
Moreover, MVA vector vaccines induced significant levels of humoral and cellular
immune responses to vaccine antigens, and were found to be less affected by pre-
existing vaccinia virus-specific immunity when compared to replication-competent
vaccinia virus vectors (16).

Here, we describe an up-to-date methodology for the generation and characteriza-
tion of recombinant MVA. The protocol includes different selection techniques for
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isolation of cloned viruses and optimized procedures for cell culture, virus amplifica-
tion, and titration, as well as preparation of vaccine stocks.

2. Materials
2.1. Virus Strain

1. Vaccinia virus strain MVA (cloned isolate F6), 582nd CEF passage.

2.2. Cell Culture
1. Rabbit kidney (RK-13) cells (ATCC CCL-37).
2. Baby hamster kidney (BHK-21) cells (ATCC CCL-10).
3. Primary chicken embryo fibroblasts (CEF), freshly prepared.
4. RPMI-1640 medium (Seromed, Biochrome KG, Berlin, Germany).
5. Heat-inactivated fetal calf serum (FCS) (Seromed, Biochrome KG).
6. Antibiotics, antimycotics as streptomycin, penicillin, and amphothericin B (AB/AM)

(Gibco-BRL, Grand Island, NY).
7. 6-well tissue-culture plates, T85, and T185 tissue-culture flasks (Costar, Corning,

NY, USA).

2.3. Preparation of Primary Chicken Embryo Fibroblasts
1. Ten 11-d-old eggs.
2. RPMI-1640 supplemented with 10% FCS and 1% AB/AM.
3. Trypsin TD-ethylenediaminetetraacetic acid (EDTA) (Seromed, Biochrom KG).
4. Absolute ethanol (EtOH abs) (Merck KGaA, Darmstadt, Germany, laboratory use-grade).
5. 50-mL Falcon tubes.
6. Sterile Petri dishes, 10-cm diameter (Costar).
7. T185 tissue-culture flasks.
8. Sterile instruments for dissection—e.g., scissors, forceps.
9. 10-mL syringes.

10. One sterile Erlenmeyer flask, two sterile beakers covered with two layers of gauze
(wrapped in autoclave tape).

2.4. Virus Growth
2.4.1. Amplification of MVA

1. Confluent monolayers of CEF or BHK-21 cells grown on 60 cm2 dishes, T85, and T185
tissue-culture flasks (for growth conditions, see Subheading 3.1.).

2. Cell scraper.
3. 10 mM Tris-HCl, pH 9.0, autoclaved (store at 4°C).

2.4.2. Purification of MVA

1. Cell scraper.
2. Cup sonicator and/or sonification needle (Sonopuls HD 200, Bandelin, Germany).
3. Dounce homogenizer, glass, tight-fitting, autoclaved.
4. 10 mM Tris-HCl, pH 9.0, autoclaved (store at 4°C).
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5. 1 mM Tris-HCl, pH 9.0, autoclaved (store at 4°C).
6. 36% sucrose in 10 mM Tris-HCl, pH 9.0, sterile-filtered (store at 4°C).

2.4.3. Titration of MVA Determining Amount of Infectious Units per mL
(IU/mL)

1. Subconfluent monolayers of CEF or BHK-21 cells grown on 6-well tissue-culture plates
(for growth conditions, see Subheading 3.1.).

2. Fixing solution: 1:1 mixture of acetone:methanol (Merck KGaA), (laboratory use-grade)
(store at at 4°C).

3. Phosphate-buffered saline (PBS), pH 7.5.
4. Blocking buffer: PBS pH 7.5/2% bovine serum albumin (BSA).
5. Primary antibody (1st Ab): Polyclonal rabbit anti-vaccinia antibody (IgG fraction, Bio-

genesis Ltd, Poole, England, Cat. No. 9503-2057) diluted 1:500–1:1000 in blocking
buffer.

6. Secondary antibody (2nd Ab): horseradish peroxidase-conjugated polyclonal goat anti-
rabbit antibody (IgG (H+L)) (Dianova, Hamburg, Germany, Cat. No. 111-035-114) di-
luted 1:1000 in blocking buffer.

7. o-dianisidine (Sigma, Deisenhofen, Germany), Caution: very toxic!
8. Absolute ethanol (EtOH abs) (Merck KGaA).
9. Hydrogen peroxide >30% (H2O2 >30%) (Sigma).

2.4.4. Titration of MVA Determining the Tissue-Culture Infectious Dose
50 (TCID50)

1. Sub-confluent monolayers of CEF or BHK-21 cells grown on 96-well tissue culture plates
(for growth conditions, see Subheading 3.1.).

2. For all additional materials, see Subheading 2.4.3.

2.5. Generation of Recombinant MVA
2.5.1. Molecular Cloning of Recombinant Gene Sequences

1. MVA-targeting vector plasmids.
2. Restriction endonucleases.
3. DNA-modifying enzymes, e.g., Klenow DNA polymerase, T4 DNA ligase.

2.5.2. Transfection of MVA-Infected Cells with Vector Plasmids
1. Sub-confluent monolayers CEF or BHK-21 on 6-well plates.
2. Recombinant MVA transfer vector plasmid, e.g., pIII dHR P7.5-target gene.
3. Serum-free RPMI-1640 supplemented with 1% AB/AM (store at 4°C).
4. FUGENE™ (Roche, Mannheim, Germany) (store at –20°C).

2.6. Isolation of Recombinant MVA (for all procedures)
1. Cup sonicator (Sonopuls HD 200).
2. RPMI-1640 medium supplemented with 5% FCS and 1% AB/AM (store at 4°C).
3. Sub-confluent monolayers of RK-13 cells, primary CEF or BHK-21 grown on 6-well

plates in RPMI-1640 medium.
4. 1.5-mL Eppendorf vials.
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2.6.1. Isolation of rMVA Screening for Transient β-Galactosidase
Expression

1. X-gal solution: X-gal (5-bromo-4-chloro-3-indolyl β-D-galactoside, Roche), 4% in dim-
ethyl formamide (DMFA, Sigma) (store at –20°C, light-sensitive, toxic).

2. 2xRPMI-1640 supplemented with 4% FCS, 2% AB/AM (store at 4°C).
3. LMP-agarose: 2% low-melting-point agarose (LMP-agarose) (Life Technologies,

Karisruhe, Germany) in distilled water (store at room temperature).

2.6.2. Isolation of rMVA by Live Immune Detection of the Target Antigen
2.6.2.1. CONCANAVALIN-A COATED PLATES FOR LIVE IMMUNOSTAINING

1. Concanavalin-A (Con-A) (Sigma, Deisenhofen, Germany, #C-2010).
2. 10% Con-A in PBS (Con-A/PBS).

2.6.2.2. IMMUNOSTAINING

See Subheading 2.4.3. with following variations:

1. Confluent monolayers of CEF or BHK-21 cells on 6-well tissue-culture plates (for growth
conditions, see Subheading 3.1.).

2. Primary antibody (1st Ab): directed against target protein and diluted in blocking buffer
as appropriate.

3. Secondary antibody (2nd Ab): horseradish peroxidase-conjugated antibody binding to
1st Ab and diluted in blocking buffer.

2.7. Characterization of Recombinant MVA Genomes by PCR

1. Confluent RK-13, BHK-21, or CEF cells grown on 6- or 12-well culture plates.
2. 10X TEN buffer pH 7.4: 100 mM Tris-HCl,10 mM EDTA, 1 M NaCl.
3. DNA-grade proteinase K prepared as 1 mg/mL stock solution in 1 mM CaCl2 (prot K),

(AGS GmbH, Heidelberg, Germany) (store at –20°C).
4. 20% sodium dodecyl sulfate in distilled water (sodium dodecyl sulfate [SDS] 20%)

(DNase-free; sterile-filtered).
5. Phenol-chloroform 1:1 mixture (Applied Biosystems, Foster City, CA) (store at 4°C).
6. 3 M sodium acetate in distilled water (3 M NaAc) (Merck KGaA).
7. Absolute ethanol (EtOH abs) (Merck KGaA).
8. 70% ETOH in distilled water.
9. Primer 1 (MVA-III-5´) and primer 2 (MVA-III-3´) dissolved in sterile distilled water to a

final concentration of 5 pmol/µL (store at –20°C): MVA-III-5´ (Primer 1): 5´-
GAATGCACATACATAAGTACCGGCATCTCTAGCAGT-3´, MVA-III-3´ (Primer 2):
5´-CACCAGCGTCTACATGACGAGCTTCCGAGTTCC-3´.

10. Template DNA:
a. Viral genomic DNA prepared as described in Subheading 3.6.
b. Plasmid DNA diluted to a final concentration of 100 ng/µL.

11. PCR master kit (Roche, Mannheim, Germany) (store at –20°C).

2.8. From a Single Plaque Pick to a Virus Stock

1. Confluent CEF or BHK-21 cells grown on 35-mm and 60-mm Petri dishes, or in 75 cm2

and 175 cm2 tissue-culture flasks.
2. Cell scraper.
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2.9. Preparation of Vaccines for Mice

1. Vaccine buffer: 120 mM NaCl, 10 mM Tris-HCl, pH 7.4, autoclaved.

3. Methods
3.1. Cell Culture

RK-13, BHK-21, and CEF cells are grown on 6-well plates, T85, or T185 flasks in
RPMI-1640 medium supplemented with 2–10% heat-inactivated fetal calf serum
(FCS), 100 µg/mL streptomycin, 100 IU/mL penicillin, and 25 µg/mL amphothericin
B (1% AB/AM) at 37°C and 5% CO2.

3.2. Preparation of CEF (see Notes 1 and 2)
1. Prewarm 200 mL of trypsin in a 37°C water bath.
2. Place eggs with blunt ends facing up, in order to position the air space upwards.
3. Wipe eggs with ethanol, crack eggshell with scissors, and cut it off, taking care not to

damage the membrane.
4. Remove membrane and pick up embryo on legs with forceps. Transfer into a Petri dish

containing 10 mL serum-free RPMI using a second pair of forceps to support embryo.
5. Remove head, wings, legs, and internal organs (scrape forceps over stomach).
6. Transfer to a second Petri dish containing 10 mL serum-free RPMI.
7. Homogenize by pressing five embryos at a time through a 10-mL syringe into an Erlenm-

eyer flask.
8. Add 100 mL 37°C trypsin and trypsinize by stirring for 10 min at room temperature using

a magnetic stirrer.
9. Fill cell suspension through gauze into beaker. Take care not to transfer remaining em-

bryo clumps.
10. Fill up Erlenmeyer flask with remaining clumps to 100 mL with 37°C trypsin. Stir for 10

min at room temperature.
11. Pass whole content through gauze of a second beaker and pool filtrates in 250-mL centri-

fuge bottle.
12. Spin for 10 min at 1800g and 4°C.
13. Remove supernatant, resuspend by pipetting vigorously (10–15 times) in 10 mL of supple-

mented RPMI, then add 90 mL RPMI to wash cells.
14. Centrifuge 10 min at 1800g.
15. Prepare 20 T185 culture flasks, fill with 40 mL of RPMI.
16. Resuspend cell pellet in 5 mL RPMI (pipetting 10–15 times), then transfer to 50-mL

Falcon tube and fill up to a final volume of 20 mL.
17. Add 1 mL of cell suspension to each T175 flask.
18. Incubate for 3–4 d at 37°C until monolayers are confluent.
19. Split at ratio of 1:4 for 6-well plates (2 mL/plate), 12-well plates (1 mL/plate) or T175

flasks.

3.3. Virus Growth (see also Note 3)
3.3.1. Amplification of MVA (see Notes 4–9)

This protocol can be used to amplify parental MVA or to grow stocks of recombi-
nant MVA (rMVA). If titered MVA starting material is available for amplification,
use a multiplicity of infection (MOI) of 0.01 to 0.1 IU/cell for all infections. Either
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CEF or BHK-21 cells can be used for virus amplification, although growth in chicken
cells yields a higher virus output. Remove growth medium from cells before adding
virus material to allow for efficient infection of cell monolayers (see also Note 4).

1. Infect cell monolayers of 10–40 175-cm2 tissue-culture flasks by inoculating each flask
with 5-mL virus suspension (0.01–0.1 IU/cell).

2. Allow virus adsorption for 1 h at 37°C.
3. Gently rock flasks in 20-min intervals.
4. Add 30 mL RPMI/2% FCS /1% AB/AM per flask.
5. Incubate at 37°C for 2 d or until cytopathic effect (CPE) is obvious.
6. Remove approx 25 mL medium from each flask.
7. Scrape cells in leftover medium, and transfer to 50-mL centrifuge tubes.
8. Centrifuge 10 min at 1800g and 4°C.
9. Discard medium, resuspend, and combine cell pellets in 10 mM Tris-HCl, pH 9.0. Use

approx 1 mL per T175 culture flask.
10. Freeze-thaw virus material 3×—(i.e., on dry ice and in a 37°C water bath). Vortex in

between.
11. Homogenize the material using a cup sonicator (see Notes 5–7). Fill cup of sonicator with

ice-water (50% ice), place tube containing virus material in ice-water, and sonicate at
maximal power for 1 min. Repeat 3×, take care to avoid heating of the sample by replen-
ishing ice in cup. Store virus material at –80°C as crude material or until further purifica-
tion (see Subheading 3.3.2.).

3.3.2. Purification of MVA

Crude stock preparations of MVA can be semi-purified from cell debris and recom-
binant proteins by ultra centrifugation through a sucrose cushion (see Note 10).

1. Transfer virus material to a dounce homogenizer and dounce 5 × 5 times on ice. Allow
suspension to cool between sets of strokes.

2. Transfer virus suspension to 50-mL Falcon tube and centrifuge 5 min at 1800g and 4°C.
3. Collect supernatant in 50-mL Falcon tube, resuspend pellet in 10 mL of 10 mM Tris-HCl,

pH 9.0 and repeat steps 1–3. Pool supernatants.
4. Prepare 36% sucrose cushions by filling half volume of an ultracentrifuge tube—e.g., SW

28 with sucrose. Overlay with equal volumes of virus suspension.
5. Spin 60 min at 30,000g and 4°C.
6. Discard supernatant (cell debris and sucrose) and resuspend pelleted virus material in 1

mM Tris-HCl, pH 9.0. Use about 1 mL per ten cell-culture flasks.
7. Store at –80°C.

3.3.3. Titration of MVA Determining Amount of Infectious Units per mL
(IU/mL)

To titrate the infectivity of MVA stock preparations, foci of MVA infected cells are
visualized by specific immunoperoxidase-staining of cells containing vaccinia viral
antigens (see also Notes 11–13).

1. Thaw virus material and homogenize in cup sonicator as described in Subheading 3.3.1.,
step 11.

2. Make 10-fold serial dilutions (ranging from 10–1 to 10–9) of virus material in 3 mL RPMI/
2% FCS /1% AB/AM.
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3. Plate on CEF or BHK-21, 6 wells, 1 mL of virus suspension per well in duplicates. Use
10–4 to 10–9 dilutions.

4. Incubate for 48 h at 37°C.
5. Remove medium from infected tissue-culture plates. Fix and permeabilize cells with 1

mL fixing solution per well for 2 min at room temperature.
6. Remove fixing solution and air-dry fixed monolayers.

The following incubations are carried out at room temperature on a rocking device:

7. Add 1 mL first antibody solution (1st Ab) per well and incubate for 1 h.
8. Remove first Ab and wash 3× with 1 mL PBS per well for 5 min each.
9. Add 1 mL second antibody solution (2nd Ab) per well and incubate for 45–60 min.

10. Remove second Ab and wash 3× with 1 mL PBS per well for 5 min each.
11. Prepare substrate solution in two steps as follows:

Make saturated dianisidine solution in 500 µL EtOH abs. (transfer flock of dianisidine to
tube), mix by vortexing for 2 min. Centrifuge for 30 s at top speed at room temperature.
Use supernatant only. Prepare final substrate solution for peroxidase-staining by adding
240 µL saturated dianisidine solution to 12 mL PBS in a 15-mL conical centrifuge tube.
Mix by vortexing, add 12 µL H2O2 >30%, gently mix again, and use immediately.

12. Add 1 mL of substrate solution per well and leave 15–30 min to clearly visualize stained
viral foci.

13. To determine the titer count viral foci in a suitable dilution. Count in both wells of the
dilution and calculate the mean. To express titer as IU/mL, multiply the counted number
of foci by the dilution. Wells with 20–100 viral foci generate the most accurate results.

3.3.4. Titration of MVA Determining the Tissue-Culture Infectious Dose
50 (TCID50)

To titrate the infectivity of MVA stock preparations, foci of MVA infected cells are
visualized by specific immunoperoxidase-staining of cells containing vaccinia viral
antigen (see Note 14).

1. After thawing, homogenize MVA stock virus preparation by sonication as described in
Subheading 3.3.1., step 11.

2. Make 10-fold serial dilutions (ranging from 10–1 to 10–9) of virus material in RPMI/2%
FCS /1% AB/AM.

3. Add 100 µL of each dilution in replicates of eight to sub-confluent cell monolayers grown
in 96-well plates using a multipipet and incubate at 37°C for 48 h.

4. Remove medium from infected tissue-culture plates. Fix and permeabilize cells with 200
µL fixing solution per well for 2 min at room temperature.
The following incubations are carried out at room temperature on a rocking

        device:
5. Add 100 µL first antibody solution (1st Ab) per well and incubate for 1 h.
6. Remove first Ab and wash 3× with 200 µL PBS per well. For each washing step, allow to

incubate with PBS for 10 min. Add 100 µL second antibody solution (2nd Ab) per well
and incubate for 45–60 min.

7. Remove second Ab and wash 3× with 200 µL PBS per well.
8. Prepare substrate solution as described in Subheading 3.3.3., step 11.
9. Add 100 µL of substrate solution per well and leave for 15–30 min to clearly visualize

stained viral foci.
10. Observe 96-well plate under microscope and count all wells positive in which viral foci

can be detected. Calculate titer according to the method of Kaerber (17) (see Note 14 for
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calculation example). First, determine the endpoint dilution that will infect 50% of the
wells that were inoculated by calculating in the following way:

log10 50% endpoint dilution = x – d/2 + (d S r/n)

x = highest dilution in which all 8 wells (8/8) are counted positive.
d = the log10 of the dilution factor (d = 1 when serial 10-fold dilutions are used).
r = number of positive wells per dilution.
n = total number of wells per dilution (n = 8 when dilutions are plated out in replicates
of eight).

3.4. Generation of Recombinant MVA
3.4.1. Molecular Cloning of Recombinant Gene Sequences

Recombinant genes that should be transferred into the MVA genome are sub cloned
into MVA plasmid vectors such as listed in Table 1.

DNA-fragments containing the coding sequence of the gene of interest, including
authentic start (ATG) and stop (TAA/TAG/TGA) codons, are cloned into the multiple
cloning site of the respective vector to generate the MVA transfer vector plasmid. The
correct orientation of the recombinant gene is determined by the direction of promoter-
specific transcription. Prepare stocks of transfer plasmid DNA (see Note 15) for gen-
eration of recombinant MVA (see Subheading 3.4.2.).

3.4.2. Transfection of MVA-Infected Cells with Vector Plasmids
Recombinant plasmids are transfected into MVA infected cells and homologous

recombination between MVA and plasmid DNA generates a recombinant virus.
1 Grow CEF or BHK-21 cell monolayers to 80% confluence in 6-well tissue-culture plates.

Use one well per transfection.
2. Discard medium and overlay cells with RPMI/2% FCS/1% AB/AM containing MVA at a

MOI of 0.01 (e.g., an inoculum of 1 × 104 IU MVA in 1-mL medium for one well with
1 × 106 cells). Incubate for 90 min at 37°C.

Table 1
MVA Transfer Vectors

Vector Insertion site Screening/selection Reference

PIIIdHR-P7.5,
pIIIdHR-sP Del III Transient K1L (18)

PIIIdHR-PH5 Del III Transient K1L (23)

PVIdHR-PH5 Del VI Transient K1L (23)
PIILZ-P7.5 Del II Stable β-galactosidase (19)
PIILZdel-P7.5 Del II Transient β-galactosidase (20)
PLW7 (sP),
pLW9 (PH5) Del III Immunostaining (21)
PMC03 (sP) Del III β-glucuronidase (22)
PIIIgptex-dsP Del III Immunostaining (4)
PIIIgpt-dsP Del III Stable gpt (4)
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3. 15–30 min post-infection, start preparing FUGENE/plasmid DNA-mix as described by
the manufacturer in serum-free medium (Roche Diagnostics) using 1.5 µg plasmid DNA.

4. Add FUGENE/plasmid DNA-mix directly into the medium. Incubate for 48 h at 37°C.
5. Harvest cell monolayer with a cell scraper and transfer cells and medium into 1.5-mL

microcentrifuge tubes. Store transfection harvest at –20 to –80°C.

3.5. Isolation of Recombinant MVA (rMVA) (see also Note 16)
3.5.1. Transient Host Range Selection

This technique relies on stringent growth selection of MVA on rabbit kidney
RK-13 cells (Fig. 1). Vector plasmids contain the vaccinia virus K1L gene flanked by
segments of MVA-DNA that direct integration into the viral genome precisely at the
site of a naturally disrupted MVA gene sequence (e.g., deletion III, 18). rMVA
expressing the recombinant antigen and transiently co-expressing K1L coding
sequences are cloned by consecutive rounds of plaque purification in RK-13 cell mono-
layers selecting for K1L-specific cell aggregates. The K1L expression cassette is
designed to contain repetitive DNA sequences that allow for deletion of the marker
gene from the recombinant MVA genome under nonselective growth conditions, e.g.,
by additional rounds of plaque purification on CEF or BHK-21 cells.

1. Freeze-thaw transfection harvest three times (3×) and homogenize in a cup sonicator. For
use refer to Subheading 3.3.1., step 11.

2. Make four 10-fold serial dilutions (10–1 to 10–4) of the virus suspension in RPMI/2% FCS
/1% AB/AM medium.

3. Remove growth medium from sub-confluent RK-13 cell monolayers grown in 6-well
plates and infect with 1 mL diluted virus suspension per well. Incubate at 37°C for 48–72
h (see Note 17).

4. Select typical cell aggregates of MVA/K1L infected RK-13 cells under a microscope.
Mark foci with a permanent marker on the bottom of the culture well.

5. Add 0.5 mL RPMI/2% FCS /1% AB/AM medium to sterile microcentrifuge tubes.
6. Pick marked foci in a 20-µL volume by aspiration with an air-displacement pipet. Scrape

and aspirate cells together with medium and transfer material to the tube containing 0.5
mL medium. Pick 5–15 foci, each time using new tips and placing in a separate tube.

7. Freeze-thaw, sonicate, and replate virus material obtained from plaque picks as described
in steps 1–3 or store at –80°C. Proceed as in steps 4–7.

8. Repeat as described in steps 1–7 until clonally pure rMVA/K1L is obtained (usually
requires 2 to 4 rounds of plaque purification). Use PCR analysis of viral DNA to monitor
for absence of wild-type MVA (see Subheading 3.6.).

9. Continue plaque purification on CEF or BHK-21 cell monolayers, selecting for MVA
specific foci. Repeat steps as described in steps 1–7. Use PCR analysis of viral DNA to
monitor for absence of K1L selection cassette (see Subheading 3.6. and Note 30; usually
requires 3 to 5 rounds of plaque purification).

10. Amplify (see Subheading 3.7.) and analyze (see Subheading 3.6.) the cloned rMVA.

3.5.2. Isolation of rMVA Screening for Transient β-Galactosidase
Expression

rMVA expressing the recombinant antigen and transiently co-expressing β-galac-
tosidase coding sequences (rMVA/LZ) are cloned by consecutive rounds of plaque
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purification in CEF/BHK-21 cell monolayers stained with X-gal, selecting blue foci
(19). To remove the reporter gene from rMVA an additional round of plaque purifica-
tion is carried out, screening for nonstained viral foci in the presence of X-gal.

1. Freeze-thaw transfection harvest 3× and homogenize in cup sonicator. For use, refer to
Subheading 3.3.1., step 11.

2. Make four 10-fold serial dilutions (10–1 to 10–4) of the virus suspension in RPMI/ 2%
FCS /1% AB/AM medium.

3. Remove growth medium from confluent-cell monolayers grown in 6-well plates and infect
with 1 mL diluted virus suspension per well. Incubate at 37°C for 2 h.

Fig. 1. Generation of recombinant MVA.
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4. Melt 2% LMP-agarose, and keep at 37°C until needed. Prewarm 2× RPMI /4% FCS/2%
AB/AM medium; maintain at 37°C until needed.

5. 2 h after infection of cell monolayers mix equal amounts of 2% LMP-agarose and 2× RPMI.
6. Remove inoculum from cells and overlay cell monolayers with 1 mL of RPMI/LMP-aga-

rose mixture. Allow agar to solidify at room temperature, and incubate for 48 h at 37°C.
7. Prepare second agarose overlay containing X-gal as described in steps 4 and 5 by mixing

equal amounts of 2% LMP-agarose and 2× RPMI medium supplemented with 1/100 vol
of X-gal solution. Add to each well 1 mL of the RPMI/LMP-agarose/X-gal mixture, al-
low to solidify at room temperature, and incubate for 4–12 h at 37°C.

8. Add 0.5 mL RPMI/2% FCS /1% AB/AM medium to sterile microcentrifuge tubes.
9. Pick blue foci of cells infected with recombinant MVA by inserting the tip of a sterile

cotton-plugged Pasteur pipet through agarose onto stained viral foci. Scrape and aspirate
cells together with agarose plug by squeezing a rubber bulb on Pasteur pipet, and transfer
to the tube containing 0.5 mL medium. Pick 5–15 foci, using separate pipets, and placing
in separate tubes.

10. Freeze-thaw, sonicate, and replate virus material obtained from plaque picks as described
in steps 1–6 or store at –80°C. Proceed as in steps 7–9.

11. Repeat as described in steps 1–9 until clonally pure rMVA/LZ is obtained (usually re-
quires 5 to 10 rounds of plaque purification). Use PCR analysis of viral DNA to monitor
for absence of wild-type MVA (see Subheading 3.6., Note 18).

12. Continue plaque purification in the presence of X-gal, now selecting nonstaining viral
foci. Repeat steps as described in steps 1–9 until all viral isolates fail to produce any blue
foci in the presence of X-gal.

13. Amplify (see Subheading 3.7.) and analyze (see Subheading 3.6.) the cloned rMVA.

3.5.3. Isolation of rMVA by Live Immune Detection of the Target Antigen
This is an alternate protocol that allows selection of recombinant MVA if an anti-

body that works in immunostaining specific for the recombinant gene product is avail-
able. The live immunostaining will enable the specific detection of cells that are infected
with rMVA and produce the antigen of interest. In this approach no selective pressure
is used and it works best for surface proteins. CEF or BHK-21 cells should be plated on
culture wells that have been pretreated with Concanavalin-A, which allows for tighter
attachment of the monolayer to the plates during staining procedure (see Note 19).

3.5.3.1. CONCANAVALIN-A COATED PLATES FOR LIVE IMMUNOSTAINING

1. Add 1 mL of Con-A/PBS solution to each well of a 6-well plate. Leave for 1 h at room
temperature.

2. Rinse each well with 1 mL PBS and let plates dry in hood (sterile!).
3. Store in plastic bag at room temperature—it will be stable for months.
4. When needed, plate cells in the usual manner.

3.5.3.2. IMMUNOSTAINING

1. Freeze-thaw transfection harvest 3× and homogenize in a cup sonicator. For use, see Sub-
heading 3.3.1., step 11.

2. Make four 10-fold serial dilutions (10–1 to 10–4) of the virus suspension in RPMI/2% FCS
/1% AB/AM medium.
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3. Remove growth medium from sub-confluent CEF or BHK-21 cell monolayers grown in
6-well plates pretreated with Con-A, and infect with 1 mL diluted virus suspension per
well. Incubate at 37°C for 48–72 h. Use one cell monolayer as mock-infected control.

4. Dilute antibody in PBS/3% FCS. Optimum dilution must be determined. Usually start
with 1:500. Add 1 mL diluted antibody (first Ab) per well and incubate for 1 h at room
temperature, rocking gently.

5. Remove first Ab and wash 2× with 2 mL PBS per well.
6. Dilute appropriate anti-species antibody conjugated to peroxidase (second Ab) 1:1000 in

PBS/3% FCS.
7. Add 1 mL second antibody dilution (second Ab) per well and incubate for 30–45 min at

room temperature, rocking gently.
8. Remove second Ab and wash 2× with 2 mL PBS per well.
9. Prepare substrate solution as described in Subheading 3.3.3., step 11.

10. Add 1 mL of substrate solution per well. Incubate for up to 30 min at room temperature
until foci of stained cell can be detected. Continue to monitor staining under microscope.

11. Add 0.5 mL RPMI/2% FCS /1% AB/AM medium to sterile microcentrifuge tubes.
12. Pick stained foci in a 20 µL vol by aspiration with an air-displacement pipet. Scrape and

aspirate cells together with supernatant and transfer material to the tube containing 0.5
mL medium. Pick 5–15 foci, each time using new tips and placing in separate tube.

13. Freeze-thaw, sonicate, and replate virus material obtained from plaque picks as described
in steps 1–3 or store at –80°C. Proceed as in steps 4–13.

14. Repeat as described in steps 1–13 until clonally pure rMVA is obtained. Use PCR analy-
sis of viral DNA to monitor for absence of wild-type MVA (see Subheading 3.6.).

15. Amplify (see Subheading 3.7.) and analyze (see Subheading 3.6.) the cloned rMVA.

3.6. Characterization of Recombinant MVA Genomes by PCR
(see also Notes 20–30)

MVA-DNA is analyzed by PCR using oligonucleotide primers, which are designed
to amplify DNA fragments at the specific insertion site used within the MVA genome.
Thus, genomes of rMVA and wild-type MVA can be easily identified and distin-
guished in DNA preparations from infected cell cultures. Elimination of wild-type
MVA during plaque purification of rMVA can be monitored, and correct insertion of
foreign DNA within the MVA genome can be determined. An example of a PCR analy-
sis follows for using deletion III of MVA as insertion site and transient K1L selection
to generate recombinant viruses. Primers MVA-III-5´ and MVA-III-3' anneal to tem-
plate MVA-DNA sequences adjacent to insertion site III and PCR will produce DNA
fragments that are specific for wild-type MVA, rMVA/K1L co-expressing the K1L
marker gene, or for the final rMVA. Expected fragments will be:

Wild-type MVA: 0.7 kb corresponding to empty deletion III
rMVA/K1L : 2.2 kb (Del III+K1L) + x kb (recombinant gene sequence)
rMVA: 0.95 kb (rMVA/K1L -K1L) + x kb (recombinant gene sequence)

The amplification product for wild-type MVA has a defined size of 0.7 kb, indicating
that no foreign DNA is inserted into insertion site III. The expected mol wt of the PCR
product for rMVA/K1L can be calculated by adding the size of the recombinant insert to
2.2 kb (empty MVA and K1L marker cassette). DNA extracted from cells infected with
wild-type MVA and plasmid DNA from pIII dHR P7.5-recombinant gene are used as
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control templates. The size of the PCR fragment that is specific for the final recombi-
nant virus rMVA results from the mol wt of rMVA/K1L being reduced by 1.35 kb
DNA, corresponding to the desired loss of K1L reporter gene sequences.

1. Infect cell monolayer of one well in 6-well/12-well plate with 1 mL of 10–1 dilution of
the virus suspension obtained from the last round of plaque purification, and incubate for
3 d at 37°C.

2. Discard medium, harvest cell monolayer in 400 µL distilled water, and transfer into 1.5
mL microcentrifuge tube.

3. Add 50 µL 10X TEN pH 7.4, and freeze-thaw 3×.
4. Mix by vortexing, microcentrifuge at 1800g for 5 min at room temperature to remove

cellular debris.
5. Transfer supernatant into fresh 1.5 mL microcentrifuge tube. Add 50 µL prot K and 23 µL

SDS 20%.
6. Vortex and incubate for 2 h at 56°C.
7. Extract suspension twice with phenol-chloroform: add equal volume of phenol-chloro-

form 1:1, mix and microcentrifuge at top speed for 5 min at room temperature, and pipet
supernatant into new 1.5-mL microcentrifuge tube.

8. Add 1/10 vol 3 M NaAc and 2 vol of EtOH abs, mix gently, and cool for 15 min at –80°C.
Centrifuge at top speed for 15 min at 4°C.

9. Aspirate supernatant, wash DNA pellet with EtOH 70%, air-dry for 10 min, and resus-
pend in 50 µL distilled water.

10. Prepare PCR reaction mix on ice by adding 39 µL double-distilled water, 5 µL primer 1,
5 µL primer 2, 1 µL template DNA, and 50 µL PCR master mix to obtain total volume of
100 µL.

11. Perform PCR as follows:
Step 1: Denaturation at 94°C for 2 min.
Step 2: Cycle 1–30: Denaturation at 94°C for 30 s.

Annealing at 55°C for 40 s.
Elongation at 72°C for 3 min.

Step 3: Final elongation at 72°C for 7 min.
Storage at 4°C.

12. Use 20-µL aliquot of each PCR reaction to perform agarose gel electrophoresis, visualize
amplified DNA fragments, and determine mol wts in comparison to double-stranded DNA
standards (e.g., 1-kb DNA Ladder, Gibco-BRL).

3.7. From a Single Plaque Pick to a Virus Stock

1. Infect confluent CEF- or BHK-21 cell monolayer grown in a 35-mm-diameter tissue-
culture dish, adding to the medium 250 µL virus suspension of isolated rMVA obtained
from the last passage of plaque purification, and incubate at 37°C for 2 d or until cyto-
pathic effect (CPE) is obvious.

2. Discard medium, harvest cell monolayer in 1 mL RPMI/ 2% FCS /1% AB/AM, transfer into
1.5-mL microcentrifuge tube, freeze-thaw, and sonicate as described in Subheading 3.3.1.,
step 11, and proceed to step 3 below or store at –20 to –80°C as first passage of rMVA.

3. Infect cell monolayer grown in a 60-mm-diameter tissue-culture dish, by adding to 1 mL
medium 0.5-mL virus suspension obtained from first passage of rMVA. Allow virus to
adsorb for 1 h at 37°C, add 2 mL RPMI/2% FCS /1% AB/AM and incubate at 37°C for 2
d or until CPE is obvious.
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4. Scrape cells, transfer to 15-mL conical centrifuge tube, centrifuge 5 min at 1800g, dis-
card medium and resuspend cells in 2 mL RPMI/2% FCS/1% AB/AM, freeze-thaw and
sonicate as described in step 2, and proceed to step 5 or store at –20 to –80°C as second
passage of rMVA.

5. Infect cell monolayer in 75-cm2 tissue-culture flask by adding 0.5 mL of virus material
from second passage of rMVA and 1.5 mL RPMI/2% FCS/1% AB/AM. Allow virus
adsorption for 1 h at 37°C, rocking flask at 20-min intervals. Overlay with 10 mL RPMI/
2% FCS/1% AB/AM, and incubate at 37°C for 2 d or until CPE is obvious.

6. Scrape cells, transfer to 15-mL conical centrifuge tube, centrifuge 5 min at 1800g, dis-
card medium, and resuspend cells in 5 mL RPMI/2% FCS/1% AB/AM, freeze-thaw and
sonicate as described in step 2, and proceed to step 7 or store at –20 to –80°C as third
passage of rMVA.

7. Infect cell monolayer in 175-cm2 tissue-culture flask with 2 mL of virus material from the
third passage of rMVA. Allow virus adsorption for 1 h at 37°C, rocking flask at 20-min
intervals, add 30 mL RPMI/2% FCS/1% AB/AM, and incubate at 37°C for 2 d or until
CPE is obvious.

8. Scrape cells in medium, transfer to 50-mL conical centrifuge tube, centrifuge 5 min at
1800g, discard medium, and resuspend cells in 15 mL RPMI/2% FCS/1% AB/AM, freeze-
thaw and sonicate as described in step 2, and store at –20 to –80°C as fourth passage of
rMVA.

In order to amplify high-titer vaccine preparations follow Subheading 3.3.1.

3.8. Preparation of Vaccines for Mice

For immunization experiments with new MVA vectors, we suggest to evaluate 106

to 108 IU of vaccine as single dose per mouse. Vaccine volumes will differ depending
on the route of immunization:

• intranasal (in): 30 µL
• intramuscular (im): 100 µL (50 µL into each M. tibialis cran.)
• subcutaneous (sc): 100µL
• intraperitoneal (ip): 500 µL
• intravenous (iv): 250 µL

1. Dilute the amount of MVA needed in vaccine buffer either freshly before use, or store in
aliquots at –80°C until needed.

2. Prepare extra volumes. There is some loss of vaccine material in the needle and syringe.
3. Always transport virus material on ice, vortex, and prewarm before inoculation—e.g.,

using water bath or hands.

4. Notes
4.1. Preparation of CEF

1. Use 11-d-old embryonated eggs, 10-d-old eggs are still small, 12-d-old embryos may
have already developed feathers.

2. When the shell membrane is opened, check for viability of the embryo by monitoring the
blood vessels on the chorioallantoic membrane.

4.2. Virus Growth
3. For all steps, when using virus, always sonicate for 30 s in cup sonicator after thawing.
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4.3. Amplification of MVA
4. When infecting cell monolayers grown in larger tissue-culture flasks (e.g., 185-cm2

flasks), avoid drying of the cell monolayer by rocking flask by hand at 20-min intervals.
5. In order to homogenize virus material most efficiently after amplification, we recom-

mend use of a sonication needle instead of the cup sonicator.
6. For use, place tube containing virus material in small beaker with ice water and plunge

needle into virus suspension.
7. Sonicate 4× for 15 s at maximal power. Take care to avoid heating of the sample.
8. Having obtained a rMVA stock virus, the following procedures are recommended:

a. Titer the virus stock on CEF or BHK-21 cell monolayers (see Subheadings 3.3.3.
or 3.3.4.).

b. Analyze clonal purity and genomic stability of rMVA by PCR (see Subheading 3.6.)
or Southern blot analysis of viral DNA.

c. Characterize synthesis of recombinant antigen by specific immunostaining of cell
foci infected with virus expressing recombinant gene(s) (see Subheading 3.3.3., but
substitute first Ab with antigen-specific Ab), by immunoblot analysis of lysates from
rMVA-infected cells, or by immunoprecipitation of the target antigen made during
rMVA infection following labeling with radioactive amino acids.

9. It is recommended to prepare a first virus stock as primary stock, which is used to amplify
working stocks of rMVA.

4.4. Purification of MVA
10. If after amplification virus material has been homogenized using a sonification needle,

there is no need for douncing. Proceed as follows:

a. Transfer virus suspension to 50-mL Falcon tube and centrifuge 5 min at 1800g and 4°C.
b. Discard pellet and continue purification with supernatant as described in Subheading

3.3.2., step 4.
c. In order to obtain highly purified viruses, material obtained from Subheading 3.3.2.,

step 6 can be centrifuged through a 25%–40% sucrose gradient for 50 min at 28000g
and 4°C. Harvest virus band. To discard sucrose, fill with >3 vol 1 mM Tris-HCl, pH
9.0, and pellet virus material at 38000g for 1 h at 4°C. Resuspend in 1 mM Tris-HCl,
pH 9.0, and store at –80°C.

4.5. Titration of MVA

11. Before titration, virus material must be homogenized by sonication. Sonicate aliquots of
maximal 1.5-mL virus suspension as described in Subheading 3.3.1., step 11.

12. Alternatively, after fixing of cell monolayers, incubation with blocking buffer can be
done overnight at 4°C.

13. To remove small clumps of o-dianisidine, filter the PBS/dianisidine mix through a 0.2-
µm filter into a new tube before adding the H2O2 >30%.

14. Determining Tissue-Culture Infectious Dose 50—Example for calculating TCID50:
Given that all 8 wells are counted positive in dilution 10–7, x is 7. Additionally, 5 infected
wells are found in dilution 10–8, and the number of infected wells in dilution 10–9 (the
highest dilution in which positive wells can be found) is 2. Then, the log 50% endpoint
dilution would be: 7 – 1/2 + (8/8 + 5/8 + 2/8) = 7 – 0.5 + (1.875) = 7 + 1.375 = 8.375.
As the endpoint dilution that will infect 50% of the wells inoculated is 10–8.375 the recip-
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rocal of this number yields the titer in terms of infectious dose per unit volume. As the
inoculum added to an individual well was 0.1 mL, the titer of the virus suspension would
therefore be: 108.375 TCID50/0.1 mL = 109.375 TCID50/mL.

4.6. Molecular Cloning of Recombinant Gene Sequences
15. For best transfection efficiencies prepare clean, supercoiled DNA either by centrifuga-

tion through cesium chloride gradients or by using plasmid purification kits (Qiagen
GmbH, Hilden, Germany).

4.7. Isolation of Recombinant MVA
16. For either selection technique, keep the following in mind:

a. Because of its highly host-restricted nature, MVA does not produce the rapid CPE
accompanied by destruction of the cell monolayer seen with standard strains of vaccinia
(e.g., Western Reserve, Copenhagen) in mammalian cells. Plaque formation is only ob-
served in CEF or BHK-21 cells, or when providing K1L expression in RK-13 cells.

b. When picking rMVA plaques, it is preferable to choose well-separated viral foci from
wells infected with highest dilutions. This will drastically reduce the number of plaque
passages needed to isolate clonally pure rMVA.

17. Transient host range selection:
a. In order to distinguish rMVA-specific RK-13 aggregates, it may be helpful to use

mock and wild-type MVA-infected control wells for comparison.
b. To allow for most efficient plaque cloning, it may be helpful to perform plaque pas-

sages under agar (for overlay, follow Subheading 3.5.2., steps 4–6).

18. Transient β-galactosidase screening: As the expression cassette of the lacZ marker gene
is designed to be efficiently deleted from the rMVA genome, non-staining MVA foci may
be observed during plaque purification even after all wild-type MVA has been success-
fully eliminated. To avoid unnecessary plaque passages, it is important to confirm the
absence of parental MVA by PCR analysis.

19. Screening by Live Immunodetection:
a. The staining results will only be as good as the antibody. When weakly staining anti-

bodies are used, this procedure can be difficult. The first round of picking for the
recombinant is the most difficult, as recombinant foci may be small (1–4 cells)
because of the large amount of wild-type MVA present. In subsequent passages, foci
will be larger and easier to pick.

b. For detection of intracellular target antigens, it may be helpful to freeze-thaw culture
plates before staining (incubate at –80°C without medium for 1–2 h).

4.8. Characterization of Recombinant MVA DNA by PCR
20. Virus material harvested from cell monolayers grown in 6-well/12-well plates and infected

for 24 h with an MOI of 10 IU per cell will yield a good amount of viral DNA for PCR.
21. To monitor the presence of wild-type MVA during plaque purification, viral DNA suffi-

cient for PCR analysis is isolated from cell monolayers infected with the 10–1-dilution of
virus suspensions plated out for plaque passage.

22. If infectivity is to low, a second round of amplification may be necessary. Harvest ampli-
fication, freeze-thaw, sonicate, and re-plate on cell monolayers.

23. Avoid sonication of infected tissue-culture material to be used for DNA extraction because
unpackaged viral DNA will be destroyed and lost for analysis.
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24. DNA precipitation may be done on dry ice for 15 min or at –20°C for 30 min.
25. Carefully air-dry the pelleted DNA material to remove all ethanol.
26. Always use DNA of wild-type MVA and respective plasmid as control templates for PCR

analysis.
27. As DNA preparations might contain variable quantities of viral DNA, the amount of tem-

plate DNA used for PCR may be optimized.
28. PCR conditions (temperatures and number of cycles) may be optimized according to the

size of the expected fragment to be amplified. Conditions as stated in the protocol have
been used for amplification of up to 4 kb DNA inserted into the MVA genome.

29. If template DNA is derived from mixed virus populations on RK-13 cells containing
both, rMVA/K1L as well as wild-type MVA, PCR may preferentially amplify the frag-
ment for wild-type MVA because of its smaller size, and rMVA/K1L may not be detect-
able. A signal for rMVA may also be detected, as the K1L marker cassette is designed to
be efficiently deleted from recombinant genomes, and this process already occurs in RK-
13 cells.

30. Check for efficient deletion of the K1L marker cassette from virus genomes by K1L-
specific PCR using the following primers and 55°C annealing temperature: K1L-int-1: 5'-
TGA TGA CAA GGG AAA CAC CGC-3', K1L-int-2: 5'-GTC GAC GTC AAT TAG
TCG AGC-3'.
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Live Viral Vectors

Semliki Forest Virus

Gunilla B. Karlsson and Peter Liljeström

1. Introduction
A continuously expanding body of data supports the use of recombinant viral vec-

tors as vehicles in vaccination. Studies have shown that when antigen-expressing viral
vectors are used alone or in boosting following a naked DNA prime, the T- and B-cell
responses elicited are both broader and of a higher order of magnitude than following
immunization with DNA alone (1–6). The mechanisms underlying the efficiency of live
viral vectors probably lie in their replicative nature. Although in most cases the vectors
are attenuated or “suicidal,” resulting in nonproductive infections (e.g., no spread of
progeny virus in the vaccinee), the vectors replicate inside the target cell, mimicking an
authentic virus infection and resulting in the activation of innate anti-viral responses in
the antigen-expressing cell. Live viral vectors thus come with built-in immuno-stimula-
tory properties much like a live attenuated virus vaccine, giving these platforms an ad-
vantage over strategies using conventional plasmid DNA to express antigen. Another
characteristic of many viral vaccine vectors is that they induce apoptosis in the target
cell. This may contribute to the generation of a specific immune response caused by
uptake of antigen-loaded apoptotic bodies by dendritic cells and consequent activation
of a specific response through cross-presentation. Further studies are required to for-
mally demonstrate to what extent such mechanisms contribute to the activity of live
viral vectors. It will be important to learn more about how the different viral vectors
work in relation to each other and what other mechanisms are involved.

The two viral vectors systems that have been studied the most extensively are pox-
virus vectors and adenovirus vectors (1–6). Next in line are vector systems built on
alphaviruses (7–9). Although not yet tested in humans, data from preclinical models
are rapidly accumulating and human trials are likely to be initiated in the near future.
Alphaviruses for which vector systems have been developed include Semliki Forest
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virus (SFV; 10–19), Sindbis virus (20–24) and Venezuelan equine encephalitis virus
(VEE; 25–27). Significant human disease has only been associated with VEE (28).
This chapter focuses on the use of SFV vectors as a vaccine platform.

1.1. Alphavirus Biology
Alphaviruses, which are members of the Togaviridae family, have small single-

stranded RNA genomes of positive polarity, and the packaged genome is both capped
and poly-adenylated. The genomic RNA serves as an mRNA immediately upon release
in the infected cell, and allows the synthesis of a polyprotein encoding the viral repli-
case (the viral non-structural proteins nsp 1–4). The replicase complex produces a
negative-strand RNA that acts as a template for the production of new genomic RNAs
for packaging. In addition, a subgenomic promoter is exposed on the negative-strand
RNA, driving the production of a subgenomic RNA species corresponding to the 3'
one-third of the viral genome. This transcript encodes the structural proteins of the
virus, which are synthesized as a polyprotein precursor (NH2-C-p62-6K-E1-COOH).
In SFV, a sequence at the 5' end of the capsid gene functions as a translational
enhancer, providing high-level production of the structural proteins (29). When the
enhancer element is fused to an antigen of interest in the vector, antigen expression is
increased by about 10-fold.

1.2. The SFV Vector System
In the SFV vectors, the replicase gene and the 5' and 3' sequences needed for repli-

cation are intact, and the structural genes are replaced by the foreign antigen of inter-
est. The risk of generating anti-vector immunity is low, since no structural genes are
encoded by the vector. Pre-existing immunity to SFV has only been reported in limited
geographic locations in man, and is expected to be rare globally (30).

For SFV, three vaccination strategies have been developed. One method relies on
the packaging of recombinant vectors into viral particles using a helper system fol-
lowed by infection of target cells, and the other two methods are based on direct trans-
fection of target cells, either by using naked DNA encoding the SFV replicon placed
downstream of an RNA polymerase II-dependent promoter (layered DNA), or by using
in vitro transcribed RNA encoding the SFV replicon. All three approaches result in the
delivery of a self-replicating SFV vector into target cells, with expression of foreign
genes being driven from the highly efficient viral sub-genomic promoter (Fig. 1). A
common feature of these three strategies is that genetic manipulations (insertion of
antigens or other desired elements) are performed on a plasmid backbone containing a
cDNA copy of the SFV replicon. Methods for the production of recombinant SFV
RNA and particles and protocols for in vitro infection and analysis of recombinant
gene expression, as well as the design of the SFV-layered DNA vectors, are described
in greater detail in the following section.

The SFV system is suicidal; thus, transmission of infectious particles from cells
targeted by the vector cannot occur. Suicidal vaccine strategies have the benefit that
concerns sometimes associated with genetic vaccinations, such as the potential inte-
gration of the transgene into the chromosome, or induction of tolerance resulting from
prolonged expression of the antigen, are circumvented (31).
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2. Materials
2.1. Plasmids

The plasmids required for the methods described in this chapter have recently been
reviewed (16). Briefly, the pSFV1 and pSFV10 vectors, as well as the Helper-C (S219A)
and Helper-S2 split helper constructs used for packaging SFV particles, are pGEM-
based and confer ampicillin resistance. They contain a SP6 promoter to drive synthesis
of RNA in vitro, and unique restriction endonuclease sites that allow linearization of the
plasmids are present immediately downstream of the poly A sequence in the viral 3' end
(Spe I for pSFV1 and the two helper constructs, Nru I for pSFV10) (Fig. 2).

1. pSFV1: pSFV1 encodes a functional replicase gene, including an intact packaging signal.
The structural genes encoded by the subgenomic RNA in the wild-type SFV genome have
been removed in the vector constructs to allow expression of foreign proteins or antigens
in this position (see Note 1). The subgenomic transcript starts 31 nucleotides upstream of
the Bam HI restriction endonuclease site (Fig. 2A).

2. pSFV10: In the pSFV10 vector, several silent point mutations in the replicase gene have
been introduced to remove recognition sites for useful cloning enzymes such as Rsr I,
Xho I, and Not I. A versatile poly-linker, that contains these enzyme sites and others, has

Fig. 1. Methods to deliver self-replicating SFV vectors into mammalian cells. The three
methods; DNA transfection using the layered DNA constructs, RNA transfection with in vitro
transcribed vector RNA, and infection with recombinant particles, all result in the delivery of
the self-replicating antigen-expressing vector into the cell. Only the layered DNA transfections
are dependent on RNA polymerase II driven transcription in the cell nucleus. Sg prom, the 26S
subgenomic promoter; An, polyadenylation sequence.
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been introduced, allowing insertion of foreign genes in this position. The 3' SFV sequence
between the polylinker and the poly A sequence has been trimmed from 888 nucleotides
(in pSFV1) to 459 (in pSFV10) (Fig. 2B).

The development of the SFV split-helper system has been described in detail (32).
Briefly, Helper-C (S219A) and Helper-S2 were constructed by deleting 6091 bases of
the replicase gene (Acc I [308] to Acc I [6399]). The resulting RNA molecules cannot
be packaged into particles, as a region at the end of nsP1 required for this function is
removed by the deletion. Both Helper-C (S219A) and Helper-S2 retain the 5' and 3'
sequences needed for RNA replication.

3. Helper-C (S219A): An artificial stop codon was introduced immediately downstream of
the natural cleavage site between capsid and spike, after the ultimate 3' residue of the
capsid protein (a tryptophan residue). The capsid gene was further modified to abolish its
natural protease activity by mutating serine 219 to alanine (agt [S] to gcc [A]) at the core
of the enzyme active site (Fig. 3A).

4. Helper-S2: The translational enhancer region corresponding to the first 34 amino acids of
the capsid gene was included in the Helper-S2 construct to obtain similar levels of protein
from spike Helper construct as the capsid Helper construct. A short sequence encoding
autoprotease 2A of the foot-and-mouth-disease virus (FMDV) was inserted in frame be-
tween the enhancer sequence and the spike protein (32). This allows cleavage of the spike
proteins from the short coding capsid sequence and generates a p62 protein, which starts
from the second amino acid (Ala) of the natural sequence (Fig. 3B).

Fig. 2. Molecular constructs. (A) pSFV1. (B) pSFV10. Sg prom, the 26S subgenomic pro-
moter; poly A, SFV polyadenylation sequence; Amp, ampicillin resistance gene; SP6, the SP6
prokaryotic promoter; CMV prom, CMV promoter.
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5. pBK-T-SFV1: The SFV sequence was placed downstream of the immediate early
cytomegalovirus (CMV) promoter in pBK-CMV (Stratagene). The CMV promoter drives
the expression of the SFV replicon, allowing replication of the vector and expression of
foreign genes from the viral subgenomic promoter once the RNA polymerase II-gener-
ated mRNA has been transported into the cytoplasm and the nsp1-4 genes have been
expressed (Fig. 3C).

Fig. 3. Molecular constructs. (A) pSFV-helper-C-S219A, (B) pSFV-helper-S2, and (C)
pBK-T-SFV1. Sg prom, the 26S subgenomic promoter; poly A, SFV polyadenylation sequence;
Amp, ampicillin resistance gene; SP6, the SP6 prokaryotic promoter; CMV prom, CMV pro-
moter; E, capsid enhancer linked to the 2A autoprotease.
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2.2. Apparatus and Reagents
1. Electroporator and electroporation cuvets (0.2 or 0.4 cm) are available from BioRad (Her-

cules, CA).
2. SP6 RNA polymerase, 35S-methionine, m7 (5´) ppp (5‘) G, and rNTP mix are available

from Amersham BioSciences (Uppsala, Sweden).
3. RNasin (an RNase inhibitor) can be obtained from Promega (Madison, WI).
4. BHK-21 cells are available from American Type Culture Collection (ATCC, Manassas,

VA).

2.3. Solutions and Cell Culture Medium
1. TBE gel buffer (1X) for agarose gels: 50 mM Tris base, 50 mM H3BO3, 2.5 mM

ethylenediaminetetraacetic acid (EDTA). pH will be 8.3; do not adjust.
2. 5X TD solution: 20% Ficoll 400, 25 mM EDTA, pH 8.0, 0.05% bromophenol blue, 0.03%

xylene cyanol.
3. 10X SP6 buffer: 400 mM HEPES-KOH, pH 7.4, 60 mM MgAc, 20 mM spermidine-HCl.
4. TNE buffer: 50 mM Tris-HCl, pH 7.4,100 mM NaCl, 0.5 mM EDTA.
5. Phosphate buffered saline (PBS) without Mg2+ and Ca2+, G-MEM, Trypsin-EDTA and

Eagle’s Minimum Essential Medium (E-MEM) can be obtained from Invitrogen (Pais-
ley, UK).

6. BHK-21 medium: G-MEM containing 5% fetal calf serum (FCS), 10% tryptose phos-
phate broth, 10 mM HEPES, 2 mM L-glutamine, 0.1 U/mL penicillin (optional), 0.1 µg/
mL streptomycin (optional).

7. Starvation medium: methionine and cysteine-free MEM is available from Sigma (St.
Louis, MO). Add 2 mM L-glutamine, 10 mM HEPES.

8. Chase medium: E-MEM containing 2 mM L-glutamine, 10 mM HEPES, 150 µg/mL unla-
beled methionine and cysteine.

9. 1X lysis buffer: 1% NP-40 (use 10% stock), 50 mM Tris-HCl, pH 7.6, 150 mM NaCl,
2 mM EDTA.

10. Mowiol mounting medium: mix 6 g glycerol and 2.4 g Mowiol (Calbiochem, San Diego,
CA) in 6 mL H2O thoroughly. Incubate at room temperature for 2 h. Add 12 mL 0.2 M
Tris pH 8.5. Incubate at 50°C to dissolve the Mowiol. Clarify by centrifugation at 5000g
for 15 min. Aliquot and store at –20°C.

3. Methods
3.1. Preparation of RNA In Vitro for Production of Recombinant SFV
Particles

For technical tips related to the preparation of RNA see Note 2 and Fig. 4.

1. Linearize 5 µg of the vector plasmid (based on pSFV1 or pSFV10) and 5 µg each of the
two split-helper plasmids, by digesting with the appropriate restriction enzymes (Spe I for
pSFV1 and the split-helper constructs, Nru I for the pSFV10 vector). Phenol-extract and
ethanol-precipitate the DNA. Resuspend the DNA in H2O to obtain a final concentration
of 1.5 µg/5 µL.

2. Set up in vitro transcription reactions for each plasmid: 5 µL DNA (1.5 µg), 5 µL 10X
SP6 buffer, 5 µL 50 mM dithiothreitol (DTT), 5 µL 10 mM m7G(5')ppp(5')G, 5 µL rNTP
mix, 23 µL H2O, 1.5 µL RNasin (50 U), 0.5 µL (30 U) SP6 RNA polymerase.

3. Incubate at 37°C for 60–90 min, then take a 1-µL aliquot into 10 µL of H2O, add 3 µL of
DNA gel-loading solution (5XTD) and run sample on a 0.5% agarose gel to check the
RNA. The quality of the RNA should be as shown in Fig. 4. Use lambda DNA (e.g.,
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EcoRI + HindIII) cut) as marker. This protocol yields approx 50 µg RNA per construct,
which is the amount used for one electroporation.

4. Freeze the remainder in aliquots at –80°C.

3.2. Transfection of BHK-21 Cells by Electroporation

The transfection efficiency is critical for obtaining high-titer viral stocks (see Note 3).

1. Grow BHK-21 cells to late log phase in complete BHK medium.
2. Wash cells once with PBS (without Mg2+ and Ca2+).
3. For a 75 cm2 bottle, add 2 mL of trypsin and incubate at 37°C until the cells detach (about

1 min), then briefly pipet cell solution back and forth to ensure that a single-cell suspen-
sion is obtained (monitor by microscope). Stop trypsinization by adding 10 mL of BHK-
21 medium.

4. Harvest cells by centrifugation for 5 min at 400g, and resuspend cells in 10–20 mL PBS
(without MgCl2 and CaCl2).

5. Harvest cells as in 4, and resuspend in phosphate-buffered saline (PBS) (without MgCl2

and CaCl2) to get 107 cells/mL.
6. Transfer 0.8 mL of cell suspension to an Eppendorf tube containing the RNAs to be trans-

fected. For virus packaging use 50 µL of RNA from each of the three plasmids (vector
and the two split helpers). Mix thoroughly by pipetting, and transfer the mixture to a 0.4-cm
electroporation cuvet.

Fig. 4. A typical agarose gel analysis of SFV transcripts, in which 1 µL of a standard in vitro
transcription mixture was analyzed on a 0.8% agarose gel (commonly used for DNA restric-
tion-fragment analysis). A. Lambda DNA (Hind III + EcoR I) restriction fragments were used
as markers (although not as true mol wt indicators). Lanes B and C show transcripts of the same
linearized DNA template; where in lane B the amount of template per transcription mixture is
significantly greater than in the sample in lane C. This shows that if the correct protocol is used,
the amount of template per defined amount of units SP6 is saturated; i.e., both transcription
reactions yield the same amount of RNA.
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7. Pulse twice at 850 V/25 µF at room temperature. The time constant after the pulse should
be 0.4.

8. Dilute transfected cells 10–20-fold in complete BHK-21 medium and rinse the cuvet with
the same medium to collect all cells. Seed cells from one electroporation into one 75-cm2

flask or cells from three electroporations into one 225-cm2 flask. It takes about 1 h for the
cells to reattach to the dish.

9. Incubate the transfected BHK-21 cells in a 5% CO2 incubator for 24 h at 33°C to allow
the cells to assemble and release virus particles (see Note 4).

10. Collect and clarify the medium containing the recombinant SFV particles by centrifuging
at 40,000g for 30 min at +4°C to remove remaining cells and cell debris. Aliquot and
freeze the supernatant quickly on dry ice or in liquid nitrogen. Store at –80°C.

3.3. Purification and Concentration of SFV Particles
To concentrate and purify recombinant virus from the medium of transfected BHK-

21 cells, the particles are sedimented by ultracentrifugation through a sucrose cushion
(see Note 5 for safety considerations).

1. Transfer the viral supernatant to ultracentrifuge tubes (two 35-mL Beckman 25 × 89 mm
tubes are suitable for a viral supernatant resulting from three electroporations). Add 5 mL
20% sucrose with a pipet through the supernatant down into the bottom of the tube. Fill
the tube to the top with viral supernatant or medium. Balance the tubes carefully and spin
at 140,000g for 90 min at 4°C.

2. Tilt the tube and aspirate the entire medium and sucrose fraction, without touching the
bottom of the tube. Add 250–500 µL TNE buffer per tube, and resuspend the virus pellet
from the bottom of the tube.

3. Filter the concentrated virus stock through a 0.22-µm filter, using a small syringe.
4. Aliquot and freeze the purified virus stock quickly, and store at –80°C.

3.4. Infection of Target Cells

To obtain full infection of most cell types, such as BHK-21 cells, a multiplicity of
infection (MOI) of approx 10–20 is required. For example, from a virus stock of 109

infectious particles per mL, use 10 µL of virus stock diluted in a total volume of 500
µL to infect 0.5 × 106 cells in a 35-mm well (a 1:50 dilution of the virus). In general,
the virus must be diluted 25–100×, depending on the titer of the stock and infectability
of the target cells, to achieve full infection. The following is a standard protocol for in
vitro infection of target cells.

1. Wash 80–100% confluent cells thoroughly with PBS.
2. Thaw recombinant virus preparation quickly (room temperature), then dilute as needed in

E-MEM containing 0.2% bovine serum albumin (BSA), 2 mM L-glutamine and 20 mM
HEPES.

3. For a 35-mm plate, apply 500 µL of virus solution (diluted as required from the frozen
stock) on the cells and incubate at 37°C for 45 min–1 h.

4. Remove the virus solution, add 3 mL complete BHK-21 medium (or other suitable
medium required for the experiment), and continue incubation as required.
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3.5. Titer Determination of Recombinant Virus Particles
Use different dilutions of the virus stock to infect cells. Detect protein expression

by immunofluorescence, using a primary antibody with specificity for the heterolo-
gous protein expressed by the vector.

1. Grow cells on glass cover slips to approx 70% confluency.
2. Infect the cells with different dilutions of the recombinant virus stock diluted in E-MEM

containing 0.2% BSA, 2 mM glutamine, and 20 mM HEPES. Allow 10–16 h for expres-
sion of the protein of interest.

3. Rinse cover slips twice with PBS, then fix cells in –20°C methanol for 5 min.
4. Remove methanol and wash cover slips 3× with PBS.
5. Block nonspecific binding by incubating with PBS containing 0.5% gelatin and 0.2%

BSA (30 min at room temperature).
6. Replace blocking buffer with same buffer containing primary antibody. Incubate at room

temperature for 30 min.
7. Wash 3× with PBS, then bind secondary antibody as in step 5.
8. Wash 3× with PBS and 1× with water, drain and let cover slip air-dry.
9. Mount on glass slide using 10–20 µL Mowiol 4–88 containing 2.5% DABCO (1,4-

diazobicyclo-[2.2.2]-octane). (The DABCO will reduce fading of fluorescein
isothiocyanate [FITC])

10. Count twenty fields of a dilution for which individual positive cells can be clearly identi-
fied (usually the 1:10,000 or the 1:100,000 dilution) to obtain a reliable average value per
field. Virus titer is determined based on the dilution factor and a microscope-specific
constant (depending on size of eye field, lens used, and area of the dish), according to the
following formula: (average value counted cells) × (constant) × (dilution factor) = infec-
tious U/mL.

3.6. Analyses of Protein Expression by Metabolic Labeling of Cells
The following protocol is given for 35-mm tissue-culture plates (80–100%

confluent). See Note 6 for technical comments.

1. Aspirate growth medium and wash cells twice with 3 mL PBS prewarmed to 37°C, then
overlay cells with 2 mL starvation medium and incubate plates at 37°C (5% CO2) for
30–45 min.

2. Aspirate medium and replace with 500 µL of the same containing 50–100 µCi/mL of
35S-methionine, incubate for appropriate pulse time at 37°C.

3. Remove pulse medium and wash cells once with 2 mL of chase medium, then overlay
cells with 2 mL of chase medium and incubate for required chase time.

4. Remove medium and wash cells with 3 mL ice-cold PBS, add 300 µL of lysis buffer and
incubate on ice for 10 min.

5. Resuspend cells and transfer solution into an Eppendorf tube, spin at max speed in an
Eppendorf centrifuge for 5 min to pellet unbroken cells, nuclei, and cellular debris. Trans-
fer supernatant to a fresh tube and store at –80°C.

6. Assay for protein expression by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) and autoradiography.
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3.7. Immunizations Using SFV Particles
Recombinant SFV particles have been used to immunize a variety of model ani-

mals including mice (11), rabbits (18), chickens (31), sheep (19), and nonhuman pri-
mates (12). Comprehensive dose-titration experiments have not been performed for
all these animal species, but doses ranging from 106 particles (mice), 107 (chicken and
rabbits), 108 particles (monkeys), or 109 particles (sheep) are sufficient to elicit strong
immune responses. A good boost effect is usually observed (up to three boosts have
been tested), suggesting that generation of neutralizing activity against the particles is
not a major concern.

Several immunization routes may be used for SFV particle-based vaccines, includ-
ing intraperitoneal (ip), intranasal (in), subcutanous (sc), intravenous, (iv), and intrad-
ermal (id). Intramuscular (im) immunization is not commonly used, as it has been
shown to work less effectively (14). The authors use sc or ip as the primary route for
most vaccination studies.

The SFV split-helper system used for particle production was developed for maxi-
mal safety. See Note 7 for more details related to this.

3.8. Immunizations Using SFV RNA
To prepare recombinant vector RNA for immunization, follow the protocols in Sub-

heading 3.1. and 3.2., omitting the split-helper plasmids. The SFV-vector RNA is rela-
tively stable, and thus it is not necessary to be overprotective when handling this RNA.

3.9. Immunizations Using SFV-Layered DNA
Immunization with SFV-layered DNA is performed according to standard plasmid

DNA vaccination protocols, and the preferred routes of administration are id and im.
Several studies have reported that 10–1000-fold less layered DNA plasmid is required
to obtain strong immune responses against a given antigen, as compared to when the
same antigen is expressed from a conventional DNA vaccination vector (13,21,23),
making this system particularly interesting in studies in which large numbers of sub-
jects are vaccinated.

4. Notes
1. A variety of foreign genes have been expressed using the pSFV1 and pSFV10 vectors.

Larger genes, such as Lac Z, are readily expressed without affecting the viral titers. Vec-
tors containing double sub-genomic promoters, expressing two foreign genes from the
same vector, have also been constructed successfully. The efficiency of packaging may
become compromised as the total length of the inserted cDNA increases, ultimately
resulting in decreased viral titers.

2. Spermidine is present in the SP6 buffer, so the reaction mixture should be set up at room
temperature to avoid precipitation of the DNA. For one in vitro transcription reaction
using 30 U of SP6 RNA polymerase, a total of 1.5 µg of linear DNA is required. Under
the conditions decribed, the transcription mixture is saturated for DNA and yields approx
50 µg of RNA. Although the gel is non-denaturing and thus does not reflect the mol wt of
the RNA produced, it is nevertheless useful for checking the quality and quantity of the
RNA. The RNA band should be defined (no smearing) and relatively thick in comparison
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to the DNA bands (see Fig. 4). If necessary, RNA samples of known concentration can be
run for comparison.

3. Using this protocol, a transfection efficiency near 100% can be obtained in BHK-21 cells.
The optimal electroporation parameters must be determined on a case-by-case basis if
other cell types are used, as they are likely to vary greatly between different cell types. To
optimize the electroporation protocol on a new cell type, it is necessary to compare differ-
ences in voltage, capacitance, time constant of electrical pulse, and the number of pulses
given to identify the optimal conditions. If other cell types are to be used, it is important
to check their ability to support virus-particle formation. This can be achieved by per-
forming an infection with wild-type SFV.

4. Incubation of the BHK-21 cells at 37°C gives, on average, a 10-fold lower titer than
incubation at 33°C, probably because the onset of apoptosis is delayed when the cells are
cultured at the lower temperature. A second harvest can be performed at 48 h after trans-
fection if fresh media is placed on the cells after the 24-h harvest time point. The second
harvest can yield as high titers as the first one, doubling the total amount of virus that can
be obtained from each transfection. The anticipated titre from 107 BHK-21 cells is
109–1010 infectious recombinant particles.

5. As with all recombinant viral systems, caution should be used when handling viral super-
natants, especially when concentrating virus using high-speed ultracentrifugation because
of the risks of aerosol formation. The SFV split-helper system has been designed to mini-
mize the risk of recombination (32), and thus far the appearance of replication-proficient
viruses (RPVs) has not been reported. Nevertheless, all work using these systems should
be carried out in biosafety level 2 laminal flowhoods according to standard biosafety
level 2 practices.

6. Metabolic labeling experiments of cells expressing foreign proteins from the SFV vectors
are easy to analyze, as the vector RNA replication results in a general shut-off of host
protein synthesis, dramatically reducing the background of labeled host proteins. The
labeling can be done already at 4–6 h after RNA transfection or infection. However, in
order to achieve maximum labeling of vector-expressed proteins and to ensure minimum
labeling of host proteins, it is recommended that 8–9 h should elapse before adding the
radioactivity. If the cells have been infected with a high MOI, achieving full infection of
the cell population, it is possible to visualize the vector-expressed protein as the major
species on an SDS gel. When the antigen is introduced into cells by transfection of DNA
encoding the SFV replicon (layered DNA), the radioactivity can be added around a simi-
lar time point. However, since in most cases it is not possible to achieve 100% transfec-
tion of the cell population using methods such as Lipofectamine, immunoprecipitation
prior to analysis by SDS gel may help the analysis.

7. Two issues related to the safety of genetic or recombinant viral vaccines are: persistence
of the nucleic acid in the tissue following immunization and the risk of generating infec-
tious recombinant virus when high-titer virus supernatants are used. These issues are
discussed briefly here. The persistence in the tissue of SFV particles as well as layered
DNA has been investigated following vaccination of mice and chickens (31). These stud-
ies show that the recombinant constructs do not cross the placental barrier, and they do
not persist in the tissue long-term. In particular, the recombinant SFV particles were
cleared rapidly from the site of injection while still inducing potent immune responses,
suggesting that this approach holds significant promise to be developed as a safe vaccine
platform. The split-helper approach used here has been developed to minimize the risk of
generating replication proficient virus. The theoretical frequency of restoring infectious
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virus has been estimated to be less than 1 in 10–17, a number that is too small to test
experimentally (31). However, thus far, disease caused by replicating virus has not been
detected in any vaccinated animals despite extensive use of these vectors in several inde-
pendent laboratories.
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Development of Attenuated Salmonella Strains
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1. Introduction
The ability of attenuated strains of Salmonella to express foreign antigens—which

then induce humoral, secretory, and cellular immune responses following oral inges-
tion—has made them attractive as a system for delivering heterologous antigens to the
mammalian immune system. More recently, Salmonella has also been successfully
used as a means of delivering DNA vaccines to intracellular sites (1). A number of
attenuated Salmonella hosts are available, and these have been fully characterized. In
using Salmonella as a delivery system, some consideration must be given to the desired
final outcome, as this can be influenced by the host strain chosen. The balance of
humoral vs cell-mediated immunity stimulated, for example, can depend on the nature
of the attenuating lesion. It has been observed that some mutants stimulate antibody
preferentially, and others generate strong humoral and cell-mediated immunity (2).
Once an appropriate host has been selected, DNA capable of driving the expression of
heterologous antigens can be introduced into Salmonella vaccine strains using a vari-
ety of approaches. In general, there are two common methods of expressing a foreign
antigen in salmonellae: from plasmid vectors or from the bacterial chromosome. Since
there are many similarities in the cellular and molecular biology of Escherichia coli
and Salmonella, most of the genetic manipulations required to construct expression
cassettes can be carried out in E. coli. The resulting constructs can then be introduced
into the vaccine strains using simple transformation or other similar techniques. How-
ever, the laboratory manipulation of Salmonella strains should be undertaken using
techniques that do not lead to the accumulation of undefined genetic lesions, which
may compromise the growth and immunogenicity of Salmonella in vivo. With this in
mind, we will describe appropriate techniques for manipulating Salmonella with the
goal of constructing effective oral vaccines.
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1.1. Plasmid Vectors
In general, bacterial plasmids used for expression in Salmonella contain replication

origins that are functional in E. coli. Derivatives of well-known plasmids, many of
which are commercially available, can be used for construction of expression vectors,
but only modifications that do not favor the accumulation of plasmid-free bacteria in
vivo can ultimately be introduced into Salmonella. Overexpression of many foreign
proteins in Salmonella can be toxic for the bacteria and lead to the accumulation of
more vigorous, plasmid-free bacteria in the population. This toxicity is believed to be
caused by a vastly increased metabolic burden on the cell, and can be exacerbated by
use of plasmids that are large or have high copy numbers. Thus, the level of the immune
response induced against the heterologous antigen depends both on the persistence of
the carrier Salmonella strain and the stable expression of the antigen in vivo.

A number of approaches have addressed the problem of potential plasmid instability.
Many groups have taken advantage of a system developed by Nakayama et al. (3,4),
which utilizes a plasmid expression vector harboring the gene encoding aspartate β-
semialdehyde dehydrogenase, an enzyme that is essential for the viability of bacteria.
This vector can then be introduced into Salmonella vaccine strains harboring lesions in
the host asd gene encoding the enzyme; thus, loss of the plasmid results in cell death.

Galen et al. have developed a noncatalytic plasmid maintenance system to stabilize
plasmids in Salmonella typhi (5). It is based on a postsegregational killing strategy
involving the hok-sok plasmid addiction system from pR1. Hok is a pore-forming pro-
tein whose expression is lethal. Its synthesis is prevented by the hybridization of sok
anti-sense mRNA to hok mRNA. The key to the system is that sok mRNA is more
susceptible to degradation by nucleases than hok mRNA, and therefore its concentra-
tion is dependent on constitutive transcription by the expression plasmid. Loss of the
plasmid leads to a drop in sok mRNA levels, which in turn allows translation and
synthesis of Hok. To further enhance stability, plasmid partition functions have also
been incorporated into the plasmid.

Tijhaar and colleagues have developed another approach in which the expression
plasmid carries an invertible γ PL promoter, which can only drive expression in one
orientation. Since the promoter is inverted at random, there is always a subpopulation
of bacteria harboring the plasmid, but not expressing the antigen. This population can
disseminate in the host and continually segregate antigen-producing bacteria (6).

Galen et al. have speculated that, in the future, toxicity of foreign antigens may also
be avoided by expanding a number of approaches that have recently yielded very prom-
ising results—e.g., designing stabilized expression vectors that allow secretion or sur-
face display of the expressed antigen. Such plasmids would utilize export systems that
are endogenous to the host strain, such as the type III secretion system of S.
typhimurium (7). It may also be desirable to co-express immune modulators, an
approach that has already been applied successfully (8).

Plasmid stability is highly dependent on the level of expression of the foreign anti-
gen, which in turn is influenced by the promoter used to drive its expression. Our
group has been investigating the use of inducible promoters that can be switched on by
specific environments that the Salmonella encounter within the host. Using these pro-
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moters, the deleterious effects associated with constitutive expression of foreign pro-
teins can be avoided. Furthermore, promoters can be chosen which influence the nature
of the immune response (9). We have investigated several regulated promoters, in-
cluding spv, dps, and the nirB promoter. The nirB promoter was initially identified in
E. coli, and is naturally used to express NADH-dependent nitrite reductase. In E. coli,
nirB is induced by nitrites in the environment or by anaerobic conditions (10). A modi-
fied version of the nirB promoter, which can be induced by anaerobiosis but not nitrites
(11), was used to express the tetanus toxin fragment C (tetC) in S. typhimurium (12).
Analysis of the in vivo stability of S. typhimurium strains expressing the tetC gene
using either tac or nirB promoters from homologous plasmids showed that the latter
was much more stable. Both strains induced protection against a tetanus challenge
after oral inoculation. However, two doses of the vaccine strain using the tac promoter
were required to ensure complete protection, as opposed to only one with the strain
expressing the antigen from nirB (12).

spv and dps are promoters induced in the stationary phase. dps is derived from the
DNA protective system, and is induced in response to oxidative stress. SpvA drives
expression of the spv genes on the virulence plasmid of S. typhimurium. The spv operon
is essential for systemic spread of infection in mice. We have compared the ability of
these promoters to control expression of tetC in an attenuated S. typhimurium strain
(aroA) during growth in vitro (13). We found that the spv promoter was more strongly
induced in culture and following uptake by macrophages in vitro. We also compared
antibody responses generated to tetC following immunization of mice. Both dps and
spv induced anti-tetC-specific antibodies in mice following one oral immunization.
However, the level of antibody detected was higher among mice immunized with the
dps construct, which may reflect the fact that, unlike the spv construct, it is stably
maintained in vivo. Thus, the expression level a of foreign antigen taken alone is not
the best predictor of immunogenicity in vivo.

1.2. Expression of Heterologous Antigens From the Chromosome (a)

An alternative strategy to achieve the stable expression of heterologous antigens in
vaccine strains of Salmonella is inserting the foreign gene sequence directly into the
bacterial chromosome. This eliminates the problem of plasmid segregation and the
need for suitable selectable markers (14,15). We describe two methods for doing this.
The first is the classic technique, which has been used for a number of years. It involves
cloning the gene of interest into an appropriate suicide vector containing flanking
regions of homology to a host gene and recombining it into the chromosome using
homologous recombination. The host gene of choice for the integration site can vary.
One approach is to integrate the foreign gene within an open reading frame for a host
gene required for growth in vivo. Using this approach, a new attenuating mutation can
be introduced into the vaccine strain, which may increase the safety of the strain by
decreasing the possibility of reversion to the wild-type phenotype. The target gene
should be chosen carefully to avoid impairment of the ability of the strain to survive in
host tissues above the level for which adequate immunity can be induced using a single
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oral immunization. Two different Salmonella genes that have been used as a target for
foreign gene insertion are his (15) and aroC (14). Once the host gene to be used to
drive chromosomal insertion has been identified, it is necessary to clone the gene se-
quence into a suitable vector. A detailed restriction map of the target gene is also
required to determine the cloning strategy for inserting the gene encoding the heter-
ologous antigen. The foreign gene should be inserted into the target gene downstream
of a suitable promoter; constitutive promoters have most frequently been used for this
purpose. The DNA cassette containing the interrupted target gene, promoter, and the
foreign gene should then be cloned into a suicide vector, such as pGP704, which is
shown in Fig. 1 (16). This vector has a mobilization origin from R6K, an antibiotic-
resistance gene, and a deletion in the pir gene, which is required for plasmid replica-
tion. As a result, the plasmid can only be maintained in specially constructed bacterial
strains in which the pir gene has been incorporated into the chromosome, such as E.
coli SY327 or SM10. If the pir gene is not present on the chromosome, as is the case
for all wild-type Salmonella, the plasmid cannot be replicated.

The Salmonella strain is transformed with the suicide vector pGP704 carrying the
foreign DNA cassette. The suicide vector should integrate into the bacterial chromo-
some by homologous recombination. The resulting single crossover events can be
recovered because these bacteria will be resistant to the antibiotic. A further
recombination event, thus a double crossover, should result in the loss of antibiotic
resistance and either the foreign gene or the wild-type target gene.

1.3. Expression of Antigens From the Chromosome (b)

A more recent system of creating deletions in specific genes of enteric organisms
was developed by Datsenko et al. (17) and is a one-step inactivation procedure based
on polymerase chain reaction (PCR). This system has the advantage over other gene
disruption techniques in that it can be used with not only a PCR product derived from
cloned genes and containing an antibiotic marker, but also with PCR products result-
ing from the use of hybrid PCR oligo primers generated from a novel antibiotic cas-
sette and the gene to be disrupted. The oligonucleotides required to generate these
particular PCR products are composed of two components: 50 bases of DNA homolo-
gous to each end of the gene to be disrupted (to facilitate homologous recombination),
along with 20 bases derived from a novel specialised antibiotic cassette that can be
removed using the directly repeated FLP recognition targets (FRT) that flank this cas-
sette on either side. This is achieved using a vector (pCP20) that encodes a recombinase
enzyme that recognizes the FRT sites and consequently removes the DNA region in-
ternal to these sites. The deletion is left intact while removing the antibiotic marker,
which may be detrimental if left in the genome for some procedures (e.g., construction
of live vaccines for use in humans).

The technique requires the introduction of a specialized plasmid, pKD46, into the
host bacterium. This plasmid contains an ampicillin-resistance gene along with an
arabinose inducible promoter that drives a RED recombination fragment consisting of
lambda phage genes Gam, Bet and Exo. Gam inhibits RecBCD exonuclease V activity
such that Bet and Exo can promote homologous recombination between DNA ends.
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After introduction of this plasmid into the host strain, the PCR fragment or cloned
gene (plus antibiotic marker) can be introduced by electroporation. Further steps allow
for recovery of the host strain containing the disrupted gene, the loss of the RED
plasmid by temperature shift and the optional loss of the antibiotic resistance cassette
if it is flanked by directly repeated FRT (FLP recognition target) sites. These vectors
are described in Table 1.

1.4. Introduction of Plasmid DNA into Salmonella
Vectors should be introduced into Salmonella vaccine strains using methodologies

that reduce the frequency of selection for transformants with modified cell surfaces,
particularly rough mutants, that grow poorly in vivo. Direct transformation of smooth
Salmonella, using techniques such as electroporation, enriches for transformants with
altered lipopolysaccharide (LPS) side chains. Thus, for the procedures described in Sub-
headings 1.2. and 1.3., vectors are normally introduced initially into an intermediate
laboratory Salmonella that is restriction-negative, modification-competent, and galE.
(This is not necessary for the inactivation system based on PCR described in Subhead-
ing 1.3.). A suitable strain for this purpose is LB50I0 (18). The presence of the galE
mutation renders the bacteria semi-rough and more readily transformable. However,
LB50I0 can still be infected by P22 bacteriophage. The transformed strain of LB50I0
can then be used as a host to create a P22 lysate that is used to introduce the plasmid or
integrated mutation and foreign gene into the Salmonella vaccine strain by transduc-
tion. P22 utilizes the side chain of LPS as a receptor, and thus P22 transductants are

Fig. 1. Suicide Vector pGP704.
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usually fully smooth. Figure 2 shows a schematic representation of the development
of Salmonella vaccine strains that express foreign antigens.

2. Materials
2.1. Transformation of Salmonella by Electroporation

1. Special equipment: Gene pulser; electroporation cuvets.
2. L-broth/agar: for 1 L of medium, add 10 g bacto-tryptone, 5 g bacto-yeast extract, and 10 g

NaC1 to 950 mL of deionized water. Adjust pH to 7.0 and sterilize by autoclaving. For
solid medium, add 15 g of bacto-agar/L of broth before sterilization.

3. Glycerol/water solution: 10% (v/v) glycerol in double-distilled water. Sterilize by auto-
claving.

4. Glucose stock: Prepare a 1 M glucose solution in double-distilled water and sterilize by
filtration through a 0.22-µm filter. Add to L-broth before use.

2.2. Transduction of Salmonella Using P22 Lysates

1. L-broth/agar, as in Subheading 2.1.
2. T2 buffer: 1.5 g/L KH2PO4; 4.0 g/L NaCl; 5.0 g/L K2SO4, 3.0 g/L Na2HPO4·2H2O, 0.12

g/L MgSO4·7H2O, 0.011 g/L CaC12·6H2O, 0.01 g/L gelatin.
3. TGMS buffer: 10 mL 1 M Tris-HC1, pH 7.4, 2.47 g MgSO4, 1 g gelatin, 5.844 g NaC1,

make up to 1 L with distilled water.
4. Top agar: Prepare L-broth as in Subheading 2.1. Add 7 g of bacto-agar/L of broth before

sterilization.
5. 5 mM EGTA: Add 95.1 g of EGTA to 200 mL distilled water and dissolve by adjusting to

pH 8.0 with 2 M NaOH. Make up to 500 mL with sterile distilled water, and sterilize by
autoclaving. Store at room temperature.

6. Chloroform.

Table 1
Vectors Used for One-Step PCR Inactivation of Chromosomal Genes

Plasmid
name Vector details

pKD46 Ampicillin-resistant. Carries the RED recombinase system.
pKD3 Chloramphenical-resistant. Replicates in pir+ve strains only

such as E. coli SY327.Contains an rbs-start site to
allow gene expression downstream of the mutation.
Also has stop codons in all six reading frames.

pKD4 Kanamycin-resistant, otherwise details as for pKD3.
pKD13 Kanamycin-resistant. Replicates in pir+ve strains. Has

no rbs site, but has stop codons in 4/6 reading frames.
pCP20 Ampicillin-resistant. Carries the FRT recombinase enzyme.
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2.3. Integration of Foreign Genes into the Bacterial Chromosome (a)
Special Equipment: Spectrophotometer; Colony Transfer Pads
for Replication of Plates

1. L-broth/agar: as in Subheading 2.1.
2. Ampicillin: Prepare a stock solution of 50–100 mg/mL in distilled water. Sterilize by

filtration through a 0.22-µm filter. Store at –20°C.
3. 0.1 M phosphate-buffered saline (PBS): 0.2 g/L KC1, 0.2 g/L KH2PO4, 1.136 g/L

Na2HPO4, and 8 g/L NaC1. Adjust pH to 7.2.

2.4. Integration of Foreign Genes into the Bacterial Chromosome (b)
1. DpnI enzyme.
2. Taq polymerase.
3. Incubating ovens for 30°C and 37°C (and possibly 43°C.)
4. Ampicillin, kanamycin, and chloramphenicol antibiotics.
5. 100 mM arabinose.
6. SOC recovery medium. For 100 mL of medium, add 2 g of backtotryptone, 0.5 g of

yeast extract, 1 mL of 1 M NaC1 and 0.25 mL of 1 M KC1 to 97 mL of H2O. Autoclave
to sterilize. Add 1 mL each of 1 M, filter-sterilized stocks of MgC12 and MgSO4. Add
1 mL of 2 M glucose and filter the complete medium through a 0.2 µ filter. The pH
should be 7.0.

Fig. 2. Development of Salmonella vaccine strains expressing heterologous antigens by
introduction of plasmid DNA.
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2.5. Screening by PCR
1. Special equipment: Thermal cycler, wooden toothpicks sterilized by autoclaving, agarose

gel electrophoresis apparatus, suitable power supply, and materials for preparing and
staining DNA agarose gels (19).

2. Sense and anti-sense oligonucleotide primers. Prepare stock solution at 20 µM, Store at
–20°C.

3. 10X PCR buffer: 100 mM Tris-HC1, pH 8.3, 500 mM KC1, 15 mM MgC12, 0.01% (w/v)
gelatin.

4. Deoxynucleotide mixture: 1.25 mM of each deoxynucleotide triphosphate: d-ATP, d-
GTP, d-CTP, and d-TTP.

5. Taq DNA polymerase.

2.6. Detection of Expression of Heterologous Antigens Using
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

1. Special equipment and materials: Spectrophotometer; SDS-PAGE apparatus and reagents
to make the gel according to Sambrook et al. (19).

2. L-broth, as in Subheading 2.1.
3. SDS-PAGE loading buffer: 100 mM Tris-HCl, pH 6.8, 700 mM β-mercaptoethanol, 3%

(w/v) SDS, 10% (v/v) glycerol, 1 mg/mL bromphenol blue. Store at room temperature.

2.7. Lipopolysaccharide Gels
1. Special equipment: SDS-PAGE apparatus and a suitable power supply.
2. SDS-PAGE reagents, as described in Methods in Molecular Biology, vol. 32 and ref. 19.
3. Proteinase K solution (1 mg/mL): freshly prepared in distilled water.
4. Gel-fixing solution: 40% (v/v) methanol, 5% (v/v) acetic acid in double-distilled water;

store at room temperature.
5. Silver-staining reagents required: concentrated ammonia, 0.1 M NaOH, 20% (w/v)

AgNO3 in double-distilled water. See step 4, Subheading 3.5.3.1. for the preparation of
this reagent.

6. Oxidizing solution: 0.7% (w/v) periodic acid, 40% (v/v) ethanol, 5% (v/v) acetic acid in
double-distilled water; prepare fresh.

7. Formaldehyde developer: 50 mg citric acid, 0.5 mL of 37% (v/v) formaldehyde in 1 L of
double-distilled water; prepare fresh.

3. Methods
3.1. Introduction of Foreign DNA into Salmonella

Foreign DNA can be introduced into Salmonella by conjugation, transformation,
transduction, and electroporation. Electroporation is the preferred and most common
method for introducing foreign DNA into the intermediate Salmonella strains. The
foreign DNA should then be transduced into the vaccine strain in order to avoid selec-
tion of LPS mutants.

3.1.1. Transformation of Salmonella by Electroporation
During electroporation, a voltage is applied through a suspension of bacterial cells

in a nonconductive solution. The applied voltage allows the DNA to cross the mem-
branes into the cytoplasm of the salmonellae.
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3.1.1.1. PREPARATION OF ELECTROCOMPETENT CELLS (SEE NOTE 1)

1. Grow 30 mL of culture of S. typhimurium LB50I0 in L-broth until midlog growth is
achieved (A650 0.3–0.6).

2. Harvest the culture by centrifuging at 3000g in a benchtop centrifuge.
3. Wash the cells by discarding the supernatant and resuspending the pelleted cells in 10 mL

of sterile ice-cold 10% (v/v) glycerol/water solution.
4. Harvest the cells as in step 2 and resuspend the pellet in sterile ice-cold 10% (v/v) glyc-

erol/water solution (300–400 µL) to a final concentration of approx 1 × 1010 cells/mL.
This suspension can be stored for future use by freezing 60-µL aliquots at –70°C.

3.1.1.2. ELECTROPORATION

1. Prior to electroporation, aliquot 1 mL of L-broth enriched with 20 mM glucose into a
microcentrifuge tube for each electroporation.

2. Add approx 200 ng of plasmid DNA or 1 µg of suicide vector DNA contained in a maxi-
mum volume of 5 µL of sterile water to 60 µL of electrocompetent cell suspension (see
Note 2).

3. Transfer the DNA/bacterial suspension to an ice-cold sterile position cuvet and
electroporate using the following conditions: 1.75 kV; 25 µF; 600 Ω (see Notes 3 and 4).

4. Immediately transfer the bacterial suspension into 1 mL of the broth (prepared as in step 1)
using a long loading tip. Incubate the broth for 1.5–2 h without shaking at 37°C.

5. After incubation, plate out 200 µL of the broth on selective agar and grow overnight
at 37°C.

3.1.2. Transduction of Salmonella Using P22 Lysates

As mentioned previously, this is the method of choice for introducing foreign DNA
into Salmonella vaccine strains following transformation of the intermediate strain
(see Note 5).

3.1.2.1. P22 LYSATE PREPARATION

1. Grow the intermediate Salmonella strain (LB50I0), containing the gene encoding the for-
eign antigen inserted in either a plasmid or the chromosome, overnight in L-broth with
antibiotic selection at 37°C in an orbital shaker (200 rpm).

2. Prepare serial dilutions of a standard P22 (HT int-ve) bacteriophage stock ranging from
10–1 to 10–6 in T2 or TGMS buffer.

3. Add 100 µL of the overnight culture to 10 µL of each P22 serial dilution. Allow the phage
to infect the Salmonella by incubating the mixture for 30–45 min at 37(C (see Note 6).

4. Following the incubation, add 3 mL of melted top agar to the bacteria/phage mixture, and
spread immediately onto an L-agar plate containing the appropriate antibiotic. Once the
top agar has set, incubate the plates at 37°C for 4–6 h until the plaques become visible.

5. Select the plate containing the phage dilution that gives semiconfluent plaques (see Note
7). Add 3 mL of T2 or TGMS buffer to this plate, and harvest by scraping off the top agar
layer into a 15-mL centrifuge tube. Then add 50 µL of chloroform. Vortex the mixture,
and shake for 30 min in order to lyse the bacteria, thus releasing the phage.

6. Centrifuge at 15,000g for 15 min at 4°C until a clear supernatant is produced.
7. Remove any residual bacteria from the supernatant by filtration through a 0.22-µm cellu-

lose acetate filter.
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8. This P22 phage stock is now ready for further transductions into Salmonella vaccine
strains. The P22 stock should be stored in a glass container at 4°C with 50 µL of chloro-
form as a preservative.

3.1.2.2. P22 BACTERIOPHAGE TRANSDUCTION

1. Grow the recipient Salmonella vaccine strain overnight in an orbital shaker (200 rpm) at
37°C.

2. Prepare serial dilutions of P22 lysate (prepared in Subheading 3.1.2.1.) of 10–1–10–4 in
T2 or TGMS buffer.

3. Add 100 µL. of the overnight culture to 10 µL of neat P22 lysate and each serial dilution.
Mix and incubate at 37°C for 25 min to allow the phage to infect the bacteria.

4. Add 1 mL of L-broth containing 5 mM EGTA, and incubate for 1 h at 37°C to allow
adequate expression of any antibiotic resistance genes that have been inserted into the
recipient strain.

5. Spread 100-µL aliquots of each bacteria/phage mixture onto L-agar plates containing 5
mM EGTA and the appropriate antibiotic. Incubate overnight at 37°C.

6. The colonies isolated after overnight growth will contain phage, as shown by their
crenated appearance. Therefore, they should be packaged twice on L-agar containing 5
mM EGTA to ensure that the phage particles are completely eliminated. The transduced
isolates are then ready for further analysis.

3.2. Integration of Foreign Genes into the Bacterial Chromosome (a)

1. Electroporate the suicide vector pGP704 containing the inserted foreign gene into an in-
termediate Salmonella strain following the protocol given in Subheading 3.1.. Include
ampicillin at 30 µg/mL in the L-agar plates used in the final stage of the electroporation
protocol.

2. Select one colony only and inoculate into 25 mL of L-broth without antibiotic selection.
Grow at 37°C overnight in an orbital shaker.

3. Following overnight incubation, reinoculate 25 mL of fresh L-broth with 250 µL of the
overnight culture. Grow this culture at 37°C in an orbital shaker.

4. After 8 h, determine the concentration of the culture by comparing the optical density
(OD) at 650 nm with a calibration curve (see Note 8). Make serial dilutions of the culture
in PBS to obtain a suspension that contains 1000–2000 CFU/mL. Plate out 200 µL of this
dilution on 10–20 L-agar plates without ampicillin and grow overnight at 37°C.

5. Following overnight growth, replicate these master plates onto L-agar plates containing
ampicillin at 30 µg/mL and grow overnight at 37°C (see Note 9).

6. Examine the colonies on the L-agar ampicillin plates and compare them to the master
plates. Colonies that have not grown on the ampicillin plates should be restreaked from
the master plate onto both L-agar plates with and without ampicillin to confirm that they
are sensitive to the antibiotic.

7. The colonies that are confirmed to be ampicillin-sensitive are double crossovers (see Note
10) and the presence of the inserted gene can be determined using PCR (see Subheading
3.5.1.) and Southern blotting.

8. P22 lysates of the intermediate strain containing the foreign gene should be prepared and
used to introduce the foreign gene into a suitable Salmonella vaccine strain (see Sub-
heading 3.1.2.).
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3.3. Integration of Foreign Genes into the Bacterial
Chromosome (b)(i)

The following is a description of one-step inactivation of chromosomal genes in an
enteric strain using a plasmid containing an antibiotic resistance gene marker (e.g.,
aph-T) inserted into the gene to be disrupted (e.g., htrA, tviB, aroC, or hisG).

1. Prepare and gel-purify the DNA to be electroporated into the selected host strain. The
gene to be inactivated is first cloned into a suitable vector. This can be a PCR vector such
as pGEM-T or a pir-negative vector (cloning into this vector has the advantage that plas-
mids used cannot replicate in any wild-type strains, since they lack the pir gene required
for vector replication).
The gene to be disrupted is inactivated by insertion of an antibiotic-resistance cassette
such as the aph-T kanamycin marker. A PCR product of this gene containing the marker
is prepared. The resulting PCR product should be DpnI treated so as to digest any of the
original template DNA, leaving purified PCR product only. This product can be gel-puri-
fied after the DpnI digestion. Store until required.

2. Grow up the selected host strain overnight in L-broth at 37°C.
3. Electroporate with pKD46, but ensure that the incubation is done for all subsequent steps

at 30°C only, since the plasmid is temperature-inducible and will be lost at the higher
temperature.

4. Plate out onto L-agar plates containing ampicillin. Leave 14–24 h at 30°C.
5. The next day, many ampicillin-resistant colonies should be obtained. Choose one of these

isolates and replate.
6. Inoculate the chosen isolate into L-broth containing ampicillin. Shake overnight at 30°C.
7. Sub-culture strain the next morning in 25-mL L-broth (1 in a 100 dilution) containing

ampicillin and 1 mM arabinose in order to induce the RED genes on pKD46. Leave at
30°C until OD600 reaches 0.6, and then spin down and prepare electroporation-competent
cells as before.

8. Electroporate with gel purified and DpnI-treated PCR fragment.
9. Add SOC recovery medium and grow at 37°C for 90 min. This temperature shift is impor-

tant, since pKD46 is a temperature-sensitive replicon and will therefore be lost after growth
at 37°C. Plate out the electroporated cells onto selective medium (either kanamycin or
chloramphenical, depending on the template plasmid used), and leave overnight at 37°C.

10. Select colonies that are resistant to the chosen marker and are also ampicillin-sensitive.
Confirm that the gene chosen has been disrupted using PCR or by phenotypic testing. If
colonies tested are still ampicillin resistant, plate out a number of isolates at 43°C and
leave overnight. Re-test to verify loss of the ampicillin resistance.

3.4. Integration of Foreign Genes into the Bacterial
Chromosome (b)(ii)

The following is a description of one-step gene inactivation using “hybrid PCR
oligos” consisting of 50 bases of flanking DNA from the gene to be disrupted and 20
bases either side from a specialized antibiotic cassette.

1. Prepare and gel-purify the PCR cassette to be electroporated into the selected host strain.
This specialized cassette has already been briefly described. It is amplified by PCR using
a “hybrid oligo” primer. This consists of 36–50 bases of DNA homologous to the gene to
be disrupted at both the 5' and 3' ends, and internal to these, are sequences of 20 bases that
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serve as primers to the antibiotic cassettes constructed by Datsenko et al. in plasmids pKD3
(CmR), pKD4 (KmR) or pKD13 (kmR) (see Table 1. Note: For primer designs of “hybrid
oligos,” see ref. 17 for full details). These plasmids serve as the template DNA. The use of
these particular cassettes is an advantage if removal of the antibiotic-resistance gene is
required, since all three are flanked by FRT (FLP recognition) sites, which allows removal
using a FLP recombinase carried on a plasmid (see Subheading 3.4.1. for this procedure).
The PCR reactions yield product sizes of 1.1-, 1.6-, or 1.4 kbp from these plasmids, re-
spectively. The PCR products are treated with DpnI and gel-purified prior to use.

2. Grow up the selected host strain overnight and follow the procedure above (steps 2–10
inclusive from Subheading 3.3.). Thus, selected colonies that are resistant to the chosen
marker and also ampicillin-sensitive are recovered. Confirmation that the gene chosen
has been disrupted is carried out using PCR or by phenotypic testing. If colonies tested
are still ampicillin-resistant because of the presence of pKD46, a number of isolates are
plated out at a higher temperature of 43°C and left overnight. The isolates are re-tested to
verify their ampicillin sensitivity and thus loss of pKD46 vector.

3.4.1. Curing of the Strains of the Antibiotic Cassettes Using a Helper
Plasmid Carrying a FLP Recombinase

1. This helper plasmid system is only able to remove the antibiotic cassettes used in method
b (ii), since they are flanked by FRT (FLP recognition) sites on either side. The helper
plasmid, pCP20, carries such a recombinase that specifically recognizes FRT sites. pCP20
is electroporated into isolates recovered after removal of pKD46 as described previously.
After addition of SOC recovery medium, the cells are allowed to grow at 30°C for 90 min
before plating out onto L-agar ampicillin plates and left overnight at 30°C.

2. Colonies isolated from the ampicillin plates are then re-grown at 43°C, and the major-
ity lose the FRT-flanked resistance genes and the FLP helper plasmid simultaneously
at this stage.

3. The resulting colonies are screened by colony PCR and for antibiotic sensitivity. The
colonies can then be stored until needed.

3.5. Characterization of Recombinant Salmonella Strains
Recombinant strains of Salmonella should be characterized in vitro before they can

be used as potential vaccine strains. The in vitro characterization that is required is
dependent on the vaccine strain used, the type of expression system, and the nature of
the heterologous antigen that is expressed. Initially, the presence of the recombinant
DNA within the vaccine strain should be established. Once this has been done, the het-
erologous strain can be further characterized: The expression and localization of the
antigen can be measured; the effect of expression of the foreign antigen on the growth
and stability of the strain should be determined, and the integrity of the LPS can be
determined.

3.5.1. Screening of Recombinant Strains by PCR
In our laboratory we use a PCR-based method to screen recombinant E. coli or

Salmonella strains that have been transformed with the appropriate DNA. This method
allows the screening of a large number of bacterial colonies obtained directly after
transformation within 1 d of work.

This screening method requires the use of a pair of sense and anti-sense synthetic
oligonucleotides to be used as primers (see Note 11). These can be derived from:
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1. The inserted recombinant gene.
2. The DNA sequences flanking the 5' and 3' ends of the inserted gene.
3. The sense primer from a region flanking the inserted gene and the anti-sense primer from

within the cloned gene, or vice versa (see Note 12).

1. Prepare a PCR mixture that contains all the necessary components for the reaction except
for the enzyme. The components of the PCR reaction should be optimized for amplifica-
tion of each specific DNA sequence. Nevertheless, the following mixture can be used
initially:

a. 63 µL double-distilled water.
b. 10 µL 10X concentrated PCR buffer.
c. 16 µL deoxynucleotide mixture.
d. 5 µL of a 20 µM solution of sense primer (final concentration should be 1 µM).
e. 5 µL of a 20-µM solution of anti-sense primer (final concentration should be 1 µM).

2. Use a sterile toothpick to collect a small amount of bacteria from the recombinant colony
of choice and resuspend into the PCR mixture by vortexing. Repeat for a different colony,
and resuspend the bacteria in the same tube. Bacteria from up to five different colonies
can be pooled into the same PCR reaction. Prepare a negative control reaction using a
colony from the untransformed bacterial strain and a blank reaction containing no DNA.

3. Lyse the bacteria to release the DNA by incubating the mixture at 100°C for 10 min. Let
cool for a further 10 min and then spin tubes for a few seconds in a benchtop
microcentrifuge.

4. Add 2.5 U of Taq polymerase contained in 1 µL of diluted PCR buffer. Spin the tubes for
a few seconds in a bench microcentrifuge and add 50–100 µL of mineral oil to each tube
to prevent evaporation.

5. Carry out the amplification reaction in a thermal cycler as follows: Incubate for 1 min at
94°C, and then repeat 30 cycles of 20 s at 94°C, 1 min at 55°C, and 1 min at 74°C. Finally,
incubate for 6 min at 74°C (see Note 13).

6. Take 5–10 µL of each reaction and analyze by agarose gel electrophoresis. Include a
DNA mol wt standard in the gel. To visualize the amplified DNA fragments, stain the gel
with ethidium bromide.

7. If primer combination (1) is used, recombinant colonies carrying the gene of interest can
be identified by the appearance of an amplified fragment of the expected size. With primer
combination (2), the presence of the foreign gene can be determined by comparing the
size of the fragments amplified from the recombinant colonies with the fragment ampli-
fied from the parental strain. Finally, if the primer combination (3) is used, the appear-
ance of an amplified fragment of the correct size will indicate that the recombinant strain
carries the foreign gene in the expected orientation.

8. Identify the pools of colonies containing recombinant plasmids and repeat the process
with individual colonies.

3.5.2. Expression of Heterologous Proteins

As mentioned previously, foreign antigens can be expressed in Salmonella using
constitutive promoters, such as lac or tac (which, in contrast, are inducible in E. coli),
or promoters that are potentially inducible in vivo, such as nirB (3). If constitutive
promoters are used, induction of expression is not necessary. The method of induction
with inducible promoters, however, is specific for the promoter used. The nirB pro-
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moter, for example, can be induced by lowering the oxygen tension of the culture or
by heat shock at 42°C.

3.5.2.1. DETECTING THE EXPRESSION OF THE HETEROLOGOUS ANTIGEN

SDS-PAGE and Western blotting provide effective methods for determining both
the presence and level of expression of a foreign antigen in a recombinant Salmonella
vaccine strain (see Notes 14 and 15).

Samples of bacterial culture can be prepared for SDS-PAGE by the following
method:

1. Dilute an overnight culture of the recombinant strain 1:100 into fresh broth with
appropriate antibiotic. If an inducible promoter is used, follow the appropriate protocol
for induction. Otherwise, grow the culture at 37°C in an orbital shaker for 4–8 h.

2. Determine the OD of the culture at 650 nm (A650). Freeze at least 1 mL of the culture
immediately at –20°C for further analysis.

3. Thaw the frozen culture samples and pellet by centrifugation for 3 min at top speed in a
microcentrifuge.

4. Based on the original A650 reading of the culture (step 2), resuspend the pellet in SDS-
PAGE loading buffer to an OD equivalent to 10 U (A650).

5. Boil the samples for 5 min, and centrifuge for 10 min at top speed in a microcentrifuge
tube. Load 7.5 µL of each sample onto an SDS-PAGE minigel (6 × 8 cm). Following
electrophoresis, the proteins can be visualized directly within the gel using Coomassie
blue stain, or, after electrophoresis transfer to nitrocellulose, by Western blotting with a
suitable specific antibody.

3.5.3. Determining Whether the LPS is Intact
Electroporation of Salmonella can select for strains of bacteria that have defective

LPS. Lesions in the LPS can lead to further attenuation of Salmonella strains in vivo.
Therefore, the integrity of the LPS should be determined before these strains are used
for vaccination experiments.

A quick method for determining whether the LPS of a strain is defective is agglutina-
tion of the strain using polyclonal antiserum against the O antigens and observing the
general colony morphology (see Note 16). However, this method does not give a full
profile of the LPS. To achieve this, it is necessary to analyze the LPS by SDS-PAGE.

3.5.3.1. ANALYSIS OF LPS USING SDS-PAGE

The following method for the analysis of LPS is based on the method of Tsai and
Frash (20).

1. Resuspend a sweep of colonies from an overnight streaked LB-agar plate in 0.25 mL of
sterile distilled water contained in a 1-mL plastic vial. Add 1 mL of SDS-PAGE sample
buffer, and boil the vials for 5 min before the addition of 0.1 mL of proteinase K (1 mg/
mL). Incubate the samples for 1 h at 60°C, and then load 25 µL of each sample onto a 12
× 15 cm 10% SDS-polyacrylamide gel (see Note 17).

2. The gel should be run using a cooling system or preferably in a cold room at 4°C. Ini-
tially, run the gel at 18 V until the samples reach the top of the separating gel, then increase
voltage to 30 V (see Note 18). Electrophoresis is completed when the Bromphenol blue
tracking dye has run off the bottom of the gel; this should occur after approx 6 h.
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3. Following electrophoresis, fix the gel by soaking overnight in 200 mL of fixing solution
in a clean glass dish. Once the gel is fixed, oxidize the LPS for 5 min by replacing the
fixing solution with 200 mL of oxidizing solution. Perform three 15-min washes in a
second dish using 500–1000 mL of distilled water for each wash.

4. Prepare the silver-staining reagent as follows: Add 2 mL of concentrated ammonia to 28
mL of 0.1 M NaOH, and then add 5 mL of 20% (w/v) silver nitrate solution while stirring
rapidly. A transient brown precipitate will form during this process, but it should disap-
pear within seconds. Make this solution up to a final volume of 150 mL with distilled
water. Caution: This solution should be discarded immediately after use, since it may
become explosive when dry!

5. To stain the LPS in the gel, drain the water from the gel, add 150 mL of freshly prepared
silver-staining reagent, and agitate vigorously on a stirring platform (approx 70 rpm) for
10 min. Following staining, perform three 10-min washes in a second dish using 500–
1000 mL of distilled water for each wash.

6. Replace the water with 200 mL of formaldehyde developer. The LPS in the gel will be
stained dark brown within 2–5 min. The development of the gel should be terminated
when the LPS bands have reached a desired intensity or when the clear gel background
becomes discolored.

7. Figure 3 compares the LPS profiles of a S. typhimurium vaccine strain with intact LPS
and a galE mutant of S. typhimurium, which has defective LPS. When the LPS is intact, a
ladder of LPS fragments can be observed on the gel, whereas only low mol wt fragments
are observed in strains with defective LPS.

4. Notes
4.1. Introduction of Foreign DNA into Salmonella
4.1.1. Transformation of Salmonella by Electroporation

1. Care should be taken to ensure that all the reagents used for electroporation and the prepa-
ration of electrocompetent cells are kept on ice at <4°C throughout this procedure.

2. Both positive and negative controls should be set up during the electroporation. The in-
tact parental plasmid provides a suitable positive control, and should give confluent
growth on selective L-agar plates after overnight growth. Parental plasmid, cut at one or
two restriction endonuclease sites, can be used as a negative control.

3. The cell suspension may arc during electroporation. This occurs because either the
electrocompetent cells or the DNA solution are conductive. To overcome this problem,
the electrocompetent cells and DNA should be prepared to ensure that they do not contain
any contaminating salts.

4. Electroporators, such as the Bio-Rad (Hercules, CA) Gene Pulser, give a time constant
for each electroporation. For an effective electroporation, the time constant should fall
between 10.5 and 12.5 ms. If the time constant is above this range, repeat the electropo-
ration using a larger quantity of DNA.

4.1.2 Transduction of Salmonella Using P22 Lysates
5. The bacteriophage P22 can carry up to 42 kb of contiguous DNA from the host bacterial

genome, and can carry both plasmid and cosmid DNA from the host.
6. When P22 gyrates of galE-mutant strains of S. typhimurium, such as LB5010, are pre-

pared, galactose should be added to the culture after overnight growth to a final concen-
tration of 0.4% (w/v) to facilitate the infection of the bacteria by P22. The culture should
then be incubated for a further 20–30 min before the addition of the dilutions of P22 phage.
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7. Some Salmonella strains produce very small plaques following infection with P22. In
some cases, these plaques may not be visible at all. In this case, the plate containing the
lowest dilution of the P22 should be harvested.

4.2. Integration of Foreign Genes into the Bacterial Chromosome
8. A calibration curve of OD at 650 nm against a number of colony-forming units can be

determined by making dilutions of an overnight culture in the range between 1 × 107 and
1 × 109 cells. The optical density and viable count of each dilution should be measured
and compared to determine the dilution curve.

9. Replica plating is most practically carried out using replica transfer mats, which are spe-
cifically designed for this purpose.

10. The number of insertions per experiment will vary, depending on the target gene, from
approx 1–50%.

4.3. Screening of Recombinant Strains by PCR
11. Primers should be 15–30 nucleotides long. If the primers are derived from the cloned

sequences, they must be separated by approx 100 bp to facilitate the detection of the
amplification products using agarose electrophoresis.

12. The primer combination 3 (see Subheading 3.5.1.) is particularly useful when the heter-
ologous gene could have been ligated in two different orientations into the cloning site—

Fig. 3. LPS Profiles of BRD509, with intact LPS and LB5010, an LPS mutant.
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for example, when a single restriction site has been used for cloning. A single PCR reac-
tion will define the orientation of the inserted DNA fragment.

13. The conditions described here can be used as a starting point for optimizing the param-
eters for amplification of the chosen DNA sequence. The recommended annealing tem-
perature (55°C) can be changed according to the length and sequence of the primers used.
It is important to empirically determine the optimal temperature for amplification before
screening. Higher temperatures increase the specificity of the reaction, but may not allow
annealing if short primers that are rich in A/T residues are used.

4.4. Detecting the Expression of the Heterologous Antigen
14. SDS-PAGE and Western blotting are common techniques. Therefore, the protocols for

these techniques are not included in this chapter. For the relevant methods, consult a
general laboratory methods manual, such as Sambrook et al. (19) and Methods in Molecu-
lar Biology, vol. 32.

15. As an empirical rule, to obtain an immune response against a heterologous antigen, the
foreign antigen should be visible as a band on a Coomassie-stained gel. If a more precise
measure of the level of expression is required, the Coomassie-stained gel can be scanned
using a densitometer to determine the quantity of foreign antigen that is expressed as a
percentage of the total bacterial-cell protein.

4.5. Determining Whether the LPS is Intact

16. Observing the general colony morphology of the recombinant strains gives an indication
of the integrity of the LPS. Strains with intact LPS have a smooth and glossy appearance
on L-agar, whereas LPS mutants have a rough appearance.

17. Since silver stain is extremely sensitive, all the apparatus used for the LPS gel should be
handled with gloves and washed thoroughly with sterile distilled water followed by a
rinse in methanol before use.

18. The gel should be kept as cool as possible while running. Overheating causes the LPS to
degrade. If a cooling system is not available, the gel can be run at a lower voltage for a
longer period of time.
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Expression and Delivery of Heterologous Antigens
Using Lactic Acid Bacteria

Mark A. Reuter, Sean Hanniffy, and Jerry M. Wells

1. Introduction
There has been increasing interest in developing delivery vehicles for use as

mucosally administered vaccines. Lactobacillus lactis is a harmless noninvasive bac-
terium with a history of safe use in the food industry, which makes it more acceptable
than attenuated pathogens for vaccine delivery, particularly with respect to infants and
partially immunocompromised individuals. A number of potential vaccine antigens
has now been expressed in L. lactis (1–9), but most immunological studies have been
carried out with L. lactis-producing tetanus toxin fragment C (TTFC) (4,10,11). These
studies have shown that L. lactis-expressing TTFC can elicit antigen-specific secre-
tory IgA and protective levels of serum antibodies—responses that were enhanced in
strains that coexpress selected cytokines. Further potential exists to use lactic acid
bacteria (LAB) delivery systems to prevent hypersensitivity to certain allergens or
suppress atopic disease through the mucosal delivery of allergens or peptides (12).

For a number of reasons including those mentioned above, the expression of heter-
ologous genes in L. lactis has received much attention over the last few years, and is
the subject of several detailed reviews in the field (13,14). In this chapter, we describe
the pTREX series of theta-replicating plasmid vectors derived in our laboratories using
the non-self-transmissible plasmid pIL253 that carries the broad Gram-positive host
replicon pAMβ1, which has been adapted for both constitutive and inducible expres-
sion of heterologous protein antigens in L. lactis (15). Although these vectors do not
replicate in Escherichia coli, we often found them to be more structurally stable than
the alternative rolling-circle replication vectors, especially when constitutive promot-
ers or large DNA fragments were inserted into the vector.

A range of lactococcal promoters identified in our laboratory (16) has been incor-
porated into pTREX, generating a series of constitutive expression vectors containing
promoters with different activities. Although constitutive expression systems gener-
ally produce less protein antigen than inducible expression systems, they have been
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used to construct immunogenic strains that are capable of expressing antigen in vivo.
Lactococcal strains that constitutively express TTFC (pTREX1-TTFC containing the
lactococcal P1 promoter) elicited high-level TTFC-specific antibody in serum that
was sufficient to protect against a lethal challenge of tetanus toxin (17).

In previous studies, we have developed a regulated dual-plasmid expression system
in L. lactis based on lactose-inducible transcription of the lactose operon that utilizes
the T7 bacteriophage RNA polymerase and its cognate promoter. Currently, we use the
nisin-inducible expression system for high-level expression of antigen prior to immu-
nization. Nisin is an antimicrobial peptide with a safe history of use in the food industry
as a preservative. The structural gene, nisA, is the first gene of a cluster that encodes
proteins for the modification, translocation, and immunity to nisin (18–20). The gene
cluster also encodes a two-component sensor and response regulator, NisK and NisR,
that coregulates transcription of the nisin gene cluster. Nisin autoregulates its own
expression through interaction with the membrane-bound sensor NisK, which in turn
activates NisR by phosphorylation, resulting in expression from the nisA promoter.

Expression host strains containing the nisK and nisR genes constructed in more
than one laboratory (21,22) have been used to induce expression of recombinant pro-
tein under the control of the nisA promoter by adding nisin to the growth medium. In
addition to high expression levels—up to 60% of total intracellular protein (23)—the
nisin system also offers greater flexibility because protein expression is tightly regu-
lated and directly proportional to the addition of the inducing molecule (allowing the
expression of potentially lethal genes). This system is now widely used to overexpress
proteins in L. lactis, and has been adapted for use in other LAB, including Leuconos-
toc and Lactobacillus spp. (24,25).

Targeting protein antigens either extracellularly or to different cellular locations in
L. lactis may play a significant role in determining the parental immunogenicity of
antigen-expressing strains when presented to the immune system. By virtue of their
greater accessibility, protein antigens displayed at the bacterial surface may be more
immunogenic. In terms of the dose required to elicit protection against a lethal chal-
lenge of tetanus toxin, lactococcal strains expressing cell-wall-anchored TTFC were
10–20 times more immunogenic than strains expressing alternative forms of the pro-
tein (by the subcutaneous route [sc] of administration) (11). We have adapted the
pTREX series further to include secretion leaders and/or cell-wall-anchoring motifs
so that recombinant antigen can be targeted to different cellular locations (Fig. 1).

We have also investigated the potential of recombinant L. lactis to deliver other
bioactive molecules such as cytokines to the immune system. The pTREX series was
used to coexpress intracellular TTFC and fully biologically active secreted murine IL-
2 or murine IL-6 in L. lactis. TTFC-specific immune responses were 10–15-fold higher
in mice that were immunized intranasally with cytokine-expressing strains when com-
pared to those mice immunized with strains expressing TTFC alone (26). This en-
hanced immune response was only observed when live cells were used, indicating that
lactococci were producing the cytokines in vivo.

In conclusion, we have demonstrated that mucosally administered L. lactis express-
ing a heterologous protein is capable of eliciting both local and systemic immune
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responses. Most of this work has been performed using TTFC as a model antigen;
however, the potential and applicability of L. lactis as a vaccine delivery system is
currently being expanded to include a growing number of antigens and other therapeu-
tic molecules. Here, we describe methods used when working with L. lactis with a
view to using this bacterium to express and deliver heterologous proteins that can
ultimately be developed to treat or prevent diseases in humans.

2. Materials

1. MilliQ water (sterile).
2. M17 broth and M17 broth supplemented with 2.5% glycine.
3. M17 agar (sterile 95-mL aliquots) and sterile 5-mL aliquots of 10% glucose.
4. GM17 agar supplemented with sucrose to a final concentration of 0.5 M plus sterile mag-

nesium chloride solution (1 M) and sterile calcium chloride solution (200 mM).
5. Osmotically stabilizing poration/storage (OSPS) buffer: 0.5 M sucrose in 10% glycerol

(see Note 1).
6. Sterile glycerol.

Fig. 1. Diagram showing the pTREX series of plasmids. The pTREX cloning cassette con-
tains two multiple cloning sites (MCS). The first MCS is used to insert either constitutive or
inducible promoter fragments such as the nisin-inducible nisA promoter. The second MCS is
used to insert genes encoding the heterologous protein. Gene fusions with the leader sequence
of the abundant lactococcal secreted protein Usp45 (27) allow secretion of the recombinant
protein. The inclusion of a cell-wall-anchor sequence (such as the C-terminal-anchoring domain
of L. lactis protease C (11) targets the expressed protein to the L. lactis cell envelope. MLS,
resistance to macrolides, lincosamines and streptogramin B type antibiotics; UTS, universal
translational stop sequence; rbs, ribosome binding site. All restriction enzyme sites shown are
unique in pTREX.
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7. Abs ethanol and 70% ethanol.
8. TE buffer: 10 mM Tris-HCl (pH 8.0), 1 mM ethylenediaminetetraacetic acid (EDTA).
9. 10% (w/v) sucrose in 20 mM Tris-HCl, pH 7.5.

10. Phosphate-buffered saline (PBS) buffer: 80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM
NaCl, pH 7.0.

11. PBS-Tween: PBS containing 0.05% Tween 20.
12. PBS-Tween-bovine serum albumin (BSA): PBS containing 0.05% Tween 20 and 3%

BSA.
13. TBS buffer: 0.15 M NaCl, 0.02 M Tris-HCl, pH 7.5.
14. Erythromycin (5 mg/mL stock solution).
15. Lysozyme (500 mg/mL).
16. Mutanolysin (10 U/µL).
17. Nisin (25 µg/mL solution dissolved in 0.02 M HCl).
18. Trichloroacetic acid (TCA).
19. 0.01% poly-L-lysine.
20. 0.25% glutaraldehyde.
21. Nitrophenyl phosphate, 5-mg tablets.
22. Diethanolamine buffer: 48.5 mL diethanolamine, adjust pH to 9.8 using 1 M HCl and add

distilled water to a final volume of 500 mL.
23. Carbonate/bicarbonate buffer, pH 9.6: 0.80 g Na2CO3, 1.46 g NaH2CO3, adjust to pH 9.6

using HCl, and add distilled water to a final volume of 500 mL.
24. Cell resuspension buffer: 1.25 mL 20% casein hydrolysate, 0.5 mL 50% glucose, 10 mL

M sodium bicarbonate in 38.25 mL PBS.
25. Restriction endonucleases and DNA modification enzymes, such as T4 DNA ligase, or

T4 DNA polymerase.
26. Taq DNA polymerase and 10X buffer.
27. dNTPs solution (dATP, dTTP, dCTP, and dGTP).
28. 106-µm glass beads (acid-washed).
29. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (pre-cast

or materials necessary for their preparation).
30. SDS-PAGE loading buffer and running buffer.
31. Electro-blotting transfer buffer.
32. Commercial plasmid miniprep kit.
33. DNA electrophoresis kit, gel-loading buffer and running buffer, DNA size markers,

ethidium bromide.
34. Electroporation cuvets.
35. Primers to PCR-amplify gene(s) of interest.
36. Primers that anneal either side of insert DNA for colony polymerase chain reaction (PCR)

screening/sequencing.
37. Antibody that crossreacts to recombinant protein plus suitable secondary antibody (alka-

line phosphatase-conjugated).

3. Methods
3.1. Construction of Expression Vector
3.1.1. Purifying Plasmid DNA

Because of their thicker cell wall, Gram-positive bacteria such as L. lactis are gen-
erally more difficult to lyse than Gram-negative bacteria. However, plasmid DNA can



Heterologous Antigens 105

be readily purified using conventional methods (28) or commercial kits by including
an additional enzymatic lysis step. Lysozyme and mutanolysin degrade the peptidogly-
can component of the lactococcal cell wall, thus facilitating cell lysis.

1. Plate a glycerol stock or agar stab of the desired strain on a GM17 agar plate supple-
mented with the appropriate antibiotic (see Note 2). Incubate the plates at 30°C until
individual colonies have grown. This may take 2–3 d.

2. Inoculate 10 mL of GM17 broth, supplemented with the appropriate antibiotic with a
single colony from the GM17 agar plate. Grow the culture overnight at 30°C without
shaking.

3. The following day, harvest cells from 2 × 5 mL of culture by centrifuging at approx
15,000g for 2 min. Discard supernatant and resuspend the cell pellet in resuspension buffer
supplemented with lysozyme and mutanolysin (to a final concentration of 5 mg/mL and
100 U/mL, respectively) (see Note 3 and Note 4). Incubate the resuspended cells at 37°C
for 15 min.

4. From this stage, follow conventional protocols or those recommended by the manufac-
turer if using a commercial kit.

Purified plasmid DNA can be analysed by agarose gel electrophoresis. Uncut
lactococcal plasmid DNA will resolve on an agarose gel as a high mol-wt species, and
must be digested with an appropriate restriction endonuclease enzyme in order to esti-
mate its size. The method described can be scaled up when purifying large amounts of
plasmid.

3.1.2. Molecular Biology Manipulations
Standard molecular biology techniques can be used to digest plasmid DNA with

restriction endonuclease enzymes, visualize DNA on agarose gels and ligate DNA
fragments (28). The transformation efficiency of L. lactis is lower than that achieved
with E. coli (see Subheading 3.1.3.), so it is recommended that ligated DNA be con-
centrated by ethanol-precipitation. The DNA pellet should be vacuum-dried and
resuspended in 4 µL sterile Milli-Q water prior to transformation (see Note 5).

3.1.3. Preparation of Electro-Competent L. lactis
It is necessary to transform lactococcus using electroporation to achieve efficient

transformation. For L. lactis, the transformation efficiencies are generally lower than
that obtained with E. coli, but the following procedure should yield greater than 1 × 105

transformants per microgram of DNA, although transformation efficiencies of 5 × 107

have been reported (29).

1. Plate a glycerol stock or agar stab of the desired strain on a GM17 agar plate (supplement
the agar with the appropriate antibiotic if the strain contains an antibiotic-resistance
marker). Incubate the plate at 30°C until individual colonies have grown. This may take
2–3 d.

2. Inoculate 10 mL of GM17 broth (supplemented with appropriate antibiotic if necessary)
with a single colony from the GM17 agar plate. Grow the culture overnight at 30°C with-
out shaking.

3. On the same day as preparation of electro-competent cells, prepare the following medium
and buffer:
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a. GM17 broth supplemented with glycine to a final concentration of 2.5%.
b. Osmotically-stabilizing poration/storage buffer (OSPS). 0.5 M sucrose in 10% glyc-

erol (see Note 1).

4. Use 1 mL of overnight culture to inoculate 50 mL of prewarmed GM17 2.5% glycine
medium (again supplemented with appropriate antibiotic if necessary). Grow the culture
at 30°C (without shaking) and monitor OD600.

5. When the culture has reached an optical density (OD) of approx 0.5 (this can take up to
5 h), chill the culture on ice for 10 min.

6. Centrifuge the culture, in sterile falcon tube, at 3000g for 15 min at 4°C (see Note 6).
Carefully discard the supernatant and resuspend the cell pellet in 5 mL ice-cold OSPS by
gentle mixing. Do not vortex the cells or resuspend using a pipet. Instead, use a sterile
spreading loop or tip to loosen the cells from the tube wall. Cells should resuspend after
gentle agitation.

7. Centrifuge the cells at 3000g for 15 min at 4°C. Discard the supernatant and carefully
resuspend the cell pellet in 5 mL ice-cold OSPS. Centrifuge again (3000g for 15 min at
4°C), discard supernatant, and resuspend cells in 0.5 mL OSPS.

8. Aliquot 90 µL of cells into sterile microcentrifuge tubes and snap-freeze using either
liquid nitrogen (see Note 7) or a dry ice-ethanol bath. Store cells at –70°C or use directly.

9. To transform cells, either use directly following the cell preparation or thaw the appropri-
ate number of tubes on ice. One tube of cells is sufficient for two transformations.

3.1.4. Electro-Transformation of L. lactis

1. Aliquot DNA into a sterile microcentrifuge tube prechilled on ice. The volume of DNA
cannot exceed 4 µL. If transforming cells with the product of a ligation reaction, include
a positive control plasmid of known concentration to determine transformation efficiency.
Chill the appropriate number of electroporation cuvets on ice.

2. Prepare SMG17MC outgrowth medium (GM17 broth supplemented with sucrose to a
final concentration of 0.5 M, magnesium chloride to a final concentration of 20 mM, and
calcium chloride to a final concentration of 2 mM), and chill on ice.

3. Add 40 µL of electro-competent cells to DNA. Mix briefly by tapping the tube and pipet
the mixture into an electroporation cuvet. Ensure that no air bubbles remain in the
electroporation chamber (these can be removed by gently tapping the cuvet). Wipe the
side of the cuvet to remove any water/moisture and pulse at 2500 V (25 µFD capacitance,
200Ω resistance).

4. Place cuvette back in ice and add 960 µL ice-cold SGM17MC. Transfer resuspended
cells into an ice-cold sterile microcentrifuge tube and incubate on ice for 10 min. Mix
these cells with a further 9 mL of SGM17MC and incubate at 30°C for 2 h.

5. Centrifuge cells at 3000g for 15 min. Remove and discard supernatant and carefully resus-
pend cells in 1 mL GM17 broth. If plating cells transformed with ligated DNA, plate up to
5 × 100 µL of cells onto GM17 agar plates supplemented with the appropriate antibiotic. If
plating cells transformed with a positive control plasmid, plate a range of volumes (e.g.,
10 µL, 50 µL, 100 µL, and 200 µL). To the remaining cells, add an equal volume of sterile
glycerol and store cells at –20°C in case further transformants are required.

6. Incubate the agar plates at 30°C. Inspect plates the following day, although it may take
2–3 d for the colonies to become visible.
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3.1.5. Colony PCR
Colony PCR, using primers that anneal to loci on either side of the DNA insert, can

be used to screen transformants for plasmid DNA containing a DNA insert using a
method adapted from that used for E. coli (30). An additional 5-min incubation step at
95°C is included in the thermal cycle at the start of the program to break open the cells.

3.2. Assessing Expression of Cloned Genes
If using the nisin-inducible nisA promoter to express foreign proteins in L. lactis, it

is necessary to transform the expression vector into a strain that contains the nisRK
two-component regulatory genes but lacks a functional nisA gene; the transformation
procedure is described in Subheading 3.1.4. Recombinant proteins expressed in L.
lactis may be readily visible on Coomassie blue or Colloidal blue-stained SDS-PAGE
gels (see Fig. 2B). However, this is dependent on the level of expression and nature of
the protein being expressed, as well its cellular localization in L. lactis. All these fac-
tors contribute to the decision of which protein-extraction method is most suitable for
analysis of recombinant protein expression. When expression of recombinant protein
is not apparent using standard SDS-PAGE, it is recommended that immunoblot analy-
sis of protein extracts, using protein-specific antibodies, be carried out.

3.2.1. Evaluating the Effect of Nisin on Growth
Upon induction, expression of certain heterologous proteins may have a deleterious

effect on cell growth. It is therefore advisable to check that induction with nisin does
not have an adverse effect on the growth characteristics of the (transformed) strain
containing the expression vector. Expression from the nisA promoter is proportional
to the amount of nisin added; therefore, the optimal nisin concentration, correspond-
ing to optimal gene expression with minimal growth defect, can be determined.

1. From an agar plate containing the recombinant protein expression strain, pick a single
colony into 10 mL GM17 supplemented with an appropriate antibiotic. Also pick a clone
of the same host strain containing a plasmid without the insert (as a negative control).
Grow cultures overnight at 30°C without shaking.

2. Inoculate several 10-mL aliquots of GM17 broth, supplemented with the appropriate antibi-
otic, with 1 mL of overnight culture (both expression strain and negative control). The num-
ber of cultures to be inoculated depends to the range of nisin concentrations to be tested.
However, a control culture should always be included to which no nisin will be added.

3. Grow cultures at 30°C without shaking and monitor growth using a spectrophotometer.
When cultures have reached an OD600 of approx 0.5, induce with nisin over a range of
final concentrations (for example, 0.1 ng/mL, 1 ng/mL, 10 ng/mL, and 50 ng/mL final
concentration). A control culture containing no nisin should also be grown.

4. Continue to grow cultures at 30°C without shaking and monitor OD600 for an additional
5–6 h.

5. Plot growth curves and calculate doubling times for each culture using a standard proce-
dure. Upon the addition of nisin, growth defects in strains harboring the recombinant
protein-expression vector relative to strains harboring a control plasmid, may be attrib-
uted to expression of the heterologous protein (see Fig. 2A).
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3.2.2. Preparation of Soluble and Insoluble Protein Extracts
From Whole Cells

1. Using 50-mL broths, induce cultures with a range of nisin concentrations using a scaled-
up version of the experiment described in Subheading 3.2.1. Again, ensure that suitable
controls are included. After 5–6 h growth in the presence of nisin, cells are harvested by
centrifuging 10 mL of culture at 3000g for 15 min at 4°C. At this stage, cell pellets can be
stored at –20°C and subsequently thawed on ice when extracting protein.

2. Resuspend cell pellet in 1 mL PBS and transfer suspension to a 7-mL bijoux to which 1
mL of sterile acid-washed glass beads (0.10–11 mm) have been added. Shake bijoux
using a bead-beater at 1600 rpm 3 times for 1 min with 1-min intervals during which the
suspension is kept on ice (see Note 8).

3. Transfer suspension samples into a 2-mL microcentrifuge tube (samples are difficult to
pipet as this stage because of the glass beads). Centrifuge the tubes at <1000g in a
microcentrifuge for 2 min to separate cellular material from glass beads and unbroken

Fig. 2. Induction of a viral protease in L. lactis induced with nisin. (A) Graph showing the
effect of different nisin concentrations on growth of L. lactis strains expressing a viral protease
(� minus nisin, � 1 ng/mL nisin, � 10 ng/mL nisin, � 50 ng/mL nisin) compared to an empty
vector control strain (◊ minus nisin, ∆ 50 ng/mL nisin). (B) SDS-PAGE analysis of soluble cell
extracts from the final time point of the above growth experiment. Protein samples were resolved
on 4–12% NuPAGE gradient gel (precast) and stained with Colloidal blue. pTREP-nisA, empty
expression vector; pTREPVPro, viral protease under the control of the inducible nisA promoter.
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cells. Using a pipet, carefully remove the upper layer containing cellular material (taking
care to exclude any glass beads), and transfer the suspension to a fresh microcentrifuge
tube. Usually, it is only possible to recover 400–500 µL of cellular suspension at this
stage. This material will contain both insoluble and soluble material.

4. Centrifuge the samples at maximum speed for 5 min (the insoluble material forms a pel-
let). Using a pipet, carefully transfer the supernatant (soluble fraction) to a fresh
microcentrifuge tube (take care not to remove insoluble material).

5. Resuspend the insoluble fraction in PBS using the same volume as that obtained for the
soluble fraction. Add an equal volume of 2X SDS-PAGE sample buffer (denaturing) to both
the soluble and insoluble fractions and boil for 3–5 min. Extracts can be stored at –20°C or
analyzed immediately by SDS-PAGE or immunoblotting, using standard procedures
(31,32). To compare extracts for relative amounts of protein expression, it is recom-
mended that approx equal amounts of protein should be loaded into each lane prior to
SDS-PAGE and immnunoblot analysis. When possible, a sample containing purified re-
combinant protein should also be included to aid identification of the lactococcal-
expressed protein.

6. To determine the level of induced protein expression over time, the experiment should be
repeated using the optimal nisin concentration, taking 10-mL samples prior to and at
various time points after induction with nisin. Protein extracts are prepared and analyzed
by SDS-PAGE as described previously.

3.2.3. Preparation of Cytoplasmic (Protoplast) and Cell-Wall
Protein Extracts

Depending on the expression construct used, it may be desirable to investigate the
amount of recombinant protein present in the cytoplasmic, cell-wall, or culture super-
natant fractions.

1. Harvest 5 mL of L. lactis culture (OD600 = 1; approx 2.5 × 109 bacteria per mL) by cen-
trifugation at 4°C for 5 min at 6000g (Sigma 1K15).

2. Wash the cell pellet 3× in Tris-buffered saline (TBS).
3. Resuspend the cell pellet in 200 µL of 20 mM Tris-HCl, pH 7.5, 10% w/v sucrose, and

add mutanolysin (100 U/mL) and freshly prepared lysozyme (5 mg/mL) (see Note 9).
Incubate the mix for 1 h at 37°C.

4. Recover cells from enzymatically released cell-wall material by gentle centrifugation
(1500g for 10 min).

5. Transfer supernatant containing released cell-wall extract to a new microcentrifuge tube.
6. Wash the protoplast cell pellet once in 20 mM Tris-HCl, pH 7.5, 10% w/v sucrose, and

resuspend in 100 µL of a 1:1 mix of 2X SDS-PAGE sample buffer and TE buffer.
7. Proteins in the supernatant containing the cell-wall fraction can be analyzed directly by

SDS-PAGE by adding an equal volume of 2X SDS-PAGE sample buffer and boiling for
3–5 min. Alternatively, proteins in the supernatant can be concentrated either by phenol
extraction or by trichloroacetic acid (TCA) precipitation using standard techniques (28).

3.2.4. Preparation of a Supernatant Fraction

1. Harvest 5 mL of L. lactis culture (OD600 = 1; approx 2.5 × 109 bacteria per mL) by cen-
trifugation at 4°C for 5 min at 6000g (Sigma 1K15).

2. To remove all bacteria, filter the supernatant using a sterile 0.2-µm-pore filter (low pro-
tein retention; Millisar NML Sartorius, Göttingen, Germany).
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3. Add TCA to the filtrate to a final concentration of 10–15%.
4. Incubate on ice for 1–2 h followed by centrifugation at 10,000g for 10 min.
5. Remove supernatant and drain pellet, ensuring that no drops of TCA remain.
6. Resuspend pellet in 50 µL of a 1:1 mix of 2X SDS-PAGE sample buffer and TE buffer,

boil for 3–5 min and analyze 10–20 µL (approx the equivalent of 1 mL culture) by SDS-
PAGE or immunoblotting.

3.2.5. Whole-Cell ELISA to Confirm Surface Expression
of Heterologous Protein in L. lactis

1. Coat the wells of a 96-well microtiter plate with 0.01% poly-L-lysine (100 µL/well) for 1 h
at room temperature.

2. Wash the plates by briefly immersing in 0.05 M PBS and then shaking the contents of the
plate over a collection tray.

3. To each well, add 100 µL of freshly prepared L. lactis cells diluted in 0.05 M PBS to an
OD600 of 0.2.

4. For comparison, a subset of wells from the plate can be overlayed with 100 µL of the
recombinant protein at different concentrations (1 mg/mL and serial dilutions thereof).
Incubate the plate overnight at 4°C.

5. Add 50 µL of 0.25% glutaraldehyde to each well and incubate at room temperature for
15 min.

6. Wash the plates by soaking in PBS 3× briefly. Block glutaraldehyde residues by adding
100 µL of 100 mM glycine buffer containing 0.1% BSA to each well and incubate at
room temperature for 1 h.

7. Wash plates 5× in PBS containing 0.05% Tween 20 and then block with 3% BSA in PBS-
Tween (200 µL/well) for 2 h at 37°C

8. Add 100 µL of protein-specific antibody (typically diluted 1/20 and 1/50) to each well
and incubate at room temperature for 90 min.

9. After washing, add 100 µL of alkaline phosphatase-conjugated goat secondary antibody)
diluted 1:1000 and incubate at 37°C for 2 h.

10. Add 100 mL of alkaline phosphatase-conjugated secondary antibody, diluted 1:1000 in
PBS + 0.05% Tween 20, to all wells except the secondary antibody negative control and
blank wells.

11. Incubate the microtiter plate at 37°C for 2 h. Wash wells by soaking in PBS + 0.05%
Tween 20 briefly 3× (followed by two 3-min soaks, and pat dry.)

12. To prepare substrate, dissolve one 5-mg tablet of nitrophenyl phosphate in 5 mL
diethanolamine buffer. Add 100 µL of substrate to each well, then cover the microtiter
plate with foil (the substrate is photo-sensitive) and incubate at room temperature for 30
min. Using a microtiter plate reader, measure the absorbance of each well at 405 nm.

3.3. Preparation of Lactococci for Immunization
1. From an agar plate containing the recombinant protein-expression strain, pick a single

colony into 10 mL GM17 supplemented with appropriate antibiotic. Also pick a strain of
the identical background containing plasmid without insert (as a negative control). Grow
cultures overnight at 30°C without shaking—this broth is used to inoculate overnight
cultures for a series of immunizations (three consecutive oral doses or just one intra nasal
dose) and a sample is taken to check for expression of the heterologous antigen.

2. Inoculate several 10-mL aliquots of GM17 broth, supplemented with the appropriate
antibiotic, with 0.2 mL of overnight culture (both expression strain and negative control).
The number of cultures required depends on the number of inoculations to be carried out
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(ensuring that there will be at least a twofold excess of cells). Grow cultures overnight at
30°C without shaking.

3. Dilute overnight cultures 1:5 in GM17, supplemented with appropriate antibiotics, and
measure absorbance at 600 nm (ensure that the OD reading falls between 0.2 and 0.6). The
volume of culture required to provide sufficient cells (usually twofold excess to allow for
losses during administration to mice) is calculated based on OD 1.0 = 5 × 108 cfu/mL.

4. Centrifuge the appropriate volume of cells at 1200g in microfuge (or 2500g in Eppendorf
5810R) for 15 min and wash the cells once in sterile PBS. Centrifuge the cells again and
resuspend the cell pellet in a small volume of cell resuspension buffer. The volume is
measured and then extra buffer is added to make up the required total volume at 5 × 1010

cfu/mL.

Caution: When working with animals all procedures should be carried out subject
to the Animals (Scientific Procedures) Act, 1986 and to guidelines set out by the Home
Office. Researchers should consult the relevant authorities.

3.3.1. Oral Inoculation of Mice with Bacteria

An inoculation regime similar to that used with microparticles has been used when
orally administering the bacterium. Typically, live bacteria (5 × 109 in 0.1-mL vol) are
administered to mice intragastrically using a gavage tube without anaesthetic or adju-
vant on three consecutive d (d 0, 1, and 2). This set of doses is repeated 4 wk later (d
28, 29, and 30). Five days later, a single booster dose is administered. Mice are tail
bled at regular 2-wk intervals in order to monitor immune responses.

3.3.2. ELISA Assay for Detecting Antibodies to Lactococcal-Expressed
Antigen

1. Coat the wells of a 96-well microtiter plate with 50 µL recombinant protein (1 µg/mL
diluted in carbonate/bicarbonate buffer. Cover microtiter plate and leave overnight at 4°C
in a plastic box containing a damp paper towel.

2. Wash plates twice by briefly immersing in a container of PBS + 0.05% Tween 20 and
then shaking the contents out of the wells over paper toweling. Pat the microtiter plate dry
with 2–3 taps on a paper towel.

3. To prevent nonspecific antibody binding, incubate wells with 100 µL of 3% BSA in PBS
+ 0.05% Tween 20 for 1 h at room temperature.

4. Wash plates 3× as described in step 2 and pat dry.
5. Add 50 µL pre-immune serum, diluted 1:50 in PBS + 0.05% Tween 20 to wells C1, D1, E1,

F1 and G1 (these enable the calculation of end point titers). Add 50 µL primary test serum to
the remaining wells. Start at a dilution of 1:40 (diluted in PBS + 0.05% Tween 20) increas-
ing in a series of double dilutions (e.g. 1:40, 1:80, 1:160 continued along a row of the
microtiter plate). Do not add primary antibody to well A2, as this will serve as the primary
antibody negative control. Incubate the microtiter plate at room temperature for 90 min.

6. Wash wells by briefly soaking in PBS + 0.05% Tween 20 3× followed by two 3-min
soaks. Pat dry.

7. Add 50 µL of alkaline phosphatase-conjugated secondary antibody, diluted 1:3000 in
PBS + 0.05% Tween 20, to all wells except A1 (secondary antibody negative control and
blank). Incubate the microtiter plate at room temperature for 90 min.
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8. Wash wells by soaking in PBS + 0.05% Tween 20 briefly 3× followed by two 3-min
soaks and pat dry.

9. To prepare substrate, dissolve one 5-mg tablet of nitrophenyl phosphate in 5 mL
diethanolamine buffer. If using all 96 wells, make up two batches of substrate. Add 100
µL of substrate to each well then cover the microtiter plate with foil (the substrate is
photo-sensitive) and incubate at room temperature for 30 min. Using a microtiter plate
reader, measure the absorbance of each well at 405 nm. Use well A1 as the blank.

10. Plot A405 against primary antibody dilution (log scale). End point titer is the dilution of
primary antibody, giving the same absorbance as the mean of the preimmune wells.

4. Notes
1. Use sterile Milli-Q water to dissolve the sucrose and glycerol. Sterilize by filtration.
2. M17 broth can be purchased from Difco. Dissolve 37.25 g M17 broth (and 15 g agar for

M17 agar) in 950 mL of glass-distilled water. Prepare ten 95-mL aliquots and sterilise by
autoclaving. Agar can be used directly or cooled and re-melted. To use, add 5 mL 10%
glucose (final glucose concentration is 0.5%) to 95 mL medium plus appropriate antibi-
otic. Pour plates and allow them to dry. Store unused plates at 4°C.

3. A stock solution of Lysozyme can be prepared at 500 mg/mL and stored at –20°C. A
stock solution of Mutanolysin can be prepared at 10U µL and stored at –20°C.

4. When using the Qiagen plasmid miniprep kit, aliquot an appropriate amount of
resuspension buffer into a bijoux and add Lysozyme and Mutanolysin. This adaptation
also works for the Promega miniprep kit, and is probably adaptable to other commercial
miniprep kits.

5. Typically, precipitated DNA should be resuspended in 1/10 the volume of electro-com-
petent cells that will be used for the transformation.

6. It is important not to centrifuge the cells too hard, as this will damage them.
7. If using liquid nitrogen to snap-freeze cells, make a needle hole in the microcentrifuge lid

to allow air to escape.
8. If a bead-beater is not available, samples can be vortexed using a benchtop whirlimixer.
9. Alternatively, lysostaphin, at a final concentration of 2.5 mg/mL, can be used in place of

mutanolysin.
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Synthetic Peptides

Michael J. Francis

1. Introduction
1.1. A Brief History

Efforts to produce more stable and defined vaccines have focused on a detailed
analysis of the immune response to many infectious diseases in order to identify the
antigenic sites on the pathogens that are involved in stimulating protective immunity.
Armed with this knowledge, it is possible to mimic such sites by producing short
chains of amino acids (peptides), and to use these as the basis for novel vaccines. The
earliest documented work on peptide immunization is actually for a plant virus—the
tobacco mosaic virus. In 1963, Anderer (1) demonstrated that rabbit antibodies to an
isolated hexapeptide fragment from the virus-coat protein coupled to bovine serum
albumin (BSA) would neutralize the infectious virus in culture. Two yr later, he used
a synthetically produced copy of the same peptide to confirm this observation. This
was pioneering work, and it was more than 10 years before the next example of a
peptide that elicited antivirus antibody appeared, following work by Sela and his col-
leagues (2) on a virus—MS2 bacteriophage—which infects bacteria. The emergence
of more accessible techniques for sequencing proteins in 1977, coupled with the abil-
ity to readily synthesize peptides already developed in 1963, heralded a decade of
intensive research into experimental peptide vaccines. The first demonstration that
peptides could elicit protective immunity in vivo, in addition to neutralizing activity in
vitro, was obtained using a peptide from the VP1 coat protein of foot-and-mouth-
disease virus (FMDV) in 1982, with the guinea pig as a laboratory animal model (3,4).
This finding was subsequently supported by the demonstration of protective immunity
in cattle and pigs (5,6). Such protective immunity has also been demonstrated in dogs
(7) and mink (8) following immunization with a synthetic canine parvovirus vaccine.
Thus, peptides have now been used to elicit immune responses against a wide variety
of pathogens, including some for which more conventional vaccine approaches have
not yet proven to be successful (9).



116 Francis

1.2. Advantages of Peptide Vaccines
The advantages of peptide-based vaccines are numerous. The peptides are chemi-

cally defined, can be stored as a freeze-dried powder, are stable indefinitely, and no
infectious material is involved in their manufacture. Furthermore, they can be designed
to stimulate an appropriate protective immune response against specific sites on an
antigen and, with minor changes to the primary sequence, by using peptide mixtures or
by use of conserved sequences, they can stimulate broad immunity to cover different
strains or serotypes of a pathogen (10,11). They also provide the opportunity to en-
hance the immune response by using various novel adjuvants that cannot be used with
many conventional vaccines because of their labile nature (12), for targeting or direct-
ing the immunogen at important sites within the body in order to elicit a predetermined
immune response, and for developing delayed or triggered release systems in order to
remove the requirement for booster vaccination. In addition to the more traditional
routes of vaccination, synthetic peptides have been shown to be effective following
intranasal (in) (13–15), oral (16), and transdermal delivery (15,17). From the
manufacturer’s perspective, peptides should reduce the need for a large-scale produc-
tion plant and for complex downstream processing. In essence, they offer the opportu-
nity to move vaccines from the biological arena to the pharmaceutical arena.

A wide variety of techniques is currently available to synthesize peptides and
enhance their immunogenicity for formulation as a vaccine. The choice of technique
adopted will vary with—and depend on—the particular peptide being studied. It is not
possible in this chapter to provide detailed protocols for all the available techniques.
Thus, the methodology and techniques for peptide synthesis, choice of carrier protein
and identification of Th-cell epitopes will be discussed in more general terms, identi-
fying advantages and disadvantages of the various techniques when appropriate. The
techniques for linking B-cell epitopes and Th-cell epitopes are discussed in detail (see
Subheading 3.4.3.). In addition, examples of experiments to enhance the immunoge-
nicity of an FMDV peptide by adding foreign Th-cell determinants and by forming
multimeric peptides are described.

2. Materials
The following materials are required for the detailed protocol of methods to link

B- and T-cell epitopes (see Subheading 3.4.3.).

1. Phosphate-buffered saline (PBS), pH 7.2.
2. 25% glutaraldehyde (Sigma, St. Louis, MO).
3. Distilled water.
4. m-Maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) (Pierce Chemical Co., Rock-

ford, IL).
5. Dimethylformamide (DMF) (Sigma).
6. 10 mM sodium phosphate buffer, pH 7.0.
7. 50 mM sodium phosphate buffer, pH 6.0.
8. Low mol wt dialysis tubing.
9. Freeze dryer.

10. Sephadex G-25 column (Pharmacia, Piscataway, NJ).
11. Bio Gel P-2 (Bio-Rad laboratories, Richmond, CA).
12. High-performance liquid chromatography (HPLC) apparatus.
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3. Methods
3.1. Peptide Synthesis

Peptides required for such studies can be readily synthesized using standard solid-
phase protocols involving tert-butoxy-carbonyl (t-Boc) (18) and 9-fluorenylmetho-
xycarbonyl (Fmoc) (19) chemistry. Moreover, recent developments in synthetic peptide
production involving the compartmentalization of resins into small packets have greatly
facilitated the production of large numbers of peptides for experimental analysis (20).
It is not appropriate for this chapter to discuss the methodology for such synthesis in
detail, since the focus is on the application of the technology to vaccination.

3.2. Mimotopes

The technique commonly known as mimotope production is a novel method for pro-
ducing peptides that match the binding site of an important functional antibody (21). It
can use either random libraries of peptides for screening (22,23) or the more selective
process of amino acid substitution (24). Such a procedure can be used to define func-
tional discontinuous epitopes that would not normally be detected by simply referring
to the linear sequence of a protein molecule. An example of this technique being suc-
cessfully used to identify an 8-amino acid mimotope that will induce a protective
immune response is provided by work on the parasite Schistosoma mansoni (25).

3.3. The Use of Carrier Proteins

There is little doubt that carrier proteins still offer the most straightforward and
convenient way of presenting poorly immunogenic peptides to the immune system.
This may be achieved either by chemical linkage of synthetic peptides to “foreign”
protein molecules or by direct linkage for expression as recombinant fusion proteins
(the latter method is not discussed in this chapter). However, it should be recognized
that the method used to link the peptide to the carrier could greatly influence both the
quantitative and qualitative nature of the immune response observed.

The classical role of a carrier protein in immunology is to provide T-cell help for B-
cell antibody production to a poor/non-immunogenic antigen or hapten. For peptide
delivery, carrier proteins are also generally used to recruit T-cell help for poorly
immunogenic B-cell epitopes. However, in some cases, the peptides may be immuno-
genic in their own right because of the presence of B- and T-cell epitopes within the
same sequence, and the carrier molecule is simply acting as a polymeric delivery sys-
tem. In addition, peptide carriers may act by increasing the molecular mass of the
peptide, and thus improve the uptake by antigen-presenting cells (APCs). Small pep-
tides generally have a very short half-life within the body, which may be prolonged by
linkage to carrier protein.

Thus, peptide carriers may actually function in a number of different ways, but
their overall role is to increase the immunogenicity of the peptide, and thus assist in
producing an antibody response against the peptide in vivo.

3.3.1. Factors to Consider Before Coupling a Peptide to a Carrier Protein
When selecting a suitable carrier, there are a number of important points that should

be considered. These are as follows:
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3.3.1.1. PURPOSE OF COUPLING

What is the reason for coupling? Is it simply to elicit a high-titer anti-peptide anti-
body response or to immunize an animal against infection? Does the peptide require a
carrier? This last point is well-illustrated by a study carried out with a foot-and-mouth-
disease (FMD) serotype SAT2 peptide (26), in which coupling of the peptide to a
carrier via a carboxy-terminal cysteine residue reduced immunogenicity and abolished
its ability to elicit neutralizing antibodies against the virus.

3.3.1.2. NATURE OF THE PEPTIDE

Study the primary sequence of the peptide. Is it hydrophilic or hydrophobic? Are
certain residues likely to be important for its antigenicity? Will these residues be
affected or masked by coupling to a carrier? Are cysteine residues that may form dis-
ulfide bridges present?

3.3.1.3. CHOICE OF CARRIER

It is vital to remember that an immune response will be raised against the carrier as
well as the peptide. Will you use a natural or artificial carrier? Should the carrier come
from the same organism as the peptide? Should it be a common protein or an unusual
protein? Is there a risk of eliciting autoimmunity or hypersensitivity? Will antibodies
to the carrier interfere with subsequent in vitro analysis? Is there a possibility that
prepriming against the carrier has occurred?

3.3.1.4. METHOD OF CONJUGATION

Some of the most commonly used methods of conjugation will have a significant
effect on the antigenicity of many peptides (see Subheading 3.3.3.). It is therefore
important to consider what effect the conjugation procedure will have and how you
wish to present the peptide to the immune system. The peptide-to-carrier ratio can also
be very important.

3.3.1.5. METHOD OF IMMUNIZATION

A number of factors can affect the qualitative and quantitative immune response
following peptide-carrier immunization. These include the route of immunization,
dose, choice of adjuvant, frequency, interval between primary and subsequent booster
inoculations, age, and sex.

3.3.1.6. SPECIES

The choice of species can have a marked effect on the nature of the anti-peptide
antibodies produced. The response in laboratory animals may be very different from
the response in target species for a vaccine. Differences may also be observed between
different species of laboratory animal and even different strains within a species.
Wherever possible, appropriate inbred strains of animals should be used.
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3.3.2. Commonly Used Carriers
Traditional carriers include proteins, such as keyhole limpet hemocyanin (KLH)

and sperm whale myoglobin (SWM). These are generally chosen because they are
likely to be foreign to the species being immunized and are unlikely to elicit
crossreactive or interfering antibodies. They are also well-established model immuno-
gens and, as is the case of SWM, they have been extensively characterized. Interest-
ingly, KLH has also been used in a number of studies in humans with no obvious side
effects (27). Other common carriers include albumins, such as bovine serum albumin
(BSA) and ovalbumin. These appear to work well and are freely available. However, it
should be noted that they are also commonly used as blocking proteins in immunoas-
says. Such assays would thus have to be modified for screening anti-peptide antisera
generated with these carriers. Furthermore, since anti-peptide antibodies are commonly
used for screening mixtures of proteins—for example, by Western blotting—the
anticarrier antibodies may crossreact. This is particularly important if bovine serum is
used to culture an organism and BSA is used as the carrier. Other possible carriers that
have been used successfully in the past include bacterial toxoids, such as tetanus tox-
oid and diptheria toxoid, and other bacterial proteins used in vaccines, such as Purified
Protein Derivative from BCG (28). One of the reasons for this is that a preprimed
human population will exist that may produce an enhanced response to the peptide or
hapten linked to the same carrier (29). However, other reports suggest that no
prepriming occurs (30), or even that active suppression may be the result (31). Clearly,
this must be studied on a case-by-case basis.

3.3.3. Coupling Methods
A wide range of methods now exist for coupling peptides to protein carriers. Perhaps

the most popular method, because of its simplicity, is to use glutaraldehyde. However,
this is relatively uncontrolled and may under certain circumstances involve primary
reactions with α-amino groups, ε-amino groups on lysine residues, and sulfhydryl
groups on cysteine residues, as well as secondary reactions with phenolic hydroxyl
groups on tyrosine residues and imidazole groups on histidine residues. Therefore, if
Lys, Cys, Tyr, or His residues are involved in antigenic sites on the peptide, these may
be significantly altered by this coupling method. The use of heterobifunctional
crosslinkers can largely overcome this problem by facilitating specific linkages. For
example, the crosslinker MBS has an amino-reactive N-hydroxysuccinimide (NHS)-
ester as one functional group and a sulfhydryl reactive group as the other. Amino groups
on the carrier are acylated with the NHS-ester via the hydroxysuccinimide group, and
then a peptide is introduced that possesses a free sulfhydryl group that can react with the
malemide group of the coupling reagent. This may require synthesis of a specific pep-
tide with a non-natural cysteine residue added to its carboxy- or amino-terminus, or
indeed anywhere else within the sequence. By using this technique the orientation of the
peptide may be altered. The effect of peptide orientation on the immune response is
well-illustrated by the work of Dyrberg and Oldstone (32). In this study, peptide linked
via its amino-terminus elicited antibodies that would only recognize amino-linked pep-
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tide in vitro, and vice versa for the carboxy-linked peptide. A further study examined
the effect of oxime, thioester, and disulfide bond formation on the biological activity of
a peptide (33). Thus, linkage can have a marked influence on the specificity of the
antipeptide antibody response in vivo.

3.3.4. Guidelines for Delivery

Although it is difficult to provide any firm guidelines for peptide delivery, an
attempt has been made to compare published data in order to reach a consensus (34).
The results of this study are as follows:

1. Peptides should be 10–15 residues long. In the experience of this author, longer peptides
of 20–30 residues often make the best immunogens for vaccine purposes.

2. Peptides can be positively or negatively charged, but should be hydrophilic.
3. In this limited comparison, BSA was a better carrier than KLH, but in practice it may be

worth trying a range of carriers for any given antigen, and BSA may not be the best
choice (see Subheading 3.3.2.).

4. MBS is better than glutaraldehyde or carbodimide. It is also likely to be a more controlled
process (see Subheading 3.3.3.).

5. Finally C- or N-terminal sequences of a protein may be the best first choice for raising
antiprotein antibodies.

3.3.5. Potential Problems

Although chemical coupling offers a quick and convenient method for presenting
peptides in a more immunogenic form, a number of potential problems should be rec-
ognized. The coupling process is often poorly defined, and the reaction is difficult to
control. As a result, the reproducibility from batch to batch is likely to be poor. There
is also a strong risk of actually masking important antigenic sites and of modifying the
peptides during the coupling process. Problems of carrier-induced suppression and
hypersensitivity to the carrier may also be encountered.

3.4. Methods for Adding T-Cell Epitopes to Peptides

In the past, it was generally assumed that, because of their relatively small molecu-
lar size, many synthetic peptides would behave like haptens and would require cou-
pling to a large “foreign” protein carrier to enhance their immunogenicity.
Immunization with such conjugates often resulted in the production of anti-peptide
antibodies that totally failed to recognize the native protein or infectious agent because
of the method of peptide-carrier linkage (see Subheading 3.3.1.).

It was the goal of many immunologists to dispense with such poorly defined carrier
proteins and to produce a totally synthetic immunogen. It is now clear that synthetic
peptides can be highly immunogenic in their free form, provided that they contain
appropriate antibody recognition sites (B-cell epitopes) as well as sites capable of elicit-
ing help for antibody production (Th-cell epitopes). These Th-cell epitopes must be ca-
pable of binding class II major histocompatibility complex (MHC) molecules on the
surface of host antigen-presenting cells (APC) and B-cells, and of subsequently interact-
ing with the T-cell receptor in the form of a tri-molecular complex in order to induce B-
cells to differentiate and proliferate. Indeed, there are good examples—such as the
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141–160 sequence from VP1 of FMDV—of peptides that contain B- and Th-cell epitopes,
which undoubtedly account to a large extent for their success as immunogens (35,36).
However, if a free peptide is a poor immunogen or produces an immune response that is
genetically restricted, appropriate Th-cell epitopes may be added.

3.4.1. Identification of Class II Th-Cell Epitopes
A number of Th-cell epitopes has been defined from a wide range of proteins and

infectious agents. Such epitopes may be used to improve the immunogenicity of a pep-
tide in order to raise anti-peptide antibodies for experimental purposes, despite the fact
that they will come from “foreign” proteins. A good example would be the use of an H-
2d restricted Th-cell epitope to facilitate the production of monoclonal antibodies
(MAbs) against an important peptide sequence in Balb/c mice. Th-cell epitopes from
“foreign” proteins may also be used for vaccines in situations in which protective levels
of antibody must be maintained by repeated inoculation of the population at risk; for
example, FMDV prophylaxis requires regular revaccination at intervals of 6–12 mo.

In situations in which memory responses are required for effective immunity, natu-
ral Th-cell epitopes from the infectious agent should be used. There are few shortcuts
in identifying these sites and generally a detailed analysis of component proteins, pro-
tein fragments, and peptides, using in vitro T-cell stimulation techniques, will be
required to identify appropriate sequences. However, there are now two published
algorithms that appear to improve the chances of selecting appropriate peptide
sequences with T-cell-stimulating activity from the primary sequence of a protein.
The first, proposed by DeLisi and Berzofsky (37), suggests that T-cell sites tend to be
amphipathic structures—i.e., molecules that possess opposing hydrophobic and
hydrophilic domains—which are frequently in the form of an α helix. The originators
of this hypothesis have published a computer program to assist in the identification of
amphipathic helices from the primary amino-acid sequence of a protein. The second
method, proposed by Rothbard (38), suggests that each T-cell epitope has within it a
sequence composed of either a charged residue or glycine, followed by two hydropho-
bic residues, and, in many cases, the next residue is charged or polar. This algorithm
has subsequently been refined to consider further residues flanking the two central
hydrophobic amino acids and to suggest possible subpatterns responsible for the
genetic restriction of an epitope (39). Another method for identification of potential
Th-cell epitopes is to study the ability of a peptide to bind to the Class II MHC antigen
(40). By using a variety of predictive methodologies, a broadly crossreactive Th-cell
peptide has been identified from the fusion protein of measles virus (41) that stimu-
lates both mouse and human lymphocytes.

3.4.2. Identification of Class I CTL Epitopes
Cytotoxic T-lymphocyte (CTL) epitopes are generally presented on the surface of

cells in the context of Class I MHC antigen. The peptides that bind to Class I MHC
antigen are typically 8–10 residues in length and representative of linear sequences on
the native protein molecule. There are distinct sequence motifs that are associated
with binding to Class I MHC antigen (42), and these can be used to predict potential
epitopes from a known protein sequence. CTL epitopes can also be identified by
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screening primed cell populations using sets of overlapping peptides (43). Once iden-
tified, synthetic peptides representing CTL epitopes may be delivered in an appropri-
ate manner in order to elicit an antigen-specific CTL response in vivo (44–46)

3.4.3. Methods of Linking B- and T-Cell Epitopes

Once identified, it is important that the appropriate Th-cell epitope(s) is linked to
the B-cell epitope peptide to facilitate internalization by the B-cell and representation
on the surface in association with class II MHC molecules. However, studies have
indicated that covalent linkage of the B- and T-cell epitopes is not necessary for the
generation of T-cell-dependent antibody responses to non-immunogenic B-cell
epitopes, provided that they are co-immunized (47). Three methods of linkage have
been successfully used to date.

3.4.3.1. GLUTARALDEHYDE POLYMERIZATION

The glutaraldehyde method involves copolymerization of a B-cell peptide with a
T-cell peptide via their amino groups.

1. Dissolve equal weights of T-cell and B-cell peptides in phosphate-buffered saline (PBS)
to produce a 2 mg/mL solution.

2. Add a stock solution of 25% glutaraldehyde (Sigma, St. Louis, MO) in water slowly with
continuous stirring to yield a final concentration of 2.63 mM.

3. Stir the mixture overnight at room temperature in the dark.
4. Dialyze the resulting polymer extensively against distilled water, using dialysis tubing

with a low-mol-wt retention capacity in order to avoid loss of the peptide.
5. The material can then be lyophilized and weighed.

The main disadvantages of this approach are the uncontrolled nature of the reaction
and the risk of affecting the antigenic nature of the peptides. For example, glutaralde-
hyde may completely abolish the antigenicity of peptides containing key lysine resi-
dues. Nevertheless, this method has been used to link a streptococcal peptide,
containing B- and T-cell epitopes, to a hepatitis B virus (HBV) peptide, which con-
tained only a B-cell epitope, thus making the hepatitis peptide immunogenic in Balb/c
mice (48).

3.4.3.2. CONJUGATION WITH THE HETEROBIFUNCTIONAL CROSSLINKING REAGENT MBS

The crosslinker MBS has an amino-reactive NHS-ester as one functional group and
a sulfhydryl reactive group as the other. Amino groups on one peptide, A (e.g., B-cell
epitope), are acylated with the NHS-ester via the hydroxysuccinimide group, and then
a second peptide, B (e.g., the T-cell epitope), that possesses a free sulfhydryl group
that can react with the maleimide group of the coupling reagent, is introduced. This
may require the synthesis of a specific peptide with a non-natural cysteine residue
added to its carboxy-terminus. Conjugation is carried out as follows.

1. Slowly add 5.7 mg of MBS (Pierce Chemical Co., Rockford, IL) in 380 µL DMF to 15 mg
of peptide A in 1.5 mL of 10 mM sodium phosphate buffer, pH 7.0.

2. Stir the mixture for 30 min at room temperature.
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3. Separate the m-maleimidobenzoyl peptide (MB-peptide) from the unreacted MBS by
desalting on a column of Sephadex G-25 (Pharmacia, Piscataway, NJ) in 50 mM sodium
phosphate buffer, pH 6.0.

4. Mix the resulting MB-peptide pool with 15 mg of peptide B, possessing a carboxy-termi-
nal cysteine, in 15 mL of PBS, pH 7.2.

5. Stir the mixture at room temperature for 3 h.
6. Desalt the final conjugate on a column of BioGel P-2 (Bio-Rad Laboratories, Rich-

mond, CA), analyze for purity by reversed-phase HPLC, and determine its amino acid
composition.

Once again, it should be noted that the presence of key lysine residues, or a natural
cysteine in peptide A, or the presence of a natural cysteine within peptide B, is likely
to affect the nature and final antigenicity of the conjugate produced. This method has
been used to link the malaria-encoded sequence (NANP) from the circumsporozoite
protein, which will elicit an antibody response in, and stimulate T-cells from, mice
carrying the I-Ab gene, to an amphipathic helical segment from residues 326–343 of
the same protein. The resultant conjugate raised anti-(NANP) antibodies in H-2k mice
that are nonresponders to the (NANP) sequence alone (49).

3.4.3.3. COLINEAR SYNTHESIS OF B- AND TH-CELL PEPTIDES

Problems encountered with the methods covered in Subheadings 3.4.3.1 and
3.4.3.2 . involving glutaraldehyde or MBS may be overcome by colinear synthesis of
a peptide containing B- and Th-cell epitopes. This method enables a peptide to be
constructed with known immunological properties. It also provides flexibility to en-
able the position of one epitope to be altered in relation to the other and to synthesize
peptides containing a number of B- and/or T-cell epitopes. As a technique, it has been
successfully used to overcome nonresponsiveness in defined strains of mice to a bo-
vine rotavirus peptide (50), a foot-and-mouth-disease virus (FMDV) peptide (51), a
hepatitis B virus (HBV) envelope peptide (52) and a measles virus peptide (53). The
principle of colinear synthesis combined with polymerization via disulfide bonding
has been applied to what may be the first successful vaccine against malaria (54).

3.5. An Immunization Study Using FMDV Peptides
with Added Foreign Th-Cell Determinants

A good example of the colinear synthesis approach to peptide immunization is pro-
vided by work on a 20-amino acid peptide from FMDV (51). This 141–160 sequence
from the VP1 protein of the virus induces a protective immune response, contains B- and
Th-cell epitopes, and shows an H-2k-restricted response in inbred mice when
inoculated with Freund’s incomplete adjuvant (FIA). Therefore, it was a suitable can-
didate to determine whether the immune response could be broadened to other mouse
strains by adding further Th-cell epitopes. From the literature, three suitable T-cell
epitopes were chosen that were active in H-2d nonresponders, one from ovalbumin
contained within the sequence 323–339 (OVA) and two from sperm whale myoglobin
(SWM) contained within the sequences 132–148 (SWMI) and 105–121 (SWMII).
Peptides were synthesized with the FMDV VP1 141–160 sequence followed at the
carboxy-terminus by one of these “foreign” T-cell epitopes ending with a carboxy-
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terminal cysteine residue, which has been shown to enhance the immunogenicity of
uncoupled FMDV peptide. As a control, a fourth peptide was synthesized with the
FMDV VP1 141–160 sequence followed by a further 17 residues from VP1 and a
carboxy-terminal cysteine.

Groups of eight inbred B10.BR (H-2k), B10.D2 (H-2d), and Balb/c (H-2d) mice
were inoculated intramuscularly with 0.2 mL of solutions containing 25 mmol of one
of the experimental peptide preparations (FMDV 141–177 alone, FMDV 141–160 +
OVA, FMDV 141–160 + SWMI, and FMDV 141–160 + SWMII) emulsified with an
equal volume of FIA. Each mouse was bled before inoculation and at regular 14-d
intervals for 2 mo. Reinoculation can also be carried out at this stage to study the
memory response. Serum was separated from each blood sample and stored at –20°C
until needed.

Anti-FMDV peptide 141–160 was determined in each sample using an indirect
enzyme-linked immunosorbent assay (ELISA). The results obtained 42 d after inocula-
tion demonstrated that all four peptides were immunogenic in the B10.BR (H-2k) mice.
These results were expected, because this strain had previously been shown to be a high
responder to the 141–160 sequence. In contrast, the B10.D2 and Balb/c (H-2d) strains
failed to respond to the extended FMDV sequence alone. The addition of the further 17
natural residues from VP1 had not overcome the nonresponsiveness of these strains to
the 141–160 sequence. However, each of the peptides with an added foreign T-cell
epitope did induce an anti-peptide 141–160 response at 42 d in the H-2d mice Therefore,
T-cell epitopes from ovalbumin and SWM were capable of overcoming genetic restric-
tion and of helping to induce an antibody response to the FMDV peptide.

Having determined that nonresponder H-2d mice produced an anti-peptide response
when inoculated with the 141–160 peptide plus a foreign T-cell epitope, it was then
necessary to determine whether these antibodies had virus-neutralizing activity. Once
again, the B10.BR mice responded to all the peptides, giving neutralizing antibody lev-
els of between 1.5 and 2.3 log. However, neutralizing antibodies were only produced in
the B10.D2 and Balb/c mice that had been inoculated with peptides that included OVA
or SWMI T-cell epitopes. The antipeptide antibodies produced to the peptide with the
SWMII T-cell epitopes did not have virus-neutralizing activity. Although these results
demonstrated that virus-neutralizing antibody responses can be produced in nonresponder
H-2d mice using peptides with foreign Th-cell epitopes, they also showed that the choice
of epitope or its location in relation to the B-cell epitope is important. Other studies have
confirmed that flanking sequences (55) and epitope polarity (56) can influence the anti-
genicity and immunogenicity of chimeric peptides.

3.6. Multimeric and Cyclic Presentation of Peptides

The FMDV peptide has also provided an excellent model for the study of peptide
presentation. The peptide was known to be immunogenic in the absence of a carrier
protein, provided it was polymerized either by crosslinking with glutaraldehyde or
oxidized in air after addition of a cysteine residue on each terminus (57). The free
peptide was also immunogenic when delivered in small unilamellar liposomes (35). A
number of synthetic derivatives has since been prepared and subsequently tested for
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their immunogenicity. Initially, the role of a non-natural terminal cysteine residue was
examined by comparing the immunogenicity in FIA of the 141–160 peptide (which
contains B- and Th-cell epitopes), with that of the 141–160 peptide plus an additional
C-terminal cysteine residue (141–160 Cys ), and 141–l60 Cys with an S-acetamido-
methyl thiol-blocking group on the cysteine (141–160 Cys [Acm]) (34). No primary
neutralizing antibody response was seen following a 100-µg dose of the 141–160 pep-
tide. However, the incorporation of a non-natural unblocked cysteine residue at the C-
terminus resulted in a primary neutralizing antibody response. If the thiol group on the
cysteine was blocked as in the 141–160 Cys (Acm) peptide, no such response was
seen. Thus, the presence of a C-terminal cysteine with a free thiol group greatly
enhanced the immunogenicity of free 141–160 peptide in IFA.

The presence of a free thiol cysteine residue is likely to result in the formation of
peptide dimers that may have a more ordered secondary structure, cause crosslinking
of B-cell receptors, and/or lead to the formation of immune complex in vivo. To test
whether a fixed dimer form of the peptide was immunogenic, the monomer 141–160
Cys  was crosslinked with N,N-1,-4-phenylenedimaleimide via free sulfhydryls to pro-
duce stable dimer peptides that were purified by HPLC. The immune response of
guinea pigs to these crosslinked dimers was indistinguishable from that obtained with
air-oxidized disulfide dimers using a 100-µg dose of each peptide in FIA. Therefore, it
was concluded that the dimer form of the peptide was responsible for its increased
immunogenicity and not simply the presence of a free sulfhydryl group (58).

Following the observation that FMDV peptide disulfide dimers were more immu-
nogenic than monomers, dimer peptides in the form of tandem repeats were synthe-
sized with or without a C-terminal cysteine residue. The immunogenicity of these
tandem repeats (137–162 Cys [×2] and 137–162 Gly [×2]) was compared with that of
a single-copy 137–163 Cys peptide. The results of this study demonstrated that tan-
dem repeats of the FMDV peptide were generally more immunogenic than single-
copy disulfide dimers, and that the addition of a cysteine residue—which could result
in the formation of disulfide tetramer structures—may also improve the response fur-
ther (58). The enhanced activity of similar tandem-repeat peptides from single sero-
types of FMDV, as well as double serotypes (O and A), has also been reported (26).

In order to exploit fully the concept of multiple-copy synthetic peptides, the Mul-
tiple Antigenic Peptide (MAP) system was studied (59,60). This system provides a
method for direct solid-phase synthesis of a peptide antigen onto a branching lysine
backbone, and has been used to produce several polylysine octamer constructs (61).
Levels of neutralizing antibody responses known to protect guinea pigs against chal-
lenge infection with FMDV (62) were obtained following a single inoculation of 0.8–
4 µg of the octameric or tetrameric form of the peptide in IFA, whereas 20 µg of the
lysine dimer were required to produce a similar level of antibody (63). A monomeric
preparation did not evoke measurable levels of neutralizing antibody at doses up to 20
µg. On a weight-for-weight basis, octamer peptides appeared to be 25- to 50-fold more
immunogenic than disulfide dimers. Another interesting feature of the MAPs was their
ability to elicit significant levels of neutralizing antibodies following two inoculations
with aluminum hydroxide (63), the only adjuvant currently licensed for use in humans.
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FMDV peptides had previously been shown to be poorly immunogenic when inocu-
lated with this adjuvant (36) unless they were coupled to a protein carrier (35). There-
fore, in this respect, the octameric MAP was behaving like a carrier-linked peptide,
possibly because of its improved adsorption to aluminum hydroxide when compared
with that of the 141–l60 Cys disulfide dimer. A MAP peptide has even been success-
fully used to immunize fish (64).

In order for a peptide to be used successfully as a vaccine, it must stimulate the
appropriate B-cells in order to elicit antibodies that will recognize native pathogen and
neutralize its infectivity. This relies to a large extent on the peptide adopting an appro-
priate structure or shape that correctly mimics antigenic determinants on the pathogen.
Certain linear peptides have been very successful in this respect, although the activity
of these peptides can be further improved by the addition of non-natural cysteine resi-
dues to the natural sequence, the presentation of multiple copies, or the inclusion of
other parts of the natural virus B-cell epitope within the same peptide. Peptides can
also be fixed into a loop structure (cyclized) in order to represent more closely struc-
tured antigenic determinants on a pathogen. This has been successfully achieved for
hepatitis B (65), influenza (66), and polio (67) virus peptides by placing cysteine resi-
dues at each end of the peptide and allowing the formation of a disulfide bond between
them. The resultant anti-peptide antibody has an enhanced binding activity (functional
affinity) for the virus. Other groups have attempted to produce more ordered structure
in synthetic peptides by chemical modification of a linear sequence. Thus, by substitu-
tion of putative hydrogen bonds with covalent mimics, nucleation sites for α-helix
formation or type-1 reverse turns may be created within the peptide (68).

3.7. Conclusions
Our knowledge of peptide immunochemistry has increased greatly since the first

observations in 1963 that peptides could raise neutralizing antibodies (69). It is now
possible to deliver structured peptides and multiple-copy peptides, to dispense with
carriers by incorporating B- and Th-cell sites, and to use defined recombinant carriers
that enable the immunogenicity of the peptide to approach that of the whole virus.
Peptides have been produced from nearly all the major viruses (9) plus a number of
important bacterial and parasite antigens (70). In addition, synthetic peptides offer a
real opportunity to develop immunotherapeutic vaccines against cancer (71,72) and
allergy (73). As our ability to screen for active peptides and to present them to the
immune system in a more defined manner improves, the possibilities for their use as
vaccines will further increase. When one considers their numerous potential advan-
tages over existing products, combined with the ability to adapt a vaccine to meet
specific needs, and the opportunity to move vaccines from the biological arena to the
pharmaceutical arena, peptides offer significant opportunities.

It seems likely that synthetic peptide vaccines of the future will be polymeric and
likely to contain defined/structured B-cell sites, Th-cell sites (class II-restricted), and
possibly cytotoxic T-cell sites (class I-restricted), plus synthetic adjuvant, immuno-
stimulants, and targeting sequences. This concept of polymeric synthetic peptide pre-
sentation has already been successfully applied in the development of a vaccine against
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malaria (54). However, with the development of more efficient recombinant particle-
based peptide systems (74,75), which have not been discussed in this chapter on syn-
thetic peptides, it seems likely that these will provide an attractive alternative route to
producing defined and controlled peptide vaccines in the future.
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1. Introduction
Several pathogens, such as Corynebacterium diphtheriae, Clostridium tetani,

Bordetella pertussis, Vibrio cholerae, enterotoxigenic Escherichia coli (1), and even
some emerging pathogens, such as Helicobacter pylori (2), produce potent toxins that
are responsible for the pathology caused by the bacterium. In most cases the disease,
and often even the infection, can be prevented by a vaccine that induces immunity
against the toxin. In order to be used in vaccines, the dangerous toxins must be depleted
of their toxic activity in an effective and irreversible manner. The most effective way
to inactivate toxins for inclusion in vaccines was developed by Ramon in 1924 by
using formaldehyde treatment at 37°C to detoxify diphtheria toxin (3). This method
was then used to inactivate other toxins and also viral and bacterial suspensions. Even
today, widely used vaccines, such as diphtheria, tetanus, inactivated polio, and whole-
cell pertussis, and even some of the newly developed acellular pertussis vaccines, are
produced using formaldehyde or other chemical treatments to inactivate the toxin and/
or kill the microorganisms that are present in the vaccine (4,5).

Although highly effective, chemical detoxification has some drawbacks:

1. The chemical treatment modifies to a great extent the surface of the molecules so they
induce immunity against structures that barely resemble the native ones.

2. The chemical reaction may be reversible and toxicity may be restored by long-term storage.
3. The production process requires handling large quantities of very dangerous material.

The era of recombinant DNA and biotechnology has provided powerful genetic
tools to inactivate bacterial toxins, allowing the production of molecules that have a
superior immunogenicity and none of the drawbacks of the chemically detoxified tox-
ins. This chapter describes the construction of nontoxic derivatives of pertussis toxin
(PT), cholera toxin (CT), and E. coli heat-labile enterotoxin (LT). The genetically
detoxified PT that will be described (6) has been successfully evaluated in Phase II
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clinical trials and recently in Phase III clinical trials for use in human vaccination
against pertussis (7,8). The nontoxic derivatives of CT and LT are presently being
tested in animal models and may be used in the future to improve vaccines against
cholera and enterotoxigenic E. coli (9,10). Some of these nontoxic derivatives, in
addition to being good candidates for inclusion in vaccines, also have unexpected prop-
erties, since they work as mucosal adjuvants (11) and therefore may provide the tools
to develop vaccines with innovative design that were not even considered possible up
to a few years ago.

1.1. Pertussis, Cholera, and Heat-Labile Toxins: Structure
and Strategy for their Genetic Detoxification

PT, CT, and LT belong to the adenosine diphosphate (ADP)-ribosylating bacterial
toxins, a family that also includes diphtheria and Pseudomonas exotoxin A (1). These
toxins have an A-B structure, where the A subunit is an enzyme that binds NAD and
transfers the ADP-ribose group on the NAD to a target guanosine triphosphate (GTP)-
binding protein of eukaryotic cells, thus causing the toxic effects. The B subunit is the
nontoxic portion of the toxin that serves as a carrier for the A subunit; it binds to
specific receptors on the surface of eukaryotic cells and facilitates the transfer of the
toxic A subunit to the cytoplasm of the target cells. In PT, CT, and LT, the A subunit
is a polypeptide of 235–240 amino acids that is secreted into the bacterial periplasm
by a typical signal peptide. The B moieties of LT and CT are oligomers composed of
five noncovalently linked identical subunits. In the case of PT, the B oligomer is com-
posed of the subunits S2, S3, S4, and S5 that are present in 1:1:2:1 ratio (12). The B
subunits are also secreted into the periplasm via signal peptide, where they assemble
to form the holotoxin, containing the B oligomer and the A subunit. The three-dimen-
sional (3D) structure of the above molecules that has been recently determined (13,14)
shows the details and the beauty of these molecules, and makes the design of nontoxic
mutants a challenging game planned at the computer and played in the laboratory.

In order to make these toxins nontoxic by genetic detoxification, it is sufficient to
alter by site-directed mutagenesis the amino acids of the A subunit that are involved in
enzymatic activity and replace them with other amino acids that are unable to carry out
the reaction. In doing this, it is very important not to change the 3D structure of the
molecule, because this is essential for the immunological properties.

Analysis of the primary structure of the A subunits of PT, CT, and LT shows that
CT and LT are 80% homologous (15), whereas PT shows only some stretches of amino
acid homology. In the 3D structures, the A subunits of LT and CT are indistinguish-
able, whereas the S1 subunit of PT shows homology only in the region containing the
NAD-binding and catalytic site (16). Computer analysis of the structure of this region,
schematically shown in Fig. 1, shows that it is composed of an α-helix bent over a
β-strand, which creates a cavity containing the NAD-binding site. Two amino acids, a
glutamic acid at the entrance of the cavity and an arginine located in the far end of the
cavity, are the residues that are important in catalysis. Detoxification can be achieved
either by replacing the amino acids involved in catalysis or those forming the NAD-
binding cavity. Many experiments have been performed to find the optimal substitu-
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tions for each of these amino acids; only some of them have been found to eliminate
the toxicity without changing the immunogenicity of the molecules. This chapter
describes only the following mutations: In the S1 subunit of PT, Arg9 and Glu129 will
be changed to Lys and Gly, respectively (6), whereas in CT and LT, Ser63 will be
changed to Lys (9). These mutations have been shown to produce molecules that are
nontoxic but fully immunogenic.

1.2. Gene Structure and Mutagenesis
The genes that code for PT (17,18) and CT (19) are located on the bacterial chro-

mosome, whereas the gene coding for LT is naturally found on a plasmid (20). The
three genes can now be conveniently obtained already subcloned in plasmid vectors
that can be used as a starting point for mutagenesis. Alternatively, the genes can be
cloned from the bacterial DNA by PCR.

Since toxins are encoded by operons that occupy very large fragments of chromo-
somal or plasmid DNAs, their size makes any DNA manipulation and mutagenesis
difficult. To perform site-directed mutagenesis of defined amino acids, it is always
convenient to identify small DNA fragments with unique restriction enzyme sites sur-
rounding the encoded amino acids that must be mutagenized. Once a small DNA frag-
ment has been identified, it is transferred to a plasmid to make single-stranded DNA,
which is the template for site-directed mutagenesis. Techniques for mutagenesis of
single-stranded DNA have been extensively described by Zoller and Smith (21) using
defined oligonucleotides, and the resulting recombinant clones are analyzed for the
presence of the mutation by hybridization with the respective primers as probes and
confirmed by DNA sequencing. After mutagenesis, the mutated fragment is used to
reconstitute the entire operon. Because of the complexity of the methods used, we will

Fig 1. Schematic drawing of the structure of the active site of LT, CT, and PT. The positions
of key amino acids (Arg9, Ser63, Glu129) are indicated.
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describe in detail only the techniques that are not in general use. DNA cloning, DNA
sequencing, and mutagenesis have been fully described in detail in laboratory hand-
books (22).

B. pertussis is a bacterium that has a duplication time of 4–6 h at 35°C and requires
special media to produce colonies on plates. Conversely, V. cholerae and E. coli are
bacteria that grow faster and do not require special medium. Their generation times
range from 20–40 min. Genetic manipulations of the toxin-encoding genes are always
performed in an E. coli strain and then transferred to the appropriate host using conju-
gation between E. coli and B. pertussis, electroporation for V. cholerae, or transforma-
tion for E. coli.

2. Materials
2.1. Pertussis Toxin
2.1.1. Medium and Plates

1. BG agar plates (23) (40 g/L Bordet-Gengou [BG] agar, 10 g/L glycerol, 30% [v/v] sterile
defibrinated sheep blood) and LB agar plates (22) supplemented with 100 µg/mL ampi-
cillin.

2. BG plates with 10 mM MgC12.
3. BG plates containing 400 µg/mL streptomycin.
4. BG plates containing 20 µg/mL nalidixic acid, 25 µg/mL kanamycin, and 10 µg/mL

gentamycin.
5. BG plates containing 20 µg/mL nalidixic acid and 10 µg/mL gentamycin.
6. Stainer and Scholte (SS) medium (24).

2.1.2 Plasmids and Strains
1. Plasmid pSS1129 (25) carrying the kanamycin cassette cloned between flanking regions

of the PT gene (pSS1129/PT::Kan::PT).
2. Plasmid pSS1129 carrying the PT mutagenized encoding gene (PT-9K/129G).
3. Bluescript KS vector (Stratagene, La Jolla, CA).
4. E. coli SM10-competent cells (26).

2.1.3. Resins and Buffers
1. Hydroxylapatite (Biosepra, Villeneuve la Garenne, France).
2. Fetuin sepharose. An affinity chromatography resin obtained by coupling fetuin to CNBr-

activated Sepharose 4B (Pharmacia, Uppsala, Sweden). Coupling is performed according
to the manufacturer’s instructions.

3. 70 mM phosphate buffer, pH 6.6–7.0.
4. 250 mM phosphate buffer, pH 6.6–7.0.
5. 50 mM Tris-HC1, pH 7.4.
6. 50 mM Tris-HC1, pH 7.4, 1 MNaC1.
7. 50 mM Tris-HC1, pH 7.4, 0.5 M NaC1.
8. Phosphate-buffered saline (PBS).

2.1.4. Miscellaneous Items
1. Dialysis tubes.
2. Sterile toothpicks.
3. Dacron swab (American Scientific Products, McGraw Park, IL).
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2.2. Heat-Labile Enterotoxin
2.2.1. Medium and Plates

1. Luria Bertani (LB) plates containing 100 µg/mL ampicillin (22).
2. LB medium (22).

2.2.2. Plasmids and Strains

1. Plasmid pEWD299 carrying the 2-kb SmaI-HindIII fragment containing the LT-encoding
operon.

2. Bluescript KS (Stratagene, La Jolla, CA).
3. E. coli strain TG1.

2.2.3. Resins and Buffers

1. CPG (controlled-pore glass for chromatography, 500B, Serva, Heidelberg, Germany).
2. A5M agarose (BioRad Laboratories, Inc., Hercules, CA).
3. Sephacryl S-200 (Pharmacia).
4. 50 mM Tris-HCl, pH 8.0.
5. TEAN buffer: 50 mM Tris-HCl, 200 mM NaCl, 1 mM ethylenediaminetetraacetic acid

(EDTA), 3 mM NaN3, pH 9.7.
6. TEAN, pH 9.7, 1 M NaCl.
7. TEAN, pH 9.7, 0.2 M galactose.
8. TEAN, pH 7.4.

2.2.4. Miscellaneous Items

1. Sonicator.
2. Amazon PMI0 ultrafilters.

2.3. Cholera Toxin
2.3.1. Plates and Medium

1. LB-plates.
2. LB-plates supplemented with 200 µg/mL ampicillin (22).
3. LB-plates supplemented with 100 µg/mL ampicillin, 0.75 µg/mL polymixin, 0.75 µg/mL

gentamycin.
4. LB-plates supplemented with 20% sheep blood.
5. Syncase medium (modified from ref. 27): 20 g/L casamino acids, 2.5 g/L sucrose, 1.18 g/L

NH4C1, 0.089 g/L Na2SO4; 6.27 g/L Na2HPO4·2H2O, 6.27 g/L, K2HPO4·3H2O, 0.042 g/
L MgC12·6H2O, 0.004 g/L MnC12·4H2O, 0.005 g/L FeC13·6H2O.

6. TYS medium: LB without NaCl supplemented with 10% sucrose.

2.3.2. Plasmids and Strains

1. Plasmid pJM17 carrying the 5-kb PstI-EcoRI fragment that contains the CT-encoding
operon.

2. pEMBL19.
3. pGEM3 (Promega, Madison, WI).
4. Bluescript KS (Stratagene, La Jolla, CA).
5. Plasmid phly3 containing the hly gene (isolated from a Vibrio DNA library) as 3.5-Kb

EcoRI-PstI fragment cloned in Bluescript KS.
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6. Plasmid pctK63 obtained by cloning in pEMBL19 vector a fragment of 1.3 kb, containing
the upstream regulatory sequences and coding region of CTK63 mutant, amplified from
pGEM/CTK63. The oligonucleotides used for amplification are: 5'-AACCGAA-
TTCAAGGCTGTGGGTAGAAGTG-3' (forward) containing a EcoRI site and 5'-
AAGTTAACGTCGACAAGCTTAATTTGCCATACTAATT-3' (reverse) including a
HindIII restriction site.

7. CVD442, conjugative plasmid.
8. V. cholerae strain 0395-NT.
9. E. coli SM10 λpir strain.

2.3.3. Resins and Buffers
1. Carboxy-methyl Sepharose CL-6B (Pharmacia).
2. 2.5 g/L sodium hexametaphospate.
3. 0.1 M sodium phosphate buffer, pH 8.0.
4. 10 mM sodium phosphate buffer, pH 7.0.
5. 20 mM sodium phosphate buffer, pH 7.5.
6. 40 mM sodium phosphate buffer, pH 7.5.

2.3.4. Miscellaneous Items
1. Dialysis tubes.
2. Microfilters Sartocon and Sartocon minimodule (Sartorius, Goëttingen, Germany).

2.4. Toxicity Testing and Immunogenicity Testing
2.4.1. Cell Lines and Medium

1. Y1 adrenal cells (28).
2. Chinese hamster ovary (CHO) cells (29).
3. Y1 culture medium (nutrient mixture Ham’s F-10 supplemented with 2 mM glutamine,

50 mg/L gentamycin, 15% [v/v] horse serum, 2.5% [v/v] fetal bovine serum [FBS])
(Gibco-BRL, Paisley, UK).

4. Y1 assay medium: nutrient mixture Ham’s F-10 supplemented with 2 mM glutamine, 50
mg/L gentamycin, 1.5% (v/v) horse serum.

5. CHO culture and assay medium: Dulbecco’s Modified Eagle Medium (D-MEM) (Gibco-
BRL) supplemented with 2 mM glutamine, 50 mg/L, gentamycin, 10% (v/v) fetal calf
serum (FCS).

2.4.2. Buffers
1. PBS.
2. Transfer buffer: 0.025 M Tris-HC1, 0.192 M glycine buffer, pH 8.3, 20% (v/v) methanol.
3. Saturation buffer: phosphate buffer, pH 7.4, containing 3% (v/v) lowfat milk and 0.1%

(v/v) Triton X-100 (PBMT).
4. PBS, 0.05% (v/v) Tween 20 (PBS/T).

2.4.3. Miscellaneous Items
1. 96-well microtiter plates.
2. Sodium dodecyl sulfate (SDS)-polyacrylamide gel.
3. Nitrocellulose filter BA-85 (Schleicher & Schuell, Damsel, Germany).
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2.4.4. Reagents
1. Anti-mouse or anti-rabbit immunoglobulin G (IgG) conjugated to alkaline phosphatase

(Sigma, St. Louis, MO).
2. Anti-mouse or anti-rabbit γ-globulins conjugated to peroxidase (Sigma).
3. Substrate for alkaline phosphatase: p-nitrophenyl phosphate (pNPP) (Sigma) at 1 mg/mL

in 10% (v/v) diethanolamine buffer, pH 9.8, containing 0.5 mM MgC12.
4. Substrate for peroxidase: 0.3% (w/v) 4.chloro-1-naphthol (Sigma) in methanol.

2.4.5. Animals
1. Mice.
2. Rabbits.

3. Methods
3.1. Pertussis Toxin
3.1.1. Site-Directed Mutagenesis to Generate PT-9K/129G
Mutated Operon

1. Clone the plasmid pT110 (17) carrying the 4690 bp EcoRI fragment (Fig. 2A) that con-
tains the PT-encoding operon into pEMBL18 and generate two small DNA fragments,
KpnI-SalI of 0.5 kb and SalI-XbaI of 0.4 kb, that are suitable for mutagenesis of the S1
subunit.

2. Subclone the 0.4-kb SalI-XbaI fragment encoding the C-terminal part of S1 into
Bluescript KS vector and mutagenize using the oligonucleotide primer: 1003-
(5')GCCAGATACCCGCTCTGG-986, where the codon GAA of Glu129 is substi-
tuted by the codon CCC (in bold) of Gly.

3. Subclone the 0.5-kb KpnI-SalI fragment encoding for the N-terminal part of S1, includ-
ing the leader peptide and the upstream region, into Bluescript KS vector (Fig. 2A) and
mutagenize using the oligonucleotide primer: 643-(5')GAGTCATA CTTGTATA-626,
where the codon GCG of Arg9 is changed with the codon CTT (in bold) of Lys.

4. Purify the two mutagenized fragments, SalI-XbaI containing the 129G (Glul29 → Gly)
mutation and the KpnI-SalI containing the 9K (Arg9 → Lys) mutation, and clone into pT110
that has been previously digested with KpnI and XbaI to remove the wild-type S1 gene.

5. The resulting plasmid contains the mutated PT-9K/129G operon.

3.1.2. Transfer of the Mutated PT Gene into the B. pertussis
Chromosome

Here we describe the procedure used to manipulate a B. pertussis strain in order to
create a mutant strain expressing the PT-9K/129G mutant. This can be achieved in
two steps:

1. Replacing the chromosomal region coding for the PT gene by a kanamycin cassette.
2. Replacing the kanamycin cassette with the PT operon that has been mutagenized in E.

coli by site-directed mutagenesis.

To transfer the genes from E. coli to B. pertussis it is necessary to use conjugative
plasmids. The most commonly used are pRTP1 and pSS1129 (25,30). These plasmids



140 Pizza et al.

contain the oriT from the broad-host-range plasmid RK2 for conjugative transfer, a
vegetative origin of replication from ColE1, an ampicillin-resistance gene, and the
gene encoding the E. coli ribosomal protein S12 (25,30). pSS1129 also carries a
gentamycin-resistance cassette. Expression of the ribosomal protein S12 is dominant
over the streptomycin resistance, and it therefore converts a streptomycin-resistant
strain into a streptomycin-sensitive strain. Plasmids pRTP1 and pSS1129 are suicide
plasmids that are unable to replicate in B. pertussis, and thus, if the recipient strain is

Fig 2. Schematic representation of the plasmids containing the PT (A), LT (B), and CT (C)
genes and their mutations.
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subject to antibiotic selection carried by the plasmid, only the bacteria that have inte-
grated the plasmid into the chromosome will grow. Therefore, the integration of the
plasmid occurs through a single homologous recombination event, the exconjugants
acquire the genetic markers of the plasmid, and a streptomycin-resistant strain becomes
streptomycin-sensitive. A second event of homologous (intrachromosomal) recombi-
nation could be selected on streptomycin-containing plates. This recombination allows
the selection of strains that have lost the S12 gene and, possibly, all the genetic mark-
ers carried on the plasmid.

3.1.2.1. CONSTRUCTION OF A PT-DELETION MUTANT STRAIN (FIG. 3)

1. Digest plasmid pT110 with enzyme BstEII and end-repair with Klenow enzyme. This
digestion removes the entire PT coding region, leaving 422 bp at the 5'-end of the operon
and 834 bp at the 3'-end of the operon.

2. Clone a blunt-ended kanamycin cassette between the 5'- and 3' -flanking regions of the
PT operon.

3. Clone this new EcoRI recombinant DNA fragment (5'-PT::Kan::PT-3') into the conjuga-
tive suicide vector pSS1129 and transform into a RecA E. coli strain. DNA from a se-
lected positive transformant is used to transform the conjugative strain E. coli SM10. (see
Note 1 and Fig. 3).

4. Spread a recipient B. pertussis strain on a BG plate containing 400 µg/mL streptomycin
and incubate for 3 d at 35°C.

5. After 2 d, transform E. coli strain SM10 with the conjugative plasmid pSS1129/
PT::Kan::PT and incubate overnight at 37°C.

6. Collect all B. pertussis cells from the plate using a Dacron swab and spread uniformly on
a BG plate supplemented with 10 mM MgC12. Rotate the plate by 90° and spread one
colony of SM10(pSS1129/PT::kan::PT) freshly transformed. After 5 h of incubation at

Fig. 3. Schematic representation of the events of recombination after conjugation of B. per-
tussis with E. coli to construct a PT-deletant strain. The black arrow indicates the wild-type PT
gene, the gray box the kanamycin cassette. Arrow indicates the direction of transcription.
Symbols: Sm, streptomycin; Nal, nalidixic acid; Gm, gentamycin; Kan, kanamycin.
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35°C, collect all the bacteria and swab onto a BG plate supplemented with nalidixic acid
to counterselect E. coli, and kanamycin and gentamycin to select for the integration of the
plasmid into the chromosome of B. pertussis. Incubate the plate at 35°C for 6–7 d.

7. To select strains that have lost the plasmid and have been subjected to the second recom-
bination event, plate the exconjugants on BG plates supplemented with streptomycin and
incubate for 3 d at 35°C.

8. Analyze the bacteria grown on BG-streptomycin plates for the loss of the plasmid and the
acquisition of the kanamycin resistance. To do this, streak with a toothpick each single
colony on a BG plate containing kanamycin. Incubate for 3 d at 35°C. To confirm the
insertion of the kanamycin cassette into the PT gene, perform Southern blot analyses or
PCRs on chromosomal DNA extracted from kanamycin-resistant isolates. At the end, a
PT deletion strain will be isolated.

3.1.2.2. INSERTION OF THE MUTATED PT OPERON INTO THE CHROMOSOME

With the same procedure described in Subheading 3.1.2., the interrupted gene can
be reconstituted by substituting the kanamycin cassette with a site-directed muta-
genized fragment of the PT-encoding gene (Fig. 4).

1. Gel-purify the EcoRI fragment containing the PT-9K/129G produced as described in Sub-
heading 3.1.1., step 4 and clone into pSS1129 conjugative vector.

2. Spread B. pertussis PT deletion mutant strain (KmR) on a BG plate containing kanamycin
and incubate for 3 d at 35°C.

3. After 2 d, transform E. coli strain SM10 with the conjugative plasmid pSS1129 carrying
the PT mutagenized operon (pSS 1129/PT-9K/129G) and incubate overnight at 37°C.

4. Collect all B. pertussis cells from the plate using a Dacron swab and spread uniformly on
a BG plate supplemented with 10 mM MgC12. Rotate the plate by 90° and spread on top
of B. pertussis one colony of SM10(pSS1129/PT-9K/129G), freshly transformed. After 5
h of incubation at 35°C, collect all the bacteria and swab onto a BG plate supplemented
with nalidixic acid to counterselect E. coli and gentamycin to select for the integration of
the plasmid into the chromosome of B. pertussis. Incubate the plate at 35°C for 6–7 d.

Fig. 4. Schematic representation of the events of recombination after conjugation of B. per-
tussis with E. coli to construct a PT-mutant strain. Symbols are as in Fig. 3.
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5. The exconjugants contain the entire plasmid integrated into the chromosome, which con-
fers streptomycin sensitivity. In order to select for the loss of the plasmid and the second
recombination event, plate the exconjugants on BG plates supplemented with streptomy-
cin and incubate at 35°C for 3 d.

6. Analyze bacteria grown on BG-streptomycin plates for the loss of the plasmid and for the
loss of the kanamycin resistance. Streak each single colony in duplicate, using a toothpick,
on BG plates with and without kanamycin. Incubate for 3 d at 35°C. Colonies that have
lost the kanamycin resistance should have acquired the mutated PT gene (see Note 2).

3.1.3. Production and Purification of Mutant PT
To perform ELISA or toxicity tests, B. pertussis-mutant strains are grown in small

flasks. If larger amounts of proteins are required, strains are grown in fermentors.
Here we describe a large-scale production and purification of PT.

1. Inoculate two BG agar plates with a loop of frozen stock of B. pertussis mutant strain
containing the PT-9K/129G operon. Grow 72 h at 37°C. Collect the bacteria from the two
plates and inoculate into 500 mL of modified SS medium in a 2-L flask.

2. Shake the flask at 250 rpm for 24 h at 37°C, and then use this culture to inoculate a 20-L
fermentor: Grow the bacteria for 24 h, centrifuge the culture, and recover the supernatant.

3. Dilute the supernatant with an equal volume of sterile distilled H2O.
4. Adsorb the sample on an 80-mL hydroxylapatite column.
5. Wash with 6 column volumes of 70 mM phosphate buffer, pH 7.0.
6. Elute with 250 mM phosphate buffer, pH 7.0.
7. Dilute the eluate with water until the concentration of phosphate is 0.2 M.
8. Apply the solution to a fetuin Sepharose affinity column (5 × 20 cm).
9. Wash the column with 6 column volumes of 50 mM Tris-HC1, pH 7.4. This step will

remove nonadsorbed proteins.
10. Wash the column with 50 mM Tris-HC1, pH 7.4, 1 M NaC1. This step allows the release

of the FHA protein, and should be continued until no more proteins are released from the
column.

11. Elute PT with 50 mM Tris-HC1, pH 7.4, 3 M MgC12.
12. Dialyze against 50 mM Tris-HC1, pH 7.4, 0.5 M NaC1.
13. Dialyze against PBS.

3.2. Heat-Labile Enterotoxin
3.2.1. Site-Directed Mutagenesis to Generate LT/K63-Mutated Operon

1. Generate the 1.3-kb SmaI-EcoRI fragment suitable for the mutagenesis experiment
(Fig. 2B) from the plasmid pEWD299 (20).

2. Subclone the 1.3-kb fragment containing the gene coding for the A subunit of LT along
with its natural promoter into Bluescript KS vector (see Fig. 2B) and mutagenize using
the oligonucleotide primer -(5')GTTTCCACTAAGCTTA GTTTG(3')- where the codon
TCT of Ser63 is substituted with the codon AAG (in bold) of Lys.

3. Digest the pEWD299 plasmid with EcoRI and HindIII restriction enzymes to obtain the
580-bp DNA fragment encoding for the B subunit of LT.

4. Gel-purify the 580-bp EcoRI-HindIII fragment and the SmaI-EcoRI fragment encod-
ing for the A subunit containing the 63K (Ser63 → Lys) mutation and clone into
Bluescript KS digested with SmaI-HindIII to generate a plasmid containing the mutated
LT-K63 operon.
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5. Transform the Bluescript-KS/LTK63 into the E. coli TG1 strain. The LT/K63 mutant pro-
tein is secreted into the periplasm of the host E. coli strain from which it can be purified.

3.2.2. Production and Purification of LT Mutant in E. coli
The purification of LT is performed according to a previously described protocol

(31) with few modifications.

1. Streak the E. coli LT-mutant strain on an LB agar plate supplemented with 100 µg/mL
ampicillin and incubate overnight at 37°C. Replate the strain and incubate at 37°C for 8 h.
Collect bacteria from this plate and inoculate into 500 mL of LB medium containing 100
µg/mL of ampicillin in a 2-L flask.

2. Incubate at 37°C overnight and use the contents of the flask to inoculate a 20-L fermentor.
Grow the bacteria in the fermentor for 12 h, centrifuge the culture, and recover the cells.

3. Weigh the cellular pellet and resuspend in 50 mM Tris-HC1, pH 8.0, at 10 mL/g pellet.
Add EDTA, pH 8.0, to final concentration of 2 mM. Sonicate at 45 W for 6 min using a
refrigerated vessel set at –15°C to maintain a low temperature.

4. Dilute the sonicated material with 2 vol of water and 3 vol of TEAN, pH 9.7.
5. Add 4 g of CPG resin/g of pellet and stir gently at 4°C overnight.
6. Pack the column and wash with 6 vol of TEAN, pH 9.7.
7. Elute proteins with 3 column volumes of TEAN, pH 9.7, 1 M NaC1.
8. Pool fractions containing the bulk proteins and concentrate 10-fold by using PM 10

Amicon filters.
9. Apply the concentrated proteins to an ASM agarose column (1.6 × 70 cm).

10. Let the proteins adsorb on the column and add 0.5 column volumes of TEAN, pH 9.7.
11. Elute LT with about 1 column volume of TEAN, pH 9.7, 0.2 M galactose.
12. Apply the eluate to a Sephacryl S-200 column (1.6 × 140 cm).
13. Elute the protein with at least 2 column volumes of TEAN, pH 7.4.

3.3. Cholera Toxin
3.3.1. Site-Directed Mutagenesis to Generate CT/K63 Mutated Operon

1. Generate by PCR-amplification the fragment of 1.1 kb XbaI-HindIII containing the
CT(AB)-encoding genes suitable for the mutagenesis experiment from the plasmid pJM17
(32) (Fig. 2C).

2. Subclone the amplified XbaI-HindIII fragment into pEMBL19 vector (33) and mutagenize
using the oligonucleotide (5')-GTTTCCACCAAGATTAGTTTG-(3') where the codon
TCA of Ser63 is changed with the codon AAG (in bold) to introduce a Lys.

3. Digest the pJM17 plasmid with PstI and XbaI to obtain the 2.7-kb DNA fragment con-
taining the CT promoter region.

4. Blunt-end the mutagenized XbaI-HindIII fragment containing the 63 K (Ser63 → Lys)
mutation at the HindIII site.

5. Gel purify the 2.7-kb PstI-XbaI fragment from pJM17 containing the CT promoter region
and clone this fragment, together with the 1.1-kb XbaI-HindIII/filled fragment, into the
pGEM3 vector digested with EcoRI, blunt-ended with Klenow enzyme, and then digested
with PstI. The resulting pGEM/CT-K63 plasmid, contains the mutated CT-K63 operon.

6. Electroporate the plasmid pGEM/CT-K63 into the V. cholerae strain 0395-NT (19) that
contains a chromosomal deletion of the entire CT operon. The CT mutant protein is
secreted in the supernatant of the host V. cholerae strain from which it can be purified.
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3.3.2. Transfer of the Mutated CT Gene into the V. cholerae
Chromosome

To generate a V. cholerae strain that is able to express in a stable way the detoxified
CTK63 mutant of cholera toxin, the procedure used (Fig. 5) resembles the one previ-
ously described for the transfer of the mutated PT gene into the B. pertussis chromo-
some. In this case, the gene used as locus for the homologous recombination is the
hemolysin gene (Hly) (34). The plasmid most commonly used for homologous recom-
bination in V. cholerae is the CVD 442, a suicide vector that is unable to replicate in V.
cholerae (35). It contains the oritT for conjugative transfer from R6K plasmid, a veg-
etative origin of replication from ColE1, the β-lactamase gene that confers ampicillin
resistance, and the SacB gene from Bacillus subtilis, coding for the levano-sucrase,
that confers sucrose susceptibility to Gram-negative bacteria. These two genes are
useful markers for homologous recombination. The recombinant CVD442 plasmid is
transformed into E. coli SM10λpir donor strain (26), containing the genes required for
DNA transfer, and transferred to the V. cholerae recipient strain by conjugation.

The use of the hemolysin as genetic locus allows the selection of the recombinant
strains on the basis of their hemolytic phenotype.

Fig. 5. Schematic representation of the events of recombination after conjugation of V. cholerae
with E. coli to construct a strain stably expressing CTK63 mutant. Symbols: Sac, sucrose; Amp,
ampicillin; Pol, polymixin; Gent, gentamycin; hly, hemolysin; CT, CTK63 mutant.
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Briefly, the pCVD-hly::CTK63::hly plasmid, derived from the conjugative plasmid
CVD442 and containing the CTK63 gene flanked by sequences of the hly gene, is
introduced in V. cholerae by conjugation. Following a single recombination event, the
plasmid is integrated into the Vibrio chromosome, and the recombinant Vibrio strain
(gentamycin and polymixin-resistant strain) will acquire the genetic markers carried
by the plasmid, becoming ampicillin-resistant and sucrose-sensitive. The second event
of homologous recombination can be selected by growing bacteria in medium con-
taining sucrose. The growing bacteria that are sucrose-resistant, have lost the plasmid
sequences. By plating them on LB agar containing 20% sheep blood, it is possible to
differentiate the colonies on the basis of the halo of hemolysis. The absence of hemoly-
sis indicates the disruption of the Hly gene and the integration of the CTK63 gene into
the chromosome.

3.3.2.1. CONSTRUCTION OF THE V. CHOLERAE RECOMBINANT STRAIN EXPRESSING

CTK63 MUTANT

1. Digest the phly3 plasmid with NruI and HindIII. Following digestion, two fragments of 5
Kb and 1.5 Kb, respectively, are generated. The 1.5-Kb fragment contains the core region
of the hly gene, whereas the 5-Kb fragment contains the vector sequences, 1.2 Kb of the 5'
end and 0.8 Kb of the 3' end of the hly gene.

2. Digest the plasmid pctK63 with EcoRI, fill with Klenow fragment of DNA polymerase I,
and digest with HindIII. Following digestion a fragment of 1.3 Kb is generated.

3. Clone the 1.3-Kb EcoRI/blunt-ended-HindIII fragment into the 5-Kb NruI-HindIII frag-
ment of phly3, to generate phly-ctK63 plasmid.

4. Digest the plasmid phly-ctK63 with SacI and SaII, and clone the 3.3-Kb fragments
obtained into CVD422 digested with SacI and SaII, generating the pCVDhly::ctK63::hly
plasmid. This plasmid is used to transform the conjugative strain E. coli SM10λpir.

5. Spread the V. cholerae-recipient strain and the SM10λpir (pCVDhly::ctK63::hly) donor
strain on LB agar plates and incubate for 16–18 h at 37°C.

6. Collect V. cholerae cells from the plate with a Dacron swab and spread uniformly on LB
agar plate. Rotate the plate by 90°C and spread the SM10λpir (pCVDhly::ctK63::hly)
cells. The two strains must be present in a 1:5 ratio. Incubate the plates for 6 h at 37°C.

7. Collect all bacteria with a swab and plate them on LB agar supplemented with gentamycin,
polymixin, and ampicillin to select for the first recombination event (integration of the
plasmid into the chromosome). Incubate the plate for 16–18 h at 37°C.

8. Spread each single colony on selective medium and incubate at 37°C for 16–18 h. To
confirm that the selected bacteria are V. cholerae, test a small amount of cells for agglu-
tination using a polyclonal rabbit serum obtained by immunizing with Vibrio cells. The
agglutination test is performed as follows: drop 50 µL of the LB medium on a glass,
resuspend the bacteria in the drop, add 20 µL of anti-Vibrio serum. After 5 min, the
agglutination of bacteria is detected.

9. To select for the second recombination event identifying the colonies that have lost the
plasmid sequences, a single colony is inoculated in 10 mL of TYS medium containing
10% sucrose and incubated for 16–18 h at 28°C in a shaking bath.

10. To identify the non-hemolytic bacteria (which will have the disruption of the chromo-
somal hemolysin gene by insertion of CTK63 sequences), a dilution of the liquid culture
(a 10–5 dilution is generally used) is plated on LB agar-blood and the plates are incubated
at 37°C for 16–18 h.
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11. Isolate the ampicillin-sensitive and sucrose-resistant nonhemolytic colonies, spread and
store at –80°C.

3.3.3. Production and Purification of CT Mutant in V. cholerae

The protocol used for production and purification of CT from V. cholerae has been
described previously (36).

1. Spread V. cholerae strain 0395-CTK63 on LB agar plates supplemented with 200 µg/mL
of ampicillin and incubate overnight at 37°C.

2. Inoculate a single colony in 250 mL of Syncase-modified medium in a 2-L flask.
3. Incubate the bacteria overnight at 37°C, then inoculate a 5-L fermentor by diluting bacte-

ria to an OD of 0.05 at 590 nm. Grow the bacteria for 24 h at 30°C, maintaining the pH at
7.0, and filter the bacterial suspension by tangential microfiltration using a Sartocon
minimodule.

4. Add 2.5 g/L of sodium hexametaphosphate to precipitate the CT, adjust the pH to 4.5
with concentrated HC1, and stir the mixture for 2.5 h at room temperature.

5. Collect the precipitate by centrifugation at 12,000g for 20 min and resuspend the pellet in
0.1 M sodium phosphate, pH 8.0.

6. Dialyze three times against 10 mM sodium phosphate, pH 7.0, and remove the insoluble
material by centrifugation at 25,000g for 20 min.

7. Apply the solution to a 30–40-mL carboxy-methyl Sepharose CL-6B column and wash
with 6 column volumes of 10 mM sodium phosphate, pH 7.0.

8. Elute the CT holotoxin with 1 column volume of 20 mM sodium phosphate buffer, pH
7.5, and the B pentamer (not assembled to the A subunit) with 1 column volume of 40
mM sodium phosphate buffer, pH 7.5.

3.4. Toxicity Testing and Immunological Testing

Wild-type CT, LT, and PT are able to induce morphological changes on tissue-
culture cells. This property is useful to evaluate the toxic activity of mutant molecules.
This assay is very sensitive, and toxicity can be detected using a few picograms of
active toxins. The activity of CT and LT can be clearly detected using Y1 adrenal
cells. The toxins are able to induce a rounding of monolayer growing cells (28). In the
case of PT, the toxicity can be evaluated by the induction of clustering activity of
CHO cells (29). These assays can also be used to evaluate the ability of the antibodies
to neutralize the toxic activity of LT, CT, and PT.

3.4.1. Toxicity Test
1. Add 25 µL of the assay medium to each well of the microtiter plate.
2. Add the wild-type toxin and/or the mutants in the first well and then make 1:2 serial

dilutions.
3. Add 50,000 cells in each well (200-µL volume).
4. Incubate at 37°C in a humidified atmosphere of 95% air, 5% CO2.
5. Record the results after 48 h by visual inspection of the microtiter wells using an inverted

microscope.

Under these conditions, 5 pg/well of LT and CT or PT can induce a morphological
change of Y1 and CHO cells, respectively.
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3.4.2. Neutralization Test
1. Add undeleted sera to the first well and then make 1:2 serial dilutions.
2. Add 80 pg of CT, LT, or PT to the sera and incubate the plate for 3 h at 37°C.
3. Add 50,000 cells in each well (200-µL volume).
4. Record the results after 48 h by visual inspection of the microtiter wells using an inverted

microscope.

3.4.3. lmmunogenicity
To test the ability of the mutant molecules to induce an immune response, mice and

rabbits can be immunized systemically.

3.4.3.1. MOUSE IMMUNIZATION

1. Immunize mice with 3 µg of toxoid in saline buffer at d 0, 15, 30, and 45. (No adjuvant is
needed.)

2. Collect the sample bleed at d 0, 15, and 30.
3. Bleed out at d 60.

3.4.3.2. RABBIT IMMUNIZATION

1. Immunize rabbits with 25 µg of mutant protein in saline buffer at d 0, 14, 28, and 56. (No
adjuvant is needed.)

2. Collect sample bleed at d 0, 14, 28, and 56.
3. Bleed out at d 70.
The sera are analyzed by Western blots and ELISA tests.

3.4.3.3. WESTERN BLOTTING

1. Load 3 µg of each toxin, treated with SDS loading buffer and boiled for 5 min, on a 15%
polyacrylamide gel.

2. After electrophoresis, transfer the proteins from the gel onto a BA-85 nitrocellulose filter
(Schleicher & Schuell) for 45 min at 200 mA in the transfer buffer.

3. Saturate the filter with PBMT.
4. Incubate the filter with the sera diluted 1:500 in PBMT.
5. Wash 3× for 10 min in PBMT.
6. Depending on whether antibodies have been raised in mice or rabbits, incubate with the

antimouse or antirabbit γ-globulins conjugated to peroxidase (Sigma).
7. Wash 3× in PBMT.
8. Develop using a solution of 0.5 mL 0.3% (w/v) 4-chloro-1-naphthol, 16 µL H2O2, and 20

mL 0.175 M Tris-HC1, pH 6.8, as the peroxidase substrate.

3.4.3.4. ELISA ASSAY

1. Coat the microtiter plate with 100 µL/well of 1.5 µg/mL GM1 ganglioside (Sigma) for
CT and LT ELISA, or with 200 µL of 2.5 µg/mL fetuin in PBS for PT ELISA.

2. Wash the plates 3× with PBS, 0.05% Tween 20 (PBS/T).
3. Add 200 µL/well of 1% (w/v) BSA and incubate for 1 h at 37°C.
4. Add 100 µL/well of 0.5 µg/mL LT, CT, or PT and incubate overnight at 4°C.
5. Add the sera to each well starting from a dilution of 1:50 and make l:2 dilutions.
6. Wash 3× with PBS/T.
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7. Add the anti-mouse or anti-rabbit immunoglobulin G conjugated to alkaline phosphatase.
8. Wash 3× with PBS/T.
9. Add 10 µL pNPP, the substrate for alkaline phosphatase, per well.

10. Read the absorbances at 450 nm.

4. Notes
1. This strain carries mobilizing genes of the broad host-range IncP-type plasmid RP4 inte-

grated into the chromosome. A fresh, transformed colony of SMI0(pSS1129/
PT::Kan::PT) is then used for bacterial conjugation with a B. pertussis strain that is resis-
tant to streptomycin and nalidixic acid. Therefore, exconjugants are selected on plates
containing nalidixic acid, gentamycin, and kanamycin. Nalidixic acid is used to counter
select E. coli, whereas gentamycin and kanamycin are used to select acquisition of the
plasmid by B. pertussis. Since the vector cannot replicate into B. pertussis, growing colo-
nies are exconjugants that have integrated the plasmid into the chromosome by
homologous recombination. A second event of intrachromosomal recombination is
selected by growing the exconjugants on BG plates containing streptomycin. (see Fig. 3).

2. To confirm this substitution, it is always recommended to perform Southern blot analyses
on chromosomal DNA extracted from the kanamycin-sensitive isolates. These isolates
should be negative in respect to the kanamycin cassette.
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1. Introduction
It was recognized early last century that small molecules, known as haptens, can be

made immunogenic after conjugation to carrier proteins (1). This principle has since
been applied successfully to improve the immunogenicity of (poly)saccharides (2,3).
We now know that the carrier proteins ensure the involvement of T-helper lympho-
cytes in the activation of the hapten- or polysaccharide-specific antibody-producing B
lymphocytes (Fig. 1). In contrast to small molecules or haptens, polysaccharides (or
other macromolecules with a repeating structure) are able to induce an immune
response, most likely by directly activating B-lymphocytes. Antigens that are able to
induce an immune response without the involvement of T-helper lymphocytes are
referred to as TI (thymus-independent) antigens (4) (Table 1). TI-2 antigens, such as
plain polysaccharides, are not able to activate relatively immature B-cells. This is in
contrast to TI-l antigens, which can activate immature B-cells because of their mitoge-
nic activity. Lipopolysaccharides (LPS) are examples of TI-l antigens. Conventional
T-cells recognize peptide sequences in association with the major histocompatibility
complex (MHC). Recently, unconventional T-cells were found to recognize (glyco)
lipids in a CD1-restricted way, γδT-cells were shown to respond to non-proteinaceous
microbial ligands (that may include carbohydrates) in a virtually MHC-unrestricted
way (5). The findings of T-cell regulation of the immune response against polysaccha-
rides (6–8) without biochemical demonstration of the specificity of the molecular
interactions can best be explained by assuming a role for anti-idiotypic antibodies and
T-cells specific for the idiotopes (carbohydrate mimotopes) or via the newly discov-
ered unconventional T-cells.



154 Peeters et al.

The characteristics of polysaccharides described here are reflected in the antibody
responses found in humans. Plain polysaccharides induce a poor response in infants,
and at later ages of life the responses are of short duration and cannot be boosted (9–11),
and the affinity does not mature.

To overcome these problems, polysaccharides must be conjugated to carrier pro-
teins in order to create effective vaccines.

The Haemophilus influenzae type b capsular polysaccharide conjugate vaccine has
been successfully introduced in many national childhood vaccination programs (12–15).
N. meningitidis serogroup C polysaccharide conjugate vaccines have now been devel-
oped. Clinical trials for these vaccines proved successful (16) and, as a result, a number
of these vaccines were introduced into the UK vaccination schedules in 1999. These
conjugate vaccines have already had a significant impact on the incidence of meningo-
coccal serogroup C disease in immunized groups (17,18). This has led to a better defini-
tion of important criteria needed for potent conjugate vaccines (see Subheading 1.1.).
Finally, in recent clinical trials, pneumococcal conjugate vaccines have been shown to
be effective at preventing pneumococcal disease in children (19).

In this chapter, we describe details of the preparation of a pneumococcal type 19F
polysaccharide-protein conjugate vaccine (20).

1.1. Development of Saccharide–Protein Conjugate
Vaccines—Relation of Structure to Immunogenicity
1.1.1. Saccharide Chain Length

Both large-mol-wt polysaccharides and small, otherwise non-immunogenic oli-
gosaccharides can be converted to thymus-dependent (TD) antigens by conjugation to
a carrier protein (21–27). Bacterial saccharide antigens generally belong to the follow-

Fig. 1. Polysaccharides are poor in activating B-cells to the production of antibodies in
children younger than 2 yr of age. If antibodies are formed, they are of short duration. For
conjugate vaccines T-cells are involved in the activation of B-cells. Presumably, the conjugate
is taken up by polysaccharide-specific B-cells, processed, and presented to carrier-specific T-
cells. The involvement of T-cells results in the activation of B-cells to production of antibodies
and induction of memory in children younger than 2 yr of age.
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ing main categories: capsular polysaccharides (CPS), lipopolysaccharides (LPS), or
lipo-oligosaccharides (LOS).

Their chemical structures have been extensively investigated, and several reviews
present the current state of knowledge in this field (28–34). Thus, the antigen may be
an oligomer or a polymer, in which case depolymerization, if needed, can be accom-
plished by various means.

For a polysaccharide, it is theorized that a minimal number of unmodified repeat
units (RU) must be present in a continuous chain to allow for sufficient immunogenic-
ity. Numerous studies have shown the correlation between length of saccharide chain
and antigenicity and immunogenicity (35–41). Very short oligosaccharides of one or
two RU may not always raise antibodies that are specific for the polysaccharide, as it
exists on the bacterial surface, essentially for two reasons. First, one of the main
epitopes present is a terminal non-reducing sugar that represents only a very low pro-
portion of the natural polysaccharide. Second, antibodies directed at the internal part
of a short saccharide chain may not bind strongly to the native polysaccharide, be-
cause of the absence in the former of secondary structures that are present only when
a minimal number of RU is available (42,44).

Most important is the need to retain antigenicity, and to retain or improve immuno-
genicity of the saccharide after conjugation. Small saccharides can have much reduced
antigenicity in comparison with the corresponding native polysaccharides, but this is

Table 1
Characteristics of T-Cell Independent Antigens

Type 1
Bacterial cell-wall components
Mitogenic or polyclonal B-cell activator
Stimulate antibody responses in neonates
Stimulate antibody responses in CBA/N mice
Examples: lipopolysaccharide and hapten derivatives;

Brucella abortus
Type 2

Polysaccharides, polypeptides, polynucleotides
High mol wt, multiple repeating antigenic determinants
Slowly metabolized
Tolerogenic in large doses or soluble form
Activate alternative complement pathway (some)
Generate few (if any) memory B-cells
Restriction of isotypes induced
Lack of affinity maturation
Lack of T-cell memory
Fail to stimulate antibody responses in neonates
Fail to stimulate antibody responses in CBA/N mice
Examples: Pneumococcal polysaccharides;

Haemophilus influenzae type b polysaccharide;
meningococcal polysaccharides
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not necessarily a drawback in immunogenicity if the saccharide is conjugated to pro-
tein. In most cases, a minimal chain length of two RU is necessary to raise antibodies
that bind polysaccharides with corresponding epitope patterns (35,45). In some
instances, protective antibodies have been generated with conjugate vaccines bearing
only one RU from a bacterial polysaccharide (46,47). However, this was only shown
for adult animals. Other studies have shown that conjugate vaccines that are immuno-
genic in adult animals are not always able to induce an antibody response in neonatal
animals. This might be explained by the fact that for primed B-cells, the binding on
only a few receptors seems necessary, whereas for unprimed B-cells, more Ig recep-
tors must be crosslinked by the saccharide antigen before the cell is activated.

In their native, high-mol-wt form, bacterial polysaccharides (CPS or LPS) are TI
antigens and may retain some of these characteristics once conjugated to a TD carrier
protein (48). However, conjugated oligosaccharides of low mol wt may achieve the
best T-dependent antigen recognition, and may be able to maximize carrier help func-
tion and allow easier preparation of conjugates. Therefore, polysaccharides are often
depolymerized before coupling. A number of chemical and enzymatic methods are
available for the specific degradation of polysaccharides (49–53). These include mainly
hydrolyses (acid-, alkali-, or glycanase-mediated), oxidations, and eliminations (alkali-
or lyase-mediated β-elimination). Physical methods, such as sonication (54,55) and
mechanical shearing (56) can also provoke stress-induced depolymerization of polysac-
charides. Such methods can have the disadvantage of causing random cuts of glyco-
sidic linkages, which in turn will lower the yield of coupling if a specific end group is
needed for activation of the saccharide. However, it is also worth noting that chemi-
cally induced depolymerization methods are rarely specific for a given linkage, and can
therefore promote loss of important side groups common in bacterial antigens, such as
O-acetyls, pyruvates, or saccharide side-chains. When possible, specific bacterial or
viral enzymes have the clear advantage of causing highly specific cuts without the need
for potentially toxic reagents (57–61). The purification of depolymerized saccharides
and the selection of a defined range of mol wts can be accomplished by several tech-
niques, such as ultrafiltration, liquid chromatography (e.g. gel permeation, ion
exchange, or hydrophobic interaction), or electrophoresis. Finally, oligosaccharides of
defined chain length can be obtained by chemical synthesis (see Subheading 1.2.),
sometimes with the incorporation of a spacer to facilitate conjugation.

1.1.2. Carrier Protein
A variety of proteins, including bacterial pili, outer membrane proteins (OMPs), and

excreted toxins of pathogenic bacteria, preferably in toxoid form, have been employed
as carriers for carbohydrate antigens. Most popular as carrier proteins are tetanus and
diphtheria toxoids, which are readily available and accepted for human use. However,
the use of detoxified bacterial toxins as carrier proteins has some disadvantages. The
process of chemically detoxifying produces lot-to-lot variations. Thus, physical and
chemical properties of the toxin can be substantially modified, which can affect the
conjugation efficiency. Conjugation of these proteins with large amounts of saccharide
may further affect protein conformational features and inactivate T- and/or B-cell



Polysaccharide-Conjugate Vaccines 157

epitopes. This might limit the amount of saccharide to be coupled to the protein, since a
precondition of the conjugation is to maintain the T-cell activating properties of the
carrier protein. Bacterial toxins offer advantages over their corresponding toxoids if
cytotoxic effects can be reduced by the conjugation itself. Alternative carrier proteins
have been developed, such as CRM197, a nontoxic analog of diphtheria toxoid (62,63).
These proteins have the same advantages as native toxins—light or heavy loading of
saccharide is possible without influencing the carrier characteristics. Although diphthe-
ria and tetanus toxin-derivatized proteins have proven to be successful carrier proteins,
both in animal and human studies, such problems as hypersensitivity or suppression of
anti-carbohydrate response caused by the pre-existence of anti-carrier antibodies may
still be a matter of concern, especially when a broad range of saccharides is analyzed
(64–68). These negative effects could become more evident when conjugated carrier
proteins are tested in polyvalent or combination vaccine formulations.

The use of a carrier protein derived from the homologous bacterial species from
which the polysaccharide was obtained would avoid possible problems. Furthermore, a
homologous carrier protein may afford protection by itself that would enhance the pro-
tective action of the anti-polysaccharide immunity through synergistic action. In addi-
tion, homologous T help will be boosted on infection. It may be necessary to develop
and use multiple carrier proteins as an approach to reduce interference when more than
one conjugate vaccine is used; alternative carrier proteins, such as Bordetella pertussis
fimbriae, have been used experimentally (69,70). Alternatively, the use of synthetic
peptides corresponding to T-cell of proteins may be a viable approach to circumvent
the phenomena described previously (71–73). However, to be able to induce an im-
mune response across HLA barriers in the human population, synthetic polypeptides
containing multiple epitopes from proteins would have to be used.

1.1.3. Coupling Chemistry (Linkage)
To confer a TD character to a saccharide, it must be coupled to a carrier protein

through a covalent bond. Other strong, noncovalent couplings or associations with
proteins have not proven to be as effective in reaching that goal.

There are numerous existing or potential techniques available for the conjugation of
bio-organic molecules, including saccharides and proteins (74–81). A large variety of
these, often derived from pioneering research in affinity chromatography, have been
used for the preparation of conjugate vaccines (24), including mainly reductive
amination, amidation, and etherification reactions, but also the formation of disulfide,
thiocarbamoyl, O-alkylisourea, or diazo couplings, among others. Conjugates obtained
by reductive amination (82–84), amidation (85), the formation of a thioether bond
(21,86–88), or a combination of these (89,90) have been shown to be highly stable.
However, at present, it is uncertain whether some other types of linkage (e.g. disulfide
bonds) have enough stability in vivo. New techniques, sometimes adapted from other
areas of biochemical research, constantly broaden the choice already available (91–99).
Because of the lability of some saccharide components, coupling conditions should be
as mild as possible. Accordingly, reaction parameters (pH, temperature, reaction time,
and chemical reagents), should be chosen with the goal of avoiding the denaturation of
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protein or unwanted hydrolysis of saccharides. The stability of the linkage formed by
conjugation is also of paramount importance. Significant decoupling during storage
could lead to loss of immunogenicity or of the TD character of the conjugate.

The choice of a coupling chemistry is also largely driven by the model of conjugate
that is needed, namely a well-defined neoglycoprotein or a crosslinked lattice (24,25).
The former is obtained by activation of a single end of the saccharide, and is generally
more efficient for the coupling of oligosaccharides or short polysaccharides (100,101).
The latter is obtained by random activation at several points on the saccharide chain,
and is the more practical approach for the coupling of large polysaccharides. This
model appears also to be the most appropriate for reducing the TI character of a
polysaccharide, by controlling the length of continuous chains of intact RU in the
conjugate. It should be noted that, in some rare instances, a well-defined crosslinked
lattice can be obtained when a saccharide is amenable to specific activation of both
ends of the chain—e.g. by periodate-induced depolymerization (82,83).

When conjugating oligosaccharides, it is often desirable to use a spacer arm (e.g.,
adipic acid dihydrazide, diaminobutane, or 6-aminohexanoic acid) as a linker between
the saccharide and the protein in order to avoid the shielding of important saccharide
epitopes by the secondary structure of the carrier protein. A spacer can also provide
greater efficiency of coupling with polysaccharides by reducing steric hindrance of ac-
tivated moieties (86,102–104). In turn, a spacer can create a neo-antigenic structure that
may be either harmless or toxic (e.g. aromatic spacer), or may lead to the unnecessary
production of large amounts of nonprotective antibodies on immunization with the con-
jugate. Other considerations that influence the choice of a coupling chemistry include
the availability of active groups on both the saccharide and the carrier protein, or the
practical feasibility of introducing new ones by chemical or enzymatic modifications.
Moreover, unrelated groups must be deactivated after conjugation, to avoid uncontrolled
reactions within the conjugate itself and with body tissues after immunization.

1.1.4. Saccharide-to-Protein Ratio

The spacing and density of the saccharide on the protein are likely to have major
impacts on the ability of the conjugate to induce an immune response. Once the sac-
charide antigen is coupled to the carrier protein, measuring the relative ratio of those
two moieties will provide some information about the conjugate structure. To obtain
accurate data, it is essential that all free (uncoupled) material is removed from the final
reaction mixture. This can be accomplished by ultrafiltration, liquid chromatography,
electrophoresis, or differential precipitation. In some instances, it may be difficult to
separate native polysaccharides from conjugates, since both components have high
mol wts that are not always amenable to chromatographic separation. If a conjugate
contains appreciable amounts of free polysaccharide, dose calculations for animal
experiments become unreliable. In addition, the presence of a comparatively large
amount of the TI form of the saccharide antigen, together with its coupled TD form,
can have adverse effects on the immune response (105–107). Long-term storage of a
conjugate can equally lead to partial depolymerization or decoupling of the saccharide
antigen, which in turn will affect the saccharide-to-protein ratio.
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For a neo-glycoprotein model, the saccharide-to-protein ratio provides valuable
information about the number of attachment points on the carrier. It then becomes
possible to compare several conjugates with different ratios (25,41,108), and to evalu-
ate the importance of the shielding of protein epitopes. With high saccharide-to-pro-
tein ratios, essential carrier epitopes may be hidden from the immune system,
preventing recognition of the conjugate as a TD antigen (24–26,102). For a lattice
model, since activation points are randomly distributed on the saccharide, information
about linkage points to the protein is not readily available. Additional tests are needed,
such as the titration of remaining activated groups on the carrier. Attachment points
can also be measured when amino acids become covalently modified in such a way
that physical (e.g., NMR) or chemical analysis is able to detect a change in their struc-
ture (86,109). It is equally difficult to measure the extent of crosslinking or the length
of intact saccharide chains between attachment points. Other characteristics, such as
the actual mol wt of the conjugate, particularly if physical aggregation has taken place,
certainly play a role in the way the conjugate is processed by the immune system.
Finally, it should be emphasized that an optimal conjugation scheme must be deter-
mined for each particular saccharide and protein combination (25).

1.2. Development of Synthetic Saccharide–Protein
Conjugate Vaccines

Like natural saccharides, synthetic carbohydrates may be coupled to proteins by
direct reductive amination (110). However, groups with specific reactivity can also be
introduced into synthetic carbohydrates (42,111). Usually, a spacer arm with a reac-
tive group is coupled to the anomeric center. Examples are the use of allyl (112), 4-
aminophenyl (113,114), 8-methoxycarbonyloctyl (115–117), and 3-aminopropyl
glycosides (118,119), all of which can be modified further for conjugation purposes.

During synthesis of carbohydrates containing repeating phosphodiester units, it is
more convenient to modify a terminal phosphodiester with a spacer arm. In this way,
phosphorylation was used to couple N-benzyloxycarbonyl-protected derivatives of 3-
aminopropanol and glycine-N-(3-hydroxypropyl)-amide to oligosaccharides derived
from capsular polysaccharides occurring in Haemophilus pleuropneumoniae (120) and
H. influenzae type b (121,122) respectively. During deprotection of the oligosaccha-
rides, the spacer amino group was liberated by catalytic hydrogenation.

Spacer-containing oligosaccharides of H. influenzae type b were directly conju-
gated to tetanus toxoid with glutaric dialdehyde (123). Furthermore, the spacer amino
group was modified with S-acetylthioglycolic acid N-hydroxysuccinimide ester
(SATA). The SATA-functionalized oligosaccharides were coupled with 3-(2-
pyridyldithio)-propionylated tetanus toxoid or H. influenzae outer membrane protein
to give disulfide conjugates (123) and with bromoacetylated tetanus toxoid or diphthe-
ria toxin to furnish thioether conjugates (40). In immunization experiments, the most
promising results were obtained with the thioether conjugates. Therefore, conjugation
of carbohydrates (as well as peptides) via thioether linkages has become the method of
choice. The method was used successfully to prepare conjugates of meningococcal
LOS and proteins (124) or synthetic peptides (125), and is currently also being used in
pneumococcal vaccine development.
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1.3. Development of a Pneumococcus Serotype
19F Saccharide–Protein Conjugate Vaccine

The development of pneumococcal serotype 19F saccharide–protein (Pn19FTTd)
conjugates was initiated by using a saccharide with a mean mol wt of approx 350 kDa,
a spacer coupling via a thioether linkage, and tetanus toxoid as a carrier protein. Con-
jugates were prepared with either a high or low molar saccharide-to-protein ratio, aim-
ing for theoretical value of 2.5:1 and 0.25:1, respectively. Furthermore, the influence
of adding AlPO4 as an adjuvant on the immunogenicity of the prepared conjugates
was studied. The method for preparing and characterizing these conjugates is described
in detail in the following section.

2. Materials
1. Native 19F polysaccharide from Streptococcus pneumoniae, mol wt 1250 kDa (American

Type Culture Collection, Rockville, MD).
2. 0.01 M sodium phosphate buffer, pH 7.2 (phosphate buffer).
3. GPC-HPLC (gel-permeation chromatography) columns Oltpak KB-805 and KB804, 8 ×

300 mm (Shodex, Tokyo, Japan), connected in series.
4. Phosphate buffer, 0.9% (w/v) NaCl (phosphate-buffered saline [PBS]).
5. PBS containing 0.05% (v/v) Tween 80 (PBS-Tween).
6. Pullulan mol-wt standards (Shodex).
7. Pneumococcal cell-wall polysaccharide, provided by U. Sorensen, Statens Serum Institut,

Copenhagen, Denmark.
8. High-titer rabbit anti-Pn19F PS IgG serum.
9. Tetanus toxoid (TTd), similar properties to that for vaccine production, provided by Labo-

ratory for Vaccine Production, RIVM (Bilthoven, The Netherlands).
10. 1 M sodium hydroxide.
11. N,N-dimethylformamide (DMFA) (890 µL) containing 22.2 mg cyanogen bromide (0.21

mmol).
12. 4.63 mL distilled water containing 185 mg diaminobutane (2.1 mmol).
13. Centriflo® CF25 (Amazon, Beverly, MA).
14. 0.1 M ethylmorpholine buffer, pH 8.5.
15. 400 µL N,N-dimethylacetamide containing 60 mg (0.26 mmol) SATA (Sigma, St. Louis,

MO).
16. 70 µL N,N-dimethylacetamide containing 9.9 mg (0.04 mol) N-succinimidyl bromoace-

tate (Sigma, St. Louis, MO).
17. 1.2 mL of 0.1 M phosphate buffer, pH8.0 containing 17.5 mg TTd.
18. 0.1 M phosphate buffer containing 5 mM EDTA, pH 7.5.
19. 2 M hydroxylamine in 0.1 M phosphate buffer, pH 7.5, containing 5 mM EDTA.
20. 2-aminoethanethiol (50 mg/mL) in 0.1 M phosphate buffer, pH 7.5, containing 5 mM

EDTA.
21. PolySorp(tm) microtiter plates (Nunc, Roskilde, Denmark).
22. 0.04 M carbonate buffer, pH 9.6.
23. Water containing 0.03% (w/v) Tween 80 (Water-Tween).
24. Horseradish peroxidase-labeled goat anti-mouse antibodies.
25. Tetramethylbenzidine (0.1 mg/mL) and 0.01% (v/v) H2O2 in 0.11 M sodium acetate

buffer, pH 5.5 (Sigma).
26. 2 M H2SO4.



Polysaccharide-Conjugate Vaccines 161

27. ELISA Titretek Multiscan spectrophotometer.
28. Swiss Webster mice (Harlan, Zeist, The Netherlands).
29. AlPO4 (Superfos-Biosector, Denmark).

3. Methods
3.1. S. pneumoniae Serotype 19F Saccharide

1. To decrease the size of the native Pnl9F PS, mol wt 1250 kDa, sonicate a solution of
polysaccharide (10 mg/mL in 0.01 M phosphate buffer, pH 7.2) for a total of 1.5 min on ice.

2. Monitor the decrease of the mol wt by GPC-HPLC (gel permeation chromatography)
using PBS as eluent (l mL/min), and pullulan fractions as standards (Shodex).

3. Compare the antigenicity of the sonicated polysaccharide to that of the native Pnl9FPS in
a competition ELISA by pre-incubating a high-titer rabbit anti-Pnl9F PS IgG serum,
preadsorbed for 30 min at 37°C with 100 µg/mL CPs (cell wall polysaccharide), with
varying amounts of sonicated and native Pnl9F PS (Fig. 2). Then transfer these samples
to a native Pnl9F PS-coated ELISA plate (see Subheading 3.4.). Process the ELISA fur-
ther as described for polysaccharide and tetanus toxoid antibody determinations (see Sub-
heading 3.4.). This will determine whether important epitopes have been affected by the
breakdown of the polysaccharide.

3.2. Coupling of Saccharides to Protein
1. Cool 35 mg of sonicated polysaccharide (mol wt 350 kDa) at a concentration of 5 mg/mL

in 0.005 M phosphate buffer, pH 7.2, to a temperature of 2.5°C.

Fig. 2. Inhibition profiles of native polysaccharide, mol wt 1250 kDa (�) and sonicated
polysaccharide, mol wt 350 kDa (�). The antigenicity of the polysaccharides was found to be
similar.
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2. Adjust the pH of this solution to 10.5 using 1 M sodium hydroxide.
3. Add a solution of cyanogen bromide (22.2 mg; 0.21 mmol) in 890 µL of N,N-DMFA

while mixing.
4. Keep the solution at pH 10.5 for 6 min, then lower the pH to 7.2 using 1 M HCl
5. Add a solution of diaminobutane (185 mg; 2.1 mmol) in 4.63 mL distilled water while

keeping the pH at 7.2.
6. After 45 min incubation at room temperature, dialyze the reaction mixture against dis-

tilled water.
7. Concentrate the dialysate by ultrafiltration (Centriflo CF-25, Amicon) and dry in vacuo.
8. Mix a solution of 22.4 mg modified polysaccharide in 1.1 mL 0.1 M ethylmorpholine

buffer, pH 8.5, with 60 mg (0.26 mmol) SATA in 400 µL N,N-dimethylacetamide.
9. After 1 h incubation at room temperature, stop the reaction by addition of 100 µL of

acetic acid.
10. Precipate the SATA-modified polysaccharide (Pnl9F-SATA) with acetone and dry in vacuo.
11. Dissolve the dried precipitate in water and further purify by ultrafiltration.
12. Mix a solution of N-succinimidyl bromoacetate (9.9 mg; 0.04 mol) in 70 µL N,N

dimethylacetamide with a solution of TTd (17.5 mg) in 1.2 mL of 0.1 M phosphate buffer,
pH 8.0.

13. After 1.5 h reaction at room temperature, subject the mixture to ultrafiltration and equili-
brate in 1 mL of 0.1 M phosphate buffer containing 5 mM EDTA, pH 7.5.

14. Add the solution of bromoacetylated TTd thus obtained to the SATA-modified carbohy-
drate. For the preparation of conjugates with a theoretical saccharide-to-protein molar
ratio of 0.25:1, mix 6.5 mg of Pnl9F-SATA in distilled water (410 µL) with 11 mg of
bromoacetylated TTd (765 µL) in 0.1 M phosphate buffer, pH 7.5, containing 5 mM
EDTA, and incubate with 27.5 µL of 2 M hydroxylamine (in 0.1 M phosphate buffer, pH
7.5, containing 5 mM EDTA). For the preparation of conjugates with a theoretical molar
ratio of 2.5:1, mix 6.5 mg of Pnl9F-SATA in distilled water (410 µL) with 1.1 mg of
bromoacetylated TTd (765 µL) in 0.1 M phosphate buffer, pH 7.5, containing 5 mM
EDTA, and incubate with 27.5 µL of 2 M hydroxylamine (in 0.1 M phosphate buffer, pH
7.5, containing 5 mM EDTA). Follow the conjugation over time by GPC-HPLC.

15. After 43 h incubation at room temperature, block the remaining bromoacetyl groups by
the addition of 2-aminoethanethiol (50 mg/mL) in 0.1 M phosphate buffer, pH 7.5, con-
taining 5 mM EDTA. For the conjugate with a saccharide-to-protein ratio of 0.25:1, add
101 µL 2-aminoethanethiol; for a saccharide-to-protein ratio of 2.5:1, add 10.1 µL 2-
aminoethanethiol.

16. After an additional period of 6 h, purify the conjugate and equilibrate in PBS by ultra-
filtration.

17. Fractionate the conjugates by GPC-HPLC.

3.3. Characterization of Pn19F-TTd Saccharide–Protein Conjugates

1. After the reaction has been stopped, confirm the presence of conjugate by a sandwich
ELISA detecting both polysaccharide and protein.

2. Isolate the conjugate by GPC-HPLC, monitoring the elution profile by both UV absor-
bance at 280 nm (for the presence of protein) and refractive index (Fig. 3).

3. Analyze all fractions for the presence of sugar (126) and protein (127) to estimate for the
presence of covalent conjugates. In our experience, a low initial saccharide-to-protein
ratio yields conjugates with a molar ratio ranging from 0.08:1 to 0.65:1, whereas a high
initial saccharide-to-protein ratio yields a molar ratio ranging from 2.4:1 to 3.9:1.
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4. Compare the antigenicity of the Pnl9FTTd conjugates with that of the native capsular
polysaccharide in a competition ELISA.

5. Determine the level of unbound polysaccharide and protein by rocket immuno-electro-
phoresis.

6. Select the conjugates with the lowest percentage of free polysaccharide and free protein
for immunogenicity studies.

3.4. Determinations of Antibodies by ELISA
1. Coat PolySorp microtiter plates (Nunc) with TTd (2 mg/mL in 0.04 M carbonate buffer,

pH 9.6) for 2 h at room temperature and use to determine antibodies to TTd.
2. Coat similar plates for 5 h at 37°C followed by an overnight incubation at 4°C with Pnl9F

PS (10 µg/mL in PBS) for the determination of antiPnl9F PS antibodies.
3. Wash the coated plates with water-Tween and incubate for 2 h at 37°C with three- or

fivefold serial dilutions in PBS-Tween of serum samples that have been pre-incubated for
30 min at 37°C with 100 µg/mL CPs.

4. Wash the plates with water-Tween and incubate for 2 h at 37°C with horseradish peroxi-
dase-labeled goat anti-mouse antibodies in PBS-Tween containing 0.5% (w/v) BSA.

5. Wash the plates again with water-Tween and incubate at room temperature with the per-
oxidase substrate tetramethylbenzidine (0.1 mg/mL; Sigma)–0.01% (v/v) H202 in 0.11 M
sodium acetate buffer, pH 5.5.

6. After 10–30 min of incubation, stop the reaction by adding 100 µL of 2 M H2SO4.
7. Read the A450 on an ELISA Titertek Multiscan spectrophotometer.

Fig. 3. Conjugation of modified Pnl9F PS to TTd was followed by GPC-HPLC. After a
conjugation period of 15 h, at a retention time of 12–16 min, an increase in the absorbance at
280 nm was observed. This indicates the formation of conjugate. 1. Conjugation at t = 0. 2.
Conjugation at t = 15 h.
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Table 2
Immunogenicity of Pn19FTTd Conjugates in Adult Mice

AntiPn19F antibody titers
(geometic mean [+/–] SEM after the following immunization)

Primary Secondary Tertiary

Group Conjugate Doses,µg Titer Resp.  Titer Resp. Titer Resp.

IgM
1 Pn19FTTd (0.65:1) 1 22 (+/–) 2 0/6 39 (+/–) 1 5/6 42 (+/–) 2 6/6
2 Pn19FTTd (0.65:1)a 1 41 (+/–)  2 5/5 70 (+/–) 3  4/5 116 (+/–) 3 5/5
3 Pn19FTTd (3.7:1) 1 28 (+/–)  2 0/6 43 (+/–) 2 5/6 42 (+/–) 2 6/6
4 Pn19FTTd (3.7:1)a 1 24 (+/–) 2 0/5 34 (+/–) 2 2/5 43 (+/–) 3 4/5
5 Saline 11 (+/–) 4 0/6 10 (+/–) 3 0/5 6 (+/–) 1 0/5
6 Salinea — 12 (+/–) 1 0/6 16 (+/–) 1  0/6  6 (+/–) 1 0/6

IgG
1 Pn19FTTd (0.65:1) 1 8 (+/–) 13 3/6 51 (+/–) 14  3/6 67 (+/–) 8 4/6
2 Pn19FTTd (0.65:1)a 1 15 (+/–) 6 3/5 446 (+/–) 5 5/5 1792 (+/–) 8 5/5
3 Pn19FTTd (3.7:1) 1 4 (+/–) 2 1/6 15 (+/–) 5 4/6 15 (+/–) 5 4/6
4 Pn19FTTd (3.7:1)a 1 3 (+/–) 4 1/5 7 (+/–) 4 2/5 27 (+/–) 6 4/5
5 Saline — 1 (+/–) 1 0/6 2 (+/–) 7 0/5 2 (+/–) 1 0/5
6 Salinea 1 (+/–) 1 0/6 2 (+/–) 6  0/6 2 (+/–) 2 0/6

aAdministered in the presence of 0.1% AlPO4.
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3.5. Immunogenicity of Saccharide–Protein Conjugate Vaccines
1. Immunize groups of six 8–12-wk-old female random outbred (Swiss Webster/Harlan)

mice subcutaneously 3× with a 4-wk interval with 0.25 mL 0.9% NaCI solutions of con-
jugate containing 1 µg of saccharide. The conjugates can be administered in the presence
or absence of 0.1% (w/v) AlPO4.

2. Collect blood samples before each immunization and at d 14 after the third immunization.

Analysis of individual sera of mice immunized in our laboratory with either
Pnl9FTTd (0.65:1) or Pnl9FTTd (3.7:1) on d 28 after first immunization showed that
the highest percentage of mice responded to the Pnl9FTTd (0.65:1) conjugate (Table 2).
Both antiPn19F IgM and IgG antibody responses could be observed. Booster injec-
tions with the homologous Pn 19FTTd conjugates showed a small increase of Pnl9F
IgM antibodies, whereas a remarkable increase in the level of Pnl9F PS IgG antibodies
was observed. A tertiary immunization further increased antiPnl9F PS antibody
responses in mice immunized with Pnl9FTTd (0.65:1) adsorbed to AlPO4, whereas for
the other groups only minor increases were observed. The highest increase resulting
from AIPO4 was observed with the anti-Pnl9F PS antibody response of the Pnl9FTTd
(0.65:1) conjugate.

Analysis of antiTTd antibody responses in individual sera demonstrated that each
of the immunized mice could form anti-TTd antibodies (data not shown).

4. Conclusion
The application of conjugate vaccines has been shown to be successful for the pre-

vention of infectious diseases caused by H. influenzae type b and pneumococci in
infants and by serogroup C N. meningitidis in infants and young adults (18). This
approach is therefore also favoured for other encapsulated bacteria, such as pneumo-
cocci. In recent clinical trials, pneumococcal conjugate vaccines have been shown to
be effective at preventing pneumococcal disease in children (19).

Since there are large differences in the design of the conjugates shown to be protec-
tive in human infants, there is still no general formulation available for the develop-
ment of optimal immunogenic conjugate vaccines with high potency. However, there is
some evidence to suggest that the use of the same carrier can lead to epitopic suppres-
sion; therefore, clinical trials with multivalent pneumococcal and meningococcal con-
jugate vaccines, in which the same carrier protein is used, will be helpful to understand
the important aspects of using combined vaccine formulations. Also, results obtained
from these trials will improve the understanding of the immunological mechanisms of
saccharide protein conjugate vaccines. Until now, no adjuvants other than alum are
needed for generating high immune responses in infants with conjugate vaccines.
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Adjuvant Formulations for Experimental Vaccines

Duncan E. S. Stewart-Tull

1. Introduction
An adjuvant (immunopotentiator), when added to a vaccine, will enhance the

immunogenicity of the antigen with the stimulation of an elevated humoral immune
response. Some adjuvants may also stimulate a cell-mediated response against the anti-
gen. One advantage of including an adjuvant in the vaccine mixture is that smaller
quantities of the antigen are usually required to stimulate a good response. New syn-
thetic experimental vaccines may require the presence of an adjuvant to achieve an
immunogenic response. There is no single universal adjuvant, but numerous adjuvants
are available alone (e.g., muramyl dipeptide and Quil A derivatives), or conjugated to
the antigen (e.g., Immune-stimulating complexes [ISCOMs]), or in mixtures (e.g.,
Montanides, Guildhay or MF-59 adjuvants). The adjuvant selected will be based on
experimental data produced with a variety of antigen preparations, taking into consid-
eration the nature and dose to be administered, the route of vaccine administration, and
any contraindications. For human vaccines, it should be remembered that aluminum
salt adjuvants have been the only licensed preparations for the past sixty yr.

One difficulty in the selection of a suitable adjuvant has been that, until recently,
they have been ignored in standard texts on immunology. Thus, it was necessary to
search through original research papers in the hope that sufficient guidance on the use
and preparation of adjuvanted experimental vaccines was described. There are now a
number of texts that will assist in the choice of a suitable adjuvant (1–5), and a com-
pendium of 100 different preparations was published in 1994 (4). There was agree-
ment in 1988 for adjuvant standards: aluminum hydroxide and Freund’s complete
adjuvant were selected; the former as a licensed adjuvant for veterinary and human
use and the latter as the best-documented adjuvant. In addition, two standard antigens
were designated for use in experimental research—namely, ovalbumin and influenza
hemagglutinin (6).
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1.1. Aluminum Hydroxide Gels
There has been a general belief that alum-precipitated antigens, made by mixing

the protein with potassium alum [KA1(SO4)2·12H2O], are retained at the site of injec-
tion, “the depot effect,” with the slow release of the antigen over a prolonged period
and the nonspecific irritation of the immune system. Subsequently, the importance of
protein antigen adsorption to aluminum hydroxide [A1(OH)3] or aluminum phosphate
[A1PO4] was stressed (7). It is possible to prepare the latter as gels in the laboratory,
but it is less time-consuming and more profitable to obtain the well-defined and stan-
dardized commercial preparations, such as Alhydrogel (Brenntag Biosector, Den-
mark). The ability of aluminum hydroxide gel [A12O3.H2O] to adsorb protein antigens
depends on a number of physicochemical characteristics of the gel, namely particle-
size distribution, internal surface, degree of hydration, and charge of the particles.
Hem and White (8) reported that the charge was positive below pH 9.0. The adsorp-
tion capacity of an aluminum hydroxide gel varies (9,10), even among those proteins
that are related phylogenetically, for example, bovine and human serum albumins.

The main use for aluminum hydroxide gels is in vaccines where a Th2 humoral
immune response against a protein antigen is required, especially for the stimulation
of IgG and IgE; however, they are not particularly useful with peptide antigens. In
addition, it is doubtful whether a Th1-cell-mediated response can be elicited with alu-
minum-adsorbed antigen. Before the selection of an adjuvant for a particular vaccine
is made, it would be useful to refer to articles by Mossmann and Sad (11) and Cox and
Cooper (12). The use of cytokines to potentiate immune responses will not be consid-
ered here for the following reason: in 1979, a letter to the Journal of Immunology,
signed by thirty-nine leading immunologists, reduced the confusion about a wide range
of cytokines with similar activities by collating them all under the name Interleukins,
IL-1 or IL-2. Since this time and at regular intervals, new interleukins have been
reported, and it is apparent that they have important functions in the intricate steady-
state system of the immune response. Until such time as doubts about the activity of an
as yet unidentified cytokine being adversely affected by the presence of an interleukin
in a vaccine, it may be wise to caution their use, and they will not be considered further
in this chapter.

1.2. Freund-Type and Oil-Emulsion Formulations
Freund’s complete adjuvant (FCA), the standard adjuvant, has been used exten-

sively in experimental vaccines in animals because of its strong adjuvant effect (6).
The combination of mineral oil and heat-killed Mycobacterium tuberculosis cells,
together with an emulsifier such as mannide monooleate, produced a specific cellular
reaction in experimental animals. FCA stimulated active humoral and cell-mediated
immune responses, but there may be concomitant contraindications because of the
reactogenicity of some types of mineral oil, particularly those causing the formation of
an epithelioid macrophage granuloma and local ulceration at the site of injection when
the injection was administered subcutaneously. Pyrogenicity, stimulation of experi-
mental autoimmune diseases, and adjuvant arthritis were also recorded (reviewed in
detail by Stewart-Tull refs. 13,14).
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Since the 1970s, new procedures have been used in the manufacture of white oils,
and today the use of the term FCA is a misnomer. At best, the average laboratory can
only produce a “Freund-type” emulsion (3), and reputable journals should disallow
the use of the term FCA in research articles for laboratory preparations without some
evidence of the source of the components. The general use of FCA for the routine
production of antisera is both unnecessary and ethically unwarranted because other
adjuvants usually achieve an acceptable result. Similarly, it is surprising that experi-
menters continue to inject animals intra-footpad despite very clear contrary recom-
mendations (15–18). Indeed, it is doubtful if any pharmaceutical company would
market a veterinary vaccine with such a recommended route of injection! Vaccine
development laboratory workers must be aware of the licensing requirements for a
human vaccine and devise realistic dose levels and injection protocols such as the
route and number of injections, (16).

The conclusion from a workshop on the escape from the use of FCA (at the 1999
conference on “Alternatives and Animal Use in the Life Sciences”) was that the use of
the standard FCA may be justifiable in “special cases where less potent adjuvants
would fail to elicit an adequate response, or in which adjuvants are used as tools to
investigate parameters of the immune system itself” (19). As stated by Salk: “If I
thought it would cure the patient, I should have no doubts about including Freund
Complete Adjuvant in an HIV vaccine” (Salk J, personal communication, 1990).

Consideration should be given to new oil formulations that are less reactogenic and
have fewer contraindications than products marketed before 1970, partly because of
changes in the oils (3) and improved methods to measure the hydrocarbon content (14).
In this respect, Montanide 80, a highly refined mannide oleate, was used in Phase I (20)
and Phase II (21), Montanide ISA 51 in Phase I (22–24) and Phase II (25), ISA 720 in
Phase I (26), and ISA 724 in Phase I (27,28) clinical trials of human immunodeficiency
virus (HIV)-1 vaccine. ISA 51 was used in Phase I/II trials with a cancer vaccine (29,30)
and ISA 720 alone (31) or with Plasmodium falciparum vaccine (32–34). In the mela-
noma cancer trials with ISA 51, in which a more aggressive immunotherapeutic response
was required, the volume of emulsion used varied from 0.5 mL to 2.0 mL with as many
as eight repetitive injections. The adverse reactions after subcutaneous (sc) injection
were local and mild to moderate; the benefit:risk ratio must be carefully gauged when
considering the injection dose with a prophylactic vaccine! For the malaria trials, vol-
umes of the ISA 720 emulsion were in the order of 0.36–1.8 mL injected intramuscu-
larly with 1–3 injections at different sites. In my opinion, for a prophylactic vaccine, the
intramuscular (im) route would be the most suitable for an injection volume of 250 µL.
For veterinary vaccines, Montanides ISA 50, 57, and 206 were tested in a FMDV vac-
cine for calves, and ISA 57 proved to be the most useful (35).

Synthetic oligodeoxynucleotides (ODN) containing immunostimulatory cytosine-
phosphorothioate-guanine (CpG ODN) possessed adjuvant activity for protein antigen
after either im injection or intranasal (in) inhalation (36,37). Subsequently, CpG ODN
was tested with purified hepatitis B surface antigen by the oral route and both the Th1
and Th2 responses were stimulated in Balb/c mice (38), with IgA in lung, vaginal, and
gut washes. It was concluded that after im, in, or sc injection that the Th2 stimulation
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was associated with the phosphorothioate ODN backbone, and that the presence of
CpG motifs shifted this toward a Th1 response (39). Manders and Thomas (40)
reviewed the role of CpG motifs as adjuvants for DNA vaccines. With a gp120-de-
pleted whole-killed HIV antigen (HIV-1) in combination with synthetic CpG ODN in
a Freund’s incomplete adjuvant (FIA), both CD4+ and CD8 + T-cell HIV-specific
responses were stimulated in rats (41,42). These studies indicate a cirumvention of the
increasing resistance to the use of mycobacterial (43) or toxin (44) derivatives in
Freund-type complete adjuvant mixtures; although many whole-cell bacterial vaccines
do contain peptidoglycan or lipopolysaccharide (LPS), respectively (45). It is also
worth noting that intranasal administration of radiolabeled cholera toxin (CT) or CT-B
subunit targeted the olfactory nerves/epithelium and olfactory bulbs via a GM1
monosialoganglioside, and doubts were raised about the role of such GM1-binding
molecules as mucosal adjuvants (46). However, intracerebral injection of CT-B con-
taining 0.2% CT at the 10-µg dose/mouse caused death within 7 d, but <3.0 µg did not.
Intranasal (in) administration of 0.1 µg CT-B thirty times caused no effect on the brain
but some slight effect on the nasal mucosa and the associated lymphoid tissue (47).
With the background knowledge that CpG ODN possesses adjuvant activity, it would
be interesting to combine this with ISA 51 or 720—tailor-made for human applica-
tion, as shown by the clinical trials mentioned previously—and show whether micro-
bial adjuvants could be eliminated from the equivalent of FCA.

1.3. Immune-Stimulatory Complexes (ISCOMS)
In the first edition of this book, the indication was that the main focus of research

on the use of ISCOMs was with viral antigens and veterinary vaccines (48). In the
ISCOM matrix, the Quil A is bound with cholesterol and phosphatidylcholine to form
a stable, cage-like structure (similar in shape to a plastic practice golf ball) that binds
the hydrophobic moiety of the antigen and presents the hydrophilic moiety to the
immune cells. Human volunteers have now been injected with influenza ISCOM vac-
cines and compared with a group that received the non-adjuvanted, inactivated, split-
virion vaccine in a double-blind trial. The ISCOM vaccines induced Th2 responses in
the test and control groups, but the incidence of Th1 responses was higher in the
ISCOM group (49). It was apparent that a hydrophobic anchor on hydrophilic proteins
assisted in the production of an active influenza ISCOM (50). Initially, it seemed that
this technology was confined to viral vaccines, but some studies with other infective
agents are now appearing. In addition, mice injected with ISCOMs containing syn-
thetic peptides of the erythrocyte surface antigen of P. falciparum produced antibod-
ies that inhibited the parasite (51); such studies may also renew interest in peptide
vaccines.

The delays in the development of such vaccines were caused by the difficulties
workers found in the preparation of ISCOMs; however, a commercial preparation of
the ISCOM-matrix is available from Iscotec AB (Uppsala, Sweden) in the form of the
matrix without antigen incorporated into the stucture; thus, further use will be made of
this technology. There is still a requirement for careful monitoring of the balance of
Quil A and antigen in the complex. The latter should be hydrophobic or amphipathic
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in nature (52), but one would expect to see more human ISCOM vaccines developed in
future years.

1.4. Liposomes
The use of artificial lipid bilayers in the form of vesicles is an efficient means of

antigen presentation (53,54). A large variety of natural phospholipids or other polar
amphiphiles can be used in an aqueous solution of an antigen to form either unilamellar
or multilamellar spherules. The antigen(s) may either be lipid-soluble and insert into
the artificial lipid bilayer, or bind to the bilayer, or become entrapped inside the spher-
ule. In multilamellar liposomes, the antigen(s) may also be trapped in the aqueous
compartments between the lipid bilayers. The surface of the liposome may also be
positively or negatively charged by the addition of suitable charged amphiphiles. Many
of the natural adjuvant substances are amphiphilic, and may insert into the liposome
through hydrophobic groups (55,56). The purity of the phospholipid will affect the
stability of the final preparation of liposomes and their leakiness. For instance,
Gregoriadis (53) points out that high-density plasma lipoproteins will remove low-
melting phospholipids from liposomes and cause leakiness. With high-melting phos-
pholipids or with an excess of cholesterol, the lipid bilayers become rigid at 37°C, and
the result is a slower release of the antigen. Space does not permit the author to record
the many combinations that could be used; the preparation of a pure sample of phos-
phatidylcholine (ovo-lecithin) and positively and negatively charged liposomes are
described as examples.

Current research and improved preparation and stability of liposomes (57,58) has
enabled their use in liposome-mediated DNA transfer. Such work has culminated in a
licensed hepatitis A virosome vaccine (59); thus, further advances may be expected in
the future with such technology. For example, the mumps virus hemagglutinin was
engineered into a plasmid vector and combined with an influenza virosome, a lipo-
some containing influenza hemagglutinin and neuraminidase, and both Th1 and Th2
responses were elicited (60).

Seventy-five years have passed since studies began on the use of alum as an adju-
vant. Despite the vast effort to produce suitable adjuvant formulations for use in human
vaccines we still have few licensed adjuvanted vaccines. At the ECPI World Vaccine
Congress (61), it was stated that “it would be incorrect of WHO or any other health
authority to attempt to paint vaccines as being totally safe. As with any medicine or
health intervention, there will always be some risk. Severe complications as a result of
the interaction between the individual and the vaccine can occur after even the best
known of childhood vaccines” (62).

Nevertheless, strenuous attempts will continue to be made to ensure that no
adjuvanted vaccine is licensed without the most rigorous toxicity testing (63,64), and
the U.S. Center for Biologics Evaluation and Research will expect to review the toxic-
ity profile of both the adjuvant alone, as well as the adjuvant-antigen combination
(65). Mankind will continue to face new challenges with emergence of new diseases
and re-emergence of old diseases with migration of peoples and climatic changes.
Modern travel (66) leads to the transfer of diseases to new environments; in the United
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Kingdom we have no safeguards against Ebola virus or against West Nile Fever, which
has emerged as a problem in the United States and Canada.

In this chapter, prominence has been given to a comparatively small area of adju-
vant research with the associated human clinical trials, but it is hoped that this and
studies on the 100 adjuvants and delivery systems (4) will soon achieve success in the
development of efficacious vaccines for human use.

2. Materials
2.1. Aluminum Preparations

1. The standard antigen solution: (e.g., ovalbumin) 1.0 mg/mL in sterile distilled water. A
small amount of the ovalbumin should be placed in a clean glass container in a desiccator
for 24–48 h to remove residual water; this can account for some 50% of the weight of
protein.

2. Alhydrogel available as 2.0% (w/v) and 3.0% (w/v) aluminum hydroxide, a white gelati-
nous precipitate in aqueous suspension, from Brenntag Biosector, Elsenbakkien 23, 3600
Frederikssund, Denmark.

3. Sodium diethylbarbiturate buffer, 0.07 M at pH 8.6. The formulation of an effective buffer
is 2.76 g diethyl barbituric acid and 15.4 g sodium diethyl barbiturate dissolved in sterile
distilled water, to a final volume of 1.0 L. Prolonged storage of buffer solution is not
recommended, especially if the solution is not sterile. Ideally, buffer should be prepared
daily and kept refrigerated until use.

4. Gel medium: Dissolve 2.0 g purified agar in 100 mL diethylbarbiturate buffer, pH 8.6, by
heating in a steamer. Add 1.0 mL thiomersal as a preservative. Dispense into glass, wide-
necked bottles in 7.0-mL quantities.

5. Polyclonal rabbit anti-ovalbumin anti-serum or the specific anti-serum against the candi-
date vaccine antigen.

6. Amido-black stain, 0.1% (w/v) solution. Prepared by dissolving 100 mg in methanol:
water: acetic acid solution (5:5:1, v/v/v).

7. Methanol-acetic acid (9: 1, v/v) washing solution.
8. Rotating mixer (e.g., Matburn-blood-cell suspension mixer).

2.2. Standard Freund’s Complete and Incomplete Adjuvants
1. Freund’s complete adjuvant (FCA), produced by the Statens Seruminstitut and available

from Brenntag Biosector, Elsenbakkien 23, 3600 Frederikssund, Denmark, consists of a
mixture of 85% mineral oil (Marcol 52) and 15% emulsifier (Arlacel A-mannide mono-
oleate) with 500 µg heat-killed, dried Mycobacterium tuberculosis per mL. The mixture
is used in a 1:1 ratio with the antigen-containing aqueous phase (see Note 1).

2. FIA: as in above item 1, but without the M. tuberculosis.

2.3. Montanide Incomplete Seppic Adjuvants (ISA)
1. This is a series of ready-to-use preparations for animal and human vaccines produced by

Seppic, Siege Social, 75 Quai D’Orsay, 75321 Paris, Cedex 07, France.
2. Montanide ISA 51 is a mixture of Montanide 80, a highly refined mannide oleate, in

Drakeol 6VR as a ready-to-use preparation at a ratio of 50:50 v/v, with the aqueous phase
containing the antigen (see Note 2).

3. Montanide ISA 720 contains the highly refined emulsifier in natural metabolizable oil
designed for the production of water-in-oil emulsions. This ready-to-use preparation is
mixed with the aqueous antigen preparation in the ratio 70:30 v/v (see Note 2).
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2.4. Non-Ulcerative Freund’s Adjuvant (NUFA)
A commercial preparation of Freund-type adjuvant has been introduced by Morris

of Guildhay Ltd. (Guildford, Surrey, UK), which can be administered by im, sc, and
intradermal (id) routes in small doses at multiple sites. The im sites create a longer
depot stimulus and fewer adverse reactions than the other routes. The main difference
between this product and others relies on the use of Evans Medical Bacillus Calmette-
Guérin (BCG) vaccine to provide the M. tuberculosis for FCA. The BCG vaccine is
formulated for id use (BCG vaccine BP, BNF [id] supplied by John Bell and Croydon,
52-54 Wigmore Street, London, W1H 0AU, UK). After reconstitution, 0.1 mL is added
to 0.9 mL of the aqueous antigen solution and 2.0 mL of the FIA containing highly
refined base oil that conforms to US and EU Pharmacopoeia requirements and com-
plies with FDA regulations 21 CFR 172.878 and 178.3620(a). The dose varies from
one animal to another, between 0.25 and 0.5 mL.

2.5. Liposomes
1. Cholesterol (Sigma).
2. Spectroscopic-grade chloroform (Uvasol; Merck, Rahway, NJ).
3. Dicetyl phosphate (Dihexadecyl phosphate; Sigma) for negatively charged liposomes.
4. Octadecylamine (Stearylamine; Sigma) for positively charged liposomes.
5. Phosphatidylcholine, or purified from fresh newly-laid eggs as ovolecithin (67).
6. Antigen: A preparation of a suitable amphipathic antigen in distilled water or 20 mM

phosphate-buffered saline (PBS) (see Note 3).
7. Newly laid eggs, <24-h-old.
8. Chloroform, spectroscopic grade (Uvasol).
9. Acetone.

10. Ethanol.
11. Petroleum ether.
12. Cadmium chloride.
13. Silver nitrate.
14. Rhodamine 6G: 0.012% w/v aqueous solution (Sigma).
15. 0.145 M potassium and sodium chloride: 1.08 g KC1 and 0.847 g NaC1/100 mL.

3. Methods
All procedures should be carried out in accordance with appropriate safety

regulations.

3.1. Preparation of Antigen Adsorbed to Aluminum Hydroxide
1. Prepare a stock solution of the vaccine candidate protein antigen in sterile, nonpyrogenic,

glass-distilled water.
2. Sterilize a sample of aluminum hydroxide gel (see Note 4): For small amounts, it is

acceptable to autoclave at 121°C and a pressure of 103.4 kPa (15 lb/in2) for 1 h. With
larger quantities, a stirring mechanism may be required because of the low heat conduc-
tivity of the aluminum hydroxide. Alhydrogel is nonpyrogenic, noncarcinogenic, and
nonteratogenic, and it is assumed that the antigen preparation will also have been tested
and shown to be free of these properties.

3. Mix aliquots of the stock protein solution aseptically with the aluminum hydroxide gel,
e.g., 0.5–1.0 mL with 0.5 mL sterile Alhydrogel. Incubate the mixture for a minimum of
1 h at 37°C (a maximum period of 18 h); stir slowly or rotate on a mixer.
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4. Repeat the adsorption process at different pH values; start at pH 6.0 and increase at 0.5
pH intervals to pH 9.0 (see Notes 5–7). If the antigen mixture is complex, there may be
preferential binding at a particular pH value.

5. Place the mixtures at 0–l°C for 1 h; centrifuge at 1000g for 10 min. Separate the clear
supernates and measure the unadsorbed antigen(s) by a quantitative radial immunodiffu-
sion test (68) (see Subheading 3.2.; Note 8).

3.2. Radial Immunodiffusion Test to Measure Antigen Unadsorbed
to AL (OH)3

1. Note that antibodies are not damaged by exposure to 50°C, and agar solidifies at tem-
peratures below 38°C. Place a 5-cm-diameter Petri dish on a leveling table. Warm the
specific anti-serum by placing in a water bath at 50°C for 5 min and add 0.75 mL to the
7.0-mL molten diethylbarbiturate agar. Mix anti-serum and gel thoroughly and pour into
the Petri dish; ensure that the gel mixture is distributed evenly over the surface and leave
to set at room temperature. Repeat with different anti-sera if a complex antigen mixture
is being used.

2. Prepare standard twofold dilutions of antigens in sodium diethylbarbiturate buffer (e.g.,
0.5–3.0 µg/mL antigen). These standard antigen solutions will depend on the original
protein estimations of the candidate antigen.

3. Cut out basins in the anti-serum-agar layer with a sterile stainless-steel cutter. It should
be possible to suck out the small agar plug at the same time as the basin is cut. Cut out
12 basins in a ring and mark their positions. Transfer 5.0 µL of the standard antigen
dilutions or the test supernates to fill each of the basins. Some care is required to avoid
spilling the antigen over the surface of the agar. Use a micropipet, automatic pipetter, or
Hamilton syringe.

4. Leave the plate in a moist chamber at room temperature for 24 h. Measure the diameters
of the circular immunoprecipitates around the basins with a graduated mono-ocular mag-
nifier, or place the plate over a centimeter scale and measure with a hand lens.

5. Plot the d2 values (squares of the diameters; square millimeters) minus the square milli-
meters of the basin itself from each of the antigen dilutions against the concentration of
the standard antigen. A straight-line standard antigen curve should be obtained, but note
that the origin on the y-axis will be at the point (diameter of basin)2. Read the correspond-
ing protein concentration of each test d2 value from this standard curve and calculate the
amount of protein in the total volume of each respective supernate.

6. If the precipitates are difficult to measure, it is possible to stain them. Wash the plate in
physiological saline for 2 d to remove non-precipitated protein. Stain for 5–10 min with
Amido black solution and wash with methanol-acetic acid mixture.

7. Calculate the amount of protein bound to the aluminum hydroxide and select the most
appropriate combination of aluminum hydroxide to antigen. Make allowance for a slight
excess of antigen to ensure that there is a small amount of free antigen in the final vaccine
mixture (see Notes 9–11).

3.3. Preparation of a Complete Freund-Type Adjuvant
1. Dissolve the dried antigen (e.g., crystallized ovalbumin) in an appropriate volume of ster-

ile distilled water. (Water-soluble equivalents of the mycobacterial adjuvant are dissolved
in the saline component.)

2. Add the aqueous immunogen to the Guildhay NUFA incomplete adjuvant (1:2 v/v) or
Montanide ISA 720 (3:7 v/v), see Note 2, or the FIA from Statens Seruminstitut at 1:1 v/v.
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3. Add the aqueous phase to the oil phase and mix thoroughly until a creamy white emulsion
is produced (see Note 12). This can be achieved by either drawing up into a 1.0-mL glass
Luer syringe fitted with a medium-bore needle, passing from syringe to syringe through a
sterile adapter, or by mild ultrasonication.

4. The nature of the resulting emulsion should be tested to ensure that a water-in-mineral oil
emulsion has been prepared. Expel a drop of the emulsion onto the surface of water in a
shallow dish. An oil-in-water emulsion will immediately disperse over the surface,
whereas a water-in-oil emulsion will retain the integrity of the drop.

5. Store the final mixture at 4°C or at room temperature, depending on the nature of the
antigen, but do not freeze because this will break the emulsion.

3.4. Preparation of an Incomplete Oil Adjuvant
The procedure is as described in Subheading 3.3., but the mycobacterial compo-

nent or its equivalent is omitted from the mixture.

3.5. Immunization Procedure (see Notes 12–14)
1. Warm the experimental vaccine to 37°C before injection. This avoids shock to the small

animal, and helps the flow of the vaccine from the syringe. For large-scale use in the field
this may not always be possible, but it is not recommended to use vaccine immediately
from the refrigerator.

2. The size of the injection dose will depend on the animal and the route of injection. For
example, 0.2 mL of a water-in-oil emulsion containing 2.0 mg of ovalbumin and 200 µg
M. tuberculosis im into the left hindlimb of the guinea pig is suitable. However, 200 µg
M. tuberculosis in the vaccine dose will completely suppress the humoral response in a
mouse; 25–50 µg is the optimal dose. Different regimens may be required for larger ani-
mals; those for rabbits and sheep have been described where it may be advisable to use
multiple injection sites (69).

3.6. Preparation of Pure Ovolecithin (Phosphatidylcholine; see
Note 15)

This method is based on that described by Pangborn (67), as follows:
1. Separate the yolks from 12 <24-h-old eggs and blend in a suitable mixer.
2. Add acetone (400-mL aliquots) and blend the mixture for a further 30 s. Allow to separate

and decant the acetone extract. Repeat until the yolk powder is creamy white when the
final acetone extract is removed by filtering the mixture through a Buchner funnel.

3. Transfer the yolk filter cake to a stoppered flask, add 800 mL ethanol, and shake the
mixture intermittently by hand for 30 min. Filter off the alcoholic extract by suction
through a Buchner funnel, precipitate with approx 15.0 mL of 50% (w/v) aqueous cad-
mium chloride, and leave at 4°C for 1 h. Filter the precipitate through the Buchner funnel
and wash with acetone on the filter.

4. Dissolve the washed precipitate in 100 mL chloroform, pour into a mixture of 700 mL
alcohol + 10 mL 50% (w/v) aqueous cadmium chloride with constant stirring, and leave
at room temperature for 10 min. Separate the cadmium-precipitated floccules by filtra-
tion, and redissolve in 100 mL chloroform. Re-precipitate the cadmium salt twice in the
alcohol-cadmium chloride mixture, suspend in 150 mL petroleum ether, and place in a
stoppered separating funnel.

5. Add 500 mL of 80% (v/v) ethanol (saturated with petroleum ether and containing 0.1%
(w/v) cadmium chloride) to the suspended cadmium salt. Vigorously shake the mixture
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by hand until the lecithin-cadmium chloride salt has dissolved, draw off, and retain the
alcohol layer. Re-extract the petroleum ether layer once with 300 mL and once with 100
mL of the 80% (v/v) alcohol mixture.

6. Pool and concentrate the alcoholic extracts in vacuo in a rotary evaporator to a vol of 600
mL. Leave the concentrate at 4°C overnight to precipitate the lecithin-cadmium chloride.

7. Collect the precipitate by filtration through a Buchner funnel, dissolve in 150 mL chloro-
form, and mix with 150 mL 30% (v/v) ethanol in a separating funnel. After mixing, draw
off the dilute alcohol layer and test for the presence of chloride with 5% (w/v) silver
nitrate solution. Repeat this alcohol extraction until the chloride test is negative.

8. Evaporate the cadmium-free chloroform solution to dryness in a rotary evaporator, wash
the residue with acetone to remove residual alcohol and chloroform, and finally dry in
vacuo. Dissolve the lecithin in 100 mL anhydrous ether and add 20 mL acetone. Leave
the mixture at 4°C overnight and remove the precipitate by filtration on a Buchner funnel.
Evaporate the clear ether-acetone filtrate to dryness in vacuo, weigh the purified lecithin,
and dissolve in spectroscopic-grade chloroform (Uvasol). Store in brown glass bottles in
25-mL aliquots at –70°C.

3.7. Preparation of Liposomes (Lipid Spherules)
1. To obtain liposomes containing antigen, place 4.75 mL of the stock solution containing

14.75 mg pure lecithin/mL chloroform (1.75 µmol/ mL), 0.4 mL stock solution contain-
ing 241.66 mg cholesterol/25 mL chloroform (25.0 µmol/mL), and either 2.0 mL stock
solution containing 136.7 mg dicetyl phosphate/25.0 mL chloroform (10 µmol/mL) for
negatively charged liposomes or 2.0 mL stock solution containing 67.38 mg octadecyla-
mine/25.0 mL chloroform (10 µmol/mL) for positively charged liposomes, in a 100-mL
long-necked, round-bottomed flask. For best results, all solutions are prepared in spectro-
scopic-grade chloroform (Uvasol). Dry down the mixture in vacuo on a rotary evaporator
and flush the flask with nitrogen to remove any residual solvent from the dry lipid film.

2. Vigorously resuspend the 100 µmol of lipid (70 µmol lecithin: 10 µmol cholesterol: 20
µmol dicetyl phosphate or octadecylamine) in 6.0 mL of the antigen in aqueous solution
or 20 mM phosphate-buffered saline, at a temperature above the gel-liquid crystalline
transition temperature of the phospholipid, before the liposomes are used as a vaccine.
Further dispersion of the lipids may be achieved by mild ultrasonication. Allow the
liposome:antigen mixture to equilibrate for 1 h before im injection. In some cases, it may
be desirable to leave some free antigen in the final mixture, but this can be removed as
indicated in Subheading 3.8. (see Note 16).

3.8. Calculation of Liposomal Antigen Entrapment Levels

1. Liposomes containing antigen may be separated from free antigen on a Sephadex GSO
column (20 × 2 cm) equilibrated with 0.145 M potassium and sodium chloride. It is com-
mon to collect 12–16 mL of the milky suspension of liposomes from the column.

2. Determine the amount of free antigen eluted from the column and thus calculate the
amount of antigen entrapped in or linked to the liposomes. An alternative is to centrifuge
the mixture at 10,000g for 30 min to remove free antigen.

3.9. Long-Term Storage of Liposomal Vaccines
The use of a two-container system—with dried lipid in one and antigen solution in

another, which requires mixing just prior to injection—is satisfactory for experimen-
tal purposes, but would not seem to be commercially viable. However, it is possible to



Adjuvants for Experimental Vaccines 185

freeze-dry the preformed liposomes (70,71) and resuspend prior to intraperitoneal (ip),
sc, or im injection.

4. Notes
1. The use of poorly defined oils in Freund-type mixtures may give rise to severe toxic

reactions (6,43) with accompanying ulceration. For this reason, it is recommended that
the manufacturer supply evidence of quality-control tests on the oil—for example, GLC
mass spectrometric analyses and systemic toxicity and pyrogenicity test results for a pro-
duction batch. GLC analyses are carried out with a 2.77-m column packed with 3% OV-
17 coated on Gas Chrom Q (Phase Separations Ltd.).
Samples are dissolved in ether (ca. 5 mg/mL) and injected (1–2 µL) via a self-sealing
septum into the apparatus. Analyses are carried out initially at 100°C for 16 min, fol-
lowed by temperature programming at 8°C/min to 275°C. Standard hydrocarbons
nC11H22, nC18H38, and nC20H42 are used as the reference compounds. The optimum
hydrocarbon chain length is between C18 and C24 (15).

2. Montanide ISA 720 and ISA 51 preparations should not be stored below 4°C after they
have been included in a water-in-oil emulsion, otherwise there is separation into the two
phases. The emulsion has a viscosity of 1500 mPa and is a fine emulsion with a droplet
size of 1.0 µ (determined by laser scattering). Storage in an airtight container under
nitrogen is recommended, as it can be damaged by oxidation. The shelf-life of ISA 720
is 2 yr. Table 1 shows a selection of the Montanide ISA types available for the water-in-
oil emulsions; there are also types for oil-in-water and water-in-oil-in-water, but these
release the antigen more rapidly. The detailed manufacturing process is available on
request from Seppic.

3. It must not be assumed that liposomes can be used for the presentation of all antigens,
but a wide range of viral, bacterial, and mammalian amphipathic preparations have
been used (71).

4. It is essential to start with a sterile preparation; microbial contamination of the aluminum
hydroxide gel may lead to unexpected antigens being added to the experimental vaccine.
Furthermore, bacterial cell-wall (peptidoglycan) may modify the adjuvanticity or possi-
bly induce pyrogenicity. Contaminating protein may also interfere with the adsorption
capacity of the aluminum hydroxide.

5. At a pH of 6.0–6.5 some proteins may be labile, so it may be necessary to use a slightly
higher pH value.

Table 1
The Grades of Montanide ISA Which May Be Used
to Produce a Water-in-Oil Emulsion

Type of oil

Emulsion type Mineral adjuvant Nonmineral adjuvant Mineral/nonmineral
/antigen v/v /antigen v/v adjuvant/antigen v/v

Water in oil ISA 51 (50/50) ISA 720 (70/30) ISA 740 (70/30)
ISA 50 (50/50) ISA 708 (70/30) ISA 773 (70/30)
ISA 70 (70/30) ISA 763A (70/30)

Oil in water ISA 25 (25/75) ISA 27 (25/75) ISA 28 (25/75)
ISA 35 (25/75)
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6. An aluminum adjuvant will dissociate if frozen. This is easily detected, as an upper, clear
layer is formed.

7. Multiple negatively charged ions—such as phosphate, sulfate, and borate—may interfere
with the adsorption to aluminum salts of negatively charged proteins, so buffer systems
with these should be used with caution.

8. An alternative to the radial immunodiffusion assay for protein has recently been sug-
gested—namely, a modified bicinchoninic acid assay (Dr. E.E. Lindblad, Brenntag
Biosector; personal communication). In addition, one manufacturer was requested to cal-
culate the amount of residual unconjugated aluminum salt in a vaccine mixture. This
value could be determined from an aliquot of the supernate in an analytical laboratory by
atomic absorption spectroscopy.

9. The injection dose of aluminum hydroxide in an aluminum-adjuvanted vaccine should be
carefully calculated because too much may be toxic—e.g., a 25-g mouse will tolerate 1.0
mg aluminum hydroxide, whereas for human vaccines 1.25 mg aluminum hydroxide is
acceptable.

10. Aluminum adjuvants have been shown to be ineffective with influenza, typhoid, or pep-
tide vaccines. In addition, aluminum hydroxide is more useful for the stimulation of the
primary immune response. There is no evidence that it acts as an immunogen or hapten
by itself.

11. Contraindications: Aluminum adjuvants may cause the formation of small local granulo-
mas of 5.0–10.0 mm in diameter, or transient erythema at the site of injection. These have
been described with the DTP vaccine, but they usually regress after a few weeks.

12. The ratio of the oil phase to the aqueous phase may be altered, depending on the product
used (Table 1). For example, the Montanide ISA 720 from Seppic is used at a 70:30 ratio
to yield stable emulsions; if economies are made and this ratio is altered, the emulsion
may separate into two phases and reduce the stability during storage.
There are also grades for water-in-oil-in-water formulations, and these can be obtained

Table 2
The Dose and Sites Injection for Oil-Adjuvanted Vaccines

Injection sites
Maximum
volume per Primary Secondary

Species injection site response response

Mice or hamsters  50 µL sc; im sc; im
200 µL oral

Guinea-pigs or rats 200 µL sc; im into one sc; im into one
hindlimb hindlimb

300 µL oral
Rabbit 250 µL (if in multiple sc; im into one thigh sc; im into one thigh

sites <25 µL /site*) muscle; id* muscle; id*
Large animal 500 µL (if in multiples sc; im into one sc; im into one

sites <250 µL/site*) hindlimb; id* hindlimb; id*
Chicken 250 µL sc; im sc; im
Human 250 µL* im im

*But note the increased volumes used in aggressive human cancer immunotherapy.
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from Seppic. In general, it is not recommended to inject these adjuvants intradermally,
because of the local reactivity and ulceration. There may also be species differences found
after ip injection; for example, the ip route caused ascites production in Balb/c mice, but
booster injections in rabbits or sheep did not cause adverse effects (72). The recommended
injection volumes for oil emulsions are shown in Table 2. It is doubtful that human pa-
tients would be willing to accept intravenous (iv) or ip vaccine injections as a routine
procedure, so these routes are not recommended for oil emulsions in research leading to
the development of human vaccines. In addition, there may be risks involved in repeated
oral (73) or in administration (74) of adjuvanted preparations.

13. Care must be exercised to ensure that the operator does not accidentally inject his/her or
the assisting person’s hand with a Freund-type complete adjuvant emulsion; a veterinary
surgeon required amputation of part of a finger because of restriction of the blood supply

Table 3
Oil-Adjuvanted Vaccines: Local Reactions in Humans

Vaccine Adverse Frequency
investigator Year Country Group size reactions  (%)

INFLUENZA:
Salk (79) 1951 US 18,000 <10
Bell (80) 1951–55 US 10,864 24 0.2
MRC (81) 1953–55 UK 7,547 9 0.1
Heggie (82) 1958 US 85 0 –
Himmelweit (83) 1958 US 224 0 –
MRC (84) 1960 UK 6123 2 0.03
Meiklejohn (85) 1960 US 2694 0 –
Seal (86) 1955 US 8000 3 0.04

POLIO:
Salk (87) 1951 US 90 0 –
Cutler (88) 1960 US 23,917 93 1.1

14 nodules 0.2
TRACHOMA:
Snyder (89) 1966 US 1393 0 –

TYPHOID:
Snyder (89) 1966 US 1189 87 7.3

TETANUS:
McLennan (90) 1965 US Purified 39 9 (minor) 23.0

Crude 327 193 59.0
CHOLERA:
Ogonuki et al. 1964 US Adjuvanted*
(91) 143,600 2844 1.95

Abcess 1018 0.71
Aqueous 75

440,000 Abcess 21 0.005

*Note that this vaccine was injected subcutaneously and not by the recommended im route for oil
formulations.



188 Stewart-Tull

caused by local granuloma formation (75). If self-inoculation does occur, it is advisable
to seek medical attention at the earliest opportunity.

14. With consideration of the foregoing comments, it is worth noting that the Committee on
Clinical Trials concluded that the adjuvant effect of emulsified influenza vaccines was
clearly demonstrated, and therefore the economy in the amount of antigen needed was
obvious (3). An oil-adjuvanted influenza vaccine was administered to American service-
men in the 1940s, and the long-term surveillance for 35 yr has not shown a greater inci-
dence of hypersensitivity states, autoimmune diseases, or cancers in these vaccinees than
found in a contemporaneous control group (76–78) (see also Table 3).

15. Phospholipid purity is essential to maintain stable liposomes. For this reason, phosphati-
dylcholine was routinely prepared by the method described above, Subheading 3.6 .
Commercial preparations should be examined by thin-layer chromatography prior to their
use to check for levels of impurities. Polygram Sil G plates are developed to the 15-cm
mark with undiluted spectroscopic-grade chloroform or di-isobutyl-ketone (C9H18O).
Spots are visualized either by charring with a spray of 50% (v/v) sulfuric acid or with
0.012% (w/v) rhodamine.

16. The phospholipid:antigen ratio may be important. Gregoriadis and colleagues (70) noted
with liposomes of equimolar phosphatidylcholine and cholesterol plus 0.2 µg tetanus tox-
oid that a ratio of phospholipid: antigen of 346:1 stimulated significantly higher levels of
antitoxin than a ratio of 17,804:1. It is necessary to prepare a range of experimental vac-
cines with different compositions before concluding that liposomes are ineffective.
One advantage is the ability to formulate the lipid bilayer to mimic the mammalian-cell
membrane so that it is seen as “self,” and thus, anti-phospholipid antibodies are not stimu-
lated and the antigen stimulus survives for a longer period until the liposomes slowly
degrade.
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Incorporation of Immunomodulators into Plasmid DNA
Vaccines

Linda S. Klavinskis, Philip Hobson, and Andrew Woods

1. Introduction
The success of candidate vaccines against infectious disease depends on their abil-

ity to activate components of the immune response (innate, cellular, and/or humoral)
appropriate to the correlates of protection identified for the particular pathogen.
Recombinant DNA technology has provided the opportunity to rationally design vac-
cines based upon the identified protective antigens, and also to modulate the type and
magnitude of the immune response by the incorporation of genetic adjuvants. These
may include cytokines, chemokines, costimulatory molecules, or hemopoietic growth
factors (see ref. 1). The choice of immunomodulatory molecule reflects the polariza-
tion of the immune response (Th1 and cell-mediated or Th2 and antibody) selected to
eliminate the particular pathogen by the vaccine candidate. The presence of IL-12, IL-
15, IL-18, or interferon-gamma (IFN-γ) are critical in the development of Th1 re-
sponses that are directed toward cell-mediated immunity (2), and the presence of IL-4,
IL-5, and IL-10 are critical in the development of Th2 responses that are directed
toward antibody production (2). For weakly immunogenic antigens, the incorporation
of genes that code for pro-inflammatory cytokines (e.g., IL-1α, TNF-α, or TGF-β) or
costimulatory molecules (CD80, CD86, and CD40-ligand) may provide maturation
signals to antigen-presenting cells (APC) to enhance their ability to present vaccine
antigens, and result in an increased adaptive immune response (3,4). More recently,
cytokines and chemokines, including granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), monocyte chemotactic proteins (MCPs) and macrophage inflamma-
tory proteins (MIPs), have been incorporated into vaccines in lieu of their potential to
increase recruitment of blood-borne dendritic cells and monocytes to interstitial sites
of vaccine delivery (5).

With increasing emphasis to achieve vaccine delivery by noninvasive, patient-com-
pliant routes, nasal or oral vaccine delivery has become an attractive alternative to
needle injection. The approach has the added advantage of stimulating both systemic
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and mucosal immune responses (6). However, nonreplicating antigens are generally
nonimmunogenic at mucosal inductive sites, and thus can induce tolerance when de-
livered (6). The incorporation of immunomodulators into DNA vaccines has thus
raised new possibilities for the design of effective mucosal vaccines. Numerous
cytokines and chemokines have been successfully cloned into DNA expression vec-
tors and have been co-administered with DNA coding immunogens by the intranasal
(in) route (5,7,8).

The incorporation of the IL-12 gene into a DNA vaccine is used here to illustrate
the methods utilized for cloning into a bicistronic expression vector, in vitro verifica-
tion of immunomodulator expression from an expression vector, and in delivery of
cytokine- and immunogen-coding plasmid DNA.

2. Materials
1. pCRscript kit (Stratagene).
2. PFU DNA polymerase (Stratagene).
3. Taq DNA polymerase (Promega).
4. Reverse-transcription kit (ProStar, Stratagene).
5. pBluscript II SK+ (Stratagene).
6. pCI mammalian expression plasmid (Promega).
7. pIRES (Clontech).
8. Gene clean gel purification kit (Bio 101).
9. Escherichia coli XL-1 Blue (Stratagene).

10. RNAzol (Bio101).
11. Oligonucleotides (MWG).
12. Restriction enzymes (New England Biolabs).
13. Agarose (Invitrogen).
14. 2× TY media (Difco, Becton and Dickinson).
15. IPTG (isopropyl-β-D-thio-galactopyraoside, Sigma Aldrich).
16. X-gal (Sigma Aldrich).
17. LB medium (Pharmacia).
18. LBA (Pharmacia).
19. Miniprep kit (Qiagen).
20. Midiprep kit (Qiagen).
21. Nova blot buffer.
22. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) Running buffer.
23. 100-bp DNA ladder (Promega).
24. 1K-bp DNA ladder (Promega).
25. Polymerase chain reaction (PCR) mastermix 1.1 mM MgCl2 (Abgene).
26. Acrylamide; bis-acrylamide (39:1) (Biorad).
27. TEMED (Sigma Aldrich).
28. Ammonium persulfate (Sigma Aldrich).
29. Shrimp alkaline phosphatase (Promega).
30. PCR Mastermix 1.1 mM MgCl2 (Abgene).
31. PfuTurbo® DNA Polymerase (Stratagene).
32. EcoR I (New England Biolabs).
33. Nhe I (New England Biolabs).
34. Not I (New England Biolabs).
35. Hind III (New England Biolabs).
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36. Sal I (New England Biolabs).
37. Cell-transfection medium: Dulbecco’s Modified Eagle’s Medium (DMEM) (D-5796),

penicillin/streptomycin, L-glutamine (Life Technologies).
38. FuGENE 6 transfection reagent (Roche).
39. Detection of p40 (goat polyclonal anti-mouse p40 IL-12 α-M-20 sc-1283 Santa Cruz

Biotechnology).
40. Detection of p35 (goat polyclonal anti-mouse p35 IL-12 α-M-19 sc-9350 Santa Cruz

Biotechnology).
41. Rabbit anti-goat IgG biotin (RαGt, Dako).
42. Strepatavidin-horesradish peroxidase conjugate (S-HRP, Southern Biotechnology).
43. Recombinant IL-12 (R and D Systems).
44. Hybond-C nitrocellulose membrane (AP Bioscience).
45. Enzyme chemiluminescence amplification kit (AP Bioscience).
46. OptEIA™ mouse IL-12 p40 ELISA, Cat No: 551116 (Becton and Dickinson).
47. OptEIA™ mouse IL-12 p70 ELISA Cat No: 559528 (Becton and Dickinson).
48. Recombinant mouse IFN-γ (R and D Systems).
49. RNase-free DNase (Stratagene).
50. DMRIE-C (Life Technologies cat. No.10459-014).

3. Methods
3.1. Expression Plasmid

The details of the construction of a modified plasmid, for simultaneous expression
of the murine interleukin 12 (mIL-12) p35 and p40 chains, which are modified to
contain conservative mutations and unique restriction sites, are detailed in Subhead-
ings 3.1.1. to 3.1.4. This includes a description of the pCI-IRES expression plasmid
and details of its generation. The method described can be applied to expression of an
immunogen and single-chain immunomodulatory molecule from the same plasmid or
the co-expression of a second immunomodulator 3' from the IRES. Also described are
the isolation, cloning, and introduction of conservative mutations into the IL-12 p35
(mut-p35) and p40 (mut-p40) subunits of the murine IL-12 p35 and p40 cDNAs, to
differentiate endogenous from transgenic expressed IL-12. The final section describes
the subcloning of mut-p35 and mut-p40 into the pCI-IRES expression plasmid.

3.1.1. Cloning of an Immunomodulatory Gene
1. Stimulate a subconfluent culture of WEHI-3B cells (European Collection of Animal Cell

Cultures, ECACC, CAMR (Salisbury, UK), accession number 86013003) overnight with
LPS at 1 µg/mL.

2. Wash stimulated cells 2× in PBS and isolate total RNA with RNAzol.
3. Reverse-transcribe 1 µg of total RNA with either mIL-12 p35- or mIL-12 p40-specific

primers and a Stratagene reverse-transcription kit (see Table 1; Note 1).
4. PCR 10 ng of IL-12 p35 or p40 cDNA with PFUtubo® DNA polymerase and p35- or p40-

specific primers (Stratagene) (see Table 2; Note 2). Analyze 10 µL of each reaction by gel
electrophoresis using a 1.2% agarose gel (according to standard methods, see ref. 9).

5. Purify the p35 and p40 PCR products using Geneclean (Bio101).
6. Individually clone PCR products into PCRscript (Stratagene) according to the

manufacturer’s instructions. These products are thereafter designated PCRscript-35 and
PCRscript-40, respectively.
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7. DNA sequence PCRscript-35 and PCRscript-40 inserts using T3 and T7 primers
(Stratagene) with an ABI PCR dye terminator sequencing kit (Perkin-Elmer) and analyse
reactions with an ABI 377 sequencer (according to the instructions of the manufacturer)
(see Note 3).

3.1.2. Generation of mut-p35 and mut-p40
Primers for mutation can be designed using the pDRAW32 software to incorporate

a novel restriction-enzyme site and generate a specific PCR primer site by the intro-
duction of conservative mutations into the mIL-12 p35 and p40 cDNA sequences
(Tables 3, 4 respectively, see Notes 4, 5).

1. Linearize 1 µg of PCRscript-35 and PCRscript-40 by digestion with 10 U of Not I for 1 h
at 37°C. Heat to 65°C for 10 min (to inactivate the restriction enzyme) and place on ice
for 10 min.

2. To 100 µL of PCR mastermix add 10 ng of linearized PCRscript-35 plasmid DNA and 1
µL of the p35 5' primers or the p35 3' primers (Table 3) and cycle (see Note 6). Repeat as
above with the PCRscript 40 and p40 5' or 3' primers (Table 4, see Note 6).

3. Purify the PCR products with Geneclean (Bio101) according to the manufacturer’s instruc-
tions, mix and anneal by PCR with PFUtubo® DNA polymerase (see Note 2).

4. Analyze the products on a 1.2% agarose gel, purify with Geneclean and clone using the
PCRscript kit as previously.

Table 2
mIL-12p35 and p40 Cloning Primers

Tm Tm Product
(°C) (°C) size

Primer name Primer sequence (specific) (total) (bp)

mIL-12 p35 5' ATGTGTCAATCACGCTACCT 3' 53 51
for 672
mIL-12 p35 5' AGTCCGCCTCGAGTCTAT 3' 52 52
rev
mIL-12 p40 5' ATGTGTCCTCAGAAGCTAAC 3' 48 48
for 1032
mIL-12 p40 5' CTAGGATCGGACCCTGC 3' 53 53
rev

Table 1
mIL-12 Reverse-Transcription Primers

Tm (°C)
Primer name Primer sequence (specific)

mIL-12p35 5' AGTCCGCCTCGAGTCTAT 3' Tm = 52
rev
mIL-12p40 5' CTAGGATCGGACCCTGC 3' Tm = 53
rev

rev = reverse.

for = forward.
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Table 3
mIL-12 p35 Mutation Primers

Tm Tm Product
(°C) (°C) Restriction size

Primer name                                      Primer sequence (specific) (total) site (bp)

mIL-12 p35 for 5' CTGATGGCTAGCATGTGTCAATCACGCTACCT 3' 53 70 Nhe I 597

mut p35 5' rev 5' CAATAATATACAAAGCTTCATCTTCACTCTGTAAGGGTCTGCTT 3' 51 69 Hind III

mut p35 3' for 5' AAGATGAAGCTTTGTATATTATTGCACGCCTTCAGCACCC 3' 56 73 Hind III 99

mIL-12 p35 rev 5' AGTCCGCCTCGAGTCTATCTTAAGTCAACTCA 3' 52 68 EcoR I
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Table 4
mIL-12 p40 Mutation Primers

Tm Tm Product
(°C) (°C) Restriction size

Primer name Primer sequence (specific) (total)  site  (bp)

mIL-12 p40 5' CGATAAGTCGACATGTGTCCTCAGAAGCTAAC 3' 48 68 Sal I 699
for
mut p40 5' 5' ATCACGAATAAAGAAGCTTGTCGAGTAGTTCTCATATTTAT 51 69 Hind III
rev TCTGC 3'
mut p40 3' 5' TCGACAAGCTTCTTTATTCGTGATATCATCAAACCAGACCCG 3' 56 73 Hind III 357
for
mIL-12 p40 5' CTAGGATCGGACCCTGCCGCCGGCGTATTAG 3' 53 78 Not I
rev

200
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5. Prepare plasmid minipreps (see Subheading 3.1.1.) and check for inserts by restriction
digestion and agarose gel electrophoresis.

6. DNA-sequence inserts with T3 and T7 plasmid primers and analyze sequence (see Sub-
heading 3.1.1.).

7. Products are now referred to as PCRscript-35mut and PCRscript-40mut.

3.1.3. Generation of pCI-IRES
1. PCR the IRES sequence from pIRES, for primers (see Table 5; Note 3).
2. Digest the PCR products with EcoR I and Sal I and purify with Geneclean.
3. Digest pCI neo with EcoR I and Sal I and gel-purify with Geneclean.
4. Ligate the PCR product into PCI using Ligafast (Promega), transfect into E. coli. XL-1

blue (Stratagene) and select on LBA-ampicillin plates overnight at 37°C.
5. Select single colonies, inoculate LB media (containing ampicillin), culture overnight, and

isolate plasmid DNA using a Midi prep isolation kit. Check the size and orientation of the
insert by restriction digestion and agarose gel electrophoresis (see Note 5).

3.1.4. Generation of the pCI-IRES p35mut-p40mut Expression Plasmid
1. Excise the p35mut from the PCRscript-35mut multiple cloning site with EcoR I and

Nhe I.
2. Isolate the p35mut insert by agarose gel electrophoresis and purify with Geneclean

(Bio 101).
3. Cut the pCI-IRES vector with Nhe I and EcoR I and phosphatase the digestion products

with shrimp alkaline phosphatase (see Note 6) and heat-inactivate the enzyme at 65°C for
10 min. Check the products by agarose gel electrophoresis (1%).

4. Ligate the p35mut cassette into the 5' of the IRES sequence of pCI-IRES with Ligafast,
transfect into E. coli XL-1 blue (see Subheading 3.1.3.) and select on ampicillin plates
overnight at 37°C.

5. Generate plasmid DNA minipreps from single colonies (Qiagen, miniprep kit) according
to the manufacturer’s instructions and check isolated plasmid DNA for inserts and their
orientation by restriction digestion. Repeat the above process to insert the p40mut cas-
sette into pCI-IRES 3' of the IRES sequence using the restriction enzymes Sal I and Not I.

6. Sequence the entire multiple cloning site (see Note 7).

3.2. In Vitro Characterization of Immunomodulator Expression
Described in this section are methods, to  i) verify expression of the immunomo-

dulator from the IRES construct by in vitro transfection, ii) quantitate levels of the
expressed protein, iii) verify correct conformational folding, and iv) verify biological
activity. The latter will depend entirely upon the immunomodulator being examined
(for example, migration, or calcium-flux assay for chemokines or proliferation of re-
sponsive cell lines to specific cytokines). The general principles are illustrated with
the expression of murine IL-12.

3.2.1. In Vitro Transfection
Numerous cell lines and transfection protocols are available. The cell line of choice

in our laboratory is 293T (a human embryonic kidney-cell line), which can be obtained
from the European Collection of Animal Cell Cultures, CAMR (Salisbury, UK),
(ECACC no: 85120602). This cell line is easy to grow in standard media and trans-
fects with high efficiency. Although many transfection reagents are available com-
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Table 5
IRES Cloning Primers

Tm Tm Product
(°C) (°C) Restriction size

Primer name Primer sequence (specific) (total)     site (bp)

IRES for 5' TGATATGAATTCCACGCGTCGAGCATGCAT 3' 61 73 EcoR I 634
IRES rev 5' AATAGTAGCACAAAAAGTTTCCCAGCTGCGATAA 3' 49 68 Sal I
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mercially to increase gene delivery, it is widely reported that different cationic lipids
(cytofectins) and cationic polymers show enhanced transgene expression for specific,
but not all, cell lines (10). In our laboratory, the commercial cytofectin of choice for
use with 293T cells is FUGENE (Roche) and the proprietary formulation is DMRIE/
DOPE (Vical Inc.).

1. Expand 293T cells in DMEM medium (D5796, Life Technologies), supplemented with
10% fetal calf serum (FCS), 1X L-glutamine and penicillin-streptomycin (Life Technolo-
gies), referred to as complete medium and maintain in log phase (see Note 8). Passage at
1:10 split ratio every 2–3 d.

2. Wash monolayer carefully with sterile PBS. Remove cells from the flask by repeated
gentle pipetting (trypsin/ethylenediaminetetraacetic acid [EDTA] is not required, since
293T are semi-adherent). Transfer the cells to an appropriate tube, sediment by centrifu-
gation at 100g, wash once with complete medium, sediment (as before), aspirate the
supernatant, and count with Trypan Blue (Sigma) using a hemocytometer.

3. Resuspend cells in complete DMEM. Add 1.0 mL cells at 1 × 105/mL per well of a 24-
well plate (see Note 9). Ensure that cells are evenly distributed by tapping the plate.

4. Add FUGENE 6 transfection reagent (Roche) to plasmid DNA at a 3:1 ratio (µL and µg,
respectively) according to the manufacturer’s instructions, using a starting mass of 0.5 µg
plasmid DNA per well of 24-well plate (see Notes 10, 11).

5. Add the complexed plasmid DNA dropwise to the recently plated 293T cells (which
should still be in suspension). Swirl the wells to ensure even dispersal.

6. Harvest supernatants and/or cell lysates at 72 h for functional and immunochemical analy-
sis (see Subheadings 3.2.2., 3.2.3.).

3.2.2. Immunochemical Analysis of IL-12 Expression by Western Blot
3.2.2.1. GENERATION OF CELL LYSATES

1. Dissociate 293T cells from the culture plate by repeated pipetting. Transfer the cells to an
appropriate tube, sediment by centrifugation at 100g. Aspirate the supernatant and store
aliquots at –80°C.

2. Wash the cells once more in complete medium and an additional 2× in phosphate-buff-
ered saline (PBS) and count.

3. Lyse the cells at 2 × 106 per mL in ice-cold lysis buffer (1× PBS, NP40 0.5% v/v) contain-
ing 1× complete™ protease inhibitors (Roche).

4. Homogenize lysate by passing through a fine-tipped 1-mL automatic pipet, vortex, and
place on ice. Vortex every 5 min for 30 min.

5. Aliquot into 1.5-mL microcentrifuge tubes, and spin at 13,000g in a refrigerated benchtop
microcentrifuge at 4°C for 10 min. Aspirate the supernatant and store as 100-µL aliquots
at –80°C.

3.2.2.2. WESTERN BLOTTING

1. Cast and run duplicate 12% polyacrylamide gels (see Table 6) on an SDS-PAGE minigel
system according to the protocols outlined by Laemmli (11).

2. Transfer protein bands from gels onto Hybond-C nitrocellulose membranes (AP Bio-
sciences) with a Biorad semi-dry electrophoretic transfer apparatus.

3. Block nonspecific protein binding by incubation of blots in PBST (PBS + 0.05% v/v Tween-
20) containing 5% (w/v) powdered milk for one h at 37°C.
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4. Sequentially apply antibody layers in PBST for 1 h with rotation at room temperature,
followed by washing each blot 5× for 5 min with 10 mL of PBST between layers.

5. For detection of IL-12 subunits, use anti-p35 or anti-p40 antibodies (1:500) followed by a
biotinylated rabbit anti-goat IgG (1:2000) and strepatavidin-horseradish peroxidase con-
jugate (1:6000).

6. Finally, detect bound antibody complexes by enzyme chemiluminescence according to
the manufacturer’s instructions and record-banding pattern on ECL Hyperfilm (AP Bio-
sciences).

3.2.3. Functional Expression: IL2 Bioassay
The assay of choice for testing transfected supernatants is entirely dependent upon

the immunomodulator. A migration or calcium flux assay can be used for chemokines
(12), although several cytokines (e.g., IL-2, IL-4,IL-5, IL-6, IL-10, TNFα, and TGFβ)
can be detected via their ability to stimulate the proliferation of selected cell lines (12).
For IL-12, a bioassay based upon the ability of IL-12 to induce IFN-γ production by
resting splenocytes can be used (see Note 12). For convenience, commercial cytokine-
and chemokine-specific ELISAs are available to demonstrate expression, although
they do not reflect functional activity.

Table 6
SDS-PAGE Layout

Anti-p35 Anti-p40
banding banding Volume

Lane Sample pattern pattern /quantity

1 Pre stained High MW markers N/A N/A 1 µL
2 Medium None None 5 µL
3 Non transfected tissue-culture None None 5 µL

supernatant
4 Non transfected cell lysate None None 5 µL
5 Control transfected tissue-culture None None 5 µL

supernatant
6 Control transfected-cell lysate None None 5 µL
7 pIRES p35mut transfected tissue- None None 5 µL

culture supernatant
8 pIRES p35mut cell lysate 35 kDa None 5 µL
9 pIRES p40mut transfected tissue- None 40kDa 5 µL

culture supernatant
10 pIRES p40mut cell lysate None 40 kDa 5 µL
11 pIRES p35mut p40mut transfected 70 kDa 40, 70kDa 5 µL

tissue-culture supernatant
12 pIRES p35mut p40mut transfected-cell 35, 70 kDa 40, 70 kDa 5 µL

lysate
13 Recombinant murine IL-12 70 kDa 70 kDa 200 ng

N/A = not applicable.
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1. 72 h following transfection of 293T (see Subheading 3.2.1.), harvest the supernatant.
2. Seed 96-well U-bottomed plates (Costar) with 100 µL of naïve mouse spleen cells (at 2 ×

106/mL) in RPMI-1640 medium containing 10% fetal calf serum (FCS), 1× penicillin- strep-
tomycin (Life Technologies), and 100U/mL recombinant mouse IL-2 (R and D Systems).

3. To separate wells, add 100 µL of supernatant (from either pCI-IRES p35mut-p40mut or the
empty vector-transfected cells) diluted 1/2, 1/4, and 1/8 in RPMI-1640 (Life Technolo-
gies), medium alone, or serial dilutions of recombinant mouse IL-12.

4. Incubate for 48 h at 37°C and 5% CO2. Harvest the supernatants and test for the presence
of IFN-γ, using an OptEIA™ mouse IFNγ ELISA kit (Becton and Dickinson, Cat. no.
550582).

3.3. Characterization of Immunomodulator Expression In Vivo

Prior to initiating immunogenicity studies, it is essential to first demonstrate that
the immunomodulator is actually expressed from the plasmid in vivo, and then, to
determine the duration of expression (since to achieve the desired modulation or en-
hancement of the immune response may require repeated administration). Consider-
ation should also be given to the timing when the immunomodulator is administered
relative to the antigen coding plasmid DNA (see Note 13).

3.3.1. mRNA Localization
Numerous strategies exist for the in vivo detection of recombinant IL-12 mRNA

and include in situ hybridization, in situ PCR, and semi-quantitative reverse tran-
scriptase-polymerase chain reaction (RT-PCR). This chapter focuses on the latter,
since the other methods are beyond the scope of this chapter. Detection of recombi-
nant vs endogenous IL-12 mRNA relies upon specific amplification of the recombi-
nant mRNA sequences. The inclusion of an amplification control primer set is of
paramount importance to control for differences in the efficiency of RNA recovery,
reverse transcription, and amplification efficiency between RNA preparations and PCR
reactions. Several primer design strategies are available to achieve this, and are detailed
in Note 14).

1. Administer 50 µg of either pCI-IRES mut35 mut 40 or pCI-IRES plasmid DNA con-
densed with cytofectins (see Subheading 3.4.1.) by topical delivery to the nares of 6–8-
wk-old mice (see Subheading 3.4.2.). Include a further control group, which receive the
cytofectin formulation alone.

2. Euthanize mice (according to nationally approved licensed procedures) at d 0, 1, 3, 5, 7,
and 14. Harvest tissues (nasal, lung, draining cervical lymph node, spleen, and peripheral
[noninvolved] lymph nodes) for immediate storage in liquid nitrogen. Additional tissues
(liver, kidney, thymus, and large and small intestine) may be collected for complete
investigation of immunomodulator dissemination.

3. Extract RNA with RNAzol according to the manufacturer’s instructions from a pre-
weighed mass of each tissue (previously ground over liquid nitrogen). Incubate the iso-
lated RNA with 50 U of RNase-free DNase per µg of RNA for 1.5 h at 37°C (see Note 15).
Reverse-transcribe 5 µg total RNA with random hexamers and a Stratagene ProStar re-
verse-transcription kit.
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4. Perform PCR reactions in duplicate with 10 ng of cDNA template from each tissue sample
at three log dilution using junctional plasmid and recombinant-specific primers (see Note
14) and include internal amplification control primers (see Table 7; Note 16).

5. Analyze PCR products by agarose gel electrophoresis and record band intensity by UV
transillumination (UV Products).

3.4. Intranasal Vaccination Protocol
All in vivo procedures must comply with national and institutionally approved regu-

lations. The upper concentration of immunogen and immunomodulator plasmid DNA-
cytofectin complex administered is governed by the maximum approved volume,
which can be applied to the nares of mice. In our own laboratory, the UK Home Office
specifies a maximum administered volume of 60 µL over a period of 6 h to the nares of
20-g mice.

3.4.1. DNA:Cytofectin Formulation for In Vivo Delivery
Commercial cytofectins available for in vivo plasmid DNA delivery are restricted.

DMRIE-C is available from Life Technologies (cat. No. 10459-014). The proprietary
cytofectin of choice in our laboratory for intranasal (in) delivery is DMRIE/DOPE
(Vical Inc.).

1. Condense plasmid DNA (coding for the immunomodulator and/or immunogen) with
DMRIE/DOPE at a molar DNA-to-cytofectin ratio of 8:1. Assume that DNA concentra-
tion at 1 mg/mL is 3 mM and cytofectin concentration is 1.5 mM. Aim to administer 50 µg
pCI-IRES mut35 mut40 or pCI-IRES plasmid DNA combined with 50 µg of plasmid
DNA that codes an immunogen.

2. Add an equal volume of diluted stock plasmid DNA (in endotoxin-free PBS) dropwise to
DMRIE/DOPE (in water) to achieve a final 8:1 DNA to DMRIE/DOPE ratio.

3. Vortex on a low level and incubate 30 min at room temperature.

3.4.2. Intranasal Administration
1. For 6–8-wk-old mice, administer dropwise (using a fine plastic tip) a maximum dose of 5

µL plasmid DNA-cytofectin complex to one nostril. Allow the mouse to recover for at
least 25 min.

Table 7
G3PDH Control Primers

Tm (°C) Product
Primer name Primer sequence (specific) size (bp)

G3PDH
For 5' TCA'TGA'CCACAGTCCATGC 65

CATCAC 3' 436

G3PDH 57
Rev 5' GACCATACTGTTACTTATG

CCGATG 3'
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2. Add further plasmid DNA-complex (5 µL per application) in a round robin fashion, to the
alternate nostril until the full dose has been applied.

3. Re-administer plasmid DNA at 14 d and 28 d.
4. Analyze enhancement of the cellular and or humoral immune response at 7 d following

the final immunization, using standard assays for immunogen-specific CD8+ and CD4+

T-cell responses and antibody-secreting cells (ASC) by ELIspot assay (13).

4. Notes

1. For reverse transcription of specific genes an anealing temperature of 42°C should be
used. When numerous reactions are to be performed using multiple primers, transcripts
should be reverse-transcribed with random heaxmers at 25°C. Large-scale reactions are
preferable (up to 5 µg of total RNA) to provide a pool of cDNA which can be used in
numerous experiments.

2. It is preferable to add nonproof-reading enzyme for the addition of 3' and 5' nonhomolo-
gous sequences to PCR products (for example, restriction-enzyme digestion sites).
PCRturbo from Stratagene is a mixture of pfu (proof-reading) and Taq DNA polymerase
(nonproof-reading) in a compatible buffer. It is possible to use this buffer to add Taq
initially to the first four cycles of a PCR, and then add PFU with its proof-reading activity
to the last 25 cycles of the reaction.

3. All primers are used at 100 pM per µL. All PCR reactions are based around the informa-
tion that typically Taq DNA polymerase extends a template on average by 1000 bp every
min at 72°C. Primer annealing temperatures are obtained from the appropriate table and
are typically 2.5°C lower than the lowest melting temperature given for any primer pair.
When primers include nonspecific regions of sequence the first four cycles are performed
using the specific melting temperature to gain the initial annealing temperature and the
subsequent 25 cycles are performed using the melting temperature of the entire primer.
By raising the melting annealing temperature after four PCR cycles, the specificity of the
reaction is enhanced and driven toward the formation of specific product.

4. cDNA-specific primers: The introduction of conservative mutations into the recombinant
protein cDNA sequence allows primers that are specific to the recombinant protein to be
generated. Bases at the 3' end of the primer sequence should be mutated, as hybridization
of this region of the primer is required for extension by polymerase. Whenever possible
mutations should be from adenine and thymidine to guanine and cytosine residues re-
spectively, as this allows the annealing temperature of the mutant primer to be raised in
the PCR reaction and introduces a further degree of specificity. Preferential amino acids
for mutation include arginine, leucine, and serine and these show the greatest redundancy
in their codon usage. Primers should be analyzed by blast search, against the murine
cDNA database at the NCBI website for homology to endogenous murine cDNAs. They
should be altered to show the minimum level of hybridization at the 3' end.

5. Using the pDRAW32 software, it is possible to produce a restriction map of the vector
and insert under construction. To check for the presence and orientation of the insert, a
restriction enzyme must be selected that is present in the multiple cloning site once and in
an asymmetric position within the insert. The size of the resulting fragments, as deter-
mined by agarose gel electrophoresis, will allow the determination of the presence and
orientation of the insert.

6. The enzyme shrimp alkaline phosphatase removes the 5' phosphate from both strands of a
DNA molecule. The 5' phosphate moiety is required for the ligation of DNA fragments by
the enzyme T4 DNA ligase. Its removal prevents religation of vector in the absence of
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insert. The 5' phosphate group for the ligation reaction may be provided by another DNA
molecule, such as the insert to be cloned. However, the presence of phosphatase activity
will inhibit ligation reactions. The activity of shrimp alkaline phosphatase can be com-
pletely ablated by heating reactions to 65°C for 10 min. This is a distinct advantage over
Calf Intestinal Alkaline Phosphatase, which requires removal by purification of DNA
from protein (Geneclean).

7. For DNA sequencing, follow the procedures detailed in the sequencing kit. DNA for
sequencing must be of high quality, and therefore it is recommended that a Qiagen
miniprep kit be used to generate templates for sequencing.

8. Optimal transfection efficiency is achieved with cells in log phase, which have been
passaged over several weeks at a consistent cell density. Do not allow cells to reach
greater than 70–80% confluency prior to passage, otherwise transfection efficiency is
much reduced.

9. In some cell types, transfection efficiency is improved in reduced or serum-free condi-
tions. For 293Tcells, we recommend including serum. However, if problems arise, try
transfecting for 2–4 h in 0.5 mL serum-free media, then add 0.5 mL media containing
20% FCS. Alternatively, transfection efficiency of some cells may be improved by trans-
fecting a semi-confluent monolayer.

10. Ensure that FuGENE 6 transfection reagent and plasmid DNA are at room temperature
(30 min) before complexing. Always add plasmid DNA (at a concentration of 0.2–2 mg/
mL) dropwise to the prediluted FuGENE 6 transfection reagent, and incubate for a mini-
mum of 30 min at room temperature, before addition to cells.

11. Highly purified nucleic acid (e.g., caesium chloride gradient or Quiagen column purified)
is critical for successful cell transfection. Traces of residual caesium chloride, phenol, or
chloroform are cytotoxic.

12. IL-12 p35 and p40 subunits are assembled through processing to produce a p70 secreted
product. However, p40 is also secreted, which is an IL-12-receptor antagonist. If low
levels of IL-12 are detected from transfected cell supernatants by functional bioassay,
quantitate the levels of p70 and p40 in the media by enzyme-linked immunosorbent assay
(ELISA) (OptEIA™ mouse IL-12 p40 ELISA, Cat No: 551116 and mouse IL-12 p70
ELISA Cat. No. 559528, Becton and Dickinson).

13. Consideration should be given to the timing when the immunomodulator is administered
relative to the immunogen coding plasmid DNA. When immunomodulatory molecules are
designed to increase hematopoiesis and/or enhance recruitment of antigen-presenting cells
(APCs) to the site of vaccine delivery—e.g., through GM-CSF, MCPs, MIPs, or FLT-3L,
optimal efficacy has been achieved by delivering the immunomodulator 1–5 d prior to
administration of the antigen coding plasmid from the vaccine (14). When the goal is to
enhance antigen presentation (particularly for weakly immunogenic proteins), co-delivery
of genes that encode pro-inflammatory cytokines or modulators of dendritic-cell matura-
tion (e.g., IL-1α, TNF- α, CD80, CD86, CD40ligand) has generally proven successful
(15). Polarization of the ensuing immune response toward antibody or Th2 immunity can
be achieved by co-delivery of antigen and cytokine encoding plasmid DNA—e.g., IL-4,
IL-5, or IL-10 (15). Similarly, redirection of the immune response toward CD8 T cell or
Th1 immunity can be achieved by co-delivery of antigen and cytokine (e.g., IL-12, IL-15,
and IL-18) (15). However, cytokines such as IL-2 (selected to increase the number of
responding T-cells that enter the long-term memory pool) generally need to be adminis-
tered 2 d following administration of the plasmid-encoded antigen (16).
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14. Junctional primers: These primers incorporate plasmid-derived sequence and immunomo-
dulatory protein-specific sequence. The PCR product amplified is thus derived from the
recombinant plasmid. A further degree of specificity may be obtained by designing the
forward primers to plasmid sequence and performing 4–5 asymmetric PCR cycles (in-
cluding the forward primer only) to specifically amplify the recombinant cDNA, after
which the reverse primer may be added to further amplify this sequence. Construct spe-
cific primers: The combination of plasmid junctional and cDNA-specific primers pro-
vides the highest stringency for the amplification of recombinant cDNA. This is because
none of this primer sequence should exist in vivo.

15. RNA preps should be treated with RNase-free DNase (2 U/10 µg RNA) to remove recom-
binant plasmid. Reactions must be stopped by the addition of EDTA as heating to 65°C in
the presence of Mg2+ ions destroys RNA. After reverse trancription (with random
hexamers) the reverse reaction should be stopped by heating to 65°C for 10 min to destroy
enzymic activity and endogenous RNA.

16. A prerequisite is that pooled cDNA preps are used for titration experiments and an inter-
nal amplification control, such as G3PDH specific primers (Table 7) must be included to
compare samples within and between tissues. This is to compensate for variation between
efficiency of cDNA preparation PCR amplification.

17. p32Draw v5.0 beta DNA analysis software reference (web page http://www.geocities.com/
acaclone/) Kjeld Olesen, Ph.D (ACACLONE software) Department of Chemistry,
Carlsberg Laboratory, Copenhagen Valby, Denmark.
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Microencapsulation of Vaccine Antigens

David H. Jones

1. Introduction
Despite obvious successes in controlling most serious childhood infections, there is

a need to develop cheaper and more effective programs in infant vaccination. How-
ever, with the knowledge that adults are susceptible to diseases once believed to be
only relevant to children, these criteria are equally applicable to adult vaccination
programs. Furthermore, with the emphasis on safety, the vaccine industry is slowly
replacing existing vaccines with recombinant alternatives that are safer and less
reactogenic than their nonrecombinant counterparts, yet also less immunogenic. Thus,
any improvements to vaccines in the foreseeable future are likely to arise through the
introduction of better adjuvants and delivery systems. For example, a single injection
comprising primary and booster doses of vaccine would improve compliance in a cost-
effective manner by reducing the number of visits to clinics or medical centers.
Equally, administering existing vaccines orally would remove the trauma of injection
and the reliance on medical staff to perform the injections. Many vaccines are depen-
dent on a cold chain; improving the stability of vaccines would thus help to reduce the
cost of vaccination. To tackle such issues, researchers have borrowed ideas from other
areas of the pharmaceutical industry in an attempt to improve the performance of vac-
cines and reduce the cost of these important health-care interventions.

It is recognized that the sustained release of subunit antigens from depots by their
formulation with adjuvants, such as alum and oil-based adjuvants, is a prerequisite for
the generation of potent immune responses (see Chapter 11). However, the release of
antigens from these systems is short-lived compared to the escape of some microencap-
sulated drugs used for contraception or cancer therapy, which are microencapsulated in
biodegradable matrices (1,2). Use of biodegradable matrices for the encapsulation of
antigens may provide an extra degree of control in the delivery of vaccines (3–5).

Of the many biodegradable polymers that have been used experimentally for the
delivery of vaccines, homo- or co-polymers of glycolidic and lactidic acids have
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proven to be the most promising candidates. Poly(lactide-co-glycolide) (PLG) has been
used for resorbable sutures and implants for over 30 yr (6,7), and has a history of
biosafety and biocompatibility as both a medical and veterinary product (8). The
copolymer can be made to a reproducibly high standard, and decays in vivo by non-
enzymic hydrolysis to the natural metabolites, lactic and glycolic acids (9,10).

The rate of decay is dependent on—among other things—the size of the micro-
particles, the mol wt of the polymer, and the ratio of lactidic:glycolidic acids in the
polymer (10,11). Thus, by encapsulating a vaccine in separate polymers of two or
three different compositions and/or sizes, and administering the different encapsu-
lated formulations simultaneously, it should be possible to release vaccine over an
extended period, thereby delivering primary and booster doses in a single administra-
tion (12). Studies have shown that this is possible—for example, injection of mice
with antigen encapsulated in microspheres of 1–10 µm and 20–50 µm in diameter
resulted in both primary and secondary antigen-specific antibody responses (13). It
was suggested that the adjuvanting effects observed by injection of PLG-entrapped
antigens were dependent on the microparticles being smaller than 10 µm, allowing
phagocytosis of large amounts of antigen by macrophages and other accessory cells
followed by migration of these cells to draining lymph nodes at the injection site (14).

Microencapsulation of antigens offers more tangible advantages than conventional
adjuvants and delivery systems, including the potential for mucosal delivery. When
formulated in microparticles, antigens can pass through the stomach unaffected (15,16)
allowing their use for oral administration. Orally administered particulate materials of
diameter <10 µm are selectively taken up by the specialized M cells, which overlie the
immune-inductive tissues (the Peyer’s patches) in the gastrointestinal tract (GIT),
(17,18). It is the function of these cells to transport phagocytosed particles across the
epithelium and present them to professional antigen-presenting cells (APCs) in the
germinal core of the Peyer’s patches. Thus, the formulation of antigens into micron-
sized microparticles should facilitate their uptake into the Peyer’s patches, and initiate
the generation of potent immune responses. Several studies have confirmed this: the
controlled release of antigens from PLG microparticles of diameter <10 µm but not
from particles >10 µm, given orally to animals, elicited high levels of antigen-specific
serum (systemic) antibodies, but perhaps more importantly, also induced antigen-spe-
cific mucosal immune responses (13,15,16,19,20). With the realization that the major-
ity (>95%) of human pathogens gain access to their host cells across a mucosal surface,
the induction of immune responses at these mucosal surfaces—which may inhibit or
even abrogate trans-mucosal passage of pathogens—has taken on additional signifi-
cance. Over the last few years, major efforts have been devoted to the development of
mucosal vaccines (21–23). Many studies now document the successful induction of
mucosal immunity and protection against challenge with live pathogens, following
immunization of animals with PLG-microencapsulated vaccines (24).

However, despite the promise of delivering “single shot” vaccines by mucosal
routes, very few human studies or clinical trials of PLG-encapsulated vaccines have
been performed, principally because of concerns about the integrity of the entrapped
antigens. In our experience (see Note 1), we observed no gross loss of conformational
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or biologically important epitopes in either encapsulated Bordetella pertussis fimbriae
(25) or the highly labile human immunodeficiency virus HIV-1 gp120 (26). However,
other studies with the important pediatric vaccines, diphtheria and tetanus toxoids,
have suggested that the encapsulation process itself can cause degradation of antigens
(27), or that, as microparticles degrade to lactic and glycolic acids, the resulting drop
in pH can cause antigen denaturation, fragmentation, and/or aggregation (28,29).
Whether some antigens are more susceptible to loss of integrity than others has not
been determined, but in the meantime, various strategies have been used in attempts to
overcome these issues. This topic is discussed further in Note 2.

Strategies used to combat the loss of protein integrity include the addition of
excipients and stabilizers to antigens during the encapsulation process (30–33; see
Note 3), chemical stabilization of antigens prior to encapsulation (34), PLG-entrap-
ment of antigens under polarity-reducing conditions (35; see Note 3), adsorption of
antigens to PLG substrates (36; see Note 4), and adsorption of DNA to cationized
microparticles (37; see Note 4). Although strictly not encapsulation, the latter two
examples comprise preformed lamellae or empty, derivatized micro-particles, both
used as supports, and they are made essentially as described in Subheading 3.2. (see
Note 4). Once made, they are simply mixed with antigens. Antigens adsorbed onto
surfaces of these substrates are thus not exposed to potentially denaturing solvents or
shear during encapsulation, and are not exposed to detrimental pH changes during
bulk polymer degradation. These biodegradable supports are believed to act as
immunopotentiators by slowly releasing adsorbed antigens in a depot effect.

The issue of loss of antigenic integrity may hinder progress toward clinical trials of
PLG-encapsulated vaccines. Nevertheless, numerous animal studies have shown that
even with antigens that are potentially denatured, PLG-formulated vaccines are highly
immunogenic, and are capable of eliciting humoral and cell-mediated immune
responses. Here we provide a description of the methods used for the efficient mi-
croencapsulation of a model protein, bovine serum albumin (BSA), into PLG
microparticles in a form that is suitable for administration to experimental animals.

2. Materials

1. A standard Silverson Laboratory mixer with a three-quarter-inch probe, fitted with an
emulsor screen (Silverson Machines Ltd., Chesham, Bucks, UK).

2. Poly(lactide-co-glycolide) (PLG):e.g., Resomer RG506, 50:50 ratio of lactide:glycolide,
mol wt 22,000 kDa (Boehringer Ingelheim KG, D-6507 Ingelheim, Germany or Alfa
Chemicals Ltd., Bracknell, Berks, UK) (see Note 5).

3. Polyvinyl alcohol (PVA):87–89% hydrolyzed, 13,000–23,000 mol wt (Aldrich Chemical
Company, Gillingham, Dorset, UK).

4. Latex beads:10% aqueous suspension of polystyrene beads; range of diameters available
from 0.1 µm–26 µm (Sigma Chemicals Ltd., Poole, Dorset, UK). An accurate diameter
for each batch of beads is provided.

5. Protein estimation kit:e.g., Pierce BCA Protein Assay Reagent (Pierce & Warriner,
Chester, Cheshire, UK).

6. Dichloromethane: high-performance liquid chromatography (HPLC) grade (Aldrich
Chemical Company, Gillingham, Dorset, UK).
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7. BSA (Sigma Chemicals Ltd., Poole, Dorset, UK).
8. NaOH/sodium dodecyl sulfate (SDS):0.1 M NaOH containing 1% (w/v) SDS.

3. Methods
3.1. Principle of Using PLG

The principle of encapsulating subunit vaccines is straightforward. However, every
antigen behaves differently, and thus the general method outlined here may need to be
modified for each different application. Essentially, the methods described here and in
the Notes were adopted and/or developed by the author with colleagues when he was
employed at the Centre for Applied Microbiology and Research, UK.

A primary (water-in-oil) emulsion is prepared by mixing the antigen solution
(internal aqueous phase) with a solution of PLG in dichloromethane (oil phase). The
emulsion is then stabilized by addition of polyvinyl alcohol (external aqueous phase)
and mixing, forming a double, (water-in-oil)-in-water emulsion. Removal of the
organic solvent, by extraction in a large volume of water, results in the formation of
microparticles containing the antigen. Microparticles are harvested by centrifugation,
repeatedly washed in water, and lyophilized.

The procedure provided here, developed from two published procedures (38,39),
describes the microencapsulation of a model protein (BSA–see Note 6) in micro par-
ticles, and how the resulting microparticles are characterized.

The conditions described have been used to microencapsulate well-characterized
proteins in microparticles of a defined size range. It is appreciated that readers with
their own applications will have different requirements. The reader is therefore referred
to the literature (see ref. 38), in which the effects on the final microparticle prepara-
tions when varying the concentrations, volumes, and ratios of the oil—as well as the
internal and external aqueous phases—are described.

 3.2. Encapsulation of Protein Antigens

1. Weigh 600 mg of PLG into a screw-topped glass container fitted with a rubber or teflon
seal, and dissolve in 3.6 mL of dichloromethane.

2. Prepare a solution of BSA in distilled or deionized water to a final concentration of 1–30
mg/mL. (see Note 7).

3. Weigh 8 g of PVA into a beaker and dissolve in 80 mL of boiling, distilled, or deionized
water. When dissolved, allow to cool. Make up to 100 mL with distilled or deionized
water and transfer to a screw-topped container.

4. Measure 60 mL of 8% (w/v) PVA solution (step 3) into a 150-mL beaker.
5. Measure 1 L of distilled water into a 2-L beaker, add a magnetic follower, and place on a

magnetic stirrer.
6. Using a glass pipet, aliquot 3 mL of PLG solution into a 10-mL beaker.
7. Immerse the probe of the Silverson laboratory mixer into the PLG solution and run the

mixer at full speed (8000–9000 rpm).
8. Add 0.3 mL of BSA solution and mix for 2.5 min.
9. Switch off the mixer and wait until the shaft has completely stopped revolving before

withdrawing it from the PLG/BSA emulsion to avoid damaging the probe.
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10. Immerse the probe into the PVA solution and run the mixer at full speed.
11. Using a glass Pasteur pipet, quickly add the PLG/BSA primary emulsion to the PVA and

emulsify for 2.5 min.
12. Add the double emulsion to the 1 L of water and stir rapidly to disperse the emulsion.
13. Divide the suspension of microparticles into six 250-mL centrifuge bottles and centrifuge

at 10,000gav for 20 min.
14. Gently decant the liquid from the bottles without disturbing the pellets and add 10 mL of

water to each bottle.
15. Resuspend the pellets (see Note 8), pool, and divide equally between two bottles. Fill the

bottles with water, invert several times to mix, and recentrifuge at 10,000gav for 20 min.
16. Repeat steps 14 and 15, twice.
17. Repeat step 14. Resuspend the pellets, pool and transfer the suspension to a container

suitable for freeze-drying the microparticles.
18. Shell freeze the suspension in solid carbon dioxide and freeze-dry.
19. Transfer the freeze-dried microparticles to a glass screw-topped tube and store at –20°C

over desiccant.
20. Microparticles containing no protein (“empty microparticles”) are made in the same way,

adding water instead of albumin solution to the PLG solution in the initial emulsification
stage (step 8).

3.3. Determination of Protein Loading and Entrapment Efficiency
1. Dissolve BSA in NaOH/SDS to 1 mg/mL in a screw-top Eppendorf tube.
2. Accurately weigh out samples of microparticles containing BSA, and empty micro-par-

ticles (see Note 9) into screw-top Eppendorf tubes.
3. Resuspend the weighed samples of microparticles in NaOH/SDS to a 25% (w/v) suspen-

sion (see Note 10).
4. Place the tubes containing microparticle samples and BSA solution in a heating block set

at 100°C, and incubate for 15 min.
5. Allow to cool and centrifuge the samples in a benchtop centrifuge at 250gmax for 15 min.
6. Prepare protein standards by pipetting 0, 2, 4, 6, 8, and 10 µL of NaOH/SDS and 10, 8, 6,

4, 2, and 0 µL of treated BSA in duplicate, into wells of a microtiter plate, to make a
volume of 10 µL in each well.

7. Pipet 10 µL of supernatants from the microparticle suspensions into adjacent wells.
8. Make up the protein assay reagent as directed in the manufacturer’s instructions and add

190 µL to each well containing sample or BSA standard.
9. Incubate the plate for 30 min at 37°C.

10. Allow the plate to cool and read in an ELISA plate reader at 560 nm.
11. Construct a curve of absorbance vs protein concentration for the albumin and from it,

determine the protein content of the supernatants from the microparticle suspensions (see
Note 11).

12. From these figures, establish the protein loading per unit weight of microparticles (X µg
BSA per mg of PLG microparticles).

13. The microencapsulation process began with 500 mg of PLG, allowing the overall incor-
poration of BSA to be estimated (500 × X = Yµg).

14. Since the amount of BSA initially added to the PLG is known (Z µg), the efficiency of
entrapment is described by the ratio of the (actual entrapment [Y]/theoretical entrapment
[Z]) × 100%).
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3.4. Determination of Microparticle Diameter

1. The sizing of microparticle preparations can be performed with a Coulter Counter model
ZM fitted with a Channelyzer 256 (Coulter Electronics Ltd, Luton, Beds, UK). The
instrument, fitted with a 30-µm orifice tube, is set up and standardized according to the
manufacturer’s instructions.

2. Add 10 µL of the latex suspension to 100 mL of phosphate-buffered saline (PBS) previ-
ously filtered through a disposable 0.22-µm plastic filter unit. Calibrate the channelyzer
by drawing the suspension into the orifice tube until a peak is visible on the channelyzer.
Adjust the cursor to reveal the window containing the maximum number of particles,
type in the diameter of the beads (given in the documentation accompanying the beads)
and press the calibrate button.

3. Weigh out 0.5 mg of microparticles and resuspend in 100 mL of filtered PBS and draw
the suspension into the orifice tube until a peak is visible on the channelyzer. Adjust the
cursor to reveal the window containing the maximum number of particles and read the
corresponding diameter (see Note 12).

3.5. Determination of the Rate of Protein Release
From Microparticles

1. Make a stock solution of 1 mg/ mL BSA in PBS containing 0.05% (w/v) sodium azide.
Aliquot and freeze all but one of the aliquots.

2. Weigh out seven 10-mg samples of microparticles in screw-top Eppendorf tubes and add
30 µL of PBS containing 0.1% (w/v) sodium azide, to each tube. Ensure that the contents
of the tubes are mixed and that the tops are tightly screwed on.

3. Place six of the seven tubes containing microparticle suspensions on a rotating wheel in a
37°C incubator.

4. Centrifuge the seventh tube at 250gmax in a benchtop centrifuge for 15 min.
5. Remove the supernatant, and assay for protein as detailed in Subheading 3.3.
6. At weekly intervals (or more frequently), remove a tube containing a suspension of

microparticles from the rotating wheel, centrifuge as in step 4, and assay for protein in
the supernatant as detailed in Subheading 3.3.

7. The protein released into the supernatant can be expressed as a percentage of the total
load of the microparticle sample (determined in Subheading 3.3.), and can be plotted
against time. In this way the half-life of release of BSA from microparticles can be
determined.

8. The released protein can also be analyzed to evaluate the extent of protein denaturation as
a result of microencapsulation (see Note 1).

4. Notes
1. One of the major issues concerning the microencapsulation of proteins is whether the

microencapsulation process denatures the protein, and if so, to what degree. Attempts
have been made to address this issue by comparing electrophoretic or isoelectric profiles
of a model protein (ovalbumin) before and after microencapsulation—no significant dif-
ferences between the profiles were observed (38). Western blotting was also used to dem-
onstrate that ovalbumin retained antigenicity following encapsulation.
Dissolution of microparticles with organic solvents has been used to recover entrapped
tetanus toxoid, which was then analyzed by HPLC, sodium dodecyl sulfate-polyacryla-
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mide gel electrophoresis (SDS-PAGE), and immunodiffusion (40). The authors of this
study demonstrated partial aggregation of the toxoid with a concomitant loss of antige-
nicity that may have been the result of prolonged exposure to organic solvents and/or the
final freeze-drying stage of the microencapsulation process.
We have evaluated the detrimental effects of microencapsulation on Bordetella pertussis
fimbriae by enzyme-linked immunosorbent assay (ELISA) using a panel of monoclonal
antibodies (MAbs) binding to linear or nonlinear (conformational) fimbrial epitopes (25).
Their binding to fimbriae recovered from microparticles was compared with their binding
to native or chemically denatured fimbriae, and showed that encapsulation did not result
in any gross denaturation (25). A similar study using a panel of nine MAbs that bound to
linear or nonlinear epitopes on the highly labile HIV-1 envelope recombinant glycopro-
tein, HIV-1 gp120, showed that this protein was not subject to any gross denaturation as
a result of encapsulation (26).
Another approach we have used is to compare the biological activity of proteins recov-
ered from microparticles with the native protein when a well-characterized biological
activity can be assayed (e.g., the binding of HIV-1 gp120 to CD4). The similarity in the
CD4-binding affinities of native and recovered gp120 again demonstrated the lack of
gross denaturation during encapsulation (26).
Using a variety of techniques such as size-exclusion chromatography, ELISAs using
mapped MAbs, CD4 binding, and circular dichroism, similar results on this labile glyco-
protein were obtained elsewhere (41).

2. In limited studies, we were able to show that as a result of encapsulation, i) unique con-
formational epitopes were not lost and linear epitopes were not gained (25,26), and ii)
epitopes responsible for an exquisite biological activity (CD4 binding) were not damaged
(26). Using essentially the same encapsulation procedures, we were also able to encapsu-
late plasmid DNA (pDNA), which was transcribed following administration to animals,
leading to expression of the encoded protein and induction of immune responses against
it (42–46). A significant amount of pDNA must have remained in circular form (e.g.,
transcribable), and was not irrevocably damaged by the encapsulation process. Thus, the
processes described here appear to cause remarkably little denaturation of entrapped an-
tigens or pDNA-encoding antigens, in contrast to other studies with tetanus and diphthe-
ria toxoids that suggested otherwise (27–35). There may be several possible explanations
for these apparently contradictory results.
Apart from process differences (emulsifying, washing, freeze-drying, or storage), there
may be fundamental physicochemical differences between the different antigens used in
the studies mentioned previously. It may be that these toxoid antigens are more suscep-
tible to denaturation during encapsulation than other antigens (although pDNA is highly
susceptible to shear and significant amounts appeared to survive the process relatively
intact, which would indicate the benign nature of our process). Another explanation may
be that our studies were performed in vitro on antigens released from freshly prepared
microparticles, immediately after preparation, and that the microparticles had not had time
to degrade, thereby sparing entrapped antigens from the acid conditions that would prevail
if the microparticles had time to degrade. These explanations are speculation—clearly,
considerably more work must be done to get to the core of the issues and resolve them.

3. Attempts to improve the stability of entrapped proteins have involved the inclusion of
excipients and stabilizers in the encapsulation process, and entrapment of antigens under
polarity-reducing conditions (30–33,35). Interested readers are encouraged to refer to the
articles cited to obtain details of the procedures used.
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4. Attempts to circumvent problems over antigen integrity have involved adsorbing antigens
to the surfaces of preformed PLG lamellae or particles. Lamellae are made by adding
water to a stirred solution of PLG in solvent, allowing the solvent to evaporate, and finally
washing the resulting lamellar particles (47). Antigens are adsorbed by simple mixing of a
suspension of lamellae with an aqueous solution of antigen followed by washing.
Cationic microparticles are prepared by substituting PBS for protein at step 8 in Sub-
heading 3.2. This primary emulsion is then emulsified with an aqueous solution of
cetyltrimethylammonium bromide (CTAB) instead of PVA at steps 10 and 11 in Sub-
heading 3.2., and solvent allowed to evaporate by stirring the (water-in-oil)-in-water
emulsion overnight at ambient temperature (37). pDNA was adsorbed by simply mixing
cationized microparticles with DNA solutions and washing.
Although neither protocol is strictly an encapsulation, they are included for the sake of
completeness, and because they offer a simple alternative to encapsulation proper, if the
reader has concerns about maintaining the integrity of his or her antigen. The reader is
encouraged to refer to the cited articles for more details of these processes.

5. Poly(lactide-co-glycolide) (PLG) polymers degrade by non-enzymic hydrolysis to lactic
and glycolic acids. It is thus imperative to maintain the polymer under dry conditions as
much as possible. Store the dry polymer or microencapsulated protein at –20°C over
desiccant and allow the polymer or microparticles to reach ambient temperature before
exposing to air.

6. BSA has been used in this example merely for convenience. We have encapsulated a
range of proteins from 10mer peptides to large proteins of 250-kDa size. The basic prin-
ciples remain the same, although it has been our experience that some proteins encapsu-
late with high efficiency and others encapsulate with very poor efficiency. However, most
proteins fall into an “average” category, and typically encapsulate with efficiencies of
approx 50%.

7. The protein load of microparticles (% protein per unit weight) is important in determining
the distribution of the protein, and thus its release profile from the microparticles. At
protein loads greater than about 10% (>100 µg of protein per mg of microparticles), most
of the protein tends to adsorb to the external surface of the microparticles. In these cases,
release of protein is largely independent of the decay of the matrix, and protein is conse-
quently “released” in a burst over the first 1–2 d in an aqueous environment. At less than
5% protein load (<50 µg of protein per mg of microparticles), most of the protein is
entrapped homogeneously within the matrix of the microparticles; thus, the release pro-
file is slower and is highly dependent on the rate of decay of the microparticle matrix.
The requirement for a rapid or a slow but sustained release of protein will therefore deter-
mine the amount and concentration of protein added to the PLG solution in the initial
phase of the microencapsulation process (preparation of the primary emulsion). These
figures must be calculated in advance with a target protein load in mind (assuming that
50% of the protein will be entrapped). A protein loading of 0.5–1.0%, which should be
suitable for most studies can be routinely achieved.

8. Washing of the microparticles is necessary to remove both the PVA and dichloromethane
(although some microparticle preparation methods (38) simply allow the dichloromethane
to evaporate during overnight stirring of the double emulsion made in Subheading 3.2.,
step 2). Complete removal of PVA (and dichloromethane) is important for performing
animal experiments with microparticles, and imperative for human studies.
The pellets resulting from the first centrifugation are difficult to completely disperse, and
therefore it is necessary to wash the microparticles thoroughly. The pellets are resus-
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pended, and carefully and gently dispersed in a hand-held homogenizer with a large clear-
ance (0.2 mm) between the plunger and tube. The pellets from subsequent centrifugation
steps are much easier to disperse as a result. It can be beneficial to heat the 1L of water
used in Subheading 3.2., step 12, to 37°C to facilitate the rapid removal of the volatile
dichloromethane.

9. The procedure given to determine protein loading and entrapment (see Subheading 3.3.)
releases all the protein from the microparticles, although in a denatured state. On the
assumption that entrapment efficiency is about 50%, half the protein added in the initial
emulsification stage will be recovered in 500 mg of microparticles. Thus, the weight of
microparticles containing sufficient protein to fall within the range of the BSA standard
(1–10 µg) can be estimated.

10. The volume of NaOH/SDS solution that should be used to resuspend the microparticles
will depend on their estimated protein loading (see Note 5). In our laboratory, we would
recommend the use of a minimum of 30 µL of NaOH/SDS solution per 10 mg of
microparticles.

11. Supernatants resulting from treating “empty” microparticles with NaOH/SDS at 100°C
as described in Subheading 3.3., contain compounds that undergo a colorimetric reaction
with the protein assay reagents. The supernatant will appear to contain protein and by
extrapolation from the standard curve, an apparent protein concentration can be derived
for empty microparticles. This figure must be subtracted from the equivalent figure for
microparticles containing protein to provide a true figure for protein entrapment.

12. Depending on the orifice tube attached, the diameter of particles within the range of 1–
100 µm can be accurately measured by use of a Coulter Counter. For accurate determina-
tion of the diameter of submicron microparticles, Photon Correlation Spectroscopy or
Laser Diffractometry should be used to estimate particle diameters. For such micro-par-
ticles, a Brookhaven BI-90 Particle Size Analyzer (Brookhaven Instruments Corporation,
Holtsville, NY) can be used, and the author can highly recommend the more modern BI-
90 plus instrument. Both the BI-90 and BI-90 plus will accurately determine particle sizes
within a range of 1–1000 nm, and the BI-90 plus instrument can also measure the zeta
potential (surface charge) of the microparticles.
Alternatively, Scanning Electron Microscopy can be used. Knowing the magnification at
which images are viewed, diameters of a range of microparticles can be determined. This
technique offers the added bonus of allowing their surfaces to be viewed. Microparticles
with smooth surfaces will release their contents at a constant rate as the outer shell of the
microparticle hydrolyzes. Pitted microparticles will release their contents erratically and
more rapidly, as water will be able to randomly penetrate the core of the microparticles,
allowing more rapid diffusion of the contents from the center.
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1. Introduction
Regardless of how effective a vaccine may be in the laboratory, unless the suspen-

sion can be stabilized for storage and distribution, its commercial potential will be
limited. Lyophilization (freeze-drying) is a well-established technique used in the phar-
maceutical industry for stabilizing high-cost, labile bioproducts, such as vaccines.
Alternative techniques that require the establishment of a cold chain can present prob-
lems, including the potential loss of vaccine stocks resulting from freezer failure and
difficulties and costs when distributing frozen materials.

Methods of stabilizing biomaterials by desiccation can be traced back to prehistoric
times. One of the earliest recorded vaccine applications was by Jenner, who prepared
dried vaccinia impregnated threads to protect against smallpox. By the end of the 19th
century, Altman and Shackell described lyophilization on a scientific basis, and in
1913, Vansteenberg used the method to dry rabies virus (1). Since the 1930s, lyo-
philization has become firmly established as an industrial process for manufacturing
pharmaceuticals and foods (2).

Since the publication of the first volume of Vaccine Protocols, there has been
progress in lyophilization technology, particularly in the area of validation and pro-
cess control, the adoption of topical, oral, or inhalation administration techniques, the
need to replace human or bovine excipients in pharmaceutical formulations, and
advances in the fundamental understanding of vaccine technology.

2. Principles of the Lyophilization Process
The individual stages in freeze-drying a vaccine may be summarized as:

1. Preparation and purification of the vaccine;
2. Formulation of the suspension to stabilize the vaccine and satisfy marketing demands;
3. Sample freezing;
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4. Main or primary drying (sublimation);
5. Final or secondary drying (desorption);
6. Chamber gas back-filling, product stoppering, vacuum release, and product removal;
7. Post-drying operations, packaging, and storage;
8. Product quality assessment; and
9. Vaccine distribution, reconstitution, and administration to the patient.

2.1. Sample Preparation
The salient features of vaccines, including their method of preparation and purifi-

cation, are discussed more fully elsewhere in this volume. For the purposes of this
chapter, vaccines are regarded as: live, attenuated organisms, including carrier bacte-
ria containing introduced genes; whole killed microorganisms; purified subunit and
DNA vaccines; and microencapsulated vaccines, in which the antigenic component is
contained in a polymer carrier to prevent proteolytic or aerosol denaturation for oral or
respiratory delivery (3).

Alternative methods of preparing an apparently identical bioproduct can influence
the response of the product to freeze-drying, and this aspect should be considered
when vaccines are prepared and purified (4).

2.2. Formulation
Lyophilization is often regarded as a bland method of drying materials, although in

practice the individual stages in the process are a series of interrelated stresses that
may damage labile bioproducts (5). In this context, it is important to appreciate that a
molecule may sustain damage during an early stage in the process, which becomes
more extensive as the cycle progresses. Formulation aspects will be discussed more
fully in Subheading 5.

2.3. Product Dispensing
It is probable that there will be a significant difference in dispensing times when

development trials are compared with Good Manufacturing Process (GMP) manufac-
turing. For this reason, the dispensing operation should be validated to ensure, for
example, that denaturation by protease activity is minimized. For pharmaceutical
applications, the dispensing reservoir is typically maintained at 5°C.

2.4. Alternative Dose Formats
Until recently lyophilization dose formats for pharmaceutical application have

focused predominantly on products filled into trays, ampoules (all glass sealed con-
tainers) or rubber-stoppered vials. However, there has recently been a move to alterna-
tive dose formats including double-chambered syringes, containing both lyophilized
product and diluent, topical delivery systems, and aerosol packs for powder delivery
by inhalation. Each of these formats is presently undergoing trials for the delivery of
attenuated or subunit vaccines.

2.5. Freezing the Product
It is important to differentiate between cooling and freezing. Strictly speaking, cool-

ing refers to a reduction in temperature of the lyophilizer shelves, container, and
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sample, without implying a phase change in the suspension. The shelves are also cooled
during drying to process the product at a low temperature to minimize sample inacti-
vation or collapse (6).

Considered the first step in the process, freezing will reduce thermal inactivation of
the sample and immobilize the components in the suspension to prevent product foam-
ing when the chamber is evacuated. Freezing is a two-step process during which water
initially nucleates around microscopic particle impurities within the suspension. This
is followed by growth and proliferation of ice crystals into the solute phase (7,8). In
practice, ice nucleates heterogeneously around microscopic particles within the sus-
pension, and is facilitated by reducing temperature and agitating the sample. In con-
trast, ice proliferation is encouraged by warming the sample to reduce viscosity.

Ice nucleation is inhibited at temperatures below the glass transition temperature
(Tg’), and ice will melt at temperatures above the melt point (Tm). The relationships
between these temperatures are important factors when developing a product formula-
tion or developing a drying cycle.

Essentially, a slow freezing rate of 0.1°C–1.0°C/min is advocated to promote large,
contiguous ice crystals, orientated within the frozen mass to provide an open structure
that is conducive to vapor migration. Lyophilizers are typically designed to operate
with shelf-cooling rates of 0.25–2°C/min (9,10). More rapid cooling induces an ice
matrix in which smaller crystals are distributed in a convoluted geometry which im-
pedes drying. Freezing behavior is complex, and is dependent on the sample formula-
tion, cleanliness, fill depth, and the extent of supercooling. Samples should be cooled
below their freezing point and left for a consolidation period to ensure that the entire
batch has been completely frozen. The biological consequences of freezing are dis-
cussed in the following section.

2.6. Primary Drying
2.6.1. Condenser Temperature

The driving force of the system represents the difference in vapor pressure, rather
than a difference in temperature between the condenser and the sample. Since tem-
perature and water vapor pressures are interrelated, the condenser must be operated at
a lower temperature than that of the shelf.

2.6.2. Primary Drying Conditions

The primary drying stage is also referred to as sublimation or main drying. The
triple-point diagram, which summarizes the interrelationships between temperature,
pressure, and water physical state, indicates that at sub-atmospheric pressures ice will
convert directly into water vapor (10). This is known as sublimation, and forms the
basis of the lyophilization process. In practice, a vacuum of 0.5 mBar is required to
reduce the system pressure enough to promote efficient sublimation. Reducing pres-
sure further has little effect on drying rate. At very low pressures (high vacuum condi-
tions), the sublimation rate decreases because the number of gas or vapor molecules
capable of conducting heat into the product is reduced (11).
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2.6.3. Warming the Product
Sublimation cooling will lower the sample temperature appreciably, and the sample

must be warmed to compensate for sublimation cooling to complete drying. Heat en-
ters the product by conduction from the shelf through the container base and frozen
mass to the to the sublimation front, molecular conduction through vapor or gas mol-
ecules in the chamber, radiation, and convection at high chamber pressures. Under
high-pressure conditions (poor vacuum), product warming is facilitated by vapor and
gas molecular conduction. In contrast, when the system is operated at low pressures
(high vacuum), radiation (a relatively inefficient heat-transfer mechanism) becomes
more significant. These contrasting conditions have significant influences on drying
rates and cycle times as discussed in the following section (11).

2.6.4. The Sublimation Interface
Variously described as the drying front or freeze-drying front, the sublimation in-

terface, where ice is converted into vapor, is macroscopically a discrete boundary
which progresses through the frozen matrix producing an increasing layer of dried
sample. The sublimation interface represents a zone of maximal change of sample
temperature and moisture content from frozen to dried product, and is the region in
which structural collapse is often observed.

As the dry layer increases in depth, vapor migration through the matrix is progres-
sively impeded, and the sublimation rate consequently falls. To control cycle condi-
tions, it is therefore important to monitor interface temperature during drying (6).

2.6.5. Heat and Mass Transfer
The essence of the freeze-drying process depends on warming the sample suffi-

ciently to compensate for sublimation cooling while ensuring that the sample does not
melt or collapse. Heat is extracted from the sample as water vapor and it is essential to
maintain the heat input and vapor extraction equilibrium, termed heat and mass trans-
fer equation, during the cycle. This equilibrium is simple to maintain during the early
stages of drying, when impedance to vapor flow by the dry layer is minimal, but be-
comes progressively more difficult to control as the dry layer thickens and vapor im-
pedance increases. The dry structure represents the major source of vapor impedance
during lyophilization.

2.6.6. Primary Drying Conditions
Conditions that encourage primary drying include the use of relatively low shelf

temperatures and high chamber pressures to facilitate sample warming by molecular
conduction, although these conditions should not compromise product quality or
induce collapse.

2.6.7. Secondary Drying (Final Drying) Conditions
At the end of sublimation, the sample could be removed without the risk of ice melt.

However, moisture contents of the dried samples are usually too high (approx 10%) for
optimal stability, and consequently the drying cycle is extended to remove additional
moisture. The extended drying stage has been defined as secondary, desorption or final
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drying. Desorption is less efficient than sublimation and may represent 40% of the total
process time. In contrast to processing conditions for primary drying, which should
avoid product melt or collapse, desorption is completed by reducing chamber pressure
and using high shelf temperatures, although live organisms may be damaged and pro-
teins may be aggregated by exposure to high processing temperatures (12).

2.6.8. Stoppering the Product
Exposing the hygroscopic dried matrix to moist air may result in degradative

changes in the sample and reduced shelf stability. The rubber-stoppered vial is a con-
venient format for freeze-drying, since samples can be sealed within the dryer at the
end of a cycle without exposure to air (13). Stoppering under a full vacuum provides
ideal conditions for product stability. However, when reconstitution fluid is injected
into an evacuated vial, sample foaming may be induced. To prevent foaming, an inert
gas such as argon or nitrogen is introduced into the chamber prior to stoppering.
Samples should be back-filled to a negative pressure to ensure that the stopper is re-
tained within the vial. Rubber-stoppered vials are susceptible to leakage during stor-
age, particularly at sub-zero temperatures, which may cause the stopper to lose
elasticity (14). Glass-sealed ampoules overcome these problems, but the ampoule must
be removed from the dryer prior to sealing.

3. Equipment Design and Operations
3.1. Design

Essentially all lyophilizers conform to a common design comprising a sample cham-
ber connected to a vacuum pump. Industrial units are fitted with a refrigerated vapor
trap (the process condenser), interposed between the chamber and pump (6). Process
condensers may be sited within the drying chamber (internal condenser) or in a sepa-
rate sub-chamber (external condenser). The internal condenser offers advantages of
compact size, economy of manufacture, and improved access for topical cleaning. The
external condenser can be isolated from the drying chamber for independent defrost at
the end of the cycle and verifying the end of primary drying. Either design will satisfy
processing requirements (9).

Samples can be cooled on shelves fitted into the chamber. Both the shelves and
process condenser may be cooled by conventional or liquid nitrogen refrigeration. The
process condenser is typically cooled by direct expansion, and this method can be
used for shelf cooling on small lyophilizers. For industrial units, where GMP practice
necessitates maintaining the shelf at +/1°C, a diatherm fluid (invariably silicone oil),
which can be alternately heated or cooled in a heat exchanger, is circulated through the
shelves to maintain a precise temperature control.

For pharmaceutical applications, for which cleanliness is essential, lyophilizers are
fabricated from stainless steel and fitted with moveable shelves to facilitate cleaning
and steam sterilization. Stainless steel is chemically inert, and can be decontaminated
or topically cleaned using a wide range of sanitizing agents. Technical difficulties when
using or validating vaporized hydrogen peroxide as a sterilant, have limited its applica-
tion for lyophilization (15). Cleaning-in-place (CIP) mechanisms may be incorporated
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into lyophilizers. Because of mechanical complexities, CIP systems are expensive to
install, and require extensive validation (16).

Considerable attention has been paid to reducing in-leaks into the dryer, and indus-
trial standards are applied to assess this parameter (17,18).

To eliminate any risk of pump oil back-migrating to the product, oil-free vacuum
pumps may be fitted to pharmaceutical lyophilizers. Potentially it is also possible that
the product could be contaminated with hydraulic fluid from the ram mechanism in-
cluded in the chamber for vial stoppering, and devices such as flexible bellows are
now fitted around the ram to eliminate fluid leak.

3.2. Ablation
The high velocities of vapor water migrating from containers during sublimation

can result in the loss of contents from the vial (19,20), resulting in contamination of
the lyophilizer interior, condenser, and vacuum pump, and ultimately the dispensing
area (18). This problem has been termed ablation and has been reviewed by Adams
(21). Potential hazards resulting from ablation should be considered whenever attenu-
ated vaccines are freeze-dried. Ablation can be prevented by incorporating protective
devices such as filters into the lyophilizer (19,22).

3.3. Validation
Fail-safe operation and validation have received considerable attention during the

past decade. Devices for determining endpoints in the process and monitoring product
response may be incorporated into the lyophilizer for automatic cycle control and in-
process validation purposes (6,10).

4. Formulation Development for Lyophilization
Products should be formulated to ensure batch uniformity using a cycle that is eco-

nomically practical and reproducible. The purpose of the formulation exercise is to
establish the factors that influence the impact of the suspending medium on the
bioproduct and to optimize the freeze-drying cycle. All of the factors related to the
process should be considered, since seemingly insignificant changes in the proce-
dure—for example, the use of a moulded rather than a tube-drawn vial—may influ-
ence the acceptability of the vaccine. Formulating exercises should be completed on a
rational basis rather than relying on a pragmatic approach. It is important to consider
freeze-drying formulation at an early stage of the vaccine-development program, since
attempts to modify formulations later in the program will inevitably reflect a compro-
mise when optimizing freeze-drying conditions.

4.1. Impact of Freezing on Biological Activity
Ice proliferation throughout the suspension results in a concentration of medium

solutes. Biopolymers or live cells generally tolerate chilling (a reduction in tempera-
ture in the absence of ice formation), although there have been reports that complex
biomolecules may be damaged by reducing temperature (23). Biopolymers are more
likely to be damaged during freezing as a result of exposure to increasing solute con-
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centration as ice forms (24–26). These damaging effects include the concentration of
biopolymers that will be encouraged to aggregate; alterations in the suspension ionic
composition leading to “salting out” effects; variations in the suspension pH caused
by crystallization of individual buffer salts (27); freeze concentration of impurities
above a toxic limit; and precipitation of sparingly soluble salts.

In addition to damage to individual polymers within the cell, microorganisms may
also be damaged by plasmolytic effects that compromise the selective permeability
characteristics of membranes. Concentration effects may be appreciable—for example,
an aqueous solution of 1% (w/w) sodium chloride will concentrate to 30% (w/w) prior
to complete sample freezing. Under freezing conditions, microorganisms tolerate plas-
molysis to approx 60% without suffering irreversible damage, although more exten-
sive plasmolysis will result in injury (28). Damage will be exacerbated by prolonging
exposure to media concentration, and cells should be cooled rapidly to minimize con-
centrate exposure (26,29–33). However, at very rapid cooling rates, water is unable to
diffuse freely from the cell and freezes intracellularly, causing internal structural dam-
age. For optimal survival, cells should be cooled at a rate that minimizes solution
effects while preventing intracellular ice formation (34).

4.2. Heat Annealing
We have noted that a slow rate of cooling provides a physical matrix that is condu-

cive to sublimation. However, slow cooling may compromise the product physiologi-
cally, and may also concentrate solutes at the sample surface, which can develop into
an impervious surface skin that impedes vapor flow (35).

An ice structure that is conducive to drying but minimizes biomolecule damage can
be achieved by introducing a heat-annealing step at the freezing stage. Heat annealing
is completed by cooling the suspension rapidly to minimize skin formation and sample
inactivation. The sample is then warmed before re-cooling prior to sublimation (24).
Warming encourages small ice crystals that are formed by rapid cooling to re-crystal-
lize into larger crystals that are conducive to efficient sublimation. Heat annealing also
encourages crystallization of solutes, which do not readily crystallize when cooled.

When selecting the upper limit for sample warming, it is important to ensure that
the formulation does not melt or undergo an eutectic transition, since biomolecules
may be inactivated when exposed to hypertonic conditions during heat annealing.

4.3. Solution Responses to Cooling and Freezing
Eutectic freezing, leading to the separation of ice and solute crystals, represents the

simplest formulation, in which sublimation of ice from the eutectic will produce a dry
solute cake that exhibits low moisture content. The typical solutions presented for
freeze-drying do not describe eutectic behavior (35). Labile biomolecules, including
proteins and microorganisms, which are damaged when freeze-dried in eutectic me-
dia, require protection by including excipients in the formulation that persist in an
amorphous (glassy) state (36–39). Attempts to freeze-dry amorphous formulations
often present problems, since the sample may collapse as drying progresses. When
suspensions are frozen, although a portion of the water will convert to ice, solutes—
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including the active component—respond to cooling in one of several ways, depend-
ing on the nature and concentration of individual solutes, interactions between these
solutes, and cooling or drying conditions.

The ways solutes respond to cooling are (37):

1. Solute crystallizes readily during freezing to produce a mixture of ice and solute crystals
(= eutectic behavior).

2. Solute crystallizes only when a slow cooling rate is used.
3. Solute crystallizes only when the cooled mass is warmed—for example, during the earlier

stages of freeze-drying or when a heat-annealing step is introduced into the cycle.
4. Solute fails to crystallize during freezing, regardless of the cooling conditions used,

and remains associated with a proportion of unfrozen water as an amorphous concen-
trate or glass.

Regardless of the precise freezing behavior of a solution, ice formation will result
in an increase in solute concentration. Although individual solutes may crystallize as
cooling progresses, a proportion, including vaccine components and stabilizers, will
persist as a non-crystalline, amorphous concentrate. At low temperatures, this concen-
trate will exhibit high viscosity and behave as a brittle solid. Warming the concentrate,
perhaps when heat is applied during freeze-drying, will result in a viscosity decrease.
At temperatures above the glass transition temperature (Tg’), the concentrate may
soften and collapse as drying progresses to form a structureless, sticky residue within
the vial. The temperature at which collapse is observed is termed the collapse tem-
perature (Tc) (37,40–42). As well as being cosmetically unacceptable, a collapsed
product often exhibits reduced activity or stability, displays an unacceptably high
moisture content, and is poorly soluble (43,44).

Collapse can be avoided by formulating the product with additives that exhibit high
Tg’ or Tc values (see Table 1) or by freeze-drying the product below Tc throughout
the drying cycle. One result of reducing the shelf temperature to avoid collapse is that
the drying cycle will be prolonged.

It is important to determine both Tg’ or Tc when formulating a freeze-dried prod-
uct, and techniques used to measure these parameters include:

1. Determination of electrical resistance: Developed by Greaves (45), the principal of this
method depends on measuring the electrical conductivity of a suspension as it freezes or
thaws. A suspension will exhibit high conductivity (low resistance). In contrast, the con-
ductivity of the frozen or dried sample will be low (high resistance).

2. Differential thermal analysis (DTA): Tg’ can also be determined by relating solution tem-
perature (T) to exothermic or endothermic changes as the sample freezes, melts, or soft-
ens (45–47). In this laboratory, we also use Differential Scanning Calorimetry (DSC), a
commercial instrument which operates on a similar principle to DTA.

3. Freeze-drying microscopy: Based on an original design by Mackenzie (48), the freeze-
drying microscope used in this laboratory consists of a small freeze-drying chamber fit-
ted with optical windows through which the behavior of a sample during freeze-drying
can be observed. Collapse temperatures are determined by varying the sample tempera-
ture over the range of –120 to 30°C to induce drying with collapse or structure. Collapse
temperatures are markedly depressed by the addition of low mol-wt solutes, for example
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the collapse temperature of lactose is depressed from –28°C to 50°C by adding sodium
chloride (see Table 1).

All of these techniques can be used to determine eutectic, collapse, or glass transi-
tion temperatures in crystalline or amorphous matrices.

4.4. Eutectic and Collapse “Zones”
The term “eutectic zone” has been used to define a range of temperatures encom-

passing all eutectic temperatures within a system. When a single eutectic is observed,
the eutectic point represents a discrete, definable temperature. In contrast, multi-
crystallising systems exhibit a zone in which the minimum eutectic temperature will
be lower than that of any individual eutectic temperature within the system.

We have also suggested the concept of a collapse zone based on the extent of sample
collapse, by defining Tg’ as a temperature at which a viscosity change is observed but
the extent of collapse is minimal. At a higher temperature, collapse may be sufficient
to compromise product quality. The region between these values may be defined as a
collapse zone.

5. Biological Consequence of Formulation
An understanding of the physical behavior of a formulation during the freezing and

drying process provides only part of the information necessary to develop a successful
product (49). Damage should be anticipated at any stage in the cycle, and a vaccine
bioassay is recommended at each stage. The bioassay should be sufficiently sensitive to
determine losses in vaccine titer with precision. For this reason, data from this labora-
tory describing the stability of freeze-dried influenza virus was derived by using a chick-
cell assay (50) rather than the less precise egg assay used by Grieff and Rightsel (51).

Table 1
Relationship Between Tc Determined by Freeze-Drying
Microscopy and Tg’ Determined by DSC for Common
Excipients Used in Lyophilization

Excipient Tc (°C) Tg’ (°C)

Fructose –46 –48
Lactose plus sodium
chloride (ratio 10:3) –43 –46
Glucose –41 –42
Sucrose –31 –32
Lactose –28 –28
Trehalose –28 –28
Polyvinyl pyrrolidone
(MW 70,000) –21 –24
Dextran (MW 120,000) –11 –11
Mannitol (eutectic) –1.4 –3.0
Mannitol (amorphous) –42 –40
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5.1. Nonspecific Adsorption

Significant amounts of a biopolymer may irreversibly adsorb to the surfaces of fill-
ing lines, or vials, and this is known as “nonspecific adsorption.” When low concentra-
tions of active component are freeze-dried, adsorption can reduce the dose to an
unacceptable level. Adsorption can be prevented by adding an inert bulking protein to
the formulation. Since adsorption is a result of the surface topography of the vial, bulk-
ing agents should closely resemble the active component. Serum proteins or degraded
gelatines were favored to prevent adsorption, although their ethical acceptability for
inclusion into vaccines is now questionable because of the risks of contamination with
infectious agents.

Cammack and Adams reported that individual batches of serum stabilizers varied
markedly in their efficiency and required co-stabilizing with calcium lactobionate for
consistent response (52).

5.2. The Role of Excipients

Excipients are not universal protectants, but may protect a biomolecule or whole
cell only during individual stages of the drying cycle. Although a wide range of addi-
tives—including amino acids, sugars, and polymers—protect against freezing damage
(cryoprotectants), excipients that protect against dehydration (desicco-protectants)
appear to act by specific interactions between excipient and biomolecule, including
interactions between sugar molecules and polar residues in cell membranes and stabi-
lization of hydrophobic bonds (53).

The choice of additives that can be included in formulations for human parenteral
use is limited (54,55), and most present problems when included in freeze-drying for-
mulations. Sugars are widely used as freeze-drying protectants, either individually or in
combination with other solutes (56). Although Adams has used a mixture of glucose
and mannitol for freeze-drying pharmaceuticals, including Mycobacterium vaccines,
the formulation was developed to satisfy commercial rather than freeze-drying criteria.
Glucose exhibits a low Tg’ and typically dries with collapse, forming a dried cake with
a low Tg’ that is consequently not shelf-stable. Disaccharides are effective freeze-dry-
ing protectants, and are preferred to monosaccharides because they display higher Tc in
suspension and solid (see Tables 1 and 3). The possibility that reducing sugars may
induce damage by Maillard reactions should be considered, and non-reducing disaccha-
rides (57), such as sucrose or trehalose (58), should be used in preference to reducing
sugars, such as lactose. (We have also observed poor shelf-stability with formulations
containing trehalose compared to similar formulations containing sucrose).

Because the inclusion of salts in formulations containing sugars will markedly
depress Tg’, suspensions based on mixtures of sugars and salts may require the addi-
tion of a polymer, such as dextran, to increase Tg’ and ensure successful freeze-drying.

A complicating factor in the development of a suitable formulation is the need to
use excipients that are compatible with the freeze-drying process and are ethically
acceptable. These constraints in formulation development have resulted in the evolu-
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tion of complex media, which often include excipients added to augment deficiencies
in a previously developed formulation (59).

The possibility that excipients derived from human or bovine sources, such as
human serum albumin, lactose, or gelatins, may be contaminated by infectious agents
such as human immunodeficiency virus (HIV) or transmissible spongiform encephal-
opathy (TSE), has detracted from their inclusion in vaccine formulations. The compo-
sition of the dried cake can induce free-radical activity (60), and attenuators such as
threonine or cysteine may be added to formulations to minimize such damage (35).

Dried material exhibiting a high solid content may exhibit poor solubility, which
can be improved by including surfactants such as Tweens in the formulation. Flavor-
ings may be incorporated into oral vaccines to improve palatability, although their
impact on freeze-drying behavior should be validated prior to use.

Azides were added to vaccine preparations to inhibit the growth of contaminants.
The hazards in lyophilization associated with ablation of azides from samples result-
ing in the formation of explosive compounds have been described (52). Merthyolate
has been substituted for azide in vaccine formulation, although the toxicity of this
additive should be evaluated before use.

The impact of any excipient included in a vaccine should be validated carefully,
particularly when additives such as surfactants and merthyolate, which are present in
low concentration in the suspension, can freeze-concentrate to a toxic or damaging
level when the sample is cooled. To avoid such problems, it may be preferable to
include these additives in the reconstitution fluid.

When attempting to incorporate adjuvants such as alhydrogel into the freeze-dry-
ing formulation, we have noted that the gel structure that is responsible for improving
the antigenic response of the vaccine is physically disrupted by freezing and drying.

6. Microorganism Sensitivity to Lyophilization
Microorganisms vary markedly in their sensitivity to lyophilization. In general,

bacteria can be successfully freeze-dried, although as genera become physiologically
more complex, they often become more sensitive to freeze-drying damage. Gram-
positive bacteria and spores can be freeze-dried, with high survival in a wide range of
formulations. In contrast, Gram-negative genera exhibit poor survival when dried un-
der similar conditions (35). Growth conditions will also influence survival, and cells
harvested from the logarithmic phase of growth are typically more sensitive to freeze-
drying than cells harvested from the stationary phase (35).

Although physiologically the simplest of living organisms, viruses vary markedly
in their responses to freeze-drying, reflecting both their type-sensitivity to the process
and their inability to repair drying damage. Greiff and Rightsel have categorized vi-
ruses into groups, depending on their sensitivity to freeze-drying (61). Members of
Group VI, which includes poliovirus, are particularly sensitive to freeze-drying (62).

It is possible that microorganisms that survive freeze-drying may be damaged by
the process, and induced to mutate during post-drying repair (35). To prevent muta-
tion by freeze-drying, formulations may require the inclusion of sulfhydryl-rich com-
pounds, such as cysteine, into the drying medium.
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7. Damage in the Dried State
Freeze-dried products should be: active, shelf stable, dry, clean, and sterile (for

pharmaceutical applications), as well as ethically acceptable, pharmaceutically elegant,
readily soluble, and simple to reconstitute (52,63).

Lyophilized products are not immune to storage decay, and vaccines may lose ac-
tivity in the dried state through mechanisms that include inactivation by residual gases
(such as oxygen or carbon dioxide) in the sealing environment, Maillard reactions,
free-radical activity, light, temperature (when thermal inactivation may be direct or
indirect as a result of softening the cake structure), and background irradiation (35).

7.1. Collapse in the Solid State
A dry sample resulting from an amorphous formulation will persist as a glass within

the vial. These cakes will soften and distort when stored above the solid-state Tg’ or
Tc (solid) (42). Collapsing products decay at a faster rate than predicted by the
Arrhenius equation because viscosity changes will influence the diffusion and interac-
tions of solute molecules in the amorphous mass. In collapsing structures, it is neces-
sary to use a more complex equation, such as the William-Land-Ferry (WLF) equation
to determine sample stability (42).

Collapse in the dried sample is dependent on the formulation, residual moisture,
and storage temperature, and these factors should be determined as part of the devel-
opment program. In this laboratory, Tg’ and Tc (solid) are determined by DSC and by
the Tsouroflouris technique (64), in parallel with moisture content determinations de-
scribed by Adams (65) (see Table 2). Table 3 illustrates the impact of moisture con-
tent on solid-state collapse.

8. Product Stability
8.1. Residual Moisture Content

It is a mandatory requirement to specify the water content of vaccines distributed
for clinical use. Premature removal of samples displaying high moisture contents from
the lyophilizer can result in poor stability, since sufficient free water may remain in
the sample to permit conformational changes in a biomolecule (72,73). To reduce
sample moisture content, the drying cycle is extended by secondary drying.

Greiff and Rightsel demonstrated that overdrying influenza virus could compro-
mise stability by removing a protective molecular film of “ordered” water surrounding
the virus particle, thereby exposing sensitive hydrophilic sites to inactivation by gases,
including oxygen or carbon dioxide (72). The authors concluded that influenza prepa-
rations, suspended in a serum albumin/saline formulation, should be dried to 1.8%
moisture content for optimal stability. Underdrying and overdrying (to 4.0% and 0.6%,
respectively) markedly reduced stability, especially when the dried cake collapsed.
We have confirmed their findings, although different water content optima were ob-
served for alternative suspending media (see Table 4).

Partly on the basis Greiff’s data, the Center for Biologics Evaluation and Control,
has recognised the importance of drying vaccines to an optimal value (74). Definitions
that specify water existing as “bound,” or “structured” (75,76) should be treated with
caution. From analysis of data derived from a number of techniques used to estimate
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water content, Beale has suggested that it is more appropriate to use the concept of
diffusional correlation times for water molecules in dried samples (77).

8.2. Shelf Stability Assessment
An important aspect of the formulation exercise is to produce a vaccine that is

shelf-stable.

Table 3
Relationship Between Solid-State Collapse Temperatures Determined
by Tsourouflis Technique (64) and Dried Sample Moisture Content
Determined by Karl Fischer Technique for Glucose, Sucrose, Lactose,
or Trehalose

Excipient Moisture content Solid-state collapse
(formulation before drying) % w/w temperature (°C)

1% w/w trehalose 1.0 110
2.0 96
5.0 64

1% w/w lactose 1.0 105
2.0 94
5.0 58

1% w/w sucrose 1.0 66
2.0 55
5.0 21

1% w/w glucose 2.5 34
3.5 15

Table 2
Summary of Methods Used to Estimate Moisture Content
of Lyophilized Samples

Method Description/reference

Heating method Dried sample heated and weight loss equated with loss
of moisture (66).

Heating method Dried sample heated and weight loss equated with loss of
(Baker technique) moisture. Weight loss extrapolated to zero time to compensate for

moisture adsorption during assay (67).

Karl Fischer Chemical technique which relies on reaction between free iodine in
reagent and moisture in sample (2I+H2→2HI) (68,69).

Thermogravimetric Precise heating technique using Thermal Analysis
technique combined with gas chromatography (70).

Gas Relies on phase separation of water from solvent/sample
chromatography extract (71).
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8.2.1. Accelerated Storage Testing
These tests are used during development trials and manufacturing to monitor batch

variations by providing early data to predict the rate of sample decay (78–80). When
stored vaccines are to be used clinically, accelerated storage test data must be con-
firmed by real-time assay to assess the potency of the vaccine. Based on data by Greiff
and Rightsel, we have used a logarithmic form of the Arrhenius equation to calculate
inactivation rates (K) for influenza vaccines dried to different moisture contents or
stored under different sealing gases. The method consists of determining K values for
dried, live virus samples stored at 45°C, 32°C, and 20°C, and predicting storage times
at lower temperature such as 4°C. It is important to establish that a linear relationship
exists between virus titers at the higher and lower storage temperatures. Deviations
from a straight-line relationship indicate either a different mechanism of damage at
the two temperatures or changes in the cake structure, both of which would invalidate
the use of the Arrhenius equation.

8.2.2. Sealing Atmosphere
Sealing vaccines in the presence of reactive gases, such as oxygen (air), may mark-

edly reduce product stability. Studies by Greiff and his colleagues (72), suggest that
chemically inert gases such as argon provide enhanced stability compared to nitrogen.

8.2.3. Seal Integrity Testing
Leaking of moist air into the vial may reduce shelf life, and may contaminate clini-

cal material. For these reasons, the integrity of the seal should be confirmed on all
batches of vaccines issued for clinical use. Samples sealed under vacuum can be tested
using a high-voltage tester (81). We have experimentally confirmed that this test,
known as glow-discharge, does not significantly inactivate freeze-dried organisms

Table 4
Stability of Influenza A Virus (Strain WSN) Lyophilized to
Various Residual Moisture Contents and Stored
Under 0.5-Bar Helium or Nitrogen

Moisture Time (d) to lose 1.0 log virus
Fill gas content (% w/w) infectivity when stored at –20°C

Helium 3.6 670
1.8 2,600
0.6 540

Nitrogen 3.8 475
1.7 930
0.6 525

Data Derived by Real Time-Assay. Moisture Contents Determined by
Baker Technique (67). Drying medium ~ 1:5 diluted allantoic fluid plus 1.0%
human serum albumin plus 1.0% calcium lactobionate plus 0.9% sodium
chloride (pH 7.0).
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(30). The test is only applicable to vaccines sealed under vacuum, and is not appli-
cable for testing containers which are back-filled with gas. Sealed ampoules may be
tested by immersion in a solution of methylene blue. Dye penetration into a leaking
container is encouraged by applying pressure/vacuum pulses to the test system (35).
Collapse of the dried cake and the presence of dye in the sample indicates container
leak. The test is not suitable for vaccines in gas-filled vials.

8.2.4. Light
Experimental evidence suggests that samples are damaged only by prolonged

exposure to direct sunlight (82), and thus it is doubtful whether light is a damaging
factor when vaccines are boxed and stored in darkened refrigerators.

8.2.5. Temperature (see Subheading 7.1.)
Although freeze-dried preparations are much more thermostable than suspension,

dried vaccines are not immune to thermal inactivation, and storage at low tempera-
tures will improve stability. In a well-formulated sample, storage at 4°C should be
adequate for long-term stability, and short excursions to higher temperatures—for
example, during distribution—should not effect biostability.

8.2.6. Gamma, Background Irradiation, and Free-Radical Induction
Desiccated live organisms will be inactivated by ionizing radiation, particularly by

secondary effects such as the induction of ozone or free radicals.

8.2.7. Maillard Reactions
These are specific reactions between free amino groups on protein molecules and

reducing sugars, leading to the formation of unstable Amadori compounds and ulti-
mately protein inactivation by aggregation. Maillard reactions have been associated
only with sample storage at high temperatures, although Cox has reported that biopoly-
mers may be inactivated by these reactions, even at ambient temperatures.

9. Changes in the Characteristics of a Lyophilized Vaccine

Lyophilization can induce genetic changes in an inoculum, and this potential should
be considered when attenuated vaccines are stabilized. Although Calcott and Gargett
(83) have reported that freezing may induce genetic reversion, most authors suggest
that mutation is restricted to the drying stages of freeze-drying. All desiccation pro-
cesses induce mutation, including spray or air-drying. It is probable that under dry-
state conditions, mutation is caused by free-radical activity.

10. Reconstitution
After lyophilization, attenuated vaccines comprise of mixture of killed, live, and

damaged cells, and the damaged population can progress to killed or live depending
on the method of rehydration. The consequences of sample reconstitution in vivo have
not been extensively reviewed. Typically microorganisms rehydrated in water display
a reduced viability or protracted lag phase, compared to similar samples reconstituted
in saline or culture media. Wilson et al. (84) have developed specific selective mem-
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brane systems that improve the efficacy of pharmaceuticals, including vaccines, in-
tended for injection or oral administration. Vapor-phase rehydration remains contro-
versial.

The pharmacological efficacy of attenuated Salmonella vaccines may be improved
by reconstitution in sodium bicarbonate solution.

11. Safety Considerations
Biohazards associated with the lyophilization process should always be considered

whenever live or antigenic materials are processed. Biohazards associated with freeze-
drying have been reviewed by Adams (19). When Genetically Manipulated Organ-
isms (GMO) are lyophilized to Good Manufacturing Practice (GMP) standards,
operational procedures required to satisfy FDA, Medicines Control Agency, UK
(MCA), or Health and Safety legislation may restrict the operational procedures. These
restrictions may have a significant impact on the vaccine lyophilization program, since
the design and operation of dispensing and lyophilization areas may require extensive
modification and manufacturers may be prohibited from lyophilizing vaccines derived
from GMO sources in facilities used to manufacture orthodox pharmaceuticals.

12. Cycle Development
12.1. Conventional Cycles

Conventional cycles, based on the presumption that a processing defect such as
collapse has occurred early in the cycle, often use low shelf temperatures during the
initial stages of primary drying, increasing shelf temperature as the cycle progresses.
An air bleed into the chamber may also be applied to facilitate heat conduction into the
drying sample.

As a result of sublimation cooling, the drying front temperature may be appreciably
below the glass transition or collapse temperature. Although these conditions will en-
sure that the sample remains below the collapse temperature, they may result in unnec-
essarily protracted processing times. If the shelf temperature is maintained at a constant
value or raised later in main drying (when the cake depth increases and impedance to
vapor flow rises), the sublimation interface temperature may exceed Tg’ or Tc, result-
ing in sample collapse. Collapse may be exacerbated when heat transfer is encouraged
by the continual use of pressure control (85).

12.2. Optimized Cycles (85)
Adams and Ramsey have described how shelf temperatures can be raised early in

main drying, when the dry layer is thin and impedance to vapor flow is minimal, but
should be reduced later in the cycle as the dry cake develops, so that the sublimation
front is maintained at  approx 4 to 5°C below Tg’ or Tc throughout primary drying
(85). Pressure control should also be activated strategically in order to precisely con-
trol the sample temperature. In this way, it is possible to optimize process cycles to
ensure a minimum processing time combined with a satisfactory dried cake. For final
drying, higher shelf temperatures and low chamber-pressure conditions can be used to
facilitate desorption.
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Cycles optimized with this principle require a detailed analysis of the sample to
determine Tg’ and Tc or the impact of processing defects, such as surface skin forma-
tion. The product should also be carefully monitored during drying, using techniques
such as thermometry, thermal or gas analysis, or humidity control.
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Stimulation of Mucosal Immunity

David J. M. Lewis and Christopher M. M. Hayward

1. Introduction
The mucosal immune system is composed of distinct regional immune tissue (e.g.,

“GALT,” gut-associated lymphoid tissue; “NALT,” nasal-associated lymphoid tissue;
“BALT,” bronchus-associated lymphoid tissue; reproductive tract, and breast tissue)
interconnected by trafficking of primed lymphocytes as a common “mucosa-associ-
ated lymphoid tissue” (“MALT”) (1). In addition, immune responses within MALT
may occur independently of systemic immunity, with distinctive regulatory mecha-
nisms and the induction of dimeric secretory IgA (SIgA) at the mucosal surface. As a
result, traditional methods for inducing systemic immunity may not induce significant
SIgA, and techniques have been developed to deliver antigen directly to a mucosal
surface in such a way as to induce immunity rather than immunological tolerance. The
trafficking of primed B- and T-cells between mucosal sites, regulated by specific
adhesion molecules, such as α4β7 integrin on lymphocytes and MAdCAM-l on
mucosal blood vessels (2), leads to dissemination of the mucosal immune response.
One benefit of this is that immunization of an accessible mucosal surface may induce
an immune response at less accessible mucosal sites (such as the genital tract). Fur-
thermore, by characterizing mucosa-homing lymphocytes trafficking in the blood, it
may be possible to indirectly study mucosal responses.

A major problem is that the majority of soluble protein antigens or peptides rarely
induce a mucosal response when given orally, and may in fact induce oral tolerance
(active suppression of response to subsequent parenteral challenge). Certain antigens,
usually bacterial toxins, that have the ability to bind directly to mucosal surfaces may
enter by alternative pathways, and result in high-level mucosal and even systemic
responses, including memory. The prototype for these mucosal immunogens is chol-
era toxin, and its nontoxic B subunit (CTB) has been developed as a human vaccine
against cholera (3) and as a safe and powerful tool to investigate mucosal responses in
health (4) and human disease states, such as acquired immunodeficiency syndrome
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(AIDS) (5,6). Cholera toxin is also a mucosal adjuvant capable of abrogating toler-
ance and inducing immunity to coadministered antigens (7). This chapter explores
methods of inducing and evaluating mucosal immune responses to CTB as a model
human and murine mucosal immunogen. The techniques described can be used as a
template for other antigens and animal models, for which cholera toxin and CTB may
be used as controls. The references should be consulted for ways to exploit cholera
and related toxins (8) as adjuvants for protein (9,10) or polysaccharide antigens (11),
and for descriptions of alternative strategies for inducing mucosal responses (includ-
ing cell-mediated immunity), such as antigen-containing microparticles (12 and see
Chapter 13) or live attenuated pathogens such as Salmonella typhi (13–15 and see
Chapter 6).

The most intensively studied route for mucosal priming is oral immunization. How-
ever, nasal, genital/rectal (13–15), and directly injected (e.g., intratonsilar (16), Peyer’s
patch (17), draining lymph node (18), or intraperitoneal (ip) (12,19) routes can be
exploited. This chapter will focus on oral and nasal immunization and the measure-
ment of B-cell and humoral responses in mice and humans. Circulating mucosal T-cell
responses may also be detected (20,21), immunodominant epitopes determined (21),
and primed mucosal T-cells characterized by detecting cytokine secretion (23,24, and
see Chapter 16). Nasal immunization with CTB subunit is extremely effective, and
can induce responses in a wide range of mucosal sites, such as the genital tract in
human (25,26) and murine (27) models. For other antigens, an adjuvant such as CTB
may be required for optimal nasal responses, or the highly effective nasal delivery
system chitosan—a bioadhesive polycationic polysaccharide, reviewed by Illum (28).
Chitosan acts to localize antigen within the nasal cavity, reduce cilia activity, and
increase transepithelial penetration through tight junctions. We have successfully used
it as a nasal adjuvant in humans (28a).

2. Materials
2.1. Immunization of Mice

1. Immunogen: purified cholera toxin B subunit (CTB) (Sigma Aldrich, Poole, UK) (see
Note 1).

2. Chitosan glutamate 213 (“Protasan G 213” from FMC Biopolymer, http://
www.fmcbiopolymer.com) as 5 mg/mL solution in 10% sucrose, 10 mM phosphate buffer,
pH 5.6 can be used as a nasal delivery system for other antigens (21,28).

3. Animals: 6–8-wk-old mice (see Note 2).
4. Gavage needles (International Market Supply Ltd., Congleton, UK) (see Note 3).
5. 1- and 5-mL syringes.

2.2. Immunization of Humans

1. Immunogen: killed whole-cell/B subunit oral cholera vaccine (SBL Vaccin AB,
Stockholm, Sweden) (see Note 4).

2. Others have used live Salmonella typhi orally or rectally (see Note 4), and we have used
chitosan (see Subheading 2.1., item 2) 7 mg dry powder in humans to deliver diphtheria
toxoid CRM197 (50 µg) nasally with success.
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2.3. Immunoassays
1. 10- and 24-mL syringes.
2. 50-mL Falcon tubes.
3. Preservative-free heparin, 1000 IU/mL.
4. Ficoll-hypaque.
5. RPMI-1640 medium.
6. Square 25-well bacterial culture plates (Sterilin, Stone, UK), 96-well nitrocellulose bot-

tom plates, or 96/24-well tissue-culture plates for ELIspot (see Note 5).
7. 96-well immunoassay plates and V-bottomed plates for enzyme-linked immunosorbent

assay (ELISA).
8. 60-mm plastic Petri dishes.
9. 0.45-µm filters (Sartorius, Göttingen, Germany).

10. Dispase (Boehringer Mannheim, Mannheim, Germany).
11. Monosialoganglioside GM1 (Sigma Aldrich).
12. Purified cholera holotoxin (Sigma Aldrich) (see Note 6).
13. Unlabeled antibodies: goat antihuman/mouse IgG, IgA, and IgM (Sigma Aldrich).
14. Antibody-alkaline phosphatase conjugates (see Note 7): rabbit antigoat IgG and goat

antihuman/mouse IgG, IgA, and IgM (Sigma Aldrich).
15. 104 alkaline phosphatase substrate (Sigma Aldrich).
16. 5-Bromo-4-chloro-3-indolyl phosphate (BCIP, Sigma Aldrich).
17. AMP buffer (Sigma Aldrich) (see Note 8).
18. 2% w/v 37°C melting-point agarose.

2.4. Solutions and Buffers
1. Solution A: 40 g NaC1, 1 g KCl, 14.5 g Na2HPO4.12H2O, l g KH2PO4, 5 L distilled water,

pH 7.4.
2. Solution B: 2.93 g NaHCO3, 1.59 g Na2CO3, 1 L distilled water, pH 9.6.
3. Solution C: solution A plus 0.05% v/v polyoxyethylene sorbitan monolaurate (Tween 20)

(Sigma Aldrich).
4. Solution D: Hammarsten Casein (BDH, Poole, UK): 10 g boiled in 100 mL 75 mM NaOH

until dissolved (see Note 9).
5. Solution E: solution B plus 10% (v/v) solution D.
6. Solution F: solution C plus 10% (v/v) solution D.
7. Solution G: 1% (v/v) diethanolamine (Sigma Aldrich).
8. Solution H: 25 mg BCIP in 20 mL AMP working buffer, pH 10.25 (see Note 10).
9. Solution I: Solution A with 50 mM EDTA, 0.1 mg/mL Soya trypsin inhibitor.

3. Methods
3.1. Oral and Nasal Immunization of Mice

1. Prebleed mice on arrival and then settle 5–7 d prior to immunization (see Note 11).
2. Allow blood to coagulate for 1 h at room temperature. Dislodge clot, then place at 4°C to

allow clot retraction.
3. Centrifuge at 4000g for 10 min. Aliquot serum and store at –20°C.
4. Dilute 10–20 µg immunogen with 250 µL buffer A.
5. Immunize five mice orally using a gavage needle attached to a 1-mL syringe: pick up the

mouse by the nape of the neck; introduce the gavage needle through the mouth into the
stomach, hyperextending the neck during transit to facilitate smooth passage (see Note 12).
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6. Immunize an additional five mice nasally with a 20-µL aliquot (10 µL per nostril) using a
Gilson pipet, under light halothane anesthesia.

7. After 10 d, prepare a second batch of antigen and boost animals.
8. At d 7, 14, 21, and 28 take test bleeds from tail veins to determine numbers of mice

responding and kinetics of the response for each antigen being evaluated (see Note 13).
9. Collect stool at similar time-points to evaluate coproantibody levels.

10. Nasal and vaginal washes can be collected by gently flushing the nasal passage or vaginal
canal with sterile PBS—20 µL or 50 µL, respectively. Saliva can be obtained by ip injec-
tion of mice with 100 µL of 1 mg/mL pilocarpine (Sigma) to stimulate flow.

11. At an appropriate time-point (usually after 14–28 d), sacrifice animals and remove organs
to be analyzed—e.g., spleen (see Chapter 16, Subheading 3.2., step 1) and Peyer’s
patches (see Subheading 3.5.). Excised lungs can be homogenized in RPMI containing
8% FCS and 0.1 mM of a protease inhibitor—e.g., phenylmethyl sulfonyl fluoride
(Sigma), for the determination of lower respiratory tract antibody responses.

3.2. Oral Immunization of Humans
1. Subjects should fast for 1 h, then swallow resuspended antacid solution provided with

vaccine in accordance with manufacturer’s recommendations (see Note 14). Shake a
single dose vial of vaccine to resuspend sediment, add to antacid solution, and swallow.
Subjects then fast for an additional 1 h.

2. Booster immunizations may be given 1–6 wk later (see Note 15).
3. Draw blood 7 d after first immunization or 5 d after booster for peak circulating B-cell

response. Allow 1 mL heparinized blood for each well in ELIspot assay (see Note 16).
Use at once in an ELIspot assay.

4. Draw 5 mL blood 10–14 d after immunization for serum IgG and IgA, and allow to clot.
Separate serum by centrifugation and store aliquots at –20°C. Measure specific antibody
by ELISA.

5. Collect saliva 5–14 d after immunization by free drooling into Falcon tubes (see Note
17). Aliquot and store immediately at –20° to –70°C (see Note 18). Measure specific
antibody by ELISA.

3.3. Estimation of Specific Coproantibody Levels
1. Collect measured weight of stool in 1 mL solution I (see Note 19).
2. Sonicate and then pellet samples by centrifugation.
3. Harvest supernatant and store at –20°C.
4. Measure specific antibody by ELISA (see Note 20).

3.4. Estimation of Specific lgG and lgA in Serum, Mucosal
Secretions, or Stool by ELISA

1. Incubate 96-well ELISA plates with 100 µL/well of 5 µg/mL cholera holotoxin in solu-
tion B at 37°C for 1 h or 4°C overnight (see Note 21).

2. Empty plates and block wells for 1 h at 37°C with 200 µL solution E.
3. Wash with solution C.
4. In an uncoated 96-well V-bottomed plate, prepare serial twofold dilutions of test samples

(starting at 1 in 4) diluted with solution F (see Note 22).
5. Transfer 100 µL reference and test samples to an immunoassay plate and incubate at

37°C for 2–3 h.
6. Wash then incubate for 1–2 h at 37°C with 100 µL goat antihuman/mouse IgG or IgA

diluted in solution F (usually 1:250–1000).
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7. Wash and add 100 µL freshly prepared Sigma 104 substrate dissolved in solution G.
8. Observe plates for color reaction and read at 405 nm.

3.5. Isolating Antibody-Secreting Cells From Peyer’s Patches

1. Carefully excise Peyer’s patches (see Note 23) from the intestinal wall and place in a
60-mm Petri dish containing 5 mL RPMI-1640 and 1.5 mg/mL dispase.

2. Gently disassociate nodules with blunt dissection and tease apart.
3. Place cell suspension in a Falcon tube and incubate with shaking for 45 min at 37°C.
4. Allow tube to stand for 5 min; collect and save cells in suspension.
5. Add fresh media to the tissue debris and repeat step 3.
6. Discard remaining tissue debris and pool cell suspensions in a fresh tube.
7. Pellet mononuclear cells by centrifuging at 1200 rpm for 5 min.
8. Resuspend cells in 1 mL RPMI-1640.
9. Determine viability and adjust cell count to 5 × 106 PBMCs/mL with RPMI-1640 (with

gentamicin 20 µg/mL), then use immediately in an ELISpot assay.

3.6. Isolating Antibody-Secreting Cells From Blood

1. Separate mononuclear cells from heparinized blood by Ficoll-hypaque discontinuous cen-
trifugation (see Chapter 16, Subheading 3.2., step 3).

2. Wash at least 3× in solution A.
3. Resuspend in 1 mL RPMI-1640.
4. Determine viability and adjust cell count to 5 × l06 PBMCs/mL with RPMI-1640 and use

immediately in an ELISpot assay.

3.7. ELISPOT Assay for Specific Antibody-Secreting Cells
1. Precoat Sterilin 25-well plates with 500 µL of 1.5 µg/mL GM1 in solution B overnight at

room temperature or 4°C (see Note 24).
2. Discard GM1 and block wells with 1 mL solution E at 37°C for 30 min.
3. Wash wells with solution A (see Note 25), then incubate at 37°C for 1 h with 500 µL of 5

µg/mL cholera holotoxin in solution A.
4. Wash with solution A (see Note 25), then add 500 µL of cell suspensions. Aim for 2.5 × 106

cells/well (see Note 26). Record number of mononuclear cells/well.
5. Incubate in 5% CO2 at 37°C in a leveled, vibration-free incubator (see Note 27). 3 h for

humans; mice may require overnight incubation.
6. Discard cells and wash plates thoroughly with solution C to remove adherent cells.
7. Add goat anti-human/mouse IgG, IgA, or IgM (diluted 1:250–1000 in buffer F) and incu-

bate at 37°C for 3 h, or overnight at 4°C (see Note 28).
8. Wash with solution C, then incubate with rabbit anti-goat IgG-alkaline phosphatase and

conjugate 3 h at 37°C or overnight at 4°C.
9. Wash with solution C and leave wells full.

10. Heat solution H to approx 50°C in water bath or microwave. Add 1 mL melted agarose to
4 mL solution H and vortex well. Allow 1 mL/well.

11. Quickly draw up substrate/agarose solution into a syringe, then filter through a 0.45-µm
membrane into wells until the bottom is completely covered (see Note 29).

12. Count spots under low magnification with an inverted microscope (see Note 30).
Express the number of isotype and antigen-specific antibody-forming cells/106 mono-
nuclear cells studied.
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4. Notes
1. Cholera toxin and CTB are also obtainable from Calbiochem (San Diego, CA) and List

Biologicals (San Diego, CA). Highly purified, recombinant Escherichia coli enterotoxin
B subunit (rEtxB) may be used, but is not commercially available (29,30); an alternative
is to use the Escherichia coli LT holotoxin available from Sigma.

2. Responses depend on the strain of mouse and the antigen. Humoral responses to oral
CTB and rEtxB are H2 haplotype-dependent:- rEtxB: H-2d > H-2b = H-2q H-2a> H-2k.
CTB: H-2b> H-2d. For a complete review, see ref. 30.

3. Use 15-gauge 4-cm-long steel needles with a blunt bulbous tip.
4. This vaccine, developed by Jan Holmgren and colleagues, has been pivotal in the study of

human mucosal immune responses to protein antigens in health and disease, including
immunodeficiency states. It contains 1011 killed whole cholera vibrios and 1 mg purified
CTB in single-dose vials with two sachets of antacid buffer. Permission of the manufac-
turer and appropriate regulatory authorities will be required. The vaccine is licensed in
Sweden and Norway. Further details from the SBL website (http://www.sblvaccin.se).
An alternative is the live attenuated Salmonella typhi Ty 21a (Vivotif Berna, Berna Prod-
ucts Corporation, Coral Gables, FL) vaccine. This has been given orally, and immune
responses characterized in humans in terms of mucosal homing and phenotype of
response. Additionally, the vaccine can be given rectally to study genital-tract immunity.
See references for details (13–15). A drawback with this live vaccine is that immune-
deficient or HIV-infected subjects should not be exposed.

5. Some workers use 96-well nitrocellulose-bottomed or tissue-culture plates. Agarose is
omitted from the substrate solution and lower concentrations of coating antigens are re-
quired, but fewer cells are assayable per well (105), and false spots are more difficult to
distinguish. These have the advantage that they can be automatically counted by ELIspot
plate readers. This technique is well-established for cytokine assays. Reader-specific
plates may be required.

6. Holotoxin (both CT and LT are available from Sigma) is less expensive than CTB, and
CT crossreacts with rEtxB.

7. Horseradish peroxidase conjugates may be used with appropriate substrates, alone or in a
two-color assay with alkaline phosphatase conjugates.

8. This can be purchased ready for use from Sigma (“2-amino-2-methyl-1-propanol Alka-
line Buffer Solution 1.5M” with an unusual catalog number “221”).

9. Store in aliquots at –20°C and keep working the solution at 4°C because this rapidly
becomes contaminated.

10. This solution may be kept at 4°C for several months.
11. Because serial serum collection from an individual mouse facilitates monitoring of

immune responses, facilities for blood collection by tail-vein snip are advantageous.
12. This procedure is generally well-tolerated by the mice, but in <1%, immunization leads to

esophageal trauma and mediastinitis. These mice must be culled.
13. If a response is not detectable, give a third dose of antigen and repeat sampling as before.
14. Alternatively, stomach acid can be neutralized by swallowing 2 g sodium bicarbonate

dissolved in 100 mL water. The vaccine can be administered 10–20 min later when the
rise in pH will be at a maximum.

15. Maximum responses occur after the second or third immunization.
16. Cells appear in distal sites (gut, salivary glands) after the first week.
17. “Parafilm” (Sigma Aldrich) may be chewed to stimulate flow. Keep saliva cold during

processing to minimize bacterial action. Pure parotid saliva can be collected through a
suction cup placed over the opening of the parotid duct (31).
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18. Rapid freezing minimizes degradation of IgA by bacterial proteases. Some workers add
protease inhibitors such as 0.1 mM phenylmethyl sulfonyl fluoride (see Note 19).

19. This procedure minimizes degradation of IgA (especially IgA1) by bacterial proteases
during processing (32).

20. See ref. 33 for further details of measurement of coproantibody responses to CTB and
other antigens given orally.

21. Prior coating with GM1 ganglioside is not required if purified toxins are used on high-
binding immunoassay plates. If the toxin source is impure (e.g., culture filtrate), then coat
with GM1 and block with casein as for ELIspot assay steps 1 and 2, before adding toxin.

22. To calibrate the assay, a reference serum of known activity can be used. This can be
prepared by standard parenteral immunization with adjuvant.

23. These are 1–2-mm pale pearly nodules visible on the serosol surface.
24. This procedure significantly reduces background, although the mechanism is unclear.
25. Do not use solution C, because “Tween-20” will lyse cells!
26. Ideally have at least 50–100 spots/well. The cell numbers can be titrated because too

many spots are hard to count. More than 107 cells/well results in crowding and poor spot
formation.

27. If cells move during the incubation, spot duplication may occur.
28. Mouse monoclonal antibodies (MAbs) may be used at this stage to determine subclass-

specific responses. A lower dilution (1:100 is typical) is usually required. Appropriate
anti-mouse conjugate should be substituted in the next step.

29. Do not allow the substrate to become too hot or the enzyme conjugate may be denatured.
Fill wells quickly since agarose will begin to set in the syringe and block filter (which
may be omitted if there are no problems with spots from BCIP crystals). Avoid returning
to wells to add more substrate because this increases movement artifact. Allow the gel to
set before moving the plate or the gel will shift, causing spot duplication. Some workers
omit agarose and use BCIP/AMP only, discarding excess from wells when spots develop.
We find that agarose increases spot intensity.

30. Spots develop overnight at room temperature, but may be visible after a few hours. Avoid
heating plates since this increases background. Characteristic ELIspots appear granular
with a darker center. Small, dense spots represent adherent cells or crystals of BCIP. A
control well with cells but no antigen is useful to distinguish such artifacts.
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Induction and Detection of T-Cell Responses

Kingston H. G. Mills

1. Introduction
1.1. Role of T-Cells in Immunity to Infectious Diseases

The fundamental basis of immunity to infectious diseases involves a complex inter-
play between humoral and cell-mediated immune responses against antigens on the
foreign pathogen. Humoral immunity, either in the form of local IgA antibodies at the
mucosal site of infection or neutralizing antibodies in the serum, provides the first line
of defense against invading microorganisms. However, cellular immunity, mediated
by T-cells, also plays a major role in protection against foreign pathogens. CD8+ cyto-
toxic T-lymphocytes (CTLs) kill target cells infected with viruses or bacteria, whereas
CD4+ T-helper (Th) cells provide help for B-cells in antibody production and secrete a
range of cytokines that are involved in a variety of immunoregulatory functions or
have a direct effect on invading microorganisms (1–3). CD4+ T-cells can be divided
into subpopulations on the basis of their function and cytokine secretion (4). Thl cells
secrete interleukin 2 (IL-2), γ-interferon (IFN-γ), and tumor necrosis factor-β (TNF-β)
and are involved in delayed-type hypersensitivity and inflammatory responses, and
display CTL activity in vitro. A key function of this CD4+ Thl population in the immu-
nological defense mechanism in vivo appears to be the activation of macrophages,
which are stimulated to take up and kill invading microorganisms. In contrast, Th2-
cells, which secrete IL-4, lL-5, IL-6, and IL-10, are considered to be the true helper T-
cells; their secreted cytokines play a crucial role in immunoglobulin (Ig) class
switching and B-cell differentiation, in particular for IgE, IgA, and IgG1 antibody
production (5). Thus, it has been concluded that Th1-cells and CD8+ CTL mediate
cellular immunity against intracellular pathogens, whereas Th2-cells stimulate
humoral immunity against extracellular pathogens. However, Th1 cells have been
shown to function as helper T-cells by promoting B-cell production of complement
fixing and virus-neutralizing antibodies of the IgG2a subclass in the mouse (6). Fur-
thermore, CD4+ T-cells that secrete high levels of IL-10 or TGF-β—known as regula-



256 Mills

tory T-cells—have recently been cloned, and have been shown to suppress Th1
responses and to play a role in the maintenance of self tolerance (7–9).

1.2. Induction of T-Cell and Antibody Responses; The Basis
of Vaccination

The repertoire of T- and B-lymphocytes in the immune system is vast, with an
almost infinite capacity to respond to foreign antigens. In a naïve individual, the fre-
quency of lymphocytes that are specific for an individual epitope on a foreign antigen
is very low. However, following exposure to a microorganism or antigen expressing
that epitope, clonal expansion of precommitted lymphocytes occurs, memory T- and
B-cells are generated, and the precursor frequency is greatly increased. Therefore,
primary infection with a microorganism—or vaccination by exposure to an attenuated
or killed virus or bacteria, or to a purified native or recombinant antigen—results in
the stimulation of a small but specific population of lymphocytes in vivo. In a subse-
quent encounter with the antigen, as through infection with the pathogen, the memory
B- and T-cells proliferate rapidly and allow the immune system to deal effectively
with the invading microorganism.

In contrast to B-cell recognition of a foreign pathogen, which involves direct bind-
ing of the antibody molecule to an epitope on the surface of a viral or bacterial antigen,
T-cells only recognize antigenic peptides in association with major histocompatibility
complex (MHC) molecules on the surface of an antigen-presenting cell (APC) (10,11).
The foreign microorganism or antigen is taken up by macrophages, dendritic cells
(DCs), B-cells, or other APC, either by receptor-mediated endocytosis or by nonspe-
cific mechanisms, such as phagocytosis or pinocytosis, and is then processed into frag-
ments or peptides prior to association with MHC molecules (12–14). The APCs process
and present the antigen to CD4+ and CD8+ T-cells using distinct mechanisms (15).  In
general, CD4+ T-cells recognize exogenous antigen in association with MHC class II
molecules; the internalized antigens are processed (denatured and degraded) in
endosomes into short fragments or peptides that bind to the MHC molecules and, fol-
lowing expression on the APC’s surface, the MHC/peptide complex is recognized and
bound by the T-cell receptor of a CD4+ T-cell that is specific for that T-cell epitope
(12,14). In contrast, CD8+ cells recognize endogenous antigen in association with
MHC class I molecules (14,15). Therefore, CD4+ T-cells are readily generated follow-
ing immunization with killed bacteria, viruses, or soluble antigens, whereas the induc-
tion of CD8+ normally requires the antigen to be synthesized within the APC—for
example, a viral antigen in a virus-infected cell. However, it has also been demon-
strated that live or killed bacteria or soluble antigens presented in adjuvant
formulations based on particles, emulsions, or lipids can allow exogenous antigen to
gain access to the endogenous route of processing for presentation to class I-restricted
T-cells (16). The demonstration of distinct mechanisms of antigen processing for class
I- and class II-restricted T-cells is crucial in the design of vaccines for the induction of
distinct T-cell responses required for effective immunity to different pathogens.
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1.3. Factors Affecting the Induction of T-Cell Responses
Following Immunization

The nature of the antigen, dose, choice of adjuvant, route of immunization, and
number of inoculations are all known to affect the strength, duration, and repertoire of
T-cell responses.

1.3.1. Antigen

The choice of live or killed whole virus or bacteria, purified native or recombinant
antigen, or naked DNA as the immunogen considerably influences the induction of T-
cell responses in both qualitative and quantitative terms. In general, the more pro-
longed the exposure of antigen to the immune system—for example, following
infection—the stronger and more persistent the T-cell response. This is reflected in
the observation that the strongest T-cell responses and the highest level of immune
protection against an infectious organism are usually provided by prior exposure to
the pathogen in a self-limiting infection. This observation is exploited in vaccination,
in which infection with attenuated viruses, such as poliovirus, measles, mumps and
rubella, is highly effective at preventing disease. Although killed viruses (e.g., polio-
virus or rabies), killed bacteria (e.g., Bordetella pertussis), bacterial subunit antigens
(e.g., tetanus toxoid or diphtheria toxoid), or viral subunit antigens (e.g., hepatitis B
surface antigen [HbsAg]), are also highly effective vaccines, the immune responses
induced with these vaccines may not be as durable, and often require a greater number
of booster inoculations.

Because of their relative safety and ease of production, considerable time and ex-
pense have been expended on the search for recombinant vaccines against a range of
human pathogens. However, the use of purified recombinant proteins for the induction
of a protective T-cell or antibody response against an infectious virus, bacteria, or
parasite presents a range of problems.

First, it is necessary to identify the protective antigen(s)—i.e., the antigen(s) against
which the appropriate T-cell or antibody responses are directed. Second, it is necessary
to ensure that the recombinant antigen mimics the structure in its native form. Failure
to mimic the conformation of the native antigen can preclude the induction of protec-
tive neutralizing antibody responses, which are predominantly directed against the
three-dimensional (3D) structure of the antigen. In addition, the processing of T-cell
epitopes can be affected by antigen conformation or amino acid substitutions in flank-
ing regions or at distant sites in the primary structure (17,18). Finally, the induction of
CD8+ class I-restricted T-cell responses is more difficult with purified recombinant
proteins (16). The use of live attenuated microorganisms, such as vaccinia virus, at-
tenuated salmonella, or bacillus Calmett-Guérin (BCG), as vectors for the expression
of foreign antigens provides an alternative means of allowing the induction of CD8+

T-cell responses, but has added safety complications associated with the use of live
vectors, and can result in poor takes owing to prior exposure to the parent organism.
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1.3.2. Adjuvant, Vaccine Delivery, or Recombinant Expression Systems
Immunization with soluble proteins, including purified native or recombinant anti-

gens, results in weak and transient T-cell responses, and when given by a mucosal route
(e.g., oral or intranasal [in]) can result in a state of immunological tolerance, whereby
subsequent exposure to the antigen can fail to elicit an immune response (19).  Experi-
mental immunization protocols in animals have employed a variety of agents that boost
the immune response to the injected antigen by maintaining the antigen at the site of
inoculation for longer periods of time, by enhancing antigen uptake through particle
formation, or by including immunomodulators, usually bacterial components, that acti-
vate cells of the innate immune system, which in turn directs the induction of T-cell
responses (20). Recent evidence from murine studies suggests that the components of
bacteria or parasites can activate distinct populations of DCs, termed DC1 or DC2, that
selectively stimulate the induction of Th1- and Th2-cells, respectively (21,22). IL-12
and IL-4 production appears to play critical roles in the directing naïve T cells to Th1 or
Th2 cells (5,21), whereas DCs that secrete IL-10 appear to drive the induction of type 1
regulatory T cells (Tr1) cells (9). The selective stimulation of T-cell subtypes is an
important consideration in the induction of a protective immune response, and must be
carefully considered for effective vaccine design.

A large number of experimental adjuvants and vaccine-delivery systems have
recently been developed, and some of these are already in clinical trials in humans
(23). Particulate-delivery systems, including liposomes, immunostimulating com-
plexes (ISCOMs), biocompatible microparticles, or metabolizable oil-in-water emul-
sions enhance uptake of soluble antigens by APC and facilitate the induction of CD4+

and CD8+ T-cell responses (20,24–26). Other experimental antigen-presentation sys-
tems, such as yeast-derived Ty-virus-like particles, hepatitis B core particles, or lipid-
linked peptide, have been reported to have varying degrees of success in the induction
of T-cell responses to foreign antigens (20,27). Furthermore, a number of immunomo-
dulators, including nontoxic bacterial derivatives, such as mutants of Escherichia coli
heat-labile toxin (LT) and cholera toxin (CT), muramyl dipeptide (MDP), or
monophosphoyrl lipid A (MPL) (28–30), function by activating DC maturation and
cytokine production, leading to more potent induction of T-cell responses (20). Adju-
vants and immunomodulators are discussed more fully in Chapters 11 and 12.

1.3.3. Immunization Schedule
The dose of antigen used in experimental and routine human immunization has

often been chosen on an empirical basis. The notion that the higher the dose, the stron-
ger the immune response pervades the scientific literature on immunogenicity studies
with protein antigens. Indeed, within a certain range, increasing the dose of antigen
does increase the titer and persistence of the antibody response. However, this may not
be the case for the induction of T-cell responses, especially for Th1 cells, for which
relatively low doses of antigens are equally or more effective than high doses.

Injection of antigen by a systemic route (sc, ip, or im) is most commonly used, and
generates the most potent circulating antibody and T-cell responses. However, the
majority of infectious pathogens enter the body at mucosal sites, where local immune
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responses may be an important first line of defense. The role of secretory IgA in local
immunity is well documented against a variety of human pathogens (31). Although in
theory IgA can be induced by immunization at any of the common sites of the mucosal
system, a recent clinical study with a nasal diphtheria vaccine in adult human volunteers
demonstrated that anti-toxin IgA was only induced in the vaccinated nostril (32). There
is also evidence that immunization at mucosal sites can induce systemic T-cell responses
(26,32) and recent studies have suggested that mucosal immunization may favor the
induction of Th2-cells (32). Furthermore, we have demonstrated that immunization by
the ip route favors the induction of Thl-cells, whereas the sc route favors Th2-cells (26).

Vaccination with attenuated viruses and/or bacteria is an efficient means of elicit-
ing T-cell responses (6). However, because of the transient nature of the infection,
booster inoculations are often required to raise and maintain the immune response to
the level that would be achieved following more prolonged infection with the wild-
type pathogen. Effective immunization with subunit vaccines, even when formulated
with the majority of current adjuvants, requires repeated booster injections to maintain
T-cell and antibody responses at detectable levels. Despite the wide range of reported
studies, there is no clear indication of the optimum rest period between booster doses.
However, it does appear that a rest period of 4 wk or greater does result in a more
persistent T-cell response.

1.4. Techniques for the Detection of T-Cell Responses
Once a T-cell response is induced in vivo, the response can be detected in vitro using

a variety of laboratory assays. One of the simplest and most routinely used techniques to
detect T-cell responses is the lymphocyte proliferation assay. This assay is based on the
principle that on exposure to antigen in the presence of autologous or MHC-matched
APC, T-cells respond by dividing, and the proliferation can be readily quantified to
provide a measure of the responding T-cell population. However, this technique is rela-
tively crude, and in its simplest form, cannot discriminate between T-cells of different
phenotype or function, or even between T-cells and B-cells, which can also proliferate
in response to foreign antigen. More recently, the detection of T-cell responses has
encompassed a sophisticated range of assays that can discriminate between the respond-
ing populations on the basis of their function or cytokine production.

Semipurified mononuclear leukocyte preparations can be used ex vivo for many of
the assays used to detect T-cell responses. Since almost all assays involve T-cell rec-
ognition of antigen as the first step, a source of APC as well as T-cells is necessary.
Unseparated spleen or lymph-node cells and peripheral-blood mononuclear cells
(PBMC), separated by density-gradient centrifugation, are rich sources of lympho-
cytes, and also contain sufficient DCs or macrophages for antigen presentation, with-
out additional APC. Although contaminated with relatively small numbers of
polymorphs and red blood cells, spleen cells can be used for many of the T-cell assays
without further separation. Where necessary, the contaminating cells can be removed
by density-gradient centrifugation; 18% metrizamide, Ficoll 1.077, and Percoll 1.081
have been used in the author’s laboratory to purify murine, human, and macaque mono-
nuclear cells, respectively (27,33).
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Although these relatively crude mononuclear-cell preparations can be used for most
assays, they do not allow definition of the responding T-cell subpopulation. Further-
more, for the assays of T-cell function (e.g., helper or CTL assays), purified T-cells,
CD4+ or CD8+ T-cell subpopulations, B-cells, or APCs are required. After the initial
density-gradient purification of the mononuclear-cell population, which includes T-
cells, B-cells, NK cells, monocytes, and DCs, the following methods can be used to
enrich appropriate cells:

1. T-cells by passing the cells down a nylon wool column, rosetting with sheep red blood
cells (human only), or depletion of B-cells on Ig-coated beads and monocytes by adher-
ence to plastic (34,35);

2. B-cells by depletion of T-cells using anti-thy-l or anti-CD3 antibodies and complement;
3. Monocytes by recovery of plastic-adherent cells.

These techniques do not require sophisticated equipment, and are cheap and rela-
tively simple to perform. However, they permit only enrichment rather than a purifica-
tion of a particular cell population. The most definitive approach for high levels of
purity involves labeling of the cell population with a specific monoclonal antibody
(MAb) and separation on a fluorescence-activated cell sorter (FACS) (35). Apart from
the limited access to FACS machines, this method is relatively slow, and is not practi-
cal for the separation of large numbers of cells or cells from several samples on the
same day, which would often be required for the routine evaluation of T-cell responses.
An alternative approach that involves a similar principle involves the use of antibody-
coated magnetic beads or glass beads on affinity columns (35). Cells are depleted by
direct or indirect binding to antibody-coated beads immobilized on a column or by
being placed in a magnetic field. These techniques, if performed carefully, can give
high levels of purity and allow separation of relatively large numbers of cells (up to
109/column), with several columns run simultaneously.

The most definitive technique for the analysis of the specificity and function of T-
cells induced by immunization or infection involves the generation of antigen-specific
T-cell lines and clones from immune animals or humans. This technique is more suit-
able for detailed qualitative rather than for quantitative assessment of T-cell responses,
and has been described in detail elsewhere (see Chapter 17; aslo ref. 33). Furthermore,
limiting dilution analysis (36) and HLA-peptide tetrameric complexes (37) have been
used to quantify the frequency of T-cells that are specific for individual antigens in
naive or immune animals or humans. Although limiting dilution analysis is a very
powerful tool, it is quite laborious, and is unsuitable for routine detection of T-cell
responses. MHC class I tetramers allow direct visualization of antigen-specific T cells
by flow cytometry and have proven very useful for quantifying human CD8+ CTL
responses ex vivo. Although the synthesis of tetramers is now becoming more straight-
forward, the technique is currently limited by the commercial availability of a wide
range ofHLA-peptide tetrameric complexes. MHC class II tetramers have also been
used. Here, the application of this technology to routine analysis of T-cell responses
following infection or vaccination is limited by the wide range of peptides recognized
by T-cells in association with a single MHC haplotype (38).
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Although the techniques described here mainly relate to the induction of T-cell
responses and their detection in animals following experimental immunization or
exposure to infectious organisms, similar methods can be used to detect T-cell
responses in humans following routine vaccination, in clinical trials of candidate vac-
cines, or following infection with a foreign microorganism.

2. Materials

1. Ethanol 70% (v/v): 700 mL industrial alcohol added to 300 mL of distilled water.
2. Phosphate-buffered saline (PBS): 8.0 g/L NaCl, 0.2 g/L KCl, 1.15 g/L Na2HPO4 (anhy-

drous), 0.2 g/L KH2PO4.
3. Complete medium: Roslin Park Memorial Medium (RPMI)-1640 medium, supplemented

with 10% (v/v) heat-inactivated fetal calf serum (FCS), 100 mM L-glutamine, 100 U/mL
penicillin, 100 µg/mL streptomycin, and 50 µM 2-mercaptoethanol.

4. RPMI-2: RPMI-1640 medium supplemented with 2% (v/v) FCS. Hank’s Balanced Salt
Solution (HBSS) supplemented with 2% (v/v) FCS or 1% (w/v) BSA, or 1% (w/v) gelatin
can be substituted for RPMI-2 for cell washing.

5. Stock ethidium bromide (EB) and acridine orange (AO) solution for vital staining: 100
mg EB and 100 mg acridine orange in 100 mL PBS, stored at –20°C (working solution: 1/
1000 dilution of stock in PBS). Caution: These compounds are carcinogenic, and should
be handled with care and under local guidelines.

6. Metrizamide 18% (w/v): Prepare a stock solution of 35.3% (w/v) metrizamide (analytical
grade) in distilled water. Filter-sterilize and store at 4°C, concealed from light. Before
use, dilute 35% (w/v) metrizamide to 18% (w/v) as follows: 1.02 mL of stock, 0.94 mL
PBS, and 0.04 mL of FCS. (The concentration and density can be checked by measuring
the refractive index, which should be 1.3613).

7. Glycine-NaOH buffer 0.1 M, pH 8.6: Prepare 0.1 M glycine in O.1 M NaCl (7.51 g gly-
cine + 5.84 g NaC1/L), and add 94.7 mL to 5.3 mL O.1 M NaOH.

8. Enzyme-linked immunosorbent assay (ELISA) coating buffer: PBS, pH 7.2, or carbon-
ate-bicarbonate buffer, pH 9.6 (1.59 g NA2CO3 anhydrous, 2.93 g NaHCO3 in 1.0 L dis-
tilled water).

9. ELISA washing buffer: 0.5 mL Tween-20 in 1.0 L PBS.
10. ELISA blocking buffer: PBS with 1% (w/v) BSA or 5% (w/v) milk protein (dried milk

powder).
11. Alkaline phosphatase substrate solution for immunoassays: p-nitrophenyl phosphate, di-

sodium, hexahydrate (available from Sigma [Poole, Dorset, UK] as preweighed tablets),
1.0 mg/mL in 10% (w/v) di-ethanolamine buffer containing 0.54 mM magnesium chlo-
ride, pH 9.8 (97 mL di-ethanolamine, 800 mL distilled water, 100 mg MgC12 6 H2O;
adjust to pH 9.8 with 1 M HC1; bring volume up to 1.0 L with distilled water. Store at 4°C
in the dark; warm to 25°C before use.

12. Phosphatase substrate for ELISpot assays: Dissolve one 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) / nitro blue tetrazolium (NBT) tablet (Sigma Cat. no. B5655) in 10 mL
deionized water; yields a ready-to-use buffered solution containing BCIP/NBT pH 9.5.

13. 3H-thymidine: [methyl-3H] thymidine, 20 µCi/mL; specific activity 5 Ci/mmol.
14. 51Chromium: 51Cr, SA 350–600 µCi/µg chromium (because of the short half-life, 51Cr

cannot be stored for more than 1–2 wk).
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15. MAb: Antibodies against cell-surface antigens and cytokines can be obtained from a range
of commercial suppliers as purified antibodies, either uncoupled or labeled with biotin,
enzymes, or fluorescent compounds. Alternatively, hybridomas that secrete appropriate
antibodies can be obtained from the American Tissue Culture Collection (ATCC).

3. Methods
3.1. Immunization of Mice
3.1.1. Preparation of Alum-Adsorbed Antigens (see Chapter 11)

Most commercially prepared alum-absorbed vaccines use alhydrogel (aluminum
hydroxide), which is suitable for use in the laboratory. The antigen is simply mixed
with the aluminum hydroxide (100 µg antigen/mg alum) and allowed to adsorb at 4°C
overnight. Alternatively, the procedure described here uses potassium aluminum sul-
fate to form a complex protein-salt precipitate.

1. Prepare solutions of 0.2 M potassium aluminum sulfate (can be stored at room tempera-
ture for several months) and 1.0 M sodium bicarbonate.

2. Add 1 vol of 1.0 M sodium bicarbonate and 2 vol of antigen in PBS or Tris buffer to a 10-
mL glass beaker (e.g., if the stock antigen concentration is 0.5 mg/mL and 125 µg of
alum-adsorbed antigen is required, take 250 µL of antigen and 125 µL of sodium bicar-
bonate).

3. Place beaker on a magnetic stirrer and, with constant stirring, slowly (dropwise) add 2 vol
of 0.2 M potassium aluminum sulfate.

4. After allowing to stand at 4°C for 1–2 h or overnight, transfer to a hard plastic centrifuge
tube and pellet the precipitate by centrifugation at 1000g for 10 min.

5. Resuspend the pellet in PBS. The final volume to be determined by the route of immuni-
zation (maximum volumes per mouse: 0.3 mL for intraperitoneal [ip], 0.2 mL for subcu-
taneous [sc], 0.05 mL for intramuscular [im] or interdermal [id] routes).

3.1.2. Immunization Procedure
Mice can be immunized systemically by the sc or ip routes with volumes up to 0.2

or 0.3 mL, respectively, without the use of an anesthetic (for precise details, see Dresser
ref. 39).

For immunization by the intranasal (in) route, mice are anesthetized in an atmo-
sphere saturated with metofane inhalation anesthetic (large glass beaker with lid con-
taining a wad of cotton wool to which a few drops of the anesthetic has been added).
Using a Gilson or Oxford pipet, drop 10 µL of antigen preparation into the nose (with
the mouth occluded) of the anesthetized mouse, and allow it to inhale.

3.2. Preparation of Mononuclear Cells

Murine spleens provide the most convenient source of large numbers of responder
T-cells and APC for T-cell assays. Lymph nodes (LN), although they do not provide
as high a yield, have a greater proportion of T-cells (50%) compared with spleen
(30%). Draining LN from the site of immunization (e.g., popliteal LN from the foot
pad or inguinal and peraortic LN from the base of the tail) or from the source of infec-
tion (e.g., tracheobronchial LN from the lungs) provides a rich source of primed T-
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cells. For studies in humans, peripheral blood is usually the only source of lympho-
cytes that is readily available (see Note 1).

3.2.1. Preparation of Murine Spleen and LN Cells (see Note 2)
1. Sacrifice mouse by cervical dislocation, and immerse in 70% (v/v) ethanol. Using sterile

scissors and forceps, lift, cut, and pull back the skin on the left side of the abdomen. Spray
exposed abdomen with 70% (v/v) ethanol and, using fresh sterile scissors and forceps,
make an incision over the spleen, and remove spleen with forceps, carefully cutting away
the connecting tissue. Transfer the organ to sterile medium.

2. Pour spleen(s) and medium onto sterile wire in a Petri dish or a nylon cell strainer (Becton
Dickinson) over a 25-mL tube and, using the plunger of a 5-mL syringe, grind spleen
until a fine suspension is obtained.

3. Transfer spleen-cell suspension to 15-mL centrifuge tube and allow debris/cell clumps to
settle for 10 min or centrifuge at 100g for 30 s.

4. Pipet off cells in supernatant and add to a fresh 15-mL tube.
5. Centrifuge at 300g for 5 min, and resuspend the cell pellet in complete medium.
6. Perform a cell count (see Subheading 3.2.4.).

3.2.2. Purification of Viable Mononuclear Cells From Murine Spleen
1. Resuspend spleen cells (prepared as described in Subheading 3.2.1.) at 5 × 107 cells/mL

in RPMI-2, and carefully layer 1 mL of cell suspension onto 2 mL of 18% (w/v)
metrizamide in a 15-mL (12 × 75 mm) centrifuge tube.

2. Centrifuge at 500g for 15 min in a benchtop centrifuge fitted with a swing-out rotor.
3. Recover the cells from the interface, wash twice with 8–10 mL of RPMI-2, and perform a

cell count.

3.2.3. Preparation of Human PBMC
1. Dilute heparinized blood (10 U heparin/mL blood) 1/2 in RPMI medium or HBSS.
2. Carefully layer onto Ficoll density-gradient medium (density 1.077); 8 mL of diluted

blood on 2 mL of Ficoll in 15-mL centrifuge tube or 15 mL diluted blood on 5-mL Ficoll
in a 25-mL centrifuge tube.

3. Centrifuge at 400g for 30 min at room temperature (if using a refrigerated centrifuge,
ensure that the temperature is set at 20°C).

4. Remove the cells from the interface of Ficoll and plasma with a Pasteur pipet and transfer
to a fresh tube. Dilute the cell suspension at least fivefold with RPMI-2 medium or HBSS.

5.  Centrifuge at 300g for 7–10 min, discard supernatant, and resuspend cells in 10 mL of
RPMI-2.

6.  Centrifuge at 200g for 5 min. (The slower spin is designed to allow separation of plate-
lets from the mononuclear cells.)

7.  Resuspend in complete medium at approx 5 × 106/mL and perform a cell count.

3.2.4. Viable Cell Count with Ethidium Bromide and Acridine Orange
(see Note 3)

1. Prepare a working solution of EB/AO containing 0.1 mg of both EB and AO in 100
mL PBS.

2. Mix a measured volume (20–50 µL) of cell suspension with an appropriate volume (20
µL–l mL) of EB/AO so that the estimated final cell concentration is in the range of 2 ×
105–2 × 106/mL.
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3. Fill a hemocytometer, and count the number of viable (green) and nonviable (orange)
cells using a fluorescence microscope with a combination of ultraviolet (UV) and vis-
ible light.

3.3. Purification of T-Cells, B-Cells, and T-Cell Subpopulations
(see Note 4)

A number of methods, including complement-mediated lysis, affinity columns,
immunomagnetic beads, rosetting, panning, or separation on the basis of MAb label-
ing on an FACS, have been used to purify lymphoid cell subpopulations (34,35). One
of the simplest techniques for negative selection involves complement-mediated lysis
using a complement-fixing antibody against a surface determinant of the cell type to
be depleted. Alternatively, an affinity column technique can employ noncomplement-
fixing antibodies. Both of these techniques are very effective if carefully performed,
and allow the separation of large numbers of cells in a relatively short time. The affin-
ity column technique described here involves the separation of murine T-cells and
CD4+ or CD8+ subpopulations from murine spleen tissue using columns manufactured
by Pierce Laboratories. Other manufacturers (e.g., Biotex Laboratories) use slight
variations that will be described in the manufacturer’s instructions. The complete pro-
cedure for the separation of T-cell subpopulations involves several steps, namely the
preparation of spleen cells, the purification of T-cells by depletion of B-cells, and the
purification of CD4+ T-cells by negative selection with the reciprocal anti-CD8 anti-
body. Alternatively, if the anti-mouse Ig used to deplete the B-cells crossreacts with
rat Ig, CD4+ T-cells can be separated from spleen cells in a single step by incubating
the spleen cells with rat anti-CD8 prior to loading on the anti-Ig column.

3.3.1. Purification of Murine T-Cells on Anti-Ig Affinity Columns
This is a negative selection technique in which B-cells are removed by their binding,

through surface Ig, to anti-Ig attached to plastic or glass beads in a column. Monocytes
also adhere to the glass or plastic beads, and are retained on the column. However, the
enriched T-cells are contaminated with natural killer (NK) cells, which can be removed
by an additional step involving antibodies that are specific for NK cells.

1. Clamp the column (containing glass or plastic beads) and wash with 15 mL PBS. Drain
the PBS to the top of the column bed, but not below, and close the column tap or clamp.

2. Add 10 mg polyclonal anti-mouse Ig in 1 mL of PBS, and allow it to enter the column.
3. Incubate for 1 h at room temperature.
4. Wash the column with 20 mL of PBS supplemented with 10% (v/v) FCS.
5. Adjust the flow rate for the particular column size (e.g., 6–8 drops/min for a standard

Pierce column).
6. Resuspend viable mononuclear cells from murine spleen at approx 1 × 108/mL in PBS or

RPMI medium supplemented with 10% (v/v) FCS and load onto reservoir of anti-Ig col-
umn.

7. Allow the cells to enter the column, and collect eluant into a fresh tube on ice.
8. Continue to top up reservoir with medium until a total of 20 mL has passed through the

column.
9. Retain the eluant and centrifuge (200g for 5–10 min) to recover the nonadherent cells (T-
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cells plus null or NK cells).
10. Determine purity by FACSscan analysis with fluorescein isothiocyanate (FITC)-conju-

gated antibodies against mouse CD3 and Ig.

3.3.2. Purification of CD4+ T-Cells
1. Add the anti-CD8 rat MAb (preferably purified antibody, but diluted ascites or high-titer

hybridoma supernatant can also be used) to the purified T-cell preparation.
2. After 30 min of incubation on ice, wash 3× and resuspend in RPMI medium.
3. Count cells and adjust concentration to 1 × 108/mL.
4. Load onto pre-prepared anti-rat Ig column.
5. Continue as in steps 7–9 (Subheading 3.3.1.).
6. Check purity by FACScan analysis following labeling of cells with anti-CD4 and anti-

CD8 antibodies.

3.3.3. Purification of B-Cells by Complement-Mediated Lysis of T-Cells
and Adherence of Monocytes onto Plastic

1. Resuspend the mononuclear cells at 1 × 107/mL in medium containing the appropriate
dilution of anti-CD3 or anti-Thy-1 (mouse only) antibody.

2. Incubate for 30 min at 4°C, shaking the cells periodically.
3. Centrifuge the cell mixture (200g for 5 min) and resuspend at 1 × 107/mL in complement

at the appropriate dilution in serum-free medium (see Note 5).
4. Incubate for 30–45 min at 37°C, shaking the cells periodically. (Cells can be checked

for lysis after 30 min by removing a small aliquot and performing a viable count with
EB/AO.)

5. Centrifuge the cells (200g, 5 min) and wash twice with RPMI-2 medium.
6. Resuspend in complete medium at 5 × 106, add 5 mL/dish to plastic Petri dishes (tissue-

culture-grade, 9-cm diameter), and incubate at 37°C for 90–120 min.
7. Remove nonadherent cells with a Pasteur pipet after gently swirling the cell suspension in

the dish.
8. Add 5 mL of fresh, complete medium prewarmed to 37°C to the Petri dish, swirl, and

transfer to the nonadherent fraction.
9. Centrifuge (200g, 5 min) and resuspend in complete medium, perform a viable cell count,

and check for purity by FACScan analysis with anti-CD3 and anti-Ig antibodies.

3.4. Preparation of APC
A variety of cell types can be used as APC. Normally, B-cells, macrophages, or

DCs are present in spleen or PBMC samples in sufficient proportions to act as APC for
the T-cells in these cell preparations. However, when using purified T-cells, T-cell
subpopulations, or cultured T-cell lines or clones, it is necessary to add APC. Murine
spleen cells or human PBMC, irradiated to prevent cell proliferation, are the most
convenient source of APC. However, for specialized experiments, purified macroph-
ages, B-cells, DCs, or Epstein-Barr virus (EBV)-transformed B-cells, L-cells, B-cell
lymphoma, or fibroblast cell lines can also be used.
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3.4.1. Irradiated Murine Spleen Cells
1. Prepare spleen cells (Subheading 3.2.1.) and suspend in PBS with 10% (v/v) FCS in a

10-mL plastic tube.
2. Place the tube within the chamber of a Cobalt-60, Cesium-137, or X-ray source, and

expose to 15–30 Gy irradiation. (The dose required to prevent cell proliferation should be
established for individual sources.)

3. Wash cells and resuspend in complete medium at a concentration of 4 × 106/mL (to be
used at a final concentration of 2 × 106/mL in culture).

3.4.2. Preparation of EBV-Transformed Human B-Lymphoblastoid Cell
Lines (BLCL) (see Note 6)

Human B-cells can be transformed by EBV, enabling them to grow continually in
culture. Caution: EBV is a category 2 pathogen, and should be handled according to
ACDP guidelines.

1. Grow the EBV-infected marmoset lymphoblastoid line B95-8 in RPMI supplemented with
15% (v/v) FCS in 250-cm2 flasks kept flat in a CO2 incubator at 37°C. Once the culture has
been expanded to 50–100 mL at a cell density of 5 × 105/mL, leave for approx 10 d without
replacing the medium. Harvest the supernatant containing the cell-free EBV by centrifuga-
tion at 300g for 10 min. (This virus stock can be stored at –70°C until needed).

2. Prepare PBMC as described in Subheading 3.2.3., centrifuge at 300g for 5 min, and
resuspend the pellet at 107 cells/mL in complete medium.

3. Add an equal volume of undiluted B95-8 cell supernatant and incubate for 1–2 h at 37°C.
4. Wash the cells once with RPMI-2 and resuspend at 106/mL in complete medium (15%

[v/v] FCS). Plate out 200-µL vol in 96-well flat-bottomed microtiter plates.
5. Feed the cells sparingly (usually less frequently than once a week while the cell lines are

becoming established) by removing 50–100 µL of medium and replacing with fresh me-
dium. (The yellow color of an actively growing culture is a good guide to its need for
feeding.)

6. Check for colony growth using an inverted microscope and expand confluent wells into
wells of 24-well plates. Eventually expand cultures into 25-cm2-tissue-culture flasks,
which should be cultured upright.

7. Maintain the cultures by splitting 1:2-1:4 every 3–7 d, depending on the rate of growth.
8. Stocks of cells should be aliquoted and frozen in 10% (v/v) dimethyl sulfoxide (DMSO)

in a liquid nitrogen freezing device.
9. For use as APC in proliferation assays, EBV-BLCL should be irradiated with 75 Gy as

described for murine spleen cells (see Subheading 3.4.1.) and used at a final concentra-
tion of 1–2 × 105/mL in culture.

3.5. T-Cell Proliferation Assay
3.5.1. Coupling of Antigens to Latex Microspheres

In situations involving antigen preparations that are limiting or contaminated with
agents that are toxic to cells (e.g., urea or detergents), coupling of the antigen to latex
microspheres is a convenient method of purifying the antigen and of amplifying the
proliferative response (40). This approach has also been shown to be an effective
means of enhancing T-cell responses to bacterial or viral antigens separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (40).
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1. Wash latex microspheres (0.8-µm diameter) twice with 0.1 M glycine-NaOH buffer, pH
8.6, by centrifugation in a bench microfuge for 5 min.

2. Mix 100 µL of a 10% (w/v) suspension of latex microspheres in glycine buffer with
50–100 µg of antigen (at concentrations in the range of 0.2–10 mg/mL; can be in a variety
of buffers), and bring the volume to 1 mL with glycine buffer.

3. Incubate at 4°C for 14–18 h with constant agitation.
4. Wash twice with PBS supplemented with 10% (v/v) FCS.
5. Block unbound sites by incubation in PBS supplemented with 10% (v/v) FCS at 4°C

for 2 h.
6. Sterilize by exposure to UV light in a Petri dish.
7. Transfer to an Eppendorf tube, centrifuge, and resuspend in 1.0 mL of complete medium.
8. Store at –20°C in aliquots.

3.5.2. Proliferation Assay with Murine or Human Mononuclear-Cell
Preparations

1. Prepare mononuclear-cell preparations: murine spleen cells at 4 × 106/mL in complete
medium supplemented with 2% (v/v) normal mouse serum, human PBMC at 2 × 106/mL
in complete medium supplemented with 10% (v/v) FCS, or human AB serum (see Note 7).

2. Prepare a range of antigen dilutions in complete medium: 0.1–100 µg/mL for soluble
antigens or 10–1000 ng/mL for latex microsphere-coupled antigen (nominal concentra-
tion assumes 100% binding to microspheres of antigen from original preparation). The
optimum range should be defined for individual antigens.

3. Plate out 100 µL of diluted antigen preparations, mitogen (2 µg/mL conconavalin A [Con
A] for mouse cells or 20 µg phytohemagglutinin [PHA]/mL for human cells: positive
control), and irrelevant antigen or medium alone (background control), into triplicate
wells of 96-well flat-bottomed tissue-culture-grade microtiter plates (see Note 8).

4. Add 100 µL of mononuclear-cell preparation to each well and culture for 4 d (murine) or
6 d (human) in a 37°C incubator with 95% humidity and 5% CO2.

5. Four to six hours prior to completion of the culture period, add 0.5 µCi of 3H-thymidine
in 25 µL of complete medium to each well.

6. Following the 4–6-h pulse, harvest the wells onto glass-fiber filter paper with an auto-
matic cell harvester.

7. Dry filters in oven at 60–80°C or under an infrared lamp.
8. Place complete filter sheets in bags or place punched-out disks in vials and add nonaque-

ous scintillation fluid.
9. Place vials in a conventional β-scintillation counter or bags in Betaplate (Wallac),

microbeta (Wallac), or topcount (Packhard) counter, and count cpm for each well.
10. Express results as arithmetic mean of triplicate cultures in cpm per culture or as stimula-

tion indices—thus, the ratio of counts in cultures with antigen divided by the response
with medium alone or irrelevant antigen.

3.5.3. Proliferation Assay with Purified T-Cells,
T-Cell Lines, or T-Cell Clones

1. Prepare responding T-cells at 4 × 105/mL in complete medium.
2. Prepare APC: irradiated murine spleen cells at 8 × 106/mL, or irradiated human PBMC at

2 × 106/mL in complete medium.
3. Prepare antigens as described in Subheading 3.5.2. and plate out 100 µL/well in 96-well

microtiter plates.
4. Add 50 µL of T-cells and 50 µL APC/well.
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5. Culture for 3 d (previously cultured T-cells) or 4–6 d (purified fresh T-cells).
6. Pulse, harvest, and count radioactivity as described in Subheading 3.5.2.

3.6. Detection of ThI/Th2/Th0/Tr1 Responses
by Cytokine Production

The production of cytokines that are exclusive, or almost exclusive, to a particular
T-cell population is a reliable method of demonstrating the induction of that T-cell
population in vivo. Cytokines can be detected by a number of techniques, including
the use of RT-PCR with specific primers to amplify cytokine mRNA (41), intracellu-
lar staining of the cytokine (42), or by the use of specific bioassays or immunoassays
to detect the cytokine after specific antigen stimulation of T-cells in vitro (43). Alter-
natively, the number of T cells secreting a particular cytokine can be enumerated us-
ing the enzyme-linked immunospot (ELIspot) assay. The range of cytokine assays that
have been used for the detection of Thl/Th2/Th0/Tr cells are IFN-γ, TNF-β, TGF-β,
IL-2, IL-4, IL-5, IL-6, and IL-10. Although IFN-γ is also produced by NK cells and
CD8+ T-cells, the production of IFN-γ without IL-4 or IL-5 is considered to be the
most reliable indicator of a Thl response. Conversely, IL-4 and IL-5 production with-
out IFN-γ was considered to be indicative of a Th2 response. However, it has recently
been demonstrated that Tr1 cells secrete IL-5 as well as IL-10, but unlike Th2 cells, do
not secrete IL-4 (7,9). Therefore, IL-4 is probably the most important cytokine in the
demonstration of a Th2 response. However, when compared with IL-5, IL-4 is often
difficult to detect using ex vivo T-cells, but is readily detected from cultured T-cell
lines or clones (6,9).

3.6.1. Preparation of Cytokine-Conditioned Medium From In Vitro
Antigen-Stimulated T-Cells

1. Prepare antigens, responding mononuclear cells; or T-cells and APC, and plate out in 96-
well plates as described for the proliferation assay (see Subheading 3.5. and Note 9).
Con-A is not a very potent stimulus for Th2 cytokines, and can be substituted by phorbal
myristate acetate (PMA; 25 ng/mL) and soluble anti-CD3 antibody (2.0 µg/mL) as the
positive control.

2. Remove supernatants after 24 h for IL-2 and 72 h for IL-4, IL-5, IL-6, IL-10, IFN-γ, TGF-
β or TNF-β using a multichannel pipet, add to fresh microtiter plates, and store at –20°C.
A minimum of 50 µL will be required for each cytokine assay (see Note 10).

3.6.2. Assessment of Cytokine Levels by Immunoassay
Two affinity-purified MAb, which are specific for different epitopes on the cytokine

to be detected, are required to act as capture and detecting antibodies in the cytokine
immunoassay. The detecting antibody is labeled with biotin.

1. Add 100 µL of anticytokine antibody (l–2 µg/mL in PBS) to the wells of 96-well maxisorb
ELISA plates and incubate at 4°C overnight.

2. Discard excess antibody and wash the wells 3× with ELISA washing buffer.
3. Add 200 µL ELISA blocking buffer and leave at room temperature for 2 h.
4. Wash three times with ELISA washing buffer.
5. Prepare serial dilutions of standard cytokine (typical range 15–5000 pg/mL) in complete

medium. The concentration of any in-house standard cytokine should be checked against
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the international standard or international reference reagent (see ref. 43).
6. Add 50 µL of standards and test samples (supernatants) or medium alone to wells in

triplicate, and incubate at 4°C overnight or at room temperature for 2 h.
7. Wash 6× with ELISA washing buffer.
8. Add biotin-conjugated anti-cytokine antibody (1–2 µg/mL in PBS supplemented with

0.1% [w/v)] BSA) and incubate at room temperature for 2 h.
9. Wash 6× with ELISA washing buffer.

10. Add alkaline phosphatase-conjugated streptavidin appropriately diluted (1/1000–1/5000
or as suggested by the suppliers), and incubate at room temperature for 1 h.

11. Wash 6× with ELISA washing buffer.
12. Add 100 µL phosphatase substrate solution and leave for 20–60 min until the color has

developed.
13. Read absorbency at 405 nm on an ELISA plate reader.
14. Construct a standard curve of absorbance vs standard cytokine concentration, and read

off cytokine concentrations of the samples from their absorbancy values.

3.6.3. IL-2 Bioassay Using the CTLL Cells

This bioassay exploits the IL-2 dependence of the CTL lines (CTLL) cells. Since
the cell line also proliferates (weakly) in the presence of murine (but not human) IL-4,
it is necessary to include a neutralizing anti-IL-4 antibody when assaying murine IL-2.

3.6.3.1. MAINTENANCE OF CTLL CELLS

1. Obtain frozen or growing CTLL cells (from ATCC or another research laboratory), and
culture in 10-mL vol of complete medium supplemented with IL-2 (5–10 U/mL recombi-
nant IL-2 or 3% (v/v) rat Con A-activated spleen-cell supernatant (33) in 50-mL tissue
flasks placed upright in a CO2 incubator at 37°C.

2. Passage the cells after 2–3 d, when the cell density should have reached 1–2 × 105/mL;
add 1 mL of the cell culture to a fresh flask containing 9 mL of fresh complete medium
supplemented with IL-2 as described in step 1. (Passage on Monday, Wednesday, and
Friday was found to be convenient.)

3.6.3.2. IL-2 ASSAY

1. Wash the CTLL cells twice in complete medium, return to incubator for approx 1 h, and
wash twice again.

2. Count CTLL cells and adjust concentration to 2 × 104/mL.
3. Prepare serial dilution of standard IL-2 in the range of 0.1–100 U/mL.
4. Thaw test samples and add 50 µL in triplicate to the wells of 96-well microtiter plates.

Add, in triplicate, 50 µL of diluted standards or medium only (negative control) to re-
maining wells.

5. Add 25 µL of anti-murine IL-4 antibody (1.0 µg/mL of 11-B-11 or other anti-IL-4 neu-
tralizing antibody) and incubate at 37°C for 30 min. (This step can be omitted when
assaying human IL-2.)

6. Add 50 µL of CTLL cells to each of the wells.
7. Incubate for 24 h in a CO2 incubator at 37°C.
8. Pulse with 0.5 µCi 3H-thymidine in 25 µL of complete medium/well and harvest 4–6 h

later (as described in Subheading 3.5.).
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9. Count incorporated 3H-thymidine (as described in Subheading 3.5.3.), prepare a stan-
dard curve of CPM vs IL-2 concentration, and read off concentration of unknown samples
from the standard curve.

3.7. Quantification of Cytokine-Secreting Cells by ELISpot Assay
(see Note 11)

Antigen-specific activation of ex vivo T cells from a primed host is usually accom-
panied by cytokine secretion, and this can be used as a measure of T-cell subtype
induction in vivo. Detection of cyokines in supernatants (Subheading 3.6.2.) is one
method that can be employed to quantify T cell responses and to discriminate Th1,
Th2, and Tr1-type subtypes. However, it does not allow quantification of the number
of responding T-cells. The ELISpot assay, originally used to determine the frequency
of individual antibody-forming cells, has been adapted for the quantification of indi-
vidual cytokine secreting T-cells. Cytokines secreted by T-cells stimulated by antigen
in the presence of APC are captured by specific antibodies against cytokines (e.g.,
IFN-γ, IL-4, or IL-5) immobilized onto the wells of 96-well tissue-culture plates. The
cytokine is detected by a second biotin-conjugated anti-cytokine antibody, followed
by the addition of streptavidin-conjugated alkaline phosphatase or horseradish peroxi-
dase (HRP). Following addition of a chromogenic substrate, the release of cytokine
from individual cells can be detected as spots using a dissection microscope.

The ELISpot assay can be performed on unseparated murine spleen or lymph-node
cells or human PBMC. Alternatively, T-cells can be purified from these cell prepara-
tions and stimulated with antigen in the presence of irradiated APC. Depending on the
cell type and the frequency of responding cells, the cell concentration in culture must
be varied in order to generate spots in the appropriate range for easy counting under
the microscope. Ideally, cells should be cultured at a range of concentrations (103 to
106/well). The number of antigen-specific cytokine-secreting cells is quantified by
subtracting the number of spots obtained by cells incubated in the absence of antigen.
Cells cultured with mitogen can act as positive controls. Here, the number of cells may
need to be reduced, as the spots are usually difficult to count. The incubation time may
also need to be varied for different cytokines; for example 16-18 h for IFN-γ and
30–40 h for IL-4 and IL-5. Some operators prestimulate the cells in conventional
round-bottomed tissue-culture plates for 24–48 h prior to transfer to the nitrocellulose
plates, and culture for a further 6–24 h.

1. Add 100 µL of anti-cytokine antibody (5–15 µg/mL in PBS or as recommended by sup-
pliers) to the wells of 96-well nitrocellulose plates and incubate at 4°C overnight or for 2
h at 37°C.

2. Discard excess antibody and wash the wells 3× with sterile PBS.
3. Add 200 µL RPMI medium with 10% FCS and leave at room temperature for 2 h. Wash

3× with sterile PBS or RPMI medium.
4. Prepare antigens, responding mononuclear cells (or T-cells and APC), and add to anti-

body-coated 96-well plates as described for the proliferation assay (see Subheading 3.5.
and Note 9). Use a single concentration of antigen (established from preliminary experi-
ments with that antigen) and one or more concentrations of cells, determined from pre-
liminary experiments; suggested concentrations: 2.5 × 105/mL (5 × 104/well in 200-µL
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wells of 96-well plate) for IFN-γ and 1 × 106/mL (2 × 105/well) for IL-4 or IL-5.
5. Culture at 37°C in a CO2 incubator for 18 h (IFN-γ) or 30–40 h (IL-4 or IL-5). Do not

disturb the plate during this incubation period.
6. Discard the cells and medium from the wells and wash 6× with ELISA washing buffer

(nonsterile from this point on).
7. Add biotin-conjugated anti-cytokine antibody (1–5 µg/mL or as recommended by suppli-

ers in PBS supplemented with 0.1% [w/v] BSA) and incubate at room temperature for 2 h.
8. Wash 6× with ELISA washing buffer.
9. Add streptavidin-alkaline phosphatase appropriately diluted (1/1000–1/5000 or as rec-

ommended by the suppliers), and incubate at room temperature for 1 h.
10. Wash 6× with ELISA washing buffer and drain well.
11. Add phosphate substrate solution (BCIP/TNB) and leave for 20–60 min until a blue color

has developed.
12. Wash the plate under running water and allow to air-dry.
13. Count the spots by eye under a dissection microscope or using an automated counter.
14. Calculate frequency of antigen-specific cytokine-secreting cells by subtracting the num-

ber of detected spots in the absence of antigen from the frequency of spots obtained in the
presence of relevant antigen.

3.8. Cytotoxic T-Cell Assay
The MHC-restricted cytotoxic activity of antigen-specific T-cells is usually mea-

sured using peptide-pulsed or virus-infected target cell lines, which are MHC-compat-
ible with the responding T-cell. Tumor-cell lines expressing a range of murine MHC
class I or class II molecules are available from the ATCC (e.g., P815 [H-2d], EL4 [H-
2b], or A-20 [H-2k]). CTL assays with human cells usually employ autologous or MHC-
matched EBV-transformed B-cells or mouse L-cells transfected with the appropriate
human MHC gene. In general, CTL assays are performed with antigen-restimulated
bulk cultures established 5–10 d prior to assay. However, assays can also be performed
using fresh spleen cells or PBMC or established T-cell lines. Because of the low fre-
quency of responding T-cells, lysis may not be detectable when using fresh cells even
at a high killer:target ratio (100:1 or 50:1). In contrast, established T-cell lines or clones
should kill at effector:target ratios as low as 1:1.

3.8.1. Preparation of Murine CTL Effector Cells Using Bulk Cultures
1. Prepare spleen cells from virus-infected or immunized mice, and suspend at 2 × 106/mL

in complete medium.
2. Culture cells with live virus (concentration to be established for each virus), vaccinia

virus recombinant (1–5 PFU/cell), or specific peptide (1 µg/mL; previously shown to be
recognized by mice of the corresponding haplotype) in 10–20 mL vol in 50-mL flasks
(upright) at 37°C in a CO2 incubator.

3. Add 5 U/mL of IL-2 after 3–4 d, and culture for a further 4–5 d or longer if fresh medium
and IL-2 are added.

4. At the end of the culture period, centrifuge cells (200g, 5 min), and count the number of
viable cells.

5. Resuspend at 2–4 × 106/mL in complete medium.

3.8.2. Preparation of 51Cr-Labeled Target Cells
1. Centrifuge 5 × 106 target cells and resuspend in 0.2–0.3 mL of serum-free medium.
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2. Add 100 µCi 51Cr/5 × 106 cells and incubate for 60 min at 37°C.
3. Add 10 mL of RPMI-2, centrifuge (200g, 5 min), and discard supernatant into radioactive

waste container. Repeat twice.
4. Resuspend in complete medium and count the number of viable cells.
5. Resuspend at 2 × 105/mL.

3.8.3. Killing Assay
1. Add antigen (peptide, live virus, or vaccinia virus recombinant, the optimum concentra-

tions to be determined for individual antigens, or use a range of doses) to aliquots of the
target cells. (The number and volume of aliquots will be determined by the number of test
and control antigen preparations and the number of effector-cell samples to be tested)
(see Note 12).

2. Prepare twofold dilutions of the effector cells in complete medium in triplicate wells of
96-well plates using a multichannel pipet.

3. Add 100 µL of target cells to each of the wells with effector cells and into 12 additional
wells without effector cells. Add 100 µL of complete medium to six of these wells to
measure spontaneous 51Cr release from target cells, and 100 µL of 1% (v/v) Triton X-100
to the other six wells to measure maximum 51Cr release from target cells.

4. Using plate carriers, centrifuge the plate(s) (150g, 1 min) to pellet the cells gently and
allow interaction of CTL effector and target cells.

5. Incubate at 37°C for 4–6 h.
6. Centrifuge the plate(s) for 5 min at 250g.
7. Harvest 100 µL of supernatant/well, using a multichannel pipet, and transfer to a fresh

plate or LP2 tubes for counting.
8. Count radioactivity of each sample in a γ-scintillation counter (tubes) or in a microbeta or

topcount Beta scintillation counter (plates) after the addition of scintillation fluid.
9. Calculate the percentage cytotoxicity as follows:

[(51Cr release in the presence of effector cells-spontaneous 51Cr release)/
(maximum 51Cr release-spontaneous 51Cr release)] × 100

10. If spontaneous release is >20%, the results may not be reliable.

3.9. Helper T-Cell Assay
This assay tests the capacity of antigen-stimulated T-cells to help B-cells to pro-

duce specific antibody, and is dependent on a source of antigen-primed T- and B-cells.
For murine systems, an alternative in vivo helper assay can be used. This involves
adoptive transfer of primed T- and B-cells into sublethally irradiated recipients, and
evaluation of specific antibody levels in the serum 10–14 d later (6).

3.9.1. T- and B-Cell Culture
1. Prepare purified T-cells (as described in Subheading 3.3.1.) from mice immunized with

the relevant antigen 10–14 d earlier, or use antigen-specific CD4+ T-cell clones and
resuspend at 4 × 106/mL in complete medium.

2. Prepare primed B-cells from immunized mice by depletion of T-cells with anti-Thy-l or
anti-CD3 antibodies and complement (see Subheading 3.3.3.). Count and resuspend the
B-cells at 4 × 106/mL.

3. Prepare irradiated spleen cells as APC (see Subheading 3.4.1.), and resuspend at 8 × 106/
mL in complete medium.

4. Add T-cells, B-cells, APC, and antigen in duplicate or triplicate to 2-mL wells of 24-well
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tissue-culture plates, so that the APC and B-cell concentrations are constant at 2 × 106/
mL and 1 × 106/mL, respectively, and the concentration of T-cells is varied from 1 × 105/
mL to 1 × 106/mL, giving ratios of B-cells to T-cells from 1:1 up to 10:1. The antigen
concentrations (range 0.1–10 µg/mL) should be determined for each antigen. Control
wells should have B-cells or T-cells alone with antigen or T- and B-cells without antigen
(see Note 13).

5. Culture in a humidified CO2 incubator at 37°C.
6. After 7–10 d, remove supernatants and store at –20°C until ready to assay for antibody

(see Note 14).

3.9.2. ELISA Antibody Assay
1. Coat the wells of 96-well maxisorb ELISA plates with antigen by adding 100 µL antigen

(concentration in the range 1–5 µg/mL) in PBS or carbonate-bicarbonate coating buffer,
and incubate at 4°C overnight (see Note 15).

2. Wash 3× with ELISA washing buffer.
3. Add ELISA blocking buffer and leave at room temperature for 1 h.
4. Wash 3× with ELISA washing buffer.
5. Add 100 µL of complete medium to the wells in rows 2–8 of the plate, and add 200 µL vol

of test samples (neat culture supernatant or serum diluted 1/100) in triplicate to the first
row of wells. This row should also have triplicate samples of a standard supernatant, or
appropriately diluted serum or purified preparation known to contain antibodies against
the antigen on the plate (positive control). Negative-control wells will have medium alone.

6. Using a multichannel pipet, make serial dilutions of the test and control samples by trans-
ferring 100 µL from row 1 to row 2, and so on down the plate, discarding 100 µL from row
8. (Alternatively, a wider range of dilutions can be performed by diluting across the plate.)

7. Incubate at room temperature for 2 h.
8. Wash 6× with ELISA washing buffer.
9. Add 100 µL of alkaline phosphatase-conjugated sheep/goat/rabbit anti-mouse IgG (or

specific antibodies against Ig isotypes or IgG subclasses).
10. Incubate for 2 h at room temperature.
11. Wash 6× with ELISA washing buffer.
12. Add 100 µL phosphatase substrate solution.
13. Incubate for 20–40 min at room temperature and read absorbance at 405 nm on an ELISA

plate reader.
14. Express results as endpoint antibody titers by linear regression from the straight part of

the curve to 2 SD above the background control values.

4. Notes
1. All manipulations with cells in tissue-culture require rigid adherence to aseptic tech-

niques. Almost all stages of the techniques should be performed in a class II laminar-flow
cabinet, and the use of sterile disposable tissue-culture-grade plastics is almost manda-
tory. All glassware and instruments should be autoclaved at 121°C for 20 min. Long-term
cell lines of T-cells derived from humans or mice, or cell lines used as APC or in cytokine
assays, should be routinely screened for mycoplasma contamination.

2. Spleen-cell preparations can also be made by teasing the organ with scissors and forceps
or using a glass homogenizer. However, in our experience, the highest yield of viable
cells can be obtained using the wire or nylon gauze and plunger of a 5-mL syringe. The
size of the pores in the gauze does not appear to be critical.

3. If a UV microscope is not available, viable cell counts can be performed using trypan



274 Mills

blue, which is taken up by dead cells and is visible under white light. However, it is more
difficult for an inexperienced operator to perform accurate counts using this method,
especially when the lymphoid cells are contaminated with red blood cells.

4. Purification of lymphocytes for functional studies should ideally be performed by nega-
tive enrichment through depletion procedures. Although positive enrichment usually
yields the best purity and may be the only approach that is applicable, it should be noted
that the binding of MAb to cells may influence their subsequent behavior in functional
assays.

5. Fresh or lyophilized normal rabbit or guinea-pig serum can be used as a source of comple-
ment. Serum should be stored at –70°C and kept at 4°C following thawing prior to incu-
bation with the cells. Each batch should be screened for toxicity against the cell type
being used. Toxicity can be reduced by absorption with agarose.

6. Some workers have suggested that EBV-specific CTL, which are present in approx 90%
of the adult population, may kill EBV-infected B-cells, and slow down or prevent the
establishment of EBV-BLCL. This can be overcome by either removal of the T-cells by
E-rosetting, or through the addition of cyclosporin A (0.5 µg/mL). One of the most com-
mon reasons for failure to establish BLCL is overzealous feeding of the cultures.

7. Fetal calf serum (FCS), usually at 10% (v/v), is the most widely used serum supplement
used in T-cell assays. However, different batches of FCS need to be screened for opti-
mum growth of T-cells without nonspecific stimulatory activity (because of the presence
of endotoxin, cytokines, or xenoantigens). High-background spontaneous proliferation is
often a problem with many sources of FCS. If a suitable batch cannot be obtained, pooled
human AB serum or mouse serum can be substituted. The latter must be used at 2% (v/v)
or less. Autologous serum has also been used in T-cell assays. However, when obtained
from immunized or infected humans or mice, it is likely to contain antibodies against the
antigen that will be used in the T-cell assay, and may therefore, affect the T-cell response
to that antigen in a positive or negative fashion.

8. Although 200-µL vol in 96-well plates are the most commonly used cultures for prolif-
eration and cytokine assays, cultures can be performed in 1–2-mL vol in 24-well plates,
20 µL vol in 384-well plates, or in 20-µL hanging drops in Teresaki plates (44). The
larger cultures are useful when the proliferation-type assay is established to generate su-
pernatants for cytokine assays. Most automated equipment (harvesters, counters, and
ELISA plate readers) are designed for compatibility with 96-well plates. However, many
ELISA plate readers are now compatible with the 384-plate format.

9. Although coupling of antigens to latex microspheres enhances T-cell proliferative
response to the antigen, and in many cases cytokine production, recent evidence from our
laboratory suggests that the use of particulate latex-microsphere-coupled antigen or
soluble antigens in vitro may preferentially stimulate Thl or Th2 subpopulations, respec-
tively (45).

10. The stimulation of T-cells for the generation of supernatants for cytokine analysis can be
performed in 200-µL vol in 96-well plates or using the same concentrations of T-cells,
APC, and antigen in 1–2-mL vol in 24-well plates. When 24-well plates are used, the super-
natants are transferred to sterile 1–2 mL tubes on the appropriate day and stored at –20°C
until required for testing. Positive- and negative-control cultures should be included, when
medium, mitogens, PMA and anti-CD3 are substituted for antigen.

11. All procedures up to discarding the cells from the plate (step 8) should to be carried out
aseptically in a laminar flow hood using sterile reagents.

12. In certain situations, it may be necessary to pulse the target cells with antigen, in which



Induction/Detection of T-Cell Responses 275

case the target cells are incubated with the antigen for 1–2 h, then washed twice, and
resuspended to their original concentration (2 × 105/mL). If vaccinia virus recombinants
expressing the foreign antigen of interest are used for restimulating the effector cells in
the bulk cultures, they should not be used in the read-out CTL assay, since the back-
ground vaccinia virus-specific responses will be very high.

13. When antigen-specific T-cell lines or clones are used, the numbers of T-cells in the helper
assay should be reduced by 10- to 100-fold. The helper function of cultured Thl-cells may
be undetectable because of their CTL activity against antigen-primed B-cells, especially
at higher T:B-cell ratios.

14. Because of interference by residual antigen in the assaying of secreted antibody in some
cases, it may be necessary to change the medium during the culture period. Some workers
have recommended removal of most of the medium after 1–5 d, and adding fresh medium
and culturing for an additional 5–7 d before removing the supernatants for antibody analy-
sis. Care should be taken to avoid disturbing the cells during this procedure.

15. The binding of antigens to ELISA plates varies greatly between different antigen prepara-
tions. Many operators recommend carbonate-bicarbonate buffer at alkaline pH, but PBS
(pH 7.2) appears to be adequate for most antigens. Synthetic peptides or short polypep-
tides often bind poorly, and in these cases, drying the antigen preparation onto the plate
by placing in a nonhumidified 37°C incubator or on the bench overnight without the lid
has worked well. However, this procedure may denature native proteins and thereby de-
stroy certain conformational epitopes. Binding of certain viruses (e.g., poliovirus) has
also been a problem, and an indirect binding procedure may be required; purified
polyclonal antibody (or MAb) against the virus is first bound to the plate and used to
capture the virus (6). This approach is also useful for specific binding of antigen from
relative crude preparations.
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Construction of MHC Class I-Peptide Tetrameric
Complexes for Analysis of T-Cell-Mediated Immune
Responses
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1. Introduction
Tetrameric major histocompatibility complex (MHC) class I-peptide complexes

(tetramers) are a powerful tool in the study of antigen-specific CD8+ T cell responses
(1,2). Although the interaction of a monomeric MHC-peptide complex with the T-cell
receptor is of a low affinity and fast off-rate, the avidity of multimeric complexes
provides a relatively stable T-cell binding, which allows T-cell enumeration and phe-
notypic analysis. The tetramer approach is highly sensitive, with a detection limit of
approx 0.02% of CD8+ T cells, and the frequencies obtained correlate well with other
T-cell assays. Tetramer analysis gives up to five- and 10-fold higher frequencies than
the respective interferon-γ-based enzyme-linked immunospot (ELISpot) and limiting
dilution assays, although these ratios may depend on the antigenic load. The use of
tetrameric MHC-peptide complexes revealed, for the first time, massive clonal expan-
sions of T-cells, which in the case of primary Epstein-Bar virus (EBV) infection
reached 45% of circulating CD8+ peripheral blood mononuclear cells (PBMC) (see
ref. 3). The ease with which tetramer complexes are constructed depends on the par-
ticular MHC (called HLA for humans) molecule and the peptide ligand. For example,
the HLA-A*0201 molecule folds relatively easily into a conformationally correct com-
plex compared to the HLA-B57 molecule. A growing list of these reagents is available
commercially and also from the National Institutes of Health, which provide tetramers
free of charge, but for research purpose only (Table 1). The construction of MHC
class II-peptide tetrameric complexes has proven to be more problematic than class I,
with a fewer publications mainly involving mouse tetramers and no standard protocol.
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Here, a generalized recipe for preparation of MHC class I tetramers with suggested
approaches to optimization for more troublesome heavy chains is described.

2. Materials
2.1. Cloning of the MHC Genes

1. PCR reagents as described in Sambrook et al. (4).
2. IPTG-inducible expression vectors (e.g., pET vector [Novagen]).
3. DNA-sequencing equipment.

2.2. Expression of the Heavy Chain and β2-Microglobulin (β2-m)
1. Spectrophotometer.
2. Agar plates containing 100 µg/mL ampicillin.
3. Low Salt LB (LLB) medium: 10 g bacto-tryptone, 5 g bacto-yeast extract, and 5 g NaCl to

980 mL of distilled water. Sterilize by autoclaving.
4. 1 M isopropylthio-β-D-galactosidase (IPTG).
5. Ampicillin 0.1 g/mL (1000×).
6. Escherichia coli strains BL21 or HMS 174 (Novagen).

2.3. Purification of the Inclusion Bodies
1. Sonicator.
2. Homogenizer.
3. Centrifuge.

Table 1
MHC Class I Alleles Available at the NIH Tetramer Facility (2001)

Rhesus macaque
Human alleles Murine alleles alleles Chimpanzee alleles

HLA-A*0101 H-2D(b) Mamu-A*01 Patr-A*04
HLA-A*0201 H-2D(d) Mamu-A*02 Patr-B*13
HLA-A*0205 H-2D(k) Mamu-A*11
HLA-A*0301 H-2K(b) Mamu-B*01
HLA-A*1101 H-2K(d) Mamu-B*03
HLA-A*2301 H-2K(k) Mamu-B*04
HLA-A*2402 Qa1b
HLA-A*68012
HLA-A*7401
HLA-B*0702
HLA-B*0801
HLA-B*1501
HLA-B*2705
HLA-B*3502
HLA-B*3503
HLA-B*5101
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4. Triton wash buffer: 0.5% Triton X-100, 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1%
sodium azide, 1 mM EDTA, 1 mM dithiothreitol (DTT).

5. Resuspension buffer: 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM ethylenediamine-
tetraaceticacid (EDTA), 1 mM DTT.

6. Urea denaturant buffer: 8 M Urea, 0.1 mM DTT, MES, pH 6.5.
7. Commercial protein assay: e.g., Biorad Reagent.

2.4. In Vitro Refolding into MHC-Class I-Peptide Complex Monomers
1. Cold room.
2. Magnetic stirrer.
3. Refolding buffer: 100 mM Tris-HCl, pH 8, 400 mM L-arginine HCl, 5 mM reduced glu-

tathione, 0.5 mM oxidized glutathione, 2 mM EDTA.

2.5. Concentration and Biotinylation of the Refolded Monomers
1. Nitrogen tank.
2. Stir cell (380 mL and 2,000 mL) and ultra-centrifugation membranes with 10-kDa mem-

brane cut-off (Amicon).
3. Buffer exchange disposable columns PD-10 (Pharmacia).
4. BirA buffer (20 mM Tris-HCl, pH 8) filtered through 0.2-µm membrane before use.
5. Bir A enzyme 1 mg/mL (Avidity).
6. Biomixes A and B (Avidity).
7. Protease inhibitors: leupeptin 1 mg/mL (1000×) and pepstatin 1 mg/mL (1000×).

2.6. Two-Step Purification of MHC Class I-Peptide Complex
Monomers

1. Gel filtration Superdex 75 Column (Pharmacia).
2. Anion-exchange column (Biocad, Pharmacia).
3. FPLC Buffer: 20 mM Tris-HCl, pH 8.0, 100 mM NaCl. Filter before use.

2.7. Estimation of MHC Class I-Peptide Complex
Monomer Concentration by ELISA

1. ELISA reagents and special equipment, as described in Current Protocols in Immunol-
ogy (5).

2. W6/32 antibody (6) 5 µg/mL in phosphate-buffered saline (PBS).
3. 1% bovine serum albumin (BSA) in PBS.
4. Avidin-horseradish peroxidase (HRP; Sigma).
5. Colorimetric reagent for peroxidase: 3,3',5,5'-tetramethyl benzidine (Sigma).

2.8. Tetramerisation of MHC Class I-Peptide Complex
1. Streptavidin conjugated to e.g., phycoerythrin (PE).

2.9. Flow Cytometry
1. Fluorescence-activated cell sorter (FACS) machine.
2. Anti-CD8 antibody conjugated to e.g., Tricolor (Caltag) or fluorescein isothiocyanate

(FITC) (Pharmingen).
3. FACS Wash Buffer (PBA): 0.05% BSA, 0.01% sodium azide in PBS.
4. FACS Fix: 2–3% formaldehyde, 0.05% BSA in PBS.



282 Samuel and Hanke

3. Methods
3.1. Cloning of the MHC Heavy- and Light-Chain Genes
into an Expression Vector
3.1.1. Modification of MHC Heavy Chain and β2-m Genes

The gene for the extracellular domain of the MHC heavy chain is amplified from
cDNA. The open reading frame is modified by a deletion of the sequence coding for
the signal sequence at the 5'-end and an addition of a region coding for the biotinylation
signal substrate peptide (BSP) to the 3'-end (see Note 1). PCR primers for amplifica-
tion of the rhesus macaque heavy-chain molecule Mamu-A*01 are shown as examples:

1. The MHC gene is PCR amplified from cDNA (7) using an upstream primer: 5'-CCT GAC
TCA GAC CAT ATG GGC TCT CAC TCC ATG and a downstream primer: 5'-G TGA TAA
GCT TAA CGA TGA TTC CA CAC CAT TTT CTG TGC ATC CAG AAT ATG ATG CAG
GGA TCC CTC CCA TCT CAG GGT GAG GGG C containing sites for restriction endonu-
cleases NdeI and HindIII, respectively. The downstream primer codes for the BSP sequence.

2. Rhesus β2-m is also amplified by PCR from cDNA (see Note 2).

3.1.2. Cloning of Modified MHC Heavy Chain and β2-m into Expression
Vectors

The PCR products from both heavy chain and β2-m are digested using their respec-
tive restriction endonucleases and cloned individually into the polylinker site of an
expression vector such as pET.

3.2. Expression and Purification of the Heavy Chain
and β2-m Proteins

The following steps are performed for both the heavy chain and the β2-m molecules.

3.2.1. Transformation of BL21pLys with the Recombinant
Expression Vectors

1. Add approx 1 µg of plasmid to 20 µL of competent BL21 stock and process according to
the protocol for preparation of competent cells (4).

2. To obtain colonies, shake the transformed bacteria without ampicillin at 37°C for 1 h,
plate them on agar supplemented with 100 µg/mL of ampicillin and leave overnight at
37°C.

3.2.2. Induction of Protein Expression

The heavy chain and β2-m will be expressed from pET expression vectors upon
addition of IPTG.

1. Inoculate 30 mL of LLB, supplemented with ampicillin, with a single colony and leave
agitating at 250 rpm overnight at 37°C.

2. Inoculate 30 mL of culture per 1-L flask of LLB medium and ampicillin (see Note 3).
3. Allow growth of bacterial culture till the OD 600 nm reaches 0.5. Add 0.5 mL of 1 M

IPTG and leave shaking at 37°C for 4–6 h.
4. Flasks can be left overnight at 4°C or spun down at 3485g for 30 min and resuspended in

50–100 mL of ice-cold PBS.
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3.2.3. Purification of Inclusion Bodies
Protein in the bacteria is expressed in insoluble inclusion bodies, which are isolated

by several cycles of sonication followed by repeated homogenization and washes with
detergent (Triton). Purified protein is solubilised in urea (see Note 4).

1. Sonicate in 30- to 60-s bursts while constantly cooling on ice. Since sonication generates
heat, cooling the samples will reduce the degradation of inclusion body protein. Sonicate
until the sample has a similar viscosity to water.

2. Spin at 7741g (Beckman J-20) in polycarbon centrifuge tubes for 20 min. The resulting
precipitate will be layered. The bottom-most layer is the inclusion body protein and has a
chalky, tight consistency. The top layers contain unsonicated bacteria, and can be either
removed by repeat sonications or discarded.

3. At least three Triton washes of the inclusion bodies should be performed. Transfer the
inclusion body pellet into a homogenizer and resuspend in Triton buffer by ten strokes of
the piston. Transfer the content back into the centrifuge tube and spin for 10 min at
27,000g. Three washes should be sufficient to obtain a tight, chalky, white pellet; how-
ever, more washes can be performed.

4. The detergent is removed by resuspending the pellet in Resuspension buffer. Spin again
for 10 min at 27,000g.

5. The pellet is solubilised in Urea Buffer (see Note 5). If there is difficulty getting the pellet
to solubilize, leave rotating overnight at 4°C before spinning at 27,000g for 10 min to
remove any undissolved material.

6. Small aliquots of the heavy and light chains can be run on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) to determine the purity of the prepara-
tion (Fig. 1).

7. Estimate protein concentration at Absorbancy (A)  695 nm using the BIORAD reagent or
any commercial protein-estimation kit.

8. Make 10-mg aliquots and store at –70°C (see Note 6).

3.3. In Vitro Refolding into MHC Class I-Peptide Complex Monomers
The heavy chain, β2-m and relevant peptide are refolded into conformationally cor-

rect MHC class I-peptide complexes by diluting urea into a large volume (0.5–1 L) of
the refold buffer.

1. The refold is carried out at 4°C. Cool the refold buffer before slowly adding 15 mg of
heavy chain (see Note 7).

2. Add 30 mg of β2-m. This should go quite easily into solution.
3. Finally, add 8–10 mg of peptide, which can be first solubilised in around 50 µL of dim-

ethyl sulfoxide (DMSO).
4. Leave stirring slowly (not to generate bubbles) overnight at 4°C.
5. Over the next 36–48 h, two additional 15-mg aliquots of heavy chain are added (see Note 8).

3.4. Biotinylation of the MHC Class I-Peptide Complex Monomers
The biotinylation reaction is a BirA enzyme-catalyzed addition of biotin to the C-

terminus of the modified heavy-chain molecule.
1. Concentrate refold to 5 mL using stir cells (Amicon), which removes excess of solvent

across a membrane (10 kDa cut-off) upon application of pressurized nitrogen.
2. Using two PD-10 columns, which bind the concentrated refolded monomer, the refold

buffer is exchanged for a BirA buffer. The protein is eluted with 3.5 mL of buffer per
column, e.g. a total of 7 mL.
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3. For biotinylation, add to the eluent 800 µL (1/8th the eluent volume) of each of Biomixes
A and B and 4 µL of the BirA enzyme. The protease-inhibitors pepstatin and leupeptin
are also added to slow protein degradation (see Note 9).

4. The reaction is incubated overnight at room temperature.

3.5. Two-Step Purification of Biotinylated MHC Class I-Peptide
Complex Monomers

The biotinylated monomeric complexes are purified sequentially by gel filtration
and ion-exchange columns.

1. The samples are spun at 960g for 5 min to remove any precipitate from the biotinylation
reaction. It is filtered before being loaded onto the equilibrated FPLC column.

2. The MHC class I-peptide complex is approximately 45 kDa, and should come off be-
tween 120 and 180 mL, depending on the calibration of the column using standard mark-
ers (Fig. 2).

3. The sample is diluted in 20 mM Tris-HCl, pH 8.0 to remove the FPLC buffer salt, and
concentrated to 5–10 mL using a stir cell.

4. The sample is loaded onto an ion-exchange column, which will separate the biotinylated
complex from the unbiotinylated (Fig. 3); (see Note 10).

5. The sample is further concentrated to 0.5–1 mL. Centriprep units with a 10-kDa cut-off
membrane can be used.

6. Add protease inhibitors leupeptin and pepstatin, and EDTA, pH 8.0 to a final concentra-
tion of 4 mM. Store in glass vials in the dark at 4°C.

3.6. Estimation of Biotinylated MHC Class I-Peptide Complex
Monomer Concentration by ELISA

Simple estimation of protein concentration might overestimate the actual concen-
tration of biotinylated monomer leading to suboptimal tetramerization. Therefore, an
enzyme-linked immunosorbent assay (ELISA) employing monoclonal antibody
(MAb) W6/32, which is specific for the conformationally correct heavy chain, is used.

1. Coat an ELISA plate for 2-4 h at 37°C with 100 µL of 5 µg/mL of W6/32 antibody.
2. Block with 200 µL of 10% BSA including control wells without W6/32 overnight.

Fig. 1. SDS-PAGE gel stained with Coomassie blue G-250 showing the purified MHC heavy
and light chains. Molecular mass markers are indicated in kDa.
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3. Add 3–4 µL of concentrated monomer to 100 µL of PBS and serially dilute three- or
fourfold across the row. If available, include a biotinylated monomeric MHC class I-
peptide complex added into wells with and without W6/32 as controls.

4. Wash 6× with PBS. Add 100 µL of avidin-HRP (1:2000 dilution) and incubate for 20 min
at room temperature.

5. Wash 6× with PBS and develop with the appropriate HRP colorimetric reagent.
6. Estimate concentration by measuring the A at the relevant wavelength.

3.7. Tetramerization of MHC Class I-Peptide Monomers
1. From the estimated protein concentration of monomeric complexes, calculate the amount

of streptavidin conjugate to give a 4:1 molar ratio of biotinylated monomer to streptavidin
(see Note 11).

2. Add tenths of the calculated streptavidin volume at a time in 20-min intervals while rotat-
ing at 4°C.

3. Store at 4°C in the dark.

3.8. Cell Staining and Flow Cytometry
Fluorochrome-conjugated tetramers (see Note 12) are incubated with cell popula-

tions, and the tetramer-reactive cells can be visualized on a FACS machine.
1. One half to a million of PBMC are washed once in FACS wash buffer PBA and spun at

176g for 5 min.
2. Resuspend the cell pellet in 50 µL of PBA, add approx 1 µg of tetramer and incubate at

37°C for 20 min.
3. Add appropriate amount of conjugated anti-CD8 antibody and incubate on ice for a fur-

ther 20 min (see Note 13).
4. Wash 3× with PBA buffer.

Fig. 2. Size purification and isolation of refolded monomeric complex on an FPLC column.



286 Samuel and Hanke

5. Resuspend in 300–500 µL of FACS FIX.
6. Analyze on a FACS machine.

4. Notes
1. For more precise information regarding the cloning of individual HLA molecules, e.g.

primer sequences, refer to the methods section of papers.
2. Human β2-m can be used instead of rhesus macaque β2-m to make macaque tetramers.

Human β2-m is generally used instead of mouse β2-m in the construction of mouse tet-
ramers, as it binds more strongly to the mouse heavy chain.

3. 15% glycerol stocks of the transformed bacteria can be made by inoculating a small (5
mL) vol of LB medium with a bacterial colony and culturing overnight at 37°C. Glycerol
stocks should be stored at –70°C.

4. As protein expression might vary between MHC molecules, inoculate as many 1L flasks
as required. Expression might range from 10–60 mg per L after purification.

5. In the protocol described, urea buffer at pH 6.5 is used. Alternatively, urea buffer at pH 8
(8 M urea, 0.1 M NaH2PO4, 0.01 M Tris-HCl, pH 8, 0.1 mM EDTA, 0.1 mM DTT) can be
used. The optimal pH is empirically determined. For example, check whether the protein
precipitates less in the refold buffer with one pH compared to the other.

6. One-mL aliquots of purified protein are made because repeated freeze-thawing of a large
volume-stock will result in increased degradation/precipitation of the protein stock upon
each freeze-thaw cycle.

7. Direct addition of protein to the refold buffer may result in large amounts of the protein
precipitating out. If this occurs, add approx 2–3 mL of refold buffer dropwise into the
aliquot of heavy chain before adding the diluted sample to the large refold flask.

8. Adding smaller aliquots of heavy chain reduces the formation of aggregates of heavy
chain thus allowing optimal accessibility to β2-m and peptide.

Fig. 3. Separation of biotinylated and unbiotinylated forms of refolded monomeric MHC
class I complexes on an anion-exchange column.
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9. EDTA should not be added to the biotinylation mix as this will inhibit the BirA enzy-
matic reaction.

10. The relative positions of the peaks containing the biotinylated and non-biotinylated mono-
mers depend on the particular MHC-class I complex. Therefore, collect both peaks and
check for biotinylation using the ELISA method described in Subheading 3.6.

11. Calculation of amount of streptavidin required for tetramerization: for every 1 mg of
monomer, add 0.812 mg of streptavidin-PE.

12. Other fluorochromes, such as fluoroscein or anthophycocyanin, have also been used, but
PE remains the fluorochrome of choice as it stains more brightly.

13. Other surface markers can also be used in conjunction for further characterization of the
antigen-specific cells.
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Assessment of Functional Antibody Responses

Ray Borrow and Paul Balmer

1. Introduction
For more than a century, humoral immunity has been recognized as the principal

mechanism of defense against most bacterial infections. To evaluate the immunoge-
nicity of vaccines, a variety of assays may be employed, although it is essential that
the assay of choice should be a good surrogate for clinical protection. Both radioim-
munoassay (RIA) and enzyme-linked immunosorbent assay (ELISA) accurately mea-
sure antibody levels to capsular polysaccharide and other antigens, for example, but
these assays do not measure functional antibodies, and although useful, care is needed
to ascertain that there are strong correlations with an appropriate functional assay.
Problems may be encountered with antigen purity (1), which may be overcome with
the use of highly purified antigens or adsorbing out crossreactive determinants, or
low-avidity antibodies overcome by the use of chaotrophs (2).

Ultimately, a functional assay is required in order to validate these other laboratory
surrogates, and this will allow parallels to be drawn with clinical protection. If good
correlates are proven, then immunogenicity, backed with safety data, may be used
instead of efficacy trials for the licensure of new vaccines. Recently, this was the case
in the United Kingdom, where meningococcal serogroup C conjugate (MCC) vaccines
were introduced, a decision underpinnned by immunogenicity data derived from serum
bactericidal antibody titers (3).

Functional assays are utilized widely for measurement of immune responses to vac-
cines. For viral antibodies—for example, measles—these have been measured by test-
ing end point serial dilutions of serum for hemagglutination-inhibition or virus
neutralization using cytopathic effect induced by highly adapted measles virus (4) or
by plaque reduction neutralization assays (5).
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This chapter focuses on two topical bioassays, a serum bactericidal assay for Neis-
seria meningitidis serogroup C and an opsonophagocytic assay for Streptococcus
pneumoniae. Polysaccharide-protein conjugate vaccines have or are presently being
introduced into the immunization schedules of various countries to prevent disease
caused by these two bacteria.

1.1. Serum Bactericidal Assay for Serogroup C Meningococcal
 Vaccines

For meningococci, the role of circulating antibody and complement in protection
from meningococcal disease was demonstrated in the 1960s (6), and serum bacteri-
cidal antibody activity has been shown to highly correlate with immunity to meningo-
coccal disease (6,7). An inverse correlation was observed between the age-related
incidence of disease and the age-specific prevalence of complement-dependent serum
bactericidal activity (6). Therefore, the induction of bactericidal antibodies after vac-
cination with meningococcal serogroup C polysaccharide or protein-polysaccharide
conjugate vaccines is regarded as acceptable evidence of the potential efficacy of these
vaccines (8). In 1976, the World Health Organization (WHO) Expert Committee on
Biological Standardization recommended a serum bactericidal assay (SBA) to meet
the requirements for production and release of meningococcal polysaccharide vaccine
(9). A recent multi-laboratory study standardized the meningococcal serogroup C SBA
and compared it to the recommended WHO procedure (10). The standardized assay
and the WHO-recommended assay differed only by selection of the target strains, growth
of the target strains, and the final well volume of serum employed in the assay method.
This assay was recently readdressed, with some further modifications suggested (11).
This modified assay will facilitate inter-laboratory comparisons of the functional anti-
body produced in response to current or developing MCC vaccines.

The original serological correlate of protection in military recruits was obtained
using an SBA in which human sera was the exogenous source of complement (hSBA).
However, because of difficulties with availability of suitable human sera, 3–4-wk-old
baby rabbit serum is now recommended as an alternative complement source for the
SBA (rSBA) (10). It is generally accepted, however, that serogroup C meningococci
are more susceptible to serogroup C-specific antibodies when using baby rabbit
complement as opposed to human complement, resulting in higher SBA titers (10). In
the United Kingdom, correlates of protection for MCC vaccines have been re-evalu-
ated with SBA titers as measured with baby rabbit complement (rSBA), being com-
pared with titers using human complement (hSBA) as the “gold standard” (3). This
showed that rSBA titers of <8 predicted susceptibility and rSBA titers ≥128 predicted
protection as measured by hSBA. The main uncertainty was therefore interpretation of
rSBA titers between 8 and 64. In these cases, it was proposed that additional serologi-
cal criteria would be required for presumption of protection, namely a fourfold rise in
rSBA titer and/or demonstration of immunologic memory as evidenced by a typical
booster response to a polysaccharide challenge and IgG-affinity maturation (3). The
main group of vaccinated individuals in whom substantial proportions had rSBA titers
in the 8–64 range were toddlers age 12–14 mo and, to a lesser extent, preschool chil-
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dren age 3–4 yr. Both groups had received a single dose of MCC vaccine as part of the
national catch-up program (12). However, almost all toddlers with post-vaccination
titers in the rSBA 8–64 equivocal range met the additional serological criteria required
for presumption of protection (3). The United Kingdom enhanced MCC surveillance
program has subsequently allowed these proposed rSBA correlates of protection to be
validated against the efficacy estimates obtained for MCC vaccines from post-licen-
sure surveillance. Using age-specific vaccine efficacy estimates, and the percentage of
vaccinated and unvaccinated individuals in different age groups with rSBA levels
above various cut-offs, the most consistent predictor of protection for MCC vaccines
is a cut-off of 1:4 or 1:8 as measured by rSBA (13).

1.2. Opsonophagocytosis Assay for S. pneumoniae Vaccines

S. pneumoniae is an important bacterial pathogen of both children and adults world-
wide. Host protection against invasive pneumococcal disease is primarily mediated by
phagocytosis, requiring the presence of opsonic antibodies and an activated comple-
ment cascade (14,15). Therefore, it is considered that an antibody titer determined by
an in vitro opsonophagocytic assay (OPA) may be useful as a surrogate marker for
protection against invasive pneumococcal disease.

The early OPAs were performed with fresh peripheral blood leukocytes (PBLs) as
effector cells, and a variety of techniques—such as radioisotopic, flow cytometric,
microscopic, and viability assays—were used to determine opsonophagocytic activity
(15–23). However, these assays are limited by the lack of standardization because of
the variability in reagents preventing inter-laboratory comparison of opsonophagocytic
titers. To overcome these problems, a standardized OPA for the measurement of func-
tional antibody activity using differentiated HL-60 cells (human promyelocytic leuke-
mia cells) and baby rabbit complement was established (24). The use of cultured
phagocytes eliminates the need for fresh PBLs and decreases the inter-assay variabil-
ity that occurs with random PBL donors. The phagocytic activity of differentiated HL-
60 cells is comparable to that of PBLs and the reproducibility of the OPA with HL-60
cells was found to be within one dilution of the median for most serotypes and
serogroups of S. pneumoniae tested (24). Complement-mediated opsonophagocytosis
is dependent upon the level of expression of the appropriate cell-surface receptors.
Differentiated HL-60 cells were found to have a similar pattern of expression of cell-
surface receptors to that of PBL isolated from human donors (24). The levels of ex-
pression of FcγII, CR1, and CD15 were comparable, but differentiated HL-60 cells
express lower levels of FcγI, FcγIII, and CR3. Although CR3 is considered to be one
of the primary cell-surface receptors involved in opsonophagocytosis, the high effec-
tor cell:target-cell ratio used in the OPA appears to offset the low expression of CR3
by differentiated HL-60 cells. A multi-specific OPA has been developed using antibi-
otic-resistant pneumococci (25). This reduces the volume of test sera required and
increases the throughput of the assay, but there are obvious concerns about the use of
antibiotic-resistant pneumococci and the simultaneous analysis of related serotypes
(e.g., serotypes 6A and 6B or serotypes 9Vand 9N).
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The standardized OPA has been further developed to a rapid, semi-automated flow-
cytometric OPA, which minimizes the handling of viable bacteria and is not influ-
enced by the presence of penicillin in the test sera (26). The flow-cytometric OPA
utilizes nonviable S. pneumoniae labeled with 5,6-carboxyfluoroscein succinimidyl
ester as bacterial targets and differentiated HL-60 cells as the effector-cells. For each
sample, plus an effector cell control and baby rabbit complement control, the percent
S. pneumoniae uptake for each dilution is plotted, and the opsonophagocytic titer is
given as 50% of the maximal phagocytosis. The flow-cytometric OPA was found to be
reproducible and serotype-specific with low crossreactivity, and had a good correla-
tion with the manual, standardized OPA, which utilizes viable colony counts. The
semi-automation of the OPA increases the daily throughput to approx 50 test sera per
operator and decreased the assay time to approx 4 h. It is important to note that the
level of capsular polysaccharide expression appears to influence the level of
opsonophagocytosis; opaque pneumococci have 1.2–5.6-fold greater quantities of cap-
sular polysaccharide than transparent pneumococci, and are more resistant to
opsonophagocytosis (26,27).

Determination of opsonophagocytic activity appears to be an appropriate serologi-
cal correlate of protection because both natural and vaccine-induced immunity are
mediated by the opsonic activity of anti-capsular polysaccharide antibodies. However,
the flow-cytometric standardized OPA is still relatively labor-intensive and requires
cell-culture facilities that make it unsuitable for large-scale immunogenicity studies of
current and new pneumococcal vaccines. A standardized ELISA to detect anti-pneu-
mococcal capsular polysaccharide IgG levels has been established (28–31). Since the
OPA detects functional antibody that has been reported to correlate well with serotype-
specific vaccine efficacy (32), there must be a sufficient correlation between the OPA
and ELISA. The correlation between the OPA and the ELISA is serotype-specific (33),
but has been improved by adsorbing sera with pneumococcal C-polysaccharide and
pneumococcal serotype 22F polysaccharide to remove nonfunctional antibodies (34).
This gives the antibody concentrations detected by ELISA a stronger correlation to the
functional antibodies detected by OPA.

A seven-valent pneumococcal polysaccharide conjugate vaccine (Prev(e)nar®) has
been recently licensed in the United States and United Kingdom. Immunogenicity
studies of Prev(e)nar® in the United States demonstrated that an antibody level of 0.15
µg/mL correlated with the vaccine efficacy of 97.4% (35,36). To date, a specific
opsonophagocytic titer has not been defined as a predicted level of protection.

Recently, a multiplex OPA has been developed for N. meningitidis serogroups A, C,
Y, and W-135 using capsular polysaccharide coated to beads with different fluorescent
spectra (37). Opsonophagocytosis of the beads by HL-60 cells is analyzed by flow
cytometry, and has been shown to correlate well to the SBA. However, it must be noted
that the multiplex OPA is capsular polysaccharide-specific, and does not measure the
contribution of the response to other surface molecules such as outer membrane pro-
teins (OMPs). This technique has the obvious advantage of not using viable bacteria,
and can analyze multiple targets from one sample. A similar protocol is under develop-
ment for S. pneumoniae, but the conjugation of the capsular polysaccharide to the beads
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is more complex than for meningococcal polysaccharides. The increased numbers of
desired targets will also increase the complexity of the flow-cytometric analysis.

1.3. Principle of the Neisseria meningitidis SBA

This chapter describes in detail the SBA used for detection of functional antibody
response to MCC vaccines.

Serogroup C target strains are lysed in the presence of meningococcal-specific
antibody and complement (antibody-mediated, complement-dependent killing). Serial
dilutions of human sera are incubated with appropriate target strains and complement.
The serum bactericidal titer for each unknown serum is expressed as the reciprocal
serum dilution, yielding ≥50% killing as compared to the total number of target.

2. Materials
2.1. Serum Samples

1. A positive serum sample of known SBA titer should be assayed on each run. Quality-
control sera should be collected by the testing laboratories. The Centers for Disease Con-
trol and Prevention (CDC, Atlanta, GA, USA) can provide a limited amount of QC sera.
A standard reference serum (CDC1992) collected from adults immunized with a quadriva-
lent polysaccharide vaccine is available from the National Institute for Biological Stan-
dards and Control (NIBSC, Blanche Lane, South Mimms, Potters Bar, Herts, UK) (38).

2. The minimum volume of serum needed is 25 µL. This volume will allow one measure-
ment of bactericidal activity for each serum.

3. Serum samples to be assayed should be stored frozen at –70°C and not be freeze/thawed
more than 4×.

2.2. Bacteria

See Note 1 for storage of strain aliquots.
The Serogroup C target strain, C11 (phenotype C:16:P1.7a,1) (also known as 60E)

(6) may be obtained from the Food and Drug Administration (Rockville, MD, USA),
the ATCC (10801 University Blvd., Manassas, VA, USA), CDC or Health Protection
Agency (HPA) Meningococcal Reference Unit (Manchester, UK).

2.3. Rabbit Complement

Pooled baby rabbit serum (Pel Freeze Inc, Brown Deer, Wisconsin, USA; distribu-
tors in the UK are MAST Group Ltd., Mast House, Derby Road, Bootle, Merseyside,
L20 1EA) may be used for serogroup C SBA. Keep at –70°C and transport on dry ice.
Aliquot bottles, which must only be defrosted for a minimum of time, into small vol-
umes (1–3 mL) that must also be kept frozen at –70°C and defrosted only immediately
prior to use. If thawed, complement must be refrozen, quick freeze with ethanol and
dry ice is recommended. New lots of rabbit complement must be assayed with low,
medium, and high QC sera (see Subheading 2.1.), and titers must fall within one
dilution either side of the established SBA titer. Previously tested sera (in addition to
QCs) may also be assayed with titers being within one dilution of their previously
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established SBA titer. Assays should be performed in duplicate for this validation. All
normal controls should still be checked.

2.4. Bactericidal Buffer
A variety of bactericidal buffers is available, and either of the following may be

used. With all new batches of bactericidal buffer it should be determined that there is
no decrease in viable cell count after 60 min.

1. Gey’s balanced salts solution (Gibco BRL, Cat. no. 24260-028 or equivalent) with 0.5%
bovine serum albumin (BSA, fraction V) (Sigma, Cat. no. A7906 or equivalent). Filter-
sterilize (0.22 µm) and store at +4°C.

2. Dulbecco’s PBS containing 0.5 mM MgCl2 and 0.9 mM CaCl2, pH 7.4 (Life Technolo-
gies, Cat. no. 14080 or equivalent) with 0.1% glucose (Sigma, Cat. no. G7528, or equiva-
lent). Filter-sterilize (0.22 µm) and store at +4°C.

3. Hank’s balanced salt solution (HBSS), pH 7.2, containing 4 mM NaHCO3 (Gibco-BRL,
Cat. no. 14175-046 or equivalent) and 0.1% BSA (fraction V) (Sigma, Cat. no. A7906 or
equivalent). Filter-sterilize (0.22 µm) and store at +4°C.

2.5. Agar Plates

1. Blood agar (Blood agar base no. 2 with defibrinated horse blood (5%), Oxoid, Cat. no.
CM331 or equivalent.)

2. Brain heart infusion agar (Becton Dickenson, Cat. no. 4311065 or equivalent) with 1%
horse serum (Life Technologies, Cat. no. 16050-098 or equivalent).

2.6. 96-Well Tissue-Culture Plates

1. U-bottomed plates are recommended, as small volumes collect at the center of each well,
making plating out more facile.

2. 96-well U-bottomed tissue-culture plates (Sterilin, Cat. no. 611U96 or equivalent).

2.7. Specialized Equipment
1. Appropriate microbiological safety cabinet (Biosafety level 2 safety cabinet).
2. Colony counter (for “tilt” method) (Perceptive Instruments, Haverhill, Suffolk, UK or

equivalent). (A modification of the Cardinal Automatic Colony Counting System).
3. Spectrophotometer. For adjusting meningococcal cell suspensions.
4. Incubators. Both +37°C incubators and 5% CO2, +37°C incubators are required.

3. Methods
3.1. Safety
3.1.1. Sera

All human sera may contain human immunodeficiency virus (HIV), Hepatitis B
virus, and/or other human pathogens. Use universal precautions when handling any
specimen from a human source. Immunization with Hepatitis B vaccine is highly rec-
ommended.

3.1.2. N. meningitidis Isolates
Biosafety level 2 practices are generally recommended when working with N.

meningitidis. However, the potential for generating aerosols using this bactericidal
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Table 1
Microtitration Plate Template

Assay 1 2 3 4 5 6 7 8 9 10 11 12

Bactericidal buffer 20 20 20 20 20 20 20 20 20 20 20 See
below

Patient serum (µL)      Nine twofold serial serum dilutions
                                   Transfer 20 µL from columns 1–9, mix 6×, and discard 20 µL from column ≠9 0 0

Complement (µL) 10 10 10 10 10 10 10 10 10 10 10*

Cells (µL) 10 10 10 10 10 10 10 10 10 10 10

Final volume (µL) 40 40 40 40 40 40 40 40 40 40 40

Reciprocal final serum dilution 4 8 16 32 64 128 256 512 1024

     Column ≠12: Add 10 µL of bactericidal buffer, 10 µL of heat-inactivated serum, 10 µL of heat-inactivated complement and
10 µL of working solution of organisms (see Note 2).

Column ≠11: * heat-inactivated complement.
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procedure increases the risk of exposure, so biosafety level 3 practices should be con-
sidered, and an appropriate microbiological safety cabinet is essential. Immunization
with serogroup C protein-polysaccharide conjugate vaccine should be considered but
should only be used with, and not in place of, the previous recommendations.

3.2. Day 1

1. Preparation of target strain
An aliquot of the target strain should be defrosted and plated out overnight at 37°C with
5% CO2 on blood agar or brain heart infusion (with 1% horse serum) agar.

3.3. Day 2

1. Approximately 10–20 meningococcal colonies are picked from the overnight culture and
spread out over an agar plate and cultured for 3–4 h at 37°C with 5% CO2.

2. After 4 h, working in the safety cabinet, cells are suspended in bactericidal buffer at an
optical density (OD) of 0.1 at 650 nm, with a cuvet of path length 10 mm. The cell sus-
pension is then diluted in 5 mL bactericidal buffer (see Subheading 2.4.) to yield approx
50–60 colony-stimulating unit (CFU)/10 µL. Fill wells of columns 1–11 of a sterile U-
bottomed 96-well plate with 20 µL of bactericidal buffer (equilibrated to room tempera-
ture). Add 10 µL of buffer to column 12. See Table 1 for microtitration plate template.

3. Following the template, add 20 µL of each heat inactivated (56°C for 30 min) serum to
the rows in column 1. Using a multi-channel pipet, serially dilute the 8 test sera twofold
in the microtiter wells by removing 20 µL from the wells of column 1, transferring to the
wells of column 2, and mixing 6×. Continue diluting through to column 9. Withdraw 20
µL from column 9 and discard.

4. Add 10 µL of test serum (heat-inactivated) to the corresponding well of column 12.
5. Add 10 µL of the working solution of bacteria to every well.
6. Add 10 µL of heat-inactivated (56°C for 30 min) complement to all wells of columns 11

and 12.
7. Add 10 µL of complement (removed 10 min previously from the –70°C freezer) to col-

umns 1 to 10 and gently tap plates to mix.
8. Using the “tilt” method, plate out 10 µL from all wells of column 11 to determine T0.

For the “tilt” method, the agar plate is tilted through 45°C to allow the drops to run
down the plate.

9. Seal the plates with plate sealers before transferring to the 37°C incubator.
10. Incubate the plates for 1 h at 37°C (without CO2).
11. 10 µL drops are plated out from every well, using the tilt method, and incubated over-

night at 37°C with 5% C02 for T60.

3.4. Day 3
1. Count the number of colonies for T0 and T60. The number of colonies in column 11 is the

number of viable cells. Column 12 is a test for complement-independent killing (see Note
2). Column 10 is a complement control (see Note 3).

2. The serum bactericidal titer is reported as the reciprocal serum dilution yielding ≥50%
killing at T60 as compared with the number of viable cells.

3. In order to assign a titer, the following conditions must be met:
a. Target cell growth in column 12 (the serum control well) is ≥80% of the CFU in

column 11.
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b. The test serum must have a clearly defined SBA titer. In order to assign a titer at 50%
reduction in CFU, at least two consecutive serial dilutions of the test serum must have
a cell count <20% of the CFU per well compared to the CFU in column 11.

Serum, which does not fulfill condition 3(a) should be retested. If growth in the
serum control well is <20% of the CFU per well compared to the CFU in column 11
after repeat testing, then the titer must be reported as “Not determined due to reduction
in the control well.”

A serum that does not fulfill condition 3(b) should be retested. If there are not at
least two consecutive serial dilutions of the test serum with cell counts <20%, then the
titer should be reported as <8.

Sera that give >50% of CFU per well compared to the CFU in column 11 in the test
serial dilution must be reported to have a SBA titer of <4.

4. Notes
1. Target Strain Stocks. Multiple aliquots (0.5 mL) of the target strain(s) must be stored to

prevent subculturing. Recommended storage medium is Glycerol Broth (Nutrient Broth
(Becton Dickenson, Cat. no. 4311479 or equivalent) with 15% in glycerol). The stock of
glycerol broth was prepared by taking a swab of an overnight meningococcal culture
from a blood agar plate or brain heart infusion (with 1% horse serum) plate and emulsify-
ing in the glycerol broth to make a heavy suspension. This is then aliquoted into 0.5 mL
volumes in sterile plastic vials and immediately stored frozen at –70°C.

2. Decrease in CFU in Column 12. Column 12 is a control column to measure noncom-
plement-mediated lysis of cells. Serum samples may contain antibiotics, and as a result,
the number of CFUs in column 12 is decreased. The β lactam family (containing penicil-
lin) can be overcome with the use of β lactamase (Merck Ltd., Cat. no. 39084 3G or
equivalent). The dilution in this serum control well must always be 1:4, regardless of the
initial dilution in the serial diluted serum wells. The serum used in this control well must
be heat-inactivated.

3. Decrease in CFU in Column 10. Column 10 is a control column to measure the comple-
ment resistance of the target strain. If the number of CFUs decreases as compared with
column 11, this is as a result of the target strain becoming complement-sensitive.
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The Use of Complete Genome Sequences
in Vaccine Design

Nigel J. Saunders and Sarah Butcher

1. Introduction

1.1. Academic and Commercial Approaches
The availability of complete genome sequences offers a new position from which

to approach vaccine and drug design. Indeed, in some instances, genome-sequencing
projects have been initiated with these motives. It is true that every drug target and
vaccine candidate is either coded directly by genes present within the genome or pro-
duced by the gene products. It follows that there is extensive information with respect
to both protein targets with vaccine potential and the synthesis of other surface com-
ponents. This is a new field, and the selection of vaccine candidates from genome
sequences has not yet generated a new vaccine for use in clinical practice. The way in
which this is likely to be approached by commercial and academic groups with differ-
ent resources and areas of expertise is likely to differ, and to bring various perspec-
tives and strengths to this area of research.

It is not yet clear which approach is likely to be most successful. Certainly, large-
scale genome-led screening-orientated approaches, as exemplified by the strategies of
commercial companies, are most likely to lead to new candidates in the shortest time-
frame if they are successful. Such an approach can be likened to a reverse of the tradi-
tional mass-screening procedures that are familiar for antibiotic discovery and other
drug-screening processes. In a vaccine-hunting study, many targets are pursued in a
way that is similar to that in which a large number of chemicals might be screened
against a particular candidate antimicrobial target. However, bacterial surfaces are the
product of prolonged evolution in the presence of selective immune responses, and it
is possible that organisms that do not typically cause a single infection or colonization
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followed by robust immunity may not yield to the screening-oriented approach. Like-
wise, the use of single or a small number of genome sequences in vaccine design may
result in the identification of a majority of relatively strain-specific antigens that may
either result in partial coverage or a vaccine with a short useful life that is compro-
mised by “escape” strains. It may be that the more specific problem-oriented strategies
that can be pursued within smaller research groups may yet make seminal progress in
this regard. In each instance, the use of complete genome-sequence information can
provide a foundation that influences the nature of the questions that can be addressed
and the methods that can be used.

1.2. The Nature of Genome-Sequence Information
It is important to be clear about the nature of the information that is being used. A

genome sequence is the chromosomal sequence of a subculture of an isolate of a strain
of a species. It does contain the complete information for the coding potential of the
sequenced organism, but this should be regarded as a singular example rather than as
a representative set of information for the species. All vaccines must be directed against
the entire pathogenic population, and as such, the origin of the sequenced strain and
the nature of the population structure and composition must also ultimately be
addressed. As more genome-sequenced strains become available from pathogenic spe-
cies, their combined use will inevitably provide a far more comprehensive and robust
framework for this type of investigation. However, they will remain a collection of
examples, and many sequences from a single species may be required before we can
approach the availability of representative information. This subject and the ways in
which it can be addressed are examined later in this chapter, but it should be consid-
ered from the outset in any of vaccine design.

1.3. Working with Finished and Unfinished Sequences
Strategies vary depending upon whether the investigation will proceed during the

sequencing project itself—and thus with sequence information in varying states of com-
pleteness—or with finished sequence data. It is important to remember that all
sequences and annotations inevitably include errors, and that the reduction in their abun-
dance as a project is completed is probably only one of degree. Clearly, if investiga-
tions are to be based on an extension of an existing research and vaccine-development
approach, this will determine the way in which the sequence information is addressed.
However, regardless of a laboratory’s particular strategy, the first step is to address the
genome sequence in a way that can identify the information that is potentially useful,
and to focus upon this. The potential pitfalls of this process are frequently only evident
after the fact, but there are ways in which they can be minimized. However, in the end
a process of triage is necessary, in which the bulk of information that will not be pur-
sued is separated from the genes that will be considered in greater detail.

1.4. Sources of Error in Sequence Data and Annotations
Most investigators will begin from a position in which one or more fully annotated

sequences are available. This provides an important starting framework. However, the
approach from a starting point of an annotated and an unannotated sequence should
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not be very different. All genome annotations are subject to errors derived from a
variety of sources. The limits of most coding regions have not been demonstrated
experimentally. Point mutations in the sequenced strain (in addition to occasional un-
resolved sequencing errors) may lead to disruption of the actual open reading frames.
Most annotations are based upon similarities to genes that have been already described.
As such, they are influenced by what has already been studied and submitted to the
databases, and also upon the potentially erroneous interpretation of other researchers.
As genomes are increasingly annotated on the basis of similarities to other annotated
genome sequences, the possibility for repetition of mistakes increases, and thus the
consistent annotation of similar sequences in multiple genomes cannot necessarily be
regarded as additional evidence of their veracity. There is also a real danger of “circu-
lar annotation catastrophe” in which similarity between a part of “gene A” is used to
annotate “gene B,” similarity between part of “gene B” and part of “gene C” is used to
annotate “gene C”—but when genes A and C are compared, they do not share any
significant homology because different parts of the genes were used at each stage of
the process. A genome annotation should most healthily be considered to be the “best
guess on the basis of the available evidence at the time” of the annotating team. A
researcher with a specific interest in a specific pathogen, or pathogen behavior, is
likely to have at least as good an insight with regard to their area of expertise as that of
the annotation team. So, although it is reasonable to use an annotation as a guide for
research, its potential flaws should be considered. Before actually pursuing a gene of
interest experimentally, it is necessary to repeat a basic bioinformatic analysis of the
sequence of interest, if only to bring such an annotation up to date with respect to new
and continually revised public information.

2. Selection of Vaccine Candidates From the Genome

The purely genome-led selection of vaccine candidates can be divided into two
broad categories. The first—and the one most similar to approaches used prior to the
availability of genome sequences—is selection of candidates on the basis of their pu-
tative function, which is determined by their similarity to other proteins for which
some information is already available. The second strategy is based upon some par-
ticular characteristic of a gene that suggests candidature as a vaccine antigen—such as
surface location—which can be predicted in the absence of previous knowledge of the
function of the encoded protein or its similarity to others. A combination of these two
approaches is common, and this is described in the following two sections.

3. Evaluation of Potential Gene Function
For a potential coding region of interest, the first step is to evaluate it by a homol-

ogy method, typically a database similarity search of some type. When the work in-
volves sequence data that are not in the public domain, these searches should not be
performed over the Internet, since sending a query sequence to a non-secure public
server may be considered a form of public data release that may compromise subse-
quent patent applications. The particular analyses performed are a matter of personal
choice, and the most frequently used are either the BLAST suite of programs (avail-
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able from:ftp://ncbi.nlm.nih.gov) (1,2) or FASTA (available from:ftp://ftp.virginia.
edu/pub/fasta/) (3).

3.1. BLAST and FASTA

Although programs in both BLAST and FASTA allow the comparison of a query
sequence (or sequences) against sequences in a database (or databases), their underly-
ing algorithms and statistical scoring methods differ, and so using both is a reasonable
strategy. Equivalent BLAST searches are usually quicker, but FASTA searches can be
more sensitive. The first homology analysis should usually be a nucleotide similarity
search, such as a BLASTN analysis (1). It should be noted that individual programs
within both suites allow the comparison of nucleotide query sequences with nucleotide
databases, protein queries with protein databases, or a variety of protein vs protein
searches utilizing translation of nucleotide sequences in either query or database (or
both) as required. One advantage of performing such a search is that it will reveal
whether or not there are matches to sequences on the reverse-complement of the se-
lected strand. This can be important, especially since open reading frames on the re-
verse-complement of the coding strand can be shown by some prediction methods to
contain features of surface proteins based upon characteristics of membrane-spanning
regions. A nucleotide search using a high threshold (e.g., >90% identity) is also a use-
ful tool for high specificity, although nucleotide searches are less effective in identify-
ing remote homologs than protein-based searches. It should be remembered that full
consideration should be given to the statistical scores provided by the searching pro-
grams of choice (e values or Z scores, for instance) and suitable cut-off points selected
for determining which matches may have no biological significance. The absolute val-
ues selected at this point will depend upon what the search is attempting to accomplish.

The major differences between different protein-based BLAST and FASTA pro-
grams are in the ways that frameshifts are handled—either in query or database
sequences. As already mentioned, the nucleotide sequence of interest may not be per-
fect, and missing or additional nucleotides may introduce frameshifts or change the
position of stop codons. Similarly, sequences in public databases may also contain
sequencing error-induced frameshifts or incorrectly positioned stop codons. A combi-
nation of searches against a well-annotated but incomplete database, such as Swissprot
(4), and a larger database that may include fully automated annotation (e.g., TrEMBL
or Genpept) using amino-acid based searches such as BLASTP, BLASTX (translation
of query may reveal frameshift errors in query but not database) and TBLASTN (trans-
lation of nucleotide database entries) or equivalents FASTX/Y and TFASTX/Y, can
then be used with lower thresholds to perform searches with greater sensitivity. Protein
databases in which some level of filtration has been employed to remove redundancy
are also useful resources, as these may decrease the likelihood of remote matches being
hidden by multiple matches to more closely related proteins. Examples of these include
databases built using the NRDB (non-redundant database) utility distributed with the
University of Washington’s BLAST (http://blast.wustl.edu/pub/nrdb) or NRDB90
(http://www.ebi.ac.uk/~holm/nrdb90/) (5). It is vitally important in all of these searches
that query sequences are checked for repeat or low complexity content, and filtered or
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masked appropriately, to prevent irrelevant matches to these over-represented regions.
Suitable programs are an integral part of BLAST and include the DUST program of
Tatusov and Lipman used for BLASTN (unpublished), and the SEG program of
Wootton and  Federhen (6).

3.2. Presentation of Homology Data

In all cases, consideration must be given to the optimal presentation of results for
easy assimilation and interpretation. It quickly becomes apparent that the interpreta-
tion of biological relevance of matches is vastly improved by some method of sorting
matches, either by score or percentage identity, a graphical representation of where
matches correspond to the query sequence, and a direct viewing of alignments. This is
often integrated into proprietary software and some websites, and is typified by freely
available programs such as MSPcrunch and Blixem (7).

3.3. Increasing Homology Search Sensitivity and Its Risks

The actual parameters used as cutoffs vary depending upon the context of the search.
For a general amino acid-based search with a reasonable balance of sensitivity and speci-
ficity, a threshold in the region of 40% identity may be appropriate for BLAST. How-
ever, if in a search for a protein that on biological grounds has been determined to be
definitely present, then the search parameters may reasonably be relaxed until a homolog
is identified. It is also reasonable to use other, more sophisticated homology searching
methods in an attempt to identify more remote protein homologs. One such program in
common use is PSI-BLAST (Position-Specific Iterated BLAST) (2). PSI-BLAST per-
forms an initial search against the database of choice and then retrieves and aligns sig-
nificant matches. These matches are used to build a score model for the next round. A
profile generated from the alignment is then used as a “query” to perform iterative
searches of the same database, and the results of each are used to refine the next. Although
the interpretation of the results should be increasingly circumspect when several itera-
tions have been performed, this can be a most useful tool when remote members of a
particular protein family are being sought. It is particularly important to remember the
modular architecture of proteins when interpreting such search results, since the pres-
ence of a well-conserved but relatively common domain in an initial round may act as a
bridge to produce hits against other proteins with completely unrelated function, which
simply happen to share the presence of that one domain. In terms of sensitivity, it can be
considered as sitting midway between traditional sequence-based BLAST and FASTA
methods and full profile-based homology searching methods, where the initial query
consists of a profile built from a carefully constructed multiple sequence alignment of
related nucleotide or protein sequences. It is equally important to remember that a single
amino-acid change near an active site may potentially alter the substrate specificity or
enzymatic activity of an enzyme, although two such sequences could share >99% iden-
tity. The identification of gene function using sequence similarity is actually only based
upon a prediction of similarity of protein structure, and reflects common ancestry. Con-
servation of sequence is not, in itself, evidence of conservation of function—although it
is frequently a reasonable basis for this type of inference.
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3.4. Tracking the “Annotation Trail”

It follows that the identification of sequence similarities should be only the first
step in determining the potential function of a protein, even before the stage of experi-
mental investigation. An attempt should be made to track the “annotation trail” of the
similarities that are identified. If genome annotations have made a chain of consistent
functional attributions, this should be considered only as a single piece of evidence (as
opposed to the sum of each of the individual hits). If a gene with references to experi-
mental work is identified, this should be pursued directly. If an initial gene is found
from which the other annotations follow, this should be compared directly with the
sequence of interest, and a similarity search with this sequence should be performed to
find the basis of this original annotation. Once a link to an experimental source can be
established, the specific region of the similarity should be considered, and the existing
evidence evaluated. This is important, as alluded to earlier, because it should be recog-
nized that similarity based upon a single protein component, such as an ATP-binding
domain, is not evidence that the function of other, possibly quite dissimilar, regions
are related. Also, many database submissions include a function-associated annotation
determined for one coding region, but which has been applied to several that were
simultaneously submitted in a larger sequence for which there is actually no experi-
mental evidence of a function. A superficially annotated gene may actually be of
unknown function.

4. Surface Protein Identification
A vaccine candidate should be a target that is accessible to the immune response.

Therefore, a normal starting point will be the consideration of surface proteins as vac-
cine candidates. This does not exclude the potential importance of other surface struc-
tures, but the information in genome sequences provides information on the protein
components most directly. The methods that are used at this point can vary, and may
or may not be purely informatics-based. There are several surface protein prediction
methods, and at this stage, if inclusivity is important, it may be advisable to use more
than one method and to compare and combine the results. This is particularly impor-
tant when one is considering that most feature prediction methods are not infallible
and that each program may have its own inherent strengths and weaknesses. Further-
more, some methods are more specific in nature than others, and can only be identified
by combining evidence gleaned from more than one method.

4.1. Identification on the Basis of Transmembrane Regions

The presence of putative transmembrane (TM) helices within a protein may sug-
gest that the protein is membrane-associated, but alone it does not allow for discrimi-
nation between proteins that associate with intracellular and cell-surface membranes.
If that same protein also shows a putative secretory signal peptide, then this can help
to suggest that this protein is indeed surface-expressed. A number of programs are
available specifically for the prediction of TM helices, and have recently been
reviewed elsewhere (8). These rely on hidden Markov Models (e.g., TMHMM v.2,
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http://www.cbs.dtu.dk/services/TMHMM-2.0/) (9), neural networks (e.g., the
PHDhtm subset of the PredictProtein server (at http://www.embl-heidelberg.de/
predictprotein/predictprotein.html) (10,11), or other methods such as Dense Align-
ment Surface (DAS) utilized in a program called DAS written specifically for pre-
dicting TM helices in prokaryotic membrane proteins (available as a server at http://
www.sbc.su.se/~miklos/DAS/maindas.html) (12). It should be noted that these meth-
ods are not infallible. The position and length of predicted TM helices may be inaccu-
rate, and the N-terminal hydrophobic region of a signal sequence may itself be
incorrectly interpreted as a TM helix.

The ability to plot amino acid properties of putative proteins as a sliding-window
analysis may be helpful in identifying candidates of interest. A sliding-window analy-
sis calculates a moving average score along the protein for the property being consid-
ered, and the window size may be varied to allow the adjustment of relative sensitivity
vs signal noise. Trends of particular interest include charge and hydrophobicity. One
commonly used calculation of hydrophobicity is that of Kyte & Doolittle (13). The
method relies on the assignment of amino acids onto a relative hydrophobicity scale,
based on a number of physical characteristics, with higher positive scores indicating
more hydrophobic properties. Programs that calculate and plot a moving average of
hydropathic index along a protein include TGREASE from the Fasta 2 package
(ftp.virginia.edu) and octanol from the EMBOSS package (available from ftp://
ftp.uk.embnet.org/pub/EMBOSS/) (14). Another program typifying the type of simple
metrics that may be plotted by these types of programs is pepinfo, again from the
EMBOSS package. This program plots a histogram of the presence of residues with
the physico-chemical properties: Tiny, Small, Aliphatic, Aromatic, Non-polar, Polar,
Charged, Positive, and Negative, as well as producing hydrophobicity plots using three
alternative methods. Another program within the EMBOSS package which may be of
interest in this context is Charge, which calculates a sliding window plot of charge
along a protein.

4.2. Identification on the Basis of Protein-Transport Motifs
Another strategy for the identification of surface proteins is based upon the pres-

ence of motifs associated with transport, such as signal peptidase sequences or cell
wall anchoring characteristics. In addition, if species-specific information on common
characteristics of surface proteins is known, such as attachment to phosphorylcholine
in cell wall teichoic acid, these can also be used. These characteristics were used by
Wizemann et al. (15) in the primary vaccine candidate selection for Streptococcus
pneumoniae, leading to an initial list of approx 100 genes for further study. A similar
approach was used by Adamou et al., (16) in which a family of proteins was identified
as potential vaccine candidates on the basis of their hydrophobic leader sequence that
is believed to target them to the cell surface. Specific features of a “typical” signal
peptide may be identified by their secondary structure, and include a positively charged
amino-terminal region followed by a stretch of 11–15 hydrophobic residues and a
specific leader peptidase (Lpp or LppII for lipoproteins) (17).

A commonly used program for identifying putative signal peptide sequences is
SignalP (http://www.cbs.dtu.dk/services/SignalP) (18). SignalP uses a neural network-
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based approach, and users are required to choose between network assemblies trained
on Gram-positives, Gram-negatives, or eukaryotes as appropriate for the sequence
under study. SignalP is capable of distinguishing between secretory signal peptides
and those associated with intracellular signal transduction, and thus is a most useful
tool. Coiled coil regions, a feature commonly found in Gram-positive surface pro-
teins, may be identified using the Coils program (19). Furthermore, a number of dif-
ferent programs will readily identify short primary amino acid-sequence motifs of
interest, either as perfect matches or with different levels of degeneracy. Typically,
programs use a defined regular expression syntax for pattern description, often based
on that used by the PROSITE database (20). For example, standard IUPAC one-letter
codes for amino acids are used, “x” being used for a position in which any amino acid
is accepted. Ambiguities are indicated either by listing the acceptable amino acids for
a given position between square parentheses, or by listing unacceptable amino acids
within curly braces. Elements are separated by a hyphen, and repetitions of an element
may be indicated by following the element with a number or range of numbers within
brackets, showing the number of repetitions. Patterns restricted to either the N- or C-
terminus of a sequence are indicated with a “<” symbol or “\”, respectively. Program
examples include Fuzznuc (patterns in nucleotides), Fuzzpro and Dreg (uses more
standard regular expressions) from the EMBOSS package (available from: ftp://
ftp.uk.embnet.org/pub/EMBOSS/) (14). Query motifs may either be constructed by
the user or may be derived from a database of previously described functional motifs
and patterns—such as the PROSITE database (20).

5. The Early Inclusion of Experimental Data
The genome-based analysis should not be confined to the initial stages of a project.

For example, common features of genes that are selected after experimental stages can
be sought, and these can be used as the basis for further candidate hunting. In addition
to in silico predictions, the information from experiments can be incorporated at any
stage. The importance of early pursuit of supportive experimental data cannot be over-
emphasized. Each stage of the genome sequence-analysis process is one of potentially
error-prone hypothesis generation. Each subsequent step that is based upon previous
informatics analyses becomes increasingly vulnerable to the influence of mistakes that
have occurred in previous stages. For this reason, wherever possible, analyses should
be performed on the original sequence data, rather than on results derived from them,
and complementary independent analyses should be combined to provide a degree of
corroboration between results. The nature of suitable experiments is so dependent upon
the specific direction of a particular research strategy that it is not possible to expand
upon this in this chapter. However, it is usually advisable to experiment early.

Once the first list of potential vaccine candidates has been defined, it is then neces-
sary to evaluate them in more detail. In the context of a screening-based strategy, this
includes a series of steps, which serve to identify the more promising candidates, and to
progressively focus upon a smaller and more tractable number of proteins. This process
is illustrated by the first publication to describe this genomic approach using Neisseria
meningitidis (21), and this is similar to the strategies that have been adopted by other
companies seeking similar results in other species. The main preliminary steps are:
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1. Identification of an inclusive list of candidates.
2. Cloning and expression of the candidate genes.
3. Assessment of their antigenicity.
4. Evaluation of the ability of raised antibodies to bind to bacterial surface structures and

mediate opsonization and/or bactericidal activity.
5. Assessment of antibody effectiveness in passive protection studies.

6. Particular Issues Related to a High-Throughput Strategy

An investigator must be concerned about mistakenly excluding a potentially suc-
cessful vaccine candidate, but, in the absence of limitless resources, decisions on
inclusion and exclusion must be made continuously. Clearly, the basis of these deci-
sions is of paramount importance, although it is also true that, if the strategy is success-
ful, then only a small number of final vaccine components are probably needed. In
addition, the interpretation of data that support a candidate must be particularly cau-
tious. This is because one’s theoretical framework and the nature of the data collected
are different from that typical of most smaller problem-oriented studies. Most obvi-
ously, one is frequently investigating genes for which there is little or no existing
experimental information about function, and as such there is no framework for inter-
preting the results obtained. This is in the context of a project motivated by a desire to
obtain “positive” results. In an environment in which results are pursued rather than
hypotheses tested, there is an inherent vulnerability to false-positive results or optimis-
tic interpretation of experiments. This is in the context of studies in which potentially
hundreds of candidates will be pursued, but data and—where possible—statistical
analysis will be pursued on a case-by-case basis. When dealing with an interaction as
complex as that between bacterium, host, and the immune response, especially since
model systems with their inherent flaws are inevitably involved, great care is needed in
this regard. There is no intention to suggest that such a genome-based approach is not
extremely valuable and robust—it is simply necessary to highlight some of its com-
plexities.

7. An Example of the Use of a Genome-Based Strategy and Its Novel
Complications

The N. meningitidis strain MC58 project conducted by Chiron serves to illustrate
both the general strategy and a potential problem of the type described here. Unfortu-
nately, most other researchers in this area have not published their results, but based
upon their presentations at meetings, their experimental approaches are similar, and
they are likely to have encountered similar problems. The meningococcal genome was
sequenced (22), and was used to directly feed a vaccine-candidate identification
research project (21). Using a combination of prediction methods including PSORT
(http://psort.nibb.ac.jp) and PEPPLOT (Wisconsin Package Version 10.0, Genetics
Computer Group (GCG), Madison, WI), 350 genes identified as potentially encoding
surface-located or secreted proteins were systematically cloned into expression vec-
tors, and the purified recombinant proteins were used to immunize mice. The expres-
sion, surface localization, and immunogenicity of each were then determined using a
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combination of enzyme-linked immunosorbent assay (ELISA), Flow cytometry, and
bactericidal assays. Twenty-five proteins that had positive results in these assays were
selected for further evaluation, and some were shown to be highly conserved in
sequence-based analysis of these genes in other unrelated meningococcal strains.
Using a similar strategy with Chlamydia pneumoniae, 147 surface proteins were iden-
tified, of which 98% were cloned and expressed and 58 generated antibodies that bind
the C. pneumoniae elemental bodies (23).

GNA33 was an interesting vaccine candidate from N. meningitidis strain MC58
and serves to illustrate problems related to high-throughput experiments that might be
less likely to complicate more directed approaches. GNA33 is a conserved protein that
elicited serum bactericidal antibody responses in mice and showed homology with
membrane-bound lytic murein transglycosylase from E. coli and Synechocystis sp.
Mice immunized with recombinant protein generated high serum bactericidal anti-
body titers, and binding to the cell surface could be readily demonstrated. Therefore,
this was one of the most promising initial candidates. Although it seemed surprising
for a protein expected to be predominantly located in the periplasm, ways in which it
might be exposed to the surface were envisaged. However, in reality, the candidature
of GNA33 was artefactual. GNA33 acts as a mimetic for a surface-exposed epitope of
loop 4 of porin A (PorA) of strains with the P1.2 subserotype (24), a previously inves-
tigated vaccine candidate with a tendency to produce strain-specific protection. It is
fortunate for the field of vaccine development that this mimicry has been studied and
reported, and can thus serve to illustrate this type of issue.

8. Evaluation of Vaccine Candidate Conservation in the Population
As emphasized at the beginning of this chapter, a genome sequence is a singular

example from a species being investigated. The meningococcal vaccine development
paper addressed this quite robustly, and should serve as an example of the level of
assessment that should be generally presented (21). The investigation of the presence,
conservation, and possibly also the essentiality of the most promising candidates is
needed before their true value in a vaccine can be appraised. It is pointless to have a
potent immunogenic vaccine that does not cover a significant portion of the disease-
associated population. It is necessary to base this stage of the investigation on a robust
understanding of the population biology of the particular organisms under investiga-
tion. For example, if one is dealing with a relatively panmictic, naturally transform-
able population, there is a greater need for awareness of variant sequences, in addition
to gene presence and absence information, since horizontal transfer and the formation
of gene mosaics may potentially compromise a vaccine more quickly than in a more
clonal species. Strictly speaking, this is an aspect that extends beyond the remit of a
sequence-based vaccine-design strategy, and is not discussed in further detail here. It
is mentioned here to emphasize the importance of recognizing the true nature of the
information that is the framework of a genome-based approach.
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9. The Use of Genome-Based Secondary Screening
in Model Systems for Candidate Selection

Other approaches that incorporate methods that address the whole organism in dif-
ferent ways also depend upon genome sequences. Like the methods applied for the iden-
tification of surface proteins, these can be used to select candidates that have not
previously been studied, and for which a potential function is not required to be known
at the outset. Although signature-tagged mutagenesis (STM) and in vitro expression
technology (IVET) make passing use of genomes for the identification of the coding
sequences associated with the insertion sites, they can equally be performed in species
and strains for which there are no complete genome sequences; thus, they are not ad-
dressed here. The two main methods that require and make use of the genome-sequence
information that can be used to select candidates for investigation as vaccine candidates
are DNA microarrays and protein-expression profiling that depends upon mass-spectro-
metric protein sequencing. Using both methods, experiments can be done that deter-
mine the alterations in gene expression associated with potentially critical stages of the
bacterium-host interaction, and candidates identified in this way can be pursued with
similar strategies to those used to investigate genes from in silicio analyses.
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Severe Combined Immunodeficient (SCID) Mice
in Vaccine Assessment

Michael J. Dennis

1. Introduction
1.1. Advantages of Immunodeficient Mice for Vaccine Assessment

New or improved vaccines require testing before they are licensed for use in the
general population. Although toxicity and immunological data can be obtained from
Phase I human trials, in the vast majority of cases it is not possible to demonstrate
efficacy by challenging vaccine recipients with the specific infectious agent. There-
fore, prior to large-scale production of vaccines and their assessment in Phase II and
III clinical trials, there is a requirement for in vivo studies that can predict the level of
protection that may be expected from a vaccine. Although many animal models are
available for infectious disease studies, they all rely on the animal’s own immune
system for the generation of the protective responses, and these may not reflect the
immunological responses generated in humans. The route of challenge that must be
used in order to achieve infection is often not the same as the one that occurs in human
disease, and this further confounds the relevance of the animal model. In addition,
some infections are specific to humans, and it is sometimes impossible to find a suit-
able animal species that human pathogens will infect. This may be because of the lack
of appropriate receptors, the presence of a functional immune system able to eliminate
the pathogen, or the fact that models cannot always be relied on to re-create the normal
pathophysiology. In some cases, this resistance to infection can be overcome by the
development of a transgenic animal in which the appropriate receptors are expressed.
The development of transgenic models has been directed toward genetic disorders or
dissection of the immune system by gene-knockout technology.

Since the first reports of the discovery of a mutant mouse lacking a functional
immune system (1,2), the Severe Combined Immunodeficient (SCID) mouse has played
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an important role in the study of human infection and immunity. In many cases, the
lack of immunity has allowed the establishment of a range of viral, bacterial, and pro-
tozoal infections to which normal mice are resistant. Most importantly, however, the
capacity of these mice to accept xenografts from a range of other species, including
man, has resulted in the development of a number of mouse models using agents that
are restricted to replication in human cells or in which the typical pathology can be
reproduced in these human/mouse chimeras. Soon after their discovery, the ability of
these animals to allow reconstitution with human immune cells was exploited (3–6).
These models could be used for the study of the pathology of infection, and they also
found application in the evaluation of prophylactic and therapeutic treatment of human
disease (7,8).

Classically, the SCID mouse has been reconstituted by one of two methods. In the
first, small pieces of human fetal thymus, liver, spleen, bone marrow, or lymph node
have been implanted under the kidney capsule or in the mammary fat pad (1). In the
second, human adult peripheral blood cells (PBL) have been inoculated into the peri-
toneal cavity (2). When grafted with human fetal cells, the mice are termed SCID-hu,
whereas mice reconstituted with adult PBL are termed Hu-PBL-SCID. In both cases,
long-term reconstitution of these mice with functional human lymphoid cells has been
reported (9,10). Both models have limitations, as discussed later in this chapter.
Because adult PBLs are more readily available than fetal tissue and to the wide range
of possibilities for pre-priming or for selecting subpopulations of blood cells prior to
engraftment, the majority of work has been conducted using the Hu-PBL-SCID model.

Other fetal tissues have also been successfully engrafted into SCID mice to provide
models for diseases that are highly tissue-specific. Engrafted human gut tissue has
been successfully infected with Shigella, and typical lesions have been demonstrated
(11). Similarly, we have demonstrated that sections of fetal primate gut can be
engrafted beneath the skin of SCID mice, which retain its villous structure for a mini-
mum of 12 wk (12) (Fig. 1). The engrafted gut segments were subsequently infected
with Campylobacter jejuni by injection into the lumen. Other workers have engrafted
SCID mice with human skin, with retinal, liver, or vaginal tissue, and have observed
infection and pathology that parallels that seen in man (13–16).

The adoptive transfer of primed human lymphocytes to mice can result in the expres-
sion of specific human immunoglobulins in mouse serum and to the establishment of a
corresponding protective immunity in these mice. There are now several reports of both
primary and secondary immune responses elicited in reconstituted mice (17–25).

The reconstitution of mice with human immune cells from convalescent patients
has led to the detection of pathological processes, directed against the microorgan-
ism, which are not seen in non-reconstituted animals (2,26). Not only does this model
have a vast potential for the study of the pathology of infections, but it has also found
application in the evaluation of prophylactic and therapeutic treatments of human
infectious diseases. One well-explored area of research is the study of human immu-
nity in SCID mice that have been engrafted with a functional human immune system
from vaccine recipients. Disease models using immunodeficient mice are summarzied
in Table 1.
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This chapter focuses on the Hu-PBL-SCID model, since this system can be used
with blood samples from vaccine recipients. The adoptive transfer of primed human
lymphocytes to mice can result in the expression of specific human immunoglobulins
in mouse serum and the establishment of a corresponding protective immunity in these
mice (27). There is evidence that both primary (18,19) and secondary (23) immune
responses can be elicited in SCID mice that have been reconstituted with human lym-
phocytes or tissues (20), and the induction of protection against specific human patho-
gens has been demonstrated after the immunization of animals with appropriate
vaccine preparations (28). The Hu-PBL-SCID model has also been used to demon-
strate the ability of cytokine therapies to induce specific cellular immunity (29). SCID
mice can also be used for the passive transfer of human immunoglobulins for the evalu-
ation of protective antibodies (30–32).

1.2. Mouse Strains and the Nature of Immunological Defects
The murine scid mutation was first recognized in C.B-17 mice (33), and is defined

as an autosomal recessive mutation that results in a general absence of mature B- and
T-lymphocytes. The mutation manifests as an impairment in the Variable, Diversity
and Joining (V(D)J) recombination process that normally leads to functional immuno-
globulin and T-cell receptor (TCR) variable-region gene products. Recent studies sug-
gest that the SCID defect lies in the gene encoding the catalytic subunit of the
DNA-dependent protein kinase. This is a nuclear protein made up of two subunits
(Ku70 and Ku86) as well as the large catalytic subunit DNA PKcs (34). This leads to
an inability to repair double-stranded DNA breaks, which is also inferred from an
observed increased sensitivity to ionizing radiation. Experimental inactivation of Prkdc

Fig. 1. Cross-section of primate ileum grafted into C.B-17 SCID-beige mouse 12 wk after
insertion.
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Table 1
Disease Models in Immunodeficient Mice

Disease/organism Reconstitution Model References

HIV-1 Human PBL Blocking of HIV entry into
CD4+ T-cells 60

Human PBL Vaginal infection 61
Human PBL Reduction of viral loads

with immunomodulators 62
Human PBL Uninfected CD4+ T-cells

undergo apoptosis in infected 63
lymphoid organs

Human thymus/liver HIV latency model (resting T-cells) 64
Hepatitis C Human hepatocytes Prolonged HCV infection 65

Human liver tissue HCV viremia-reduction in
viral loads 15

CMV Human retinal tissue Human ocular infection,
pathogenesis, infection
kinetics 14

Varicella-zoster Human skin Virulence of mutant virus 66
Langat flavivirus None Comparison of neuroinvasion

in deletion mutants 67
Rotavirus None 100-fold increase in chronic

virus shedding compared with 68
other models

Vaccinia None Lethal infection model 69
E. coli-induced Mouse CD4+ cells Subacute colitis 70
inflammatory bowel

disease
Crohn’s disease Mouse CD62L+CD4+ LI-18 upregulated in 71

T-cells inflamed colon
Muscular dystrophy Human myoblasts Detection of dysferlin

proteins 72
Streptococcal impetigo Human foreskin Pathology of infection

parallels human disease 13
Shigella Human intestine Inflammation and mucosal

damage. Importance of
neutrophils 11

Campylobacter jejuni None Colonization and disease 73
Legionella Human PBL Lung infection 59

pneumophila
Mycobacterium None Virulence of vaccine candidate 74

tuberculosis auxotrophic mutants 75
Ehrlichia chaffeensis None Persistent infection and

disease 76
Brugia malangi None B-cells required for protection 77

/pahangi
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has reproduced the SCID phenotype (34), showing that Prkdc and scid are allelic, and
the SCID mouse is often be referred to as Prkdcscid in the literature.

1.2.1. Limitations and Refinements

Some SCID mice can develop populations of peripheral mature lymphocytes in a
time- and strain-dependent manner. This “leakiness” may be the result of somatic
reversion events or rescue of the liberated coding regions in scid pre-lymphocytes by
an alternative recombination mechanism. The impact of increasing age upon immuno-
globulin production and B-lymphocyte generation in “leaky” SCID mice has recently
been investigated (35).

Long-term studies using Hu-PBL-SCID mice have shown that human T-cells from
these mice become anergic and unresponsive to stimulation. This anergy may result
from either a graft-versus-host disease (GvHD) or reflect the lack of an appropriate
microenvironment that might support normal lymphocyte trafficking and differentia-
tion (19). The macrophages, polymorphonuclear cells, and natural killer (NK) cells in
the SCID mouse have a normal or enhanced activity, leading to destruction of the graft.
The published reports on hu-PBL reconstitution are not consensual. The numbers and
characteristics of human cells re-populating SCID mice are often different, depending
on the organs screened and the time of engraftment. The kinetics of intraperitoneal (ip)
engraftment are believed to consist of two phases: during the first phase, most of the
injected cells remain in the peritoneal cavity and then dramatically disappear. During
the second phase, selected clones of human T-cells proliferate and repopulate several
peripheral organs. The Vβ profiles show that the T-cell repertoire is severely restricted
compared to the number of subsets in the original donor (36). This skewed repertoire is
probably the result of an antigenic activation in the SCID environment.

During the past few years, new strains of mice with additional defects of the innate
immune system have been developed to further optimize the Hu-PBL-SCID model.

The scid mutation has been introduced into the C3H strain of mice, which has been
reported to produce very low levels of spontaneously leaky individuals (37,38).

The spontaneous beige mutation is an analog of the human Chediak-Higashi syn-
drome, and is associated with neutropenia and a lack of NK cytotoxic activity. Thus,
the production of the double-mutant SCID-beige mouse has resulted in experimental
animals that lack mature B- and T-cells, and also have defective NK cells (39). The
beige defect, which causes a defect in lysosomal membranes and granule formation,
facilitates the acceptance of xenografts and may also render animals more susceptible
to viral infections. In addition, these mice have been shown to be much less prone to
develop “leaky” individuals compared to scid/scid mice (40). The beige mutation has
been introduced into several parent mouse strains, including Balb/c, SCID-beige (41),
and C.B.-17 SCID-beige (42).

Back-crossing the SCID mutation into the Non-Obese Diabetic (NOD/Lt) strain of
mice has resulted in the NOD-SCID mouse, which has reduced NK activity, macroph-
age function, and serum hemolytic complement activity, in addition to the lack of B-
and T-cells (43). These mice have been shown to support PBL engraftments fivefold
higher than CB-17 SCID mice, and show no age-related leakiness. Many publications
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describe the use of this mouse model, and it is now used as a standard assay for primi-
tive human hematopoietic cells (SCID re-population cells are known as SRCs) (44–46).
Reported lack of T-cell development in this model has been addressed by treatment of
the NOD-SCID mice with a monoclonal antibody (MAb) against the murine inter-
leukin-2R beta, known to decrease killer-cell activity. This increased phenotypically
normal T-cell development. Furthermore, analysis showed the emergence from the thy-
mus of the naïve phenotype CD45RA+ (47). The importance of this population is dis-
cussed in Subheading 1.3. Recent studies (48,49) have compared the engraftment of
human cord blood subpopulations into NOD-SCID mice, and showed that CD34+/
CD38+ cells repopulate rapidly but survive for only 12 wk, whereas CD34+/CD38–
cells repopulate more gradually but maintain significant numbers for more than 20 wk.
This subpopulation contains more T-cell precursors.

A third type of immunodeficient mice carries a germline mutation in which a large
portion of the Recombination Activating Genes 1 or 2 (RAG-1,2) coding region is
deleted (50). This leads to a novel SCID phenotype from which no “leaky” mice are
produced. However, recent reports suggest that RAG-2 mice may not reconstitute with
human PBLs as well as SCID mice. A comparative study evaluating successful human
lymphocyte engraftment by measuring CD3+ cells and human Ig showed reconstitu-
tion to be excellent in SCID-beige and NOD-SCID mice, but poor in RAG– mice (51).
However, in this study, GVHD was reported in many of the successfully reconstituted
animals. The NOD/LtSz-Rag-1null has been reported to have a longer life-span than
the NOD/LtSz-scid mouse, to have low NK activity, and to support high levels of
engraftment with human lymphoid cells and hemopoietic stem cells.

1.3. The Potential of SCID Mice for Vaccine Studies
1.3.1. Primary Immunization

The Hu-PBL-SCID mouse system has long been shown to be capable of supporting
antigen-specific antibody production. A secondary immune response can be readily
induced in mice reconstituted with cells from human donors with pre-existing anti-
bodies to diphtheria-tetanus and tetanus toxoids (20,23), Hepatitis B surface antigen
(HBsAg) (25), HIV-l gp160 (3), influenza hemagglutinin (21), or pneumococcal
polysaccharide (52) by immunization with the relevant antigen. A more useful model,
would be the ability to generate a primary immune response to an antigenic stimulus
followed by an amnestic response to booster immunizations. With few exceptions (24),
this has proven to be difficult to achieve. For summary, see Table 2.

One possible reason for the difficulty in generating a primary immune response in
reconstituted SCID mice is the loss of naive CD45RA+ cells following introduction
into the mouse, with the subsequent loss of the T-cell repertoire. The majority of cells
examined from all sites 2 wk after reconstitution are of the CD45RO+ type—e.g.
memory, or helper/inducer-type, which are already pre-primed and cannot recognize
novel antigens. This has led to the suggestion that secondary immune responses can
only be generated in this system using cells taken from individuals who have been
previously exposed to antigen. However, recent publications have indicated that RO+
to RA+ reversion can occur in vivo (53–55), or can be induced in reconstituted mice
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by treatment with appropriate anti-interleukin monoclonals (47). SCID mice trans-
planted with human fetal thymus and liver under the kidney capsule sustain human T-
cell lymphopoiesis for over 1 yr, but do not generate mature B-cells. In contrast, mice
engrafted with human fetal bones generate B-cells but not T-cells (56). Simultaneous
engraftment with thymus and bone results in mice that generate all classes of IgG, but
are still unable to mount an antigen-specific antibody response. The additional im-
plantation of human skin and lymph-node tissues results in mice capable of mounting
specific responses IgG and IgM against tetanus toxoid (10).

1.3.2. Adoptive Transfer of Immunity
Several studies have used PBLs taken from human vaccinees for the evaluation of

vaccine efficacy in SCID mice. As part of a clinical trial of candidate HIV vaccines,
sero-negative volunteers were immunized with a recombinant vaccinia expressing HIV-
1LAV/Bru 160-kDa-envelope glycoprotein and subsequently boosted with recombinant
gp160 protein (57). For evaluation purposes, PBLS taken at intervals of between 4 wk
and 72 wk after the booster injections were obtained and used to construct Hu-PBL-
SCID mice. The reconstituted animals were challenged with 102–103 minimal animal-
infectious doses of HIV-lIIIB. The PBLs from three of four immunized donors protected
reconstituted SCID mice from challenge, as determined by the failure to isolate or detect
HIV in mouse tissues by in vitro culture or polymerase chain reaction (PCR) amplifica-
tion, respectively. This resistance to HIV-l challenge diminished over time, but PBL

Table 2
Primary/Secondary Response Models in Immunodeficient Mice

Disease/organism Reconstitution Model Reference

HIV-1 Human PBL Chimeric plant virus produces
anti-gp41 primary response  18

Human PBL/Skin APC aided primary Th1
response to gp160  19

Human PBL Primary anti-nef CTL  17
Hepatitis B Human PBL Secondary response to HB

surface antigen 25
Influenza Human PBL Protective secondary

CTL response 21
RSV Human PBL RSV-F specific responses 28
EBV Human PBL Cytokines induce specific

cellular immunity, prevent
EBV-LPD 29

Tetanus toxin Human PBL Protective response to
lethal dose 83

Tetanus toxoid Human tonsil Long-lasting secondary
response 20

Diphtheria-tetanus Human PBL CD40 promotes secondary 23
toxoid response
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from one patient gave partial protection (50% of mice protected) at 41 wk post-boost.
More recently, HIV-1 seronegative subjects were vaccinated with an HIV-1 p17 syn-
thetic peptide vaccine. PBMC from subjects showing significant increase in antibody
titers were injected into SCID mice, which were subsequently challenged with 103

TCID50 of HIV-1. Of these mice, 78% were protected from infection (27). For a sum-
mary, see Table 3.

This chapter describes the basic steps required for the use of SCID mice, including
requirements for handling mice, screening for the immunodeficient state, reconstitu-
tion with human PBL, and checks for successful reconstitution.

2. Materials
2.1. Maintenance of SCID Mice

Because of the severe immunodeficiency of SCID and related mice, these animals
require special housing and handling. The mice must be kept in conditions that ensure
that they are protected from possible opportunistic pathogens in the environment. The
necessary equipment includes independently ventilated cages (IVCs) or plastic film
isolators fitted with High-Efficiency Particulate Air (HEPA) filters (specially designed
housing and manipulation equipment are available from a number of suppliers). For
breeding or for non-infectious studies, the equipment should be maintained at positive
pressure, whereas for experiments involving the use of infectious agents, negative
pressure systems are more appropriate. SCID mice should be kept far away from con-
ventional rodents, and should not share room space or ancillary equipment with such
animals. Well-conceived protocols should be produced for maintenance and handling,

Table 3
Passive Protection/Adoptive Transfer Models in Immunodeficient Mice

Disease/organism Reconstitution Model References

Ebola None Immune serum gave 100%
protection 30

HIV-1 Human PBL CD4 immunoglobulin
protects against infection 31

HSV-2 None Immune sera reduce incidence
and severity of disease 78

Vaccinia Murine CTL High-avidity CTL reduced
viral loads 79

Hepatitis B HuPBL into spleen HB core antigen binding
inhibited 80

Trypanosoma cruzi None Th1 immunity protects against
systemic infection 81

Bacillus anthracis None AntiPA-specific antibodies
give protection 32

Borrelia burgdorferi None Passive protection with outer-
surface protein anti-sera 82

Ehrlichia chaffeensis None B-cell-derived antibody
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and these should be rigorously adhered to by trained staff. All supplies of bedding,
diet, drinking water, and ancillary equipment should be pre-sterilized by γ-irradiation,
autoclaving, or filtration as appropriate, and class II (or class III if appropriate) cabi-
nets should be used for carrying out all procedures, such as changing bedding, feed-
ing, and experimental manipulation. It should also be noted that in some countries the
breeding of mice with potentially harmful genetic defects may be governed by welfare
legislation—for example, in the United Kingdom, a specific project license is required.

2.2. Assay of Mouse Immunoglobulin in the Sera of SCID Mice
1. Phosphate-buffered saline (PBS) + 0.05% (v/v) Tween 20 (PBST).
2. Blocking solution: PBST, 1% (w/v) bovine serum albumin (BSA) (Sigma, St. Louis, MO),

0.5% (v/v) fish gelatin (Sigma).
3. Rabbit anti-mouse IgG + IgM (heavy [H] + light [L] chain-specific), minimum

crossreactivity to human serum proteins (Jackson ImmunoResearch Labs., Inc., West
Grove, PA), diluted 1:5000 in PBS. For storage, dilute neat reagent 1:1 with glycerol and
store at –20°C.

4. Rabbit anti-mouse IgG + IgM (H+L)-peroxidase conjugate, minimum crossreactivity to
human serum proteins (Jackson ImmunoResearch Labs., Inc.); dilute 1:5000 in blocking
solution. For storage, dilute neat reagent 1:1 with glycerol, and store at –20°C.

5. Chromopure mouse Ig (Jackson ImmunoResearch Labs., Inc.)-mouse Ig standard. For
storage, dilute neat reagent 1:1 with glycerol and store at –20°C.

6. Substrate: AP-Yellow pNPP alkaline phosphatase (Microwell phosphatase substrate,
BioFX Laboratories Inc., Randallstown, MD, USA) supplied as a one-component ready-
to-use solution. Store at 2°–8°C, and allow to reach room temperature before use.

7. Stop solution: 3 N sodium hydroxide.

2.3. Staining for the Beige Marker
1. 16% (w/v) Paraformaldehyde (prepare in fume hood).
2. Sudan black B (SBB): Dissolve 0.45 g SBB in 150 mL 100% ethanol. While stirring, add

12.3 g crystalline phenol dissolved in 23 mL 100% ethanol and 0.107 g of Na2PO4·7H2O
dissolved in 77 mL of double-distilled water. Filter through #4 Whatman filter paper.

3. Gill’s hematoxylin (Sigma).
4. 50% (v/v) ethanol.

2.4. Isolation of Human Peripheral Blood Lymphocytes
1. RPMI-1640.
2. Lymphoprep (Nycomed, Birmingham, UK).
3. Complete medium: RPMI-1640, 10% (v/v) fetal calf serum (FCS), 1 mM glutamine, 10

mM HEPES, 50 µg/mL gentamicin.
4. 0.25% (w/v) Trypan blue in PBS (trypan blue is carcinogenic, and gloves must be worn).

Trypan blue is stable at room temperature for several years if kept sterile.

2.5. Measurement of Human Immunoglobulins
in Reconstituted SCID Mice

1. Reagents listed in Subheading 2.2., items 1, 2, 6, and 7.
2. Rabbit anti-human IgG + IgM (H+L), minimum crossreactivity with mouse serum pro-

teins, diluted 1: 5000 (Jackson ImmunoResearch Labs., Inc.).
3. Chromopure human Ig (Jackson ImmunoResearch Labs., Inc.).
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4. Rabbit antihuman IgG + IgM (H+L)-peroxidase conjugate, minimum crossreactivity with
mouse serum proteins, diluted 1:5000 (Jackson ImmunoResearch Labs., Inc.).

2.6. Immunohistological Staining of Paraffin-Embedded
Mouse Tissues

1. Xylene.
2. Ethanol 100%, 95% (v/v), 80% (v/v).
3. PBS.
4. Trypsin (Sigma): 0.1% (w/v) in 20 mM Tris-HC1, pH 7,6, containing

0.1% (w/v) CaC12. Make fresh each time.
5. H2O2 3% (v/v) in methanol. Make fresh each time.
6. Normal animal serum (same species as biotin conjugate).
7. Monoclonal antibodies (MAb) diluted to predetermined titer, e.g.:

a. DAKO (Carpenteria, CA) antihuman leukocyte common antigen (LCA, clones PD7/
26 and 2BII) 1:50.

b. DAKO CD 43 (T-cell clone DF-T1) 1:100 (or can be purchased prediluted from
DAKO).

c. DAKO CD 20 (B-cell clone L26) neat (purchased prediluted from DAKO).
d. DAKO CD 68 (Mφ clone PG-M1) 1:100 (tissue must be trypsinized).

8. Rabbit anti-mouse IgG-biotin (DAKO).
9. Histostain-SP kit (Zymed [South San Francisco, CA]: the kit contains substrate buffer,

amino-ethyl-carbazole [AEC], hydrogen peroxide, hematoxylin, cover slip mountant).
10. Streptavidin-peroxidase (Jackson ImmunoResearch, Inc.).

2.7. FACS Analysis of Reconstituted Mice
All antibodies and conjugates should be titrated against positive control samples

before use.
1. PBS containing 0.1% (w/v) sodium azide (PBSA).
2. Fluorescein-conjugated MAb to human CD45 (DAKO clone no. T29/33).
3. Mouse anti-mouse H-2Kd-biotin (Pharmingen [San Diego, CA] clone SF1-1.1; alterna-

tively, phycoerythrin (PE)-coupled rat anti-mouse H-2Kd is available from the same sup-
plier for single-step staining) (see Note 1).

4. Streptavidin-PE: (Becton Dickinson, San Jose, CA).
5. Paraformaldehyde stock solution 2% (w/v): Add 2 g paraformaldehyde to 100 mL PBS.

Heat to 56°C in a water bath in a fume hood until the paraformaldehyde dissolves (approx
1 h). Allow the solution to cool to room temperature, and adjust pH to 7.4 using 0.1 M
NaOH or 0.1 M HCl. Store at 4°C.

6. Paraformaldehyde working solution 0.5% (w/v): Add 10 mL 2% (w/v) solution to 30 mL
PBS. Store at 4°C. Stable for 1 wk.

3. Methods
3.1. Handling of Immunodeficient Mice

All personnel involved in the handling of these mice should be trained in the
required precautions and should use “barrier” methods, such as the use of disposable
protective clothing, face-masks, and hair caps. It is also important that a health-moni-
toring program for the mice is implemented so that early recognition of problems is
possible. Since SCID mice do not produce immunoglobulins, it is not possible to screen
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for the presence of virus- or bacteria-specific antibodies directly. Tissues can be taken
from SCID mice and injected into pathogen-free mice, which are subsequently
screened for the development of pathogen-specific antibodies. Similarly, sentinel mice
can be housed with selected SCID mice prior to screening for pathogens. Diagnostic
services are available from a range of laboratories, and some animal breeders can also
supply enzyme-linked immunosorbent assay (ELISA) plates coated with antigens for
“in-house” screening of specific antibodies. In order to maintain good-quality breed-
ing stock, it is also advisable to rederive the colony from Caesarean-produced fetuses
once a year. Most commercial animal breeders also now offer an embryo cryopre-
servation and storage service. This will provide insurance against the breakdown of an
in-house breeding colony, and is particularly useful if the colony is unique in some
way. This facility also offers a way to avoid the expense and waste of maintaining a
breeding colony if there is a temporary lull in demand.

3.2. Screening of the Immunodeficient State of Mice
3.2.1. Assay of Mouse Immunoglobulin in Sera of SCID-Beige Mice

As stated in Subheading 1.2., a certain proportion of SCID and SCID-beige mice
become “leaky,” and therefore, various checks must be carried out before the mice are
introduced into experimental protocols (see Note 2). Since both the T- and B-cell
defects are caused by the same mechanism, the simplest check for the loss of the scid
phenotype is to look for the presence of mouse immunoglobulin in the serum of SCID
or SCID-beige mice by ELISA (see Note 3).

1. Coat 96-well ELISA plates (NUNC Maxisorb) with rabbit anti-mouse IgG + IgM diluted
1:5000 in PBS for 16 h at 4°C (50 µL/well).

2. Wash plate 3× (5 min each wash) with PBST.
3. Block plate with PBST + 1% (w/v) BSA + 0.5% (v/v) (100 µL/well) fish gelatin for 1

h at 37°C.
4. Wash as in step 2.
5. Dilute mouse sera samples 1:50 in blocking solution, and add 100 µL to the first well of

a row. Add 50 µL of blocking solution to all other wells of the row, and double-dilute
samples across plate (see Note 4). Include a row of double-diluted mouse Ig standard
(starting at 1 µg/mL). Incubate plate at 37°C for 90 min.

6. Wash plate as in step 2.
7. Dilute rabbit anti-mouse Ig-peroxidase (Px) conjugate 1:5000 in blocking solution and

add 50 µL to each well. Incubate for 30 min at 37°C.
8. Wash plate as in step 2.
9. Add 50 µL. AP-Yellow substrate to each well and incubate for 60 min at room temperature.

10. Stop reaction with 3 M NaOH (50 µL/well) and read plate at 405–410 nm.
11. Use standard graph constructed using Hill kinetics (available on computer programs, such

as Fig P; Biosoft) to calculate level of mouse Ig present in serum samples. Mice with
levels Ig >10 µg/mL are considered leaky, and should not be used for experiments.

3.2.2. Sudan Black Staining for the Beige Marker (NK-Cell Marker)
The beige defect is confirmed by the staining of blood smears with Sudan black,

which stains lysogenic granules. In blood smears from normal mice, the granules
within neutrophils are small and numerous, whereas in Beige mice they are extremely
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large and few in number. The following method was kindly supplied by Anne Croy
and Janice Greenwood (University of Guelph, Ontario, Canada).

1. Obtain fresh blood smears on glass slides from mouse tail vein (do not let smear become
too thick) (see Note 5).

2. Fix smears in paraformaldehyde vapors by pouring a small amount of 16% (w/v)
paraformaldehyde into the bottom of a glass slide bucket and placing slides in bucket for
10 min with the bucket closed. Carry out in fume hood.

3. Wash in running water for 10 min.
4. Stain with SBB for 1 h (keep bucket covered).
5. Dip in 50% (w/v) ethanol 5 × 5 s.
6. Wash in running tap water for 5 min.
7. Air-dry.
8. Counterstain in Gill’s hematoxylin for 3 min.
9. Wash in running tap water 2–3 min.

10. Air-dry.
11. Read slides under oil immersion when dry. Beige granules seen in neutrophils are large

and dark brown/black (Fig. 2). Count between 5 and 10 granulocytes, and every cell must
have large granules to count as a beige mouse.

3.3. Human Leukocyte Preparation and Reconstitution
of Immunodeficient Mice

Approximately 2 × 107 human PBLs are required for the reconstitution of each
immunodeficient mouse (see Note 6). Higher numbers of cells can lead to the early
production of EBV-induced tumors (unless Epstein-Barr virus (EBV)-negative blood
is used). It has been demonstrated that tumor development in Hu-PBL-SCID mice can
be prevented by administration of daily low doses of IL-2, but protection is lost if
murine NK cells are depleted (8). More recently, combined treatment with human
granulocyte macrophage-colony-stimulating factor (GM-CSF) and low-dose IL-2 has
been shown to be effective, even in mice depleted of murine NK cells (29). The use of
fewer cells reduces the number of mice that are successfully reconstituted. The most
convenient source of normal PBLs—e.g. from nonimmunized volunteers—is in the
form of buffy-coat concentrates that are sometimes available from blood transfusion
centers. All human bloods should be handled with extreme care, and all personnel
involved in the processing of human bloods should be offered vaccination against
Hepatitis B. All of the following procedures must be carried out aseptically.

1. If possible, remove some plasma, and store at –20°C for future use.
2. Mix blood sample 1:1 (v/v) with RPMI-1640 at room temperature.
3. Add 15 mL of Lymphoprep to a 50-mL centrifuge tube.
4. Carefully layer 35 mL of the blood/RPMI mixture onto the Lymphoprep.
5. Centrifuge at 800g for 25 min at 20°C with the brake off.
6. Remove the buffy coat (white layer at the RPMI/plasma interface) to another centrifuge

tube using a sterile pipet.
7. Top up the centrifuge tube with RPMI-1640 and wash the leukocytes twice by centrifuga-

tion at 250g for 5 min at 20°C with the brake on.
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8. Pour off supernatant, and resuspend leukocyte pellet in complete RPMI. Check the vi-
ability and numbers of leukocytes by mixing a small sample with an equal volume of
0.25% (w/v) trypan blue, and count using a hemacytometer.

9. Resuspend human leukocytes to 2 × 107 cells/0.25 mL in complete RPMI medium and
inject 0.25 mL into the peritoneal cavity of each 4–6-wk-old immunodeficient mouse to
generate Hu-PBL-SCID mice.

3.4. Checks for Successful Reconstitution
3.4.1. Measurement of Human Antibody Levels

Human antibodies are detectable in the sera of reconstituted mice from about 7d
post-reconstitution, and continue to rise over the next few months (Fig. 3). In SCID-
beige mice, we have seen maximum levels of about 3 mg/mL at 5 wk post-reconstitu-
tion (see Note 7). Mice with human Ig levels >10 µg/mL at 2 wk post-reconstitution
are considered to be reconstituted (see Note 8).

Fig. 2. Example of granules within neutrophils stained with Sudan black (Subheading 3.2.2.)
taken from a Balb/c mouse (A) or a SCID-beige mouse (B). Arrow indicates giant granules.
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The method for detection of human Ig in mouse sera is the same as described in
Subheading 3.2.1., except that in stages 1, 5, and 7, the immunological reagents are
replaced with rabbit anti-human IgG + IgM (H + L, minimum crossreactivity with
mouse serum proteins) diluted 1:5000, Chromopure human Ig, and rabbit anti-human
IgG + IgM (H+L)-peroxidase conjugate (minimum crossreactivity with mouse serum
proteins), diluted 1:5000.

3.4.2. Immunohistological Staining of Paraffin-Embedded Mouse Tissues
The level of reconstitution can be evaluated from immunohistological examination

of mouse tissues (Fig. 4). Careful control of nonspecific staining is required, and con-
trols should include similar tissues from nonreconstituted immunodeficient mice, use
of normal mouse serum instead of MAb to human CD markers, and normal human
tonsil tissue as a positive control.

1. Deparaffinize sections with the following sequence:
a. Xylene, 5 min.
b. 100% ethanol, 5 min.
c. 95% (v/v) ethanol, 1 min.
d. 80% (v/v) ethanol, 1 min.
e. PBS, 1 min.
To enable easier staining, draw a circle around the section with a water-repellent stick or
nail varnish. In all stages, 100 µL of reagent are added to each section. NB: At no time
should the sections be allowed to dry out.

2. Incubate sections requiring trypsinization with the trypsin solution (Subheading 2.6.,
item 4) for 30 min at room temperature.

3. Wash trypsinized sections with PBS for 5 min.

Fig. 3. Human immunoglobulin levels in SCID-beige mice following reconstitution with 2
× 107 human PBLs. Antibody levels were measured as described in Subheading 3.4.1. N =
number of mice examined at each time-point.
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4. Incubate all sections with 3% (v/v) H2O2 in methanol for 5 min at room temperature and
then wash with PBS.

5. Incubate sections with a 1:10 dilution of normal animal serum in PBS for 20 min at room
temperature.

6. Drain sections (do not wash) and incubate with the appropriately diluted MAb for 45 min
at 37°C or for 16 h at 4°C.

7. Wash sections in PBS, and incubate with a 1:300 dilution (in PBS) of rabbit anti-mouse
IgG-biotin for 45 min at room temperature.

8. Wash sections in PBS for 5 min and incubate with a 1:500 dilution (in PBS) of
streptavidin-peroxidase for 45 min at room temperature.

9. Wash sections in PBS for 5 min and incubate with AEC (made up from Zymed kit) for
10–15 min.

10. Wash sections in PBS for 5 min, rinse in distilled water, and counterstain with hematoxy-
lin for 2 min at room temperature. Wash sections with tap water until clear and then with
PBS until blue (approx 30 s). Finally, wash sections in distilled water for 5 min and apply
cover slips with mountant from Zymed kit.

3.4.3. Flow Cytometric Analysis
Analysis of human cells within mouse tissues, such as spleen, by flow cytometry

can be problematic because murine cells may stain nonspecifically for human markers
(see Note 1) (4). To exclude this possibility, two-color analysis must be carried out
using a marker for human leukocytes (CD45) and a marker for the appropriate mouse
histocompatibility antigen (e.g., anti-H-2Kd). Controls should include cells from the
same tissues taken from non-reconstituted immunodeficient animals, isotype control

Fig. 4. Demonstration of human leukocytes within the spleen of a reconstituted SCID-beige
mouse immunostained with a MAb to CD45 as described in Subheading 3.4.2. Arrows indi-
cate human cells around an arteriole.



328 Dennis

MAb (negative controls), human leukocytes (human positive control), and mouse leu-
kocytes—e.g., Balb/c (mouse positive control).

1. Prepare single-cell suspension of mouse tissue—e.g., spleen or heparinized peripheral
blood in PBS. (Do not use biotin-containing medium, such as RPMI.)

2. Adjust cell suspension to 1 × 107 cells/mL in PBSA containing 2% (v/v) normal mouse
serum, and add 100 µL (1 × 106 cells) to plastic round-bottomed tubes.

3. Add 10 µL of mouse antihuman CD45-fluorescein isothiocyanate (FITC) and 10 µL of
mouse anti-mouse H2-Kd biotin, mix, and incubate on ice for 45 min in the dark.

4. Add 2 mL of ice-cold PBSA + 2% BSA (w/v) and spin tubes at 300g for 5 min at 4°C.
Carefully aspirate supernatant from cell pellet. Repeat wash.

5. Add 50 µL of streptavidin-PE diluted 1:5 in PBSA and incubate for 45 min on ice in
the dark.

6. Wash as in step 4.
7. Fix cells with 0.3–1.0 mL ice-cold 0.5% (w/v) paraformaldehyde, and analyze within

1 wk.

4. Notes

1. The blocking of nonspecific binding when using tissue samples from reconstituted mice
can be problematic. An alternative blocking system, described by Van Kuyk et al. (58)
when using mouse anti-human CD45 and rat anti-mouse H-2Kd consists of 17% rat anti-
mouse Fcλ receptor, 15% purified rat IgG1, and 17% (v/v) normal mouse serum in HBSS
containing 3% FBS, 0.1% sodium azide, and 10 mM HEPES.

2. Although the “leakiness” of SCID and SCID-beige mice cannot be bred out, we have found
that “leakiness” appears to be increased by the pairing of leaky parents. Thus, it is impor-
tant that only nonleaky pairs (mouse immunoglobulin levels <10 µg/mL) be used for the
breeding colony, and that their immunological status be monitored regularly. New breed-
ing pairs should be established regularly so that breeders are only used at a young age.
The number of SCID mice that become leaky varies with the mouse strain and the condi-
tions under which the mice are kept (high-quality containment appears to produce fewer
leaky mice). C.B.-17 SCID-beige mice produce approx 5–10% leaky individuals (which
does not appear to change with age). Approximately 30% of Hu-PBL-SCID mice appear
to become leaky—e.g. produce mouse Ig, after reconstitution with human PBLs. It has
been reported that these mice are less likely to develop EBV-induced tumors than mice
that are nonleaky.

3. It is also possible to look for mature mouse B- and T-cells in blood samples using flow-
cytometry analysis in combination with specific antibody markers. Alternatively, the pres-
ence of mature mouse T- and B-lymphocytes can be determined by measuring the specific
increased uptake of tritiated thymidine after stimulation of PBL in culture with PHA and
LPS, respectively.

4. In order to prevent antibodies from binding to the coating in the first well before being
diluted across, the dilutions can be made on a separate nonbinding plate. Make a 1/50
dilution in the first well, and then double dilute across the plate. Then transfer 100 µL
from dilution plate to coated plate, starting with the highest dilution.

5. It is important that slides of blood films be taken from fresh cuts. Heparinized blood in
microhematocrit tubes is altered, and is unreliable for Sudan black staining. All staining
procedures should be carried out in a chemical fume hood, and gloves must be worn.

6. In order to improve the production of human antibodies, various treatments of both the
host and donor cells have been attempted. NK cells and CTLs can be removed from human
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PBLs by pre-treatment with 250 µM leucyl-leucine-methyl ester in serum-free RPMI for
20 min at room temperature (do not carry out at 37°C). The removal of CD8+ cells may
increase the production of EBV tumors. NK-cell activity in SCID mice can be depleted
by ip injection of anti-ASGM1 antibodies (Wako Chemicals, Dallas, TX) 1 d prior to
human PBL injection. Engraftment with human PBL has been reported to be greatly
improved by irradiating the mice with 3 Gy γ-irradiation, by injection of a MAb TMβ-1,
or a combination of both treatments immediately prior to injection of the PBLs.

7. The level of human immunoglobulin in the sera of reconstituted SCID mice varies
between mice, even if given the same batch of PBLs. Levels as high as 20 mg/mL have
been reported. Although reports vary, in general, GVHD is not a frequent occurrence in
reconstituted mice.

8. Although mice with human Ig levels >10 µg/mL are considered to be reconstituted suc-
cessfully, mice with levels less than this may still be used in some cases. One of the
SCID-beige strains of mice we use apparently reconstitutes poorly, producing human Ig
levels of approx 1 µg/mL. However, the reconstituted mice, unlike unreconstituted mice,
were susceptible to L. pneumophila infection.
Some mice do not become reconstituted, even when using the same donor. In our experi-
ence, approx 90% of mice reconstitute successfully (human Ig >10 µg/mL) when using 2
× 107 human PBL/mouse (C.B.-17 SCID-beige).
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Clinical Trials
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1. Introduction
The transition from laboratory testing to evaluation in humans marks an important

stage in vaccine development. Concerns about safety and benefit to the patient and to
the community may raise complex ethical issues, whereas the inherent variability of
human responses must be taken into account to obtain valid estimates of vaccine effect.
This latter requirement explains why a coherent statistical framework for the design,
analysis, and interpretation of clinical trials is regarded as essential today. A vast body
of experience and methodology has been developed since the 1940s, when the scien-
tific method was first applied systematically to the evaluation of vaccines. One strik-
ing feature of clinical trial research is its broad collaborative nature, involving
laboratory, epidemiological, clinical, and statistical skills. As a result, rather than at-
tempt to describe in detail the planning and conduct of clinical trials, this chapter will
review the broad principles and stages involved in evaluating vaccines in humans,
using examples from the literature. Details of methodological and other issues of par-
ticular relevance to vaccine evaluation are provided in Subheading 3. In the UK and
elsewhere, the Clinical Trials Directive 2001/20/EU will be implemented by May 2004
to provide legislation that will standardize clinical trials throuhgout the European com-
munity.

2. The Evaluation Process
Vaccines are evaluated in a sequence of clinical trials, which provide increasingly

stringent tests of the vaccine’s safety, immunogenicity, and protective efficacy. Suc-
cessful completion of the first three experimental phases is normally required for
licensure, after which further observational studies are undertaken to monitor the per-
formance of the vaccine in the field. The main features of these various phases are
compared in Table 1. However, these categorizations are not rigid. Vaccine evalua-
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tion strategies will vary according to different circumstances, as in the context of the
AIDS epidemic (1).

Clinical trials are undertaken in accordance with a protocol that sets out the ratio-
nale for the study and the detailed plan of the investigation. Fig. 1 shows typical
headings for a vaccine trial protocol, which may be expanded in suitable appendices to
include model letters and forms, laboratory protocols, and details of other procedures.
The protocol forms the basis of the submission to ethical committees and thus must
demonstrate that the study meets ethical requirements (see Note 1).

2.1. Phase I Trials
These are the first trials in which the experimental vaccine is used in humans, and

are typically conducted in adult volunteers. Phase I trials are generally small, and
increase in size as experience with the vaccine grows: One trial of a new live oral
typhoid fever vaccine was conducted on a sample of only three (2). The primary goal
of such trials is to accrue initial data on the tolerability and immunogenicity of the
vaccine prior to conducting larger Phase II studies. The safety data available from
Phase I trials is necessarily limited to documenting the more common reactions and
identifying serious or unusual adverse side effects. In some cases, prior exposure to
the infectious agent may present special problems. In a trial of a diphtheria conjugate
meningococcal  A and C vaccine, 80 adult volunteers were recruited, but only 8 had
sufficiently low antidiphtheria antibody titers to allow them to receive the vaccine,
and an additional 8 were given a placebo (3).

A further problem with some vaccines—particularly polysaccharide vaccines—is
that the immune response is age-dependent (4), thus limiting the value of antibody
data collected on adults. For the common childhood infections, few if any adults are

Table 1
The Evaluation Process

                Main characteristics

Stage Rationale Primary outcome Subjects Design

Phase I First trials Safety and Adult volunteers Controlled or
in humans immunogenicity Typical study uncontrolled

size: 10–100
Phase II Initial Safety and Target population Randomized,

evaluation immunogenicity Typical study double-blind
in target  size: 50–500  controlled trial
population

Phase III Full evaluation Protective Target population Randomized,
in target efficacy Typical study double-blind
population size: 1000–50,000 controlled trial

Phase IV Post-licensure Safety and Vaccinees
surveillance effectiveness Variable study Epidemiologic

size studies
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likely to remain susceptible. In this case, immune responses may reflect secondary
rather than primary responses, as was found in a Phase I trial of an acellular pertussis
vaccine in which, prior to the trial, only 8 of 54 participants lacked detectable antibody
to one of the three antigens in the vaccine (5). In some cases, more detailed investiga-
tions on optimal dosage and delivery may be undertaken in Phase I trials. For example,
a trial of a vaccine against tick-borne encephalitis demonstrated a clear dose-to-anti-
body response relationship in 56 healthy volunteers randomized to five different doses
of antigen (6). Occasionally, Phase I trials can help to elucidate the biological mecha-
nisms involved in a vaccine’s effect. A randomized placebo-controlled Phase I trial of
vaccine therapy in 28 patients with acquired immunodeficiency syndrome (AIDS) or
AIDS-related complex (ARC), for instance, suggested that the clinical improvements
observed in immunized patients were attributable to a nonspecific effect of the vac-
cine on boosting natural resistance rather than to antiHIV immunity (7).

Fig. 1. Protocol headings.
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Uncontrolled studies may be adequate, especially in earlier Phase I trials, particu-
larly because comparisons of reaction rates between necessarily small and possibly
atypical groups may be biased, and certainly lack power (see Note 2). For instance, in
the trial of meningococcal A and C vaccine mentioned previously (3), 6/8 vaccinees
and 2/7 placebo recipients experienced local pain after the second dose. The differ-
ence of 46% in reaction rates is not significant (p = 0.13), but the power to detect such
a difference, if genuine, is only 40% with this sample size. The use of a control group,
preferably randomized, is nevertheless valuable in generating hypotheses to be tested
in subsequent trials.

2.2. Phase II Trials

Following successful completion of Phase I studies, the vaccine may be evaluated
in those individuals for whose benefit it was developed. The vaccine is now being
administered for its potential prophylactic effect, and its use in the United Kingdom is
regulated by the Medicines Act (1976) and a Clinical Trial Certificate (CTC) or
Exemption (CTX) is required. Information on the method of manufacture, the results
of toxicity and immunogenicity testing in animals, evidence of protection in an animal
model, and data from Phase I studies are fully considered before approval is given.
Similar regulatory control over prelicensing use of vaccines exists in other countries—
for example, the Federal Food, Drug and Cosmetic Act in the United States.

The primary objective of Phase II trials is to evaluate the safety and reactogenicity
of one or several vaccine preparations in their target population (see Note 3). This
evaluation is usually comparative, and Phase II trials typically involve one or more
vaccines and a control group. The sample sizes should be sufficient to identify clini-
cally important differences in reaction rates and immune responses, a requirement that
seldom necessitates more than a few hundred participants (see Note 4). Careful design
and analysis, with due attention to statistical issues, are required to avoid biased com-
parisons and invalid inferences. In particular, a random allocation of participants to
vaccine groups is recommended (see Note 5). Ideally, group membership should be
unknown to both the participant and the clinician, and indeed the laboratory staff that
undertake the serological testing. However, such “double blinding” is not always pos-
sible. For example, in a trial of diphtheria-tetanus-pertussis (DTP) and Haemophilus
influenzae b (Hib) vaccines given separately or combined to infants in a single vac-
cine, it was clearly impossible to mask group membership (8).When two vaccines
were given separately, parents were not told which was administered to which arm, so
that an element of single-blinding was maintained. A further comparison, again neces-
sarily unblinded, was also made between injection sites—all injections in the first half
of the study were administered into the thigh, and all in the second half into the arm.
This study also illustrates the economy of so-called factorial designs (see Note 6); the
two comparisons (between vaccine groups and injection sites) were achieved without
the need to increase the sample size over that required for each one separately. In this
example, any bias caused by the lack of double-blinding could have been eliminated
by use of a placebo. However, this was considered unethical, since both vaccines have
proven benefits.
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Ethical issues of this nature are likely to become increasingly common as new vac-
cines (or combinations of vaccines) are developed to replace existing ones. In such
situations, the appropriate control is the existing vaccine rather than a placebo, and the
trial can only be justified on ethical grounds if the new preparation presents some
additional benefit, at least in principle. For example, in a Phase II trial of acellular
pertussis vaccines in the United Kingdom, the control was the existing whole-cell
vaccine and the ethical justification of the trial rested on the positive benefit of reduced
reactogenicity from the acellular preparation (9). When ethically justified, use of a
placebo control group is recommended, since it provides insurance against unexpected
events. For instance, a placebo-controlled Phase II trial of rotavirus vaccine in the
United States failed to demonstrate any difference in the serological response rates in
vaccine and placebo recipients, which the investigators attributed to an unexpectedly
high incidence of asymptomatic wild-type infection (10). This would not have been
picked up if the study had not included placebo controls.

When the purpose of the trial is to compare vaccine groups, or vaccine and placebo
groups, it is important to select a sample size large enough to distinguish systematic
differences between groups from fluctuations resulting from the random variability
in individual responses (such as reactions) and measurements (such as rectal tem-
peratures or antibody levels). In order to calculate the sample size, a priori estimates
of the magnitude of the background variability of the quantities to be measured are
required. For quantities expressed as proportions, an estimate of this proportion is
needed. For quantitative measurements, an estimate of the standard deviation is re-
quired. These initial estimates may be obtained from earlier Phase I studies or from
the literature. The statistical issues involved in calculating sample sizes are discussed
in Note 4.

In view of their appreciable size, Phase II trials require careful attention to logistical
issues. In particular, clear procedures are required for handling vaccines, including their
labeling, storage, and transport. The condition of the vaccines should be monitored, for
instance, using temperature-sensitive (ts) devices to identify any that may have been
exposed to temperatures outside the recommended range during storage or distribution.
More generally, strict quality-control procedures are required (see Note 7).

Most Phase II trials may be regarded as preliminary investigations, laying the ground-
work for Phase III protective efficacy trials. Some trials are used to identify the most
promising preparations, dosages, and schedules for evaluation in a Phase III trial. In
some cases, however, Phase II type studies take on a different purpose because they are
used to support major decisions about vaccination policy. For instance, this is the case
when a vaccine has already undergone a successful evaluation in a Phase III trial, possi-
bly in another country; additional data are required to support the introduction of the
vaccine in a different population, and possibly under a different immunization schedule
from that used in the Phase III trial. Such Phase II trials may be described as confirma-
tory rather than exploratory. Thus, confirmatory Phase II trials of acellular pertussis
vaccine were planned in the United Kingdom to evaluate those preparations for which
efficacy, relative to whole-cell vaccine, had been demonstrated in Phase III trials con-
ducted in countries with a higher incidence of pertussis than the United Kingdom.
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The recent introduction of meningococcal C conjugate vaccine into the UK primary
immunization schedules provides an excellent example of how Phase II trials can be
designed to support licensure of vaccines and underpin policy decisions. This was the
rationale for the coordinated series of Phase II trials that preceded the implementation
of the national meningococcal C conjugate vaccination program in the United Kingdom
(11). Because a correlate of protection based on the serum bactericidal assay already
existed for C polysaccharide vaccines (12), formal efficacy trials of the C conjugate
vaccines were not considered necessary for licensure by the UK Medicines Control
Agency. However, a number of key policy-related questions needed to be answered in
Phase II trials before a national campaign with these vaccines could be planned in the
target high-risk population (namely, all individuals under 18 yr of age). These were as
follows: What is the minimum number of doses required for immunization of children 1
yr of age and above? Are there any interactions between the diphtheria and tetanus
proteins used in the conjugate vaccines and other diphtheria and tetanus-containing vac-
cines given to the target population? What is the safety profile of the vaccine in a school-
age population? What is the response in children who have already received the
unconjugated meningococcal C vaccine? An integrated series of phase II trials, funded
by the Department of Health, was therefore designed to answer these questions and to
provide comparative immunogenicity and safety data on different manufacturers’ vac-
cines (11). The DH-funded trials were carried out in tandem with the manufacturer-
sponsored trials designed to provide the immunogenicity and safety data needed to
support a license application.

2.3. Phase III Trials
The primary purpose of a Phase III trial is to assess the protective efficacy of the

vaccine in the target population. Vaccine efficacy (VE) is defined as the percentage
reduction in the incidence rate of disease in vaccinated compared to unvaccinated in-
dividuals. Thus:

VE = 100 × (IRU – IRV)/IRU                  (1)

where IRU denotes the incidence rate in unvaccinated and IRV the incidence rate in
vaccinated individuals. Very rarely, other indices of vaccine efficacy may be used.
For instance, in a therapeutic trial of herpes simplex virus vaccine in patients with
chronic, recurrent genital herpes, efficacy was defined as the absolute reduction in
the average number of recurrences per month (13).

The incidence rates IRU and IRV are usually calculated as numbers of events per
total person-time of follow-up, thus allowing for different observation times between
individuals. For recurrent infections, the numerators may include either only the first
or the total number of distinct episodes. These various definitions have been used in
trials of the SPf66 malaria synthetic vaccine (14,15). For the particular circumstances
of measles vaccine trials in developing countries, it has been argued that it is more
appropriate to use total mortality from any cause, rather than measles morbidity, as the
primary outcome (16), since the effect of vaccination may have nonspecific immuno-
logic consequences. This raises the important issue of whether Phase III trials should
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be experimental (conducted under controlled conditions to measure a biological effect)
or practical (undertaken in conditions similar to those in which the vaccine will be
routinely administered to evaluate the impact on public health). The emphasis will
vary according to circumstances, but the issue is all the more important because once
a trial has been completed, for ethical reasons it may be impossible to repeat it.

Phase III trials may be large, especially when the disease concerned is rare. The
1954 field trial of the Salk polio vaccine involved 1.8 million children in the United
States, of whom over 400,000 were randomly assigned to vaccine or placebo, and a
much larger number enrolled in an open study (17). Trials on such a gigantic scale are
rare, but many nevertheless require sample sizes running into the thousands. Whatever
their size, Phase III trials require careful design in order to avoid the potential biases
that may arise from variations in disease incidence and case ascertainment. Phase III
trials must therefore, as a general rule, involve a randomized control group with double-
blind treatment allocation, and will require careful management and the application of
quality-control procedures (see Notes 5 and 7). In addition, procedures for handling
protocol violations and losses to follow-up should be clarified prior to starting the trial,
since these can have a substantial impact on the results (see Notes 8 and 9).

The first stage in planning a Phase III trial is to define the outcome of primary
interest. Many vaccines—e.g., those against pertussis (18) or rotavirus (19)—alter the
clinical course of disease. Thus, a vaccine that is effective in preventing clinically
typical disease may have a considerably lower efficacy against milder or asymptom-
atic infection. Clarity about the purpose of the trial and the intended use of the vaccine
is, therefore essential from the start in order to avoid confusion resulting from contra-
dictory interpretations of the trial results.

These considerations will guide the choice of primary case definition, which should
be chosen with care and with due regard to possible biases. Clinical case definitions
may lack specificity, unless corroborated by laboratory evidence. Nonspecific case
definitions will bias vaccine-efficacy estimates toward zero, since the vaccine cannot
be expected to protect against infections other than that for which it was developed.
This problem arises particularly for relatively rare infections. Thus, although the origi-
nal MRC trials of pertussis vaccine could make use of a purely clinical case definition
in the 1940s and 1950s, when whooping cough was widespread (20), such an approach
would no longer be appropriate today, when vaccination has greatly reduced the pro-
portion of pertussis-like episodes attributable to Bordetella pertussis. This illustrates
the important point that the specificity and predictive value of case definitions are not
absolutes, but depend on epidemiological factors, such as the disease incidence and
the incidence of infections with similar clinical manifestations (21). The specificity of
a clinical case definition may be improved by laboratory confirmation. However, the
use of laboratory methods for this purpose should be validated, since the sensitivity of
the method may vary between vaccinated and unvaccinated cases. For example, there
is some evidence that bacterial isolation rates of B. pertussis are lower in vaccinated
than unvaccinated cases (22,23), which would result in an artificially high estimate of
vaccine efficacy. This was apparent in the first Swedish Phase III trial of two acellular
pertussis vaccines against placebo, which used cough plus isolation of B. pertussis as
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the primary case definition and produced estimated efficacies of 54% and 69% (24).
Subsequent reanalysis, however, using serological markers as laboratory evidence of
infection, suggested that these estimates could have been seriously biased upward by
differential sensitivity of the culture method, but that high efficacy was nevertheless
achieved against clinically typical pertussis (23). Subsequent clinical trials in Sweden
have used a revised case definition encompassing clinically typical, laboratory-con-
firmed pertussis. Clearly, restricting the focus to more severe disease may require
larger sample sizes, since the number of cases will be reduced.

Phase III trials should be designed with a clear primary goal, to ensure the statistical
validity of the results and avoid problems of interpretation arising from the use of mul-
tiple end points (see Note 10). This primary goal will vary according to different cir-
cumstances. Thus, for example, if the vaccine is the first available preparation against a
serious disease, the trial should be designed to detect any evidence of protective effi-
cacy. This would be the case with an AIDS vaccine trial. Difficult ethical issues sur-
round the dilemma of whether such a trial should be interrupted and vaccine offered to
all who are at risk once some protective efficacy has been demonstrated—or whether
the study should be continued to obtain more precise estimates of vaccine efficacy and
information on longer-term protection. This issue arose in a trial of Zidovudine in HIV-
infected patients (25). Provisions for interim analyses to be undertaken by an indepen-
dent Data Monitoring Committee with the power to break the randomization code should
therefore be made in the trial protocol, along with a statement regarding their statistical
implications. For less serious diseases, such as rotavirus infection in developed coun-
tries, a vaccine may be required to demonstrate a substantial protective effect (for
example, VE >70%) before it would be considered for widespread use.

Recent Phase III trials of a heptavalent pneumococcal conjugate vaccine in the
United States had the primary outcome measurement of protective efficacy against
invasive pneumococcal disease in infants caused by the serotypes included in the vac-
cine (26). Secondary outcomes were protection against invasive pneumococcal dis-
ease regardless of serotype, effectiveness against clinical otitis media visits and
episodes, and the impact on frequent and severe otitis media and ventilatory-tube
replacement. High efficacy (97.4%) was demonstrated for the primary outcome, and
lower but informative efficacies for the secondary outcomes were demonstrated. The
conclusion was that the vaccine was highly effective in preventing invasive pneumo-
coccal disease, and had a significant impact on otitis media.

Particular problems surround the evaluation of protective efficacy for second-gen-
eration or subsequent vaccines. Thus, acellular pertussis vaccines could only be intro-
duced for primary immunization in the United Kingdom if they were shown to offer
equivalent protection to the whole-cell vaccines in Phase III trials, their added benefit
deriving from much reduced reactogenicity. The relevant comparison in this case is
not between acellular vaccine and placebo—which in any case might raise ethical
difficulties—but between acellular and whole-cell vaccine, with the goal of showing
that the efficacies of the two vaccines do not differ by more than a specified amount.
Occasionally, trials may be designed for both vaccine-placebo and vaccine-vaccine
comparisons, as in the case of the randomized placebo-controlled trial of two formula-
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tions of typhoid vaccine (capsules and liquid) in Indonesia (27). This trial was designed
to show that a vaccine with VE = 50% was significantly better than placebo, and that
a vaccine with VE = 75% was significantly better than one with VE = 50%. Two
placebo groups (capsule and liquid) were used to maintain blindness, with over 5000
participants in each of the four groups.

The Data Monitoring Committee has the task of reviewing safety data as the trial
progresses. Ideally, the background incidence of serious adverse events should have
been documented prior to the trial, since in large trials, one or more deaths or serious
events are likely to occur purely by chance. The Data Monitoring Committee may
decide to stop the trial if the evidence supports a causal link with the vaccine. In the
1986 Swedish placebo-controlled trial of acellular pertussis vaccines, three deaths
caused by invasive bacterial infection occurred in one of the two vaccine groups. The
Data Monitoring Committee initiated further studies while the trial continued, but
found no evidence of a causal link (28). It is advisable to continue monitoring of the
trial cohort after the trial has ended. Thus, in the Senegal randomized trial of high-titer
measles vaccines given at 5 mo compared to standard vaccine given at 10 mo, a sig-
nificantly higher late mortality was found in high-titer vaccine recipients than in the
standard vaccine control group (29).

Phase III trials also provide an opportunity to establish laboratory correlates of
protection. These are required in order to verify the potency of future batches of a
vaccine that has been shown to be effective in a Phase III trial, and to enable similar
vaccines to be licensed without direct evidence of protective efficacy. Laboratory
measures that might be correlated with protection in humans are antibody levels in
vaccinees to one or more vaccine antigens, or antibody levels or protection in an
appropriate challenge test in immunized animals. In the case of whole-cell pertussis
vaccines, both the agglutinin response in children and protection in a mouse intracere-
bral challenge test have been found to predict protection under conditions of house-
hold exposure (30). The latter test, standardized to appropriate international units, has
provided a means of calibrating the potency of whole-cell pertussis vaccines through-
out the world. In contrast, acellular pertussis vaccines do not pass this test; thus, there
is an urgent need to establish new correlates of protection. It was disappointing that
during the first controlled trial of acellular pertussis vaccines, no correlation between
antibody levels to vaccine antigens in children and the subsequent development of
pertussis was found (24).

2.4. Phase IV Trials

Following licensure of the vaccine, further studies are conducted to monitor its
performance under field conditions. Such observational studies differ fundamentally
from randomized controlled trials because a randomized control group is no longer
available. Therefore, these studies are subject to potential biases (Note 9) and may be
difficult to interpret. Nevertheless, they constitute an essential part of the process of
vaccine evaluation and development. Many of the methods used are variants of stan-
dard epidemiological tools, such as case-control and cohort studies (31,32), and will
not be described in detail here.
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Phase IV post-licensure studies are undertaken to monitor vaccine effectiveness
and document the less frequent adverse reactions. The term “effectiveness,” rather
than “efficacy,” is used to emphasize the transition from controlled experimental to
field evaluation, in which such factors as vaccine storage, variability of schedules, and
delivery may intervene. In addition, if the vaccine is widely administered, herd immu-
nity effects will enhance the vaccine’s effectiveness. Such studies are essential for the
identification of changes in the epidemiology of a disease, which may have implica-
tions for the vaccination program. For example, in the late 1960s, epidemiological
studies revealed that the effectiveness of whole-cell pertussis vaccine had dropped
considerably, and this was attributed to changes in the predominant pertussis geno-
types (33). The composition of the vaccine was thus revised to include all genotypes,
and subsequent studies demonstrated a protective effectiveness of more than 80% (22).

Studies of rare adverse reactions attributable to vaccines given as part of routine
vaccination programs are of particular importance. Rare reactions cannot be investi-
gated with any substantial power in Phase II or III clinical trials, even with sample
sizes in the tens of thousands. For example, an association between intussusception
and administration of an oral rotavirus vaccine, which indicated a causal relationship,
was observed following adverse event reports after licensure of the vaccine (34); the
vaccine was subsequently withdrawn from use in 1999. On the other hand, passive
reports of possible vaccine reactions (the “Yellow Card” system used in the United
Kingdom) inevitably underestimate the true absolute risks. Moreover, for nonspecific
events, such as febrile convulsions, passive reports of events potentially attributable to
vaccine cannot be used to estimate relative risks, since some temporally associated
events may occur by chance. More sophisticated methods of active surveillance are
therefore required. In 1992, a laboratory-based study involving an active retrospective
search for cases of aseptic meningitis identified an increased rate 15–35 d after vacci-
nation with licensed measles,mumps,rubella vaccine (MMR) containing the Urabe
strain of the mumps virus (35). These vaccines were replaced by ones containing the
Jeryl-Lynn strain of mumps. More recently, a new method that only uses data from
cases has been developed, enabling the proportion of adverse events attributable to the
vaccine to be determined for any specified time interval after vaccination. Using this
method, it was shown that 67% of febrile convulsions occurring 6–11 d after MMR
vaccination was attributable to the measles component of the vaccine (36).

3. Notes

1. Ethical issues: Participation in the trial must be on the basis of informed consent. This is
obtained from the participant or, in the case of a child, from his or her parent or guardian.
Informed consent should preferably be obtained in writing, after the potential participant
has had an opportunity to consider the issues involved. These may be presented in a leaflet,
booklet, or video. The trial investigators should take all reasonable steps to minimize any
risk to participants and to guarantee their anonymity. The ethical requirement to minimize
risks to patients may have a profound influence on the design of the study. For instance, the
existence of vaccines with proven efficacy may preclude the use of a placebo group; other
examples are given in the main text.
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Trial participants who receive unlicensed products should be provided with adequate guar-
antees of compensation. The current UK legislation, under which the right to compensation
is dependent on proof of negligence, is recognized as providing inadequate coverage in the
context of Phase I–III clinical trials (37). For Phase I studies in healthy volunteers, a sepa-
rate compensation contract with each volunteer is feasible, and a suitable draft contract has
been recommended by the Association of the British Pharmaceutical Industry (ABPI). For
Phase II and III trials, commercial manufacturers of unlicensed vaccines should accept “no
fault” liability for their products in accordance with the guidelines issued by the ABPI (38).
With these agreements, the manufacturers accept liability under certain conditions without
the requirement for negligence to be proven against the company.
Ethical issues are involved at every stage of a clinical trial. Failure to publish the results is
considered unethical, since it negates the entire basis of the trial—namely, to further medi-
cal knowledge. A general discussion of medical ethics in the context of clinical trials may
be found in Pocock (see Chapter 7, in ref. 39).

2. Hypotheses, estimation, and power: The purpose of a trial is usually twofold: first, to test a
specific null hypothesis about the vaccine (for instance, “this vaccine gives no protection
against infection”), and second, to estimate the effect of the vaccine. These goals are closely
linked, but differ in emphasis. The first is achieved by a p-value, and the second by an
estimate and its confidence interval. The two emphases should be regarded as complemen-
tary. The hypothesis-testing framework helps to clarify the primary goal of the trial, whereas
the estimation approach provides a quantitative assessment of the vaccine. Because
hypotheses can only be disproved, a so-called null hypothesis is formulated about the vac-
cine; for instance, VE = 0%, and this is rejected if the data are found to be incompatible
with it in a precisely defined statistical sense. The power of the trial is the probability of
rejecting the null hypothesis when it is false. Thus, power can be considered as a statistical
version of sensitivity, and depends on the magnitude of the true effect and the sample size.
Although the hypothesis-testing framework is invaluable for clarifying the key design
issues in a trial, when it comes to the analysis, the raw statistical assessment of “signifi-
cance” contained in a p-value may bear little relationship to clinical or epidemiological
importance. This is best evaluated using an effect estimate (e.g., vaccine efficacy or dif-
ference in reaction rates) and its confidence interval. For example, a recent trial of malaria
vaccine failed to find a “significant” protective effect against any episode of malaria (p =
0.078), but the estimate of protective efficacy was 67%, with 95% confidence interval –
2.7–89% (15). The appropriate inference from this trial is not that the vaccine does not
protect, but that the trial lacked power, as evidenced by the lack of precision of the effi-
cacy estimate.

3. Target and study populations; inclusion and exclusion criteria: The target population is the
collection of individuals to whom the vaccine may be administered after licensure. This is
distinct from the study population, which comprises those who are invited to participate in
the trial. In a trial of acellular DTP vaccine in the United Kingdom, the target population is
all children aged 2–4 mo, whereas the study population may be all children who present
for routine primary immunization with DTP vaccine in one specific Health District
between specific dates.
Members of the study population are recruited into the trial on the basis of selection crite-
ria. Inclusion criteria generally define, in broad terms, the age and other characteristics
required of the participants. Exclusion criteria are a detailed list of the operational and
medical factors precluding enrollment in the study. These may include a stated intention to
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move out of the study area before the end of the trial, a relevant previous history of disease
or vaccination, or specific contraindications to vaccination. Selection criteria should be
objective, and should not be so stringent as to reduce the representativeness of the indi-
viduals selected, as compared to the target population. A realistic evaluation of the prob-
able rate is required at an early stage in planning the trial, since this will influence its
overall duration (recruitment plus follow-up) and whether or not it is designed as a single
or multicenter trial. These issues may have a substantial effect on the cost of the trial.

4. Trial size: The choice of trial size should be based on the primary outcome of interest,
with additional calculations illustrating the power and precision available for secondary
outcomes. The sample size depends on the significance level and power desired for the
vaccine effect that it is required to detect. For Phase II trials, the vaccine effect on the
frequency of reactions may be expressed as the difference in reaction rates. For a com-
parison between two groups, the formula for the sample size in each group (N) is then:

N = Z [p1(1 – p1) + p2(l – p2)]/(p2 – p1)2 (2)

where pl and p2 are, respectively, the proportions of unvaccinated and vaccinated with
reactions. The quantity Z is a constant that depends on the significance level and power—
namely, 7.85 for two-tailed 5% significance and 80% power, and 10.51 for two-tailed 5%
significance and 90% power. If the objective of a Phase II trial is to compare post-vacci-
nation antibody levels, the relevant vaccine effect is the difference in log geometric mean
titers, and the sample size required in each group is N = Z.2(s/m)2 where s is the standard
deviation of the log titers, which may be estimated in earlier trials, and m is the difference
in log GMTs to be detected.
Sample size calculations for placebo-controlled Phase III efficacy trials are similar to those
for Phase II trials, but require an estimate of the cumulative incidence in the unvaccinated
group. This will depend on the planned duration of follow-up. For trials with nonstandard
null hypotheses, such as VE <70%, the sample size calculations are more complicated
(40). Tables of sample sizes are available for a wide variety of clinical trial designs (41).
The numbers to be recruited should allow for such factors as losses to follow-up and
insufficient sera. Investigators are often surprised by the large numbers required in clini-
cal trials. Although practical limitations to recruitment clearly cannot be ignored, the
consequences of an inadequate sample size should not be underestimated—particularly
the ethical implications—since the trial can only be justified if there is a high likelihood
that it will yield useful results.

5. Randomization and baselines: The purpose of randomization is twofold: first and most
importantly, to remove any subjective bias in the allocation of participants to vaccine
groups, and second, to provide a formal statistical basis for significance tests. Random-
ization does not in itself guarantee that the groups will be comparable, although in large
trials they should be roughly balanced. Baseline comparisons should not be undertaken
by means of significance tests; whatever the sample size, a proportion of baseline vari-
ables are bound to come up as significant. The real issue is whether baseline factors influ-
ence outcomes, and by how much. If required, differences in baseline characteristics may
be corrected in the analysis by regression techniques (42). However, if important prog-
nostic factors are known prior to the trial, it is far better to achieve balance by block
randomization within these categories. In a multicenter placebo-controlled Phase III effi-
cacy trial, the incidence of disease may vary between centers. Thus, balance within trial
centers is desirable. This may be achieved by ensuring that, for example, every 10 con-
secutive study numbers are randomly assigned in equal proportions to vaccine and pla-
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cebo, and that blocks of study numbers are assigned to the trial centers. This is a block
randomization with block size 10. Note also that a haphazard allocation cannot be
described as random—since there is no control over the investigator’s prejudices, uncon-
scious or otherwise; randomization lists are best produced using computer-generated ran-
dom numbers.
In some cases, investigators reject individual randomization for logistical reasons. Dur-
ing a placebo-controlled trial of typhoid vaccine in 81,621 Chilean schoolchildren, the
randomization unit was the classroom (43). With this scheme, one might expect local
herd immunity effects to magnify slightly the vaccine efficacy.

6. Factorial and parallel group designs: Suppose, as in the example in (8), that it is required
to compare antibody responses to DTP and Hib vaccines given i) separately or combined
and ii) in the arm or the thigh. In a factorial design, there are four groups, representing all
combinations of vaccine formulation and site. The effect of combined vaccine formula-
tion is evaluated by comparing the combined + arm and combined + thigh groups with the
separate + arm and separate + thigh groups. The site effect is evaluated by comparing the
combined + thigh and separate + thigh groups with the combined + arm and separate +
arm groups. Thus, the entire data set is used in both comparisons. In contrast, in a parallel
group design, there are three groups: separate + arm (the reference group), separate +
thigh (to assess the site effect), and combined + arm (to determine the effect of combined
delivery). To obtain the same power for each comparison as in the factorial design, the
total sample size in the three-group parallel design is approx 50% greater. Factorial
designs usually provide substantial savings, and are recommended whenever practicable.

7. Quality control: The success of a trial—whether Phase I, II, III, or IV—and its impact on
medical opinion, will depend to a large extent on its quality. Therefore, special attention
to quality control is required at the design stage and throughout the course of the trial.
Careful attention to practical details (including the quality of the adhesive used to fix the
labels on the vaccine ampoules) is required to reduce protocol violations to a minimum.
Procedures and forms should be tested, and for large trials, pilot studies may be required.
In trials involving several centers or many staff in the field, it is particularly important to
ensure that the protocol is applied consistently. Special training sessions may be required
to help ensure this. In trials of long duration, it is particularly important to maintain a high
level of enthusiasm and commitment in all participants.
Auditing procedures to monitor quality should be planned as part of the trial protocol.
The numbers recruited, vaccinated, and followed up should be documented at regular
intervals. Vaccine-handling procedures, particularly transport and storage, should be
closely monitored. Laboratory methods should be standardized prior to testing, and usu-
ally require separate protocols. The data should also be scanned for missing information
as they are collected.

8. Protocol violations and losses to follow-up: All losses and protocol violations should be
accounted for in the final analysis. In Phase III trials, regular contact should be main-
tained with all participants to document any losses to follow-up. This is particularly
important in trials of vaccines requiring multiple doses, in which a reaction to the first or
second dose might constitute a contraindication for further doses, and in Phase III trials
with extended follow-up.
The problem of how to handle protocol violations, such as incorrect allocation of vac-
cines, is complex. One approach, known as the “intention-to-treat” analysis, is to include
individuals according to their intended vaccine allocation, regardless of what may have
occurred in practice (44). Thus, if an individual was randomized to vaccine, but errone-
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ously received placebo, he or she is still included in the vaccine group. This approach is
not valid for vaccine-to-vaccine comparisons, in which the aim is to establish that the
vaccines differ by no more than a specified amount, since it could induce a spurious
similarity between the groups and would increase the probability of the vaccines being
declared equivalent when they are not (45). A reasonable alternative in this case is to
exclude incorrectly allocated individuals from the analysis completely.
Analysis of data from Phase III trials involving substantial follow-up times should be
performed by survival techniques that correct for losses to follow-up. However, these
techniques rely on such losses occurring independently of the vaccine. Thus, the number
and pattern of losses in the different groups should be compared, and any differences
should be investigated.

9. Biases: In observational studies, the major biases arise from nonrandom allocation of
vaccines and biased ascertainment (21). For example, in a highly vaccinated population,
estimates of vaccine efficacy based on comparisons of attack rates between vaccinated
and unvaccinated people may be biased because individuals who do not receive the vac-
cine may differ from those who do in some important respects—such as socioeconomic
background—which may be related to the probability of exposure. Similarly, in studies
of vaccine safety, recent vaccination may increase the likelihood of an adverse event
being reported, thus biasing estimates of relative risk against the vaccine.
Clinical trials are not exempt from these types of biases. For example, in the 1964 MRC
trial of measles vaccines against unvaccinated controls, 47,041 children were allocated to
one of three groups on the basis of their day of birth: killed followed by live vaccines, live
vaccine only, or no vaccine (46). In most cases, eligibility for inclusion in the study was
assessed when the children presented for vaccination. Children failing to turn up for two
vaccination appointments were excluded from the study. Thus, 37% of the 16,884 chil-
dren allocated to the killed/ vaccine group, 29% of the 13,433 children allocated to the
live vaccine group, and only 2% of the 16,724 control children were excluded. Such a
large systematic difference between vaccinated and unvaccinated children clearly has the
potential to introduce serious bias. In this example, the efficacy of the vaccine was so
high that the bias is unlikely to affect the qualitative conclusions of the trial, but the
validity of the VE estimate (85%) is still open to question.

10. Multiple significance testing: In the context of significance testing, a false-positive test is
known as a Type I error. As the number of independent significance tests increases, the
Type I error probability increases: After 14 tests, there is greater than a 50% chance that
at least one will turn up significant at the 5% level. Thus, it is important to keep the
number of significance tests to a minimum. There are two main implications for clinical
trials. First, it is good practice to identify a single primary hypothesis, on which the suc-
cess of the trial will ultimately be judged. Alternatively, if there is more than one hypoth-
esis, the significance level should be adjusted downward. This was done in a large
randomized, double-blind trial of cholera vaccines in Bangladesh involving two vaccine
groups and a placebo group (47). In this trial, each vaccine-placebo comparison was
judged significant if it produced a one-tailed p-value <0.025, thus retaining an overall
one-tailed 5% significance level for the trial as a whole. Second, it is essential to avoid
constant scrutiny of the data as it accumulates, with the intention of stopping recruitment
when “significance” is reached; this practice is bound to result in the detection of entirely
false “effects.” If interim analyses are required—as in many large Phase III trials—these
should be carried out by the Data Monitoring Committee at specified intervals, and the
choice of stopping guidelines should be discussed with a statistician.
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Assuring the Quality and Safety of Vaccines

Regulatory Expectations for Licensing
and Batch Release

Elwyn Griffiths and Ivana Knezevic

1. Introduction
Ensuring the consistent safety and efficacy of a vaccine has long been recognized

as an essential element in a successful disease-control program. Indeed, the develop-
ment of appropriate laboratory methods to characterize a vaccine with respect to its
component antigens, safety, and potency must be a prerequisite to the routine clinical
use of any new bacterial, viral, or antiparasite vaccines. Adequate control measures
serve to safeguard vaccinees against both unacceptable adverse events and inadequate
protection.

Special considerations apply to the control of vaccines that do not apply to the con-
trol of chemical drugs. This is because of the biological nature of the starting materials,
the manufacturing process, and the test methods needed to characterize batches of the
product. For example, the production of many vaccines involves the culture of cells or
microorganisms, and such systems are inherently variable by nature. Also, vaccines are
often highly complex products in molecular terms, and there is an incomplete under-
standing of the relationship between physicochemical characteristics, immunogenicity,
and protective efficacy. In addition, some vaccines are made of living organisms. Thus,
chemical and physical analyses are generally of only limited value in the characteriza-
tion of vaccines, and must always be complemented with biological characterization.
This is in contrast to chemical drugs, for which definitive chemical analysis of the
product can provide an adequate basis for characterization and quality assessment.
Nevertheless, the growing sophistication of many procedures for physicochemical
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analysis of biological macromolecules has made their application to some biological
products, such as polysaccharide-protein conjugate vaccines, a workable reality (see
Subheading 4.3.). The deleterious effects of drugs are usually based on their chemical
composition, but experience with vaccines and other biologicals has shown that major
problems or accidents are normally batch-related and not product-related. This empha-
sizes the need for effective control procedures. Consistency of production is of para-
mount importance, and the demonstration that the product does not differ from vaccine
lots that have been shown to be safe and adequately immunogenic and protective in
clinical studies is a crucial component of vaccine evaluation, licensing procedure, and
batch release.

A broad range of candidate vaccines derived from novel technologies is now
becoming available, raising exciting prospects for the control of infectious diseases
that have thus far been difficult to control. However, new products and novel biotech-
nologies pose new challenges for standardization, quality control, and safety (1,2).
Such products require thorough characterization and testing, using the most up-to-date
procedures before and during clinical evaluation.

Since the nature of the protective response in humans—which may be cell-medi-
ated, antibody-mediated, or a mixture of both—is not always fully known at the time
of licensing, it is vital to ensure that the quality of a vaccine is reproducible at all
levels of manufacture. It should be noted that the most easily determined measurement
of efficacy, (e.g., antibody responses), may not be the best indicator of protection, and
for some antigens there is no correlation between antibody titer and protection. There-
fore, successful control of the safety and efficacy of vaccines, as with all biologicals,
relies strongly on strict control of the starting materials and manufacturing procedures,
as well as that of the end product. Regulatory requirements for biologicals strongly
emphasize the in-process control approach. The validation of the ability of certain
parts of the manufacturing process to remove unwanted materials, especially potential
infectious agents, is also considered essential. However, in some cases it is not pos-
sible to reliably detect the infectious agents in starting materials—for example, those
that cause bovine spongiform encephalopathy (BSE) or other transmissible spongi-
form encephalopathies (TSEs). The safety of vaccines with respect to BSE and TSEs
is therefore considered to be assured by using materials for vaccine production from
safe sources with respect to country/herd/animal. It should be noted that this is a very
rapidly evolving field, and particular consideration should be given to obtaining the
latest regulatory advice on this issue. Many national and international organizations,
such as the World Health Organization (WHO), are updating guidance on precaution-
ary measures to minimize the risk of transmitting BSE/TSEs agents to humans through
medicinal products (3). Although the quality, safety, and efficacy of vaccines are the
prime responsibility of the manufacturer, in the interest of public health, vaccines are
also subjected to independent batch release by national health authorities.

2. Standardization, Control, and Regulation of Vaccines
The regulation of biological products, including vaccines, can be divided into three

stages: developmental, licensing, and post-licensing. The developmental stage con-
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sists of two parts—preclinical research and development, and clinical research and
development, which usually consists of three phases: Phase I, II, and III (see Chapter
21; ref. 4). The preclinical research data include details of the development and pro-
duction of the vaccine together with reports of control testing, which should be ad-
equate to justify the subsequent clinical testing. The data needed will clearly vary
from case to case. In some instances, the justification for a clinical trial might be based
on comprehensive laboratory evidence of probable efficacy, supported by a sound
understanding of protective mechanisms. In others, mere protection in an animal model
may be all that is at hand, and little understanding of protective mechanisms available.
It should be noted that there is no requirement for a vaccine to be tested in nonhuman
primates before proceeding to human subjects—unless, of course, an appropriate non-
human primate infection model is available.

The characterization, standardization, and control of vaccine preparations during
development are key issues (see Chapter 24), and a well-defined candidate vaccine
offers by far the best chance of success. If a clinical trial shows a preparation to be
protective, then the vaccine subsequently must be made to the same specifications as
the successful preparation. In the case of poorly defined materials, it is never certain
whether differences in protective efficacy or toxicity are caused by unintentional varia-
tions in the vaccine preparations used, suboptimal vaccination schedules, poorly
designed trials, or differences in target populations. The fact that it took about 50 yrs
from the time of the identification of Bordetella pertussis as the causative agent of
whooping cough to the licensing of an effective whooping cough vaccine is largely
because no attempt was made to standardize the preparations used in the many early
trials. Only when some degree of standardization occurred did the development of an
effective pertussis vaccine become feasible (5).

In Phase I clinical studies, initial testing of a vaccine is conducted in small numbers
of human subjects—usually adults—to test the properties of the vaccine, the levels of
toxicity, and, if appropriate, metabolic and pharmacological effects. Phase I studies
are primarily concerned with safety. Phase II studies involve larger numbers of sub-
jects, and are intended to obtain preliminary information about a vaccine’s ability to
produce its desired effect (e.g., immunogenicity or protection) in the target population
and relative safety. The final study, Phase III, is an extensive evaluation that fully
examines overall safety and protective efficacy. Phase III clinical trials are virtually
always randomized double-blind studies, preferably against a placebo, except where
there may be ethical difficulties that make such trials impossible. WHO guidelines on
the clinical trials of vaccines that emphasize regulatory expectations have recently
been developed (4). When, following Phase III trials, a manufacturer has generated
sufficient data to demonstrate that a new product is safe and effective for the purpose
intended, an application for a market authorization, or license, may be submitted to a
national control authority. If approved, the vaccine then becomes available on the
market in that particular state.

Following licensing, there is continued surveillance of a product for the more rare
adverse events, and it will also be subject to batch release by a national control author-
ity. The monitoring for possible rarer adverse reactions can only be done in very large
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numbers of subjects, and this is also an important part of overall vaccine evaluation.
For all the various types of vaccines discussed here, a comprehensive characterization
of the initial batches of a product should be undertaken to establish consistency with
regard to identity, purity, potency, and other product characteristics. Thereafter, for
the purpose of batch release, a more limited series of tests may be applied. A clear
distinction must therefore be made between the tests performed during the develop-
ment of a vaccine and the tests routinely performed on each production batch of prod-
uct. An acceptable number (such as 3–5) of successive batches of the bulk-processed
product is characterized as fully as possible to determine consistency of composition,
and differences between batches should be noted and stated limits set for routine pro-
duction. The criteria for rejection of harvests and production components should be
defined. The tests used in routine batch control should be a selection of the tests used
to characterize the vaccine initially and for licensing, and should include tests for
identity, purity, and potency. Changes in the production methods at a later date may
necessitate further product characterization to demonstrate equivalence, although the
extent of re-characterization will depend on the nature of the changes made.

2.1. Available Recommendations and Guidelines

The WHO, through extensive international consultation, develops recommendations
and guidelines on the production and control of vaccines and other biologicals of sig-
nificance (7), and these form the basis for assuring the acceptability of products glo-
bally. These recommendations and guidelines specify the need for appropriate starting
materials, including seed pools and cell banks; strict adherence to established proto-
cols; tests for purity, potency, and safety at specific steps during production; and the
keeping of proper records. Examples of available WHO recommendations and guide-
lines for vaccines are given in Table 1; WHO guidelines allow greater flexibility than
the recommendations with respect to expected future developments in the field. WHO
recommendations are intended to be scientific and advisory in nature, and provide guid-
ance for national regulatory authorities and for vaccine manufacturers. They may be
adopted by national health authorities as definitive national regulations, or used as the
basis of such regulations. They are also used as the basis for deciding the acceptability
of vaccines for purchase by international agencies, such as the United Nations
Childrens’ Fund (UNICEF) for use in global immunization programs. Regulatory re-
quirements for vaccines and other biologicals are also developed by other bodies, such
as the European Agency for the Evaluation of Medicinal Products (EMEA) and Center
for Biologics Evaluation and Research (CBER), Food and Drug Administration (FDA),
USA, and these documents can be found on the appropriate web sites (www.emea.eu.int
and www.fda.gov/cber). In addition, pharmacopoeial requirements, such as those of
the European Pharmacopoeia, are also established for vaccines, and are available at the
following web site: www.pheur.org.

The increasing development of component vaccines based on highly purified and
characterized antigens is likely to lead to vaccines that can in some respects be stan-
dardized and controlled much more effectively than before, with specific and relevant
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tests replacing the crude biological tests often used previously. However, where no
appropriate animal model exists or where direct serological or immunological corre-
lates of clinical protection are not available, there remains the serious problem of en-
suring that each production batch has at least the same protective efficacy as those
batches shown to be protective in clinical trials. In such cases, emphasis is increas-
ingly being placed on assuring the consistency of production using modern physico-
chemical methods that enable characterization of some products to a degree of
precision not previously possible. However, as already mentioned, because of a lack
of complete understanding of the relationship between the physicochemical properties
of a vaccine and its protective efficacy, biological characterization is needed during
development, and the choice of lot release tests is critical. In the case of Haemophilus
influenzae type b (Hib) conjugate vaccine, some lots that had met all lot-release crite-
ria were shown to be poorly immunogenic in humans, and this led to a re-evaluation of
requirements for this vaccine (see Subheading 4.3.1.). There are also problems with
the potency testing of combined vaccines containing several new antigens using the

Table 1
Examples of WHO Requirements for Vaccines

WHO Technical Report Series
Guidelines and requirements (WHO TRS)

Diphtheria, tetanus, pertussis, and combined vaccines 800 (1990)
Acellular pertussis component of monovalent or

combined vaccines 878 (1998)
BCG vaccine, dried 745 (1987),

Amendment 771 (1988)
Haemophilus influenzae type b conjugate vaccines 897 (2000)
Vi polysaccharide typhoid vaccine 840 (1994)
Meningococcal polysaccharide vaccine 904 (2002), 658 (1981),

and 594 (1976)
Meningococcal C conjugate vaccines In press (adopted 2001)
Cholera vaccines, oral, inactivated In press (adopted 2001)
Measles, mumps and rubella vaccines and

Combined vaccines (live) 840 (1994)
Poliomyelitis vaccine (Inactivated) 910 (in press)
Poliomyelitis vaccine, oral 904 (2002)
Influenza vaccine, inactivated 814 (1991)
Japanese encephalitis vaccine, live 910 (in press)
Hepatitis A vaccine, inactivated 858 (1995)
Hepatitis B vaccines made by recombinant DNA 786 (1989)

techniques Amendment 889 (1999)
Use of animal cells, as in vitro substrates for the

production of biologicals 878 (1998)
DNA vaccines 878 (1998)
Synthetic peptide vaccines 889 (1999)
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present animal models for vaccine potency. Combinations of antigens may interfere
with each other in the animal models, but the relevance of this interference for protec-
tive efficacy in humans is a topic of considerable current debate. The relevance for
clinical protection of antigenic interference in human recipients is thus major issue.
For licensing purposes, noninferiority of a vaccine in a combination product to that of
the same antigen in an existing licensed formulation will usually need to be estab-
lished. The multiplicity of antigens in some formulations makes such an evaluation
difficult, and establishing noninferiority against clinical end points is impractical. Es-
tablishing noninferiority based on serological criteria is also made difficult by the fact
that there is sometimes no clear consensus on the level of antibody that predicts
whether a vaccine is clinically effective. Such issues remain for complex combination
products such as the pneumococcal conjugate vaccine, but further advances are
actively being pursued (8–10).

For newly developed products, specific WHO, national, or pharmacopoeial require-
ments may not be available, and a national regulatory authority must agree on specifi-
cations with the manufacturer on a case-by-case basis during licensing. Nevertheless,
there may be general guidelines on the production and control of products, such as on
DNA and peptide vaccines, as well as recommendations on animal cell substrates used
for production, that should be consulted. Also, much useful information about assur-
ing the quality of biologicals in general and on procedures for approving manufactur-
ers and products, and for setting up a national control laboratory, can be found in
appropriate WHO guidelines (11,12). For vaccines of global importance, the develop-
ment of which also involves much international collaboration, it will be essential to
ensure the consistency of regulatory approach to novel products, and in 2001, a con-
sultation was organized jointly by the WHO-UNAIDS HIV Vaccine Initiative and the
Quality Assurance and Safety of Biologicals Team, WHO, to address scientific con-
siderations for the regulation and clinical evaluation of preventive vaccines against
human immunodeficiency acquired immunodeficiency syndrome (HIV/AIDS). The
primary objective of this consultation was to identify gaps that must be addressed
from a regulatory perspective to ensure an appropriate regulatory framework for the
development and evaluation of preventive HIV/AIDS vaccines and their smooth and
effective progress toward licensing (13).

2.2. Control of Production and Production Facilities
Also significant are recommendations related to establishments in which biological

products, including vaccines, are manufactured. These can be found in the WHO docu-
ment on good manufacturing practice (GMP) for biologicals (14). Particular attention
must be given to the training and experience of persons in charge of production and
testing, and those assigned to various areas of responsibility in the manufacturing
establishments and in the national regulatory authorities. WHO established a Global
Training Network in 1996 to facilitate this process, and these details can be found on
the following web site: (http://www.who.int/vaccinesaccess/vaccines/Vaccine_Qua-
lity/gtn/gtn.htm). It should also be noted that vaccine preparations for clinical trials
must be produced under conditions of good manufacturing practice for clinical trial
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material. Particular attention should be given to developing documented standard op-
erating procedures for both production processes and testing procedures. These should
be introduced as early as possible during the development of a vaccine and be well-
established by the time Phase III clinical studies are undertaken and an application for
marketing authorization has been filed.

Points to consider in relation to good manufacturing practice include:
1. Personnel:

a. Qualifications/experience;
b. Organization and reporting relationships;
c. Training and recording systems;
d. Health monitoring.

2. Location and construction of the buildings used for manufacture and control.
3. Flow of raw materials, personnel, and product through the facilities.
4. Animal facilities, animal health, and veterinary supervision.
5. Air, water, and steam systems.
6. Electric power and emergency supply.
7. Drainage and effluent systems.
8. Segregation of certain operations.
9. List of major equipment.

10. Maintenance schedules for equipment and buildings.
11. Cleaning.
12. Quality assurance and quality-control procedures.
13. Storage and quarantine procedures.
14. Validation procedures.
15. Documentation.
16. Labeling and packaging facilities and procedures.
17. Recall and retrieval procedures.

2.3. Independent Batch Release
Vaccines represent a group of biologicals that are subject to independent batch

release by a national control authority, usually including independent laboratory evalu-
ation by a national control laboratory. The inherent variability of biological produc-
tion methods has led to the establishment of national and international requirements.
These establish procedures for assuring the quality of vaccines and for evaluating con-
sistency, both between manufacturers and over long periods of time. For these prod-
ucts, spot testing is ineffective  and has potentially adverse public health consequences.
Of course, vaccines are given primarily to large numbers of healthy, often very young,
individuals. Therefore, every batch of vaccine must be evaluated independently of the
manufacturer before release on the market, especially for trends in quality. However,
the extent of laboratory testing by a national control laboratory may vary, ranging
from examination of manufacturers’ release protocols to complete laboratory testing
for the identity, safety, and potency of each lot. The frequency of testing by a national
control laboratory depends on the perceived risk to public health, and on knowledge
and experience of a manufacturer’s ability to consistently produce a particular vaccine
of acceptable quality. For example, in some cases the testing of every batch is under-
taken, but in others the testing of the fifth or tenth batch may be acceptable. Since
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1993, control authority batch release within the European Union has been subject to a
standardized procedure, whereby a batch of vaccine released by one member state
must be acceptable to other member states. This has involved the harmonization—
under the auspices of the European Department on the Quality of Medicines—of the
national control tests carried out in the framework of batch release in order to achieve
mutual recognition.

2.4. Reference Materials

Standards and reference materials play a vital role in the licensing and quality con-
trol process, their role ranging from use in specific antigen recognition tests to assays
of vaccine toxicity, immunogenicity, and potency. The standardization of the methods
used to evaluate vaccines—and to evaluate immune responses to vaccine antigens—is
also vital, so that results may be compared directly between laboratories, both within
and between countries and between clinical trials.

WHO International Standards and Reference Reagents form the primary standards
globally, and individual national regulatory authorities and manufacturers establish
their own national or working standards calibrated using the WHO International Stan-
dards where available. The national or working standard is used routinely for estab-
lishing the quality of each batch. However, with a multiplicity of standard preparations,
there is always a danger of drifting away from the International Standard. Therefore,
there has been a move to establish regional working standards, and the production of
the large number of vials of standard needed for this purpose is now possible with
modern technology. The establishment of regional working standards is expected to
further harmonize vaccine quality. Thus, in Europe, the European Department for the
Quality of Medicines of the Council of Europe is very active in establishing working
standards for vaccines, where possible calibrated against the WHO international stan-
dards. Examples of currently available WHO International Standards and Reference
Reagents for vaccines can be found in Table 2. The complete listing of WHO Interna-
tional Standards and Reference Reagents can be found on the WHO web site
www.who.int/biologicals.

2.5. Stability of Vaccines

Stability evaluation is an essential component of the development of medicinal
products, and is used to determine shelf life and set the expiration date. Stability deter-
mination is also important in deciding the storage period of starting materials and
intermediates. The purpose of stability studies is to guarantee that the medicinal prod-
uct still has acceptable characteristics supporting quality, safety, and efficacy at the
end of its shelf life or storage period. The stability evaluation of vaccines, and other
biologicals is a very complex field because the majority of products cannot be well-
characterized by physicochemical parameters and, they are by nature, very susceptible
to inactivation by environmental factors. The stability of standards and reference ma-
terials must also be considered in order to ensure that procedures used to measure
relevant parameters are reliably standardized.
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There is currently very little guidance in the area of stability testing of vaccines.
ICH guidelines cover only vaccines based on well-characterized proteins and polypep-
tides produced by rDNA technology (15). To address this gap, WHO guidelines on the
stability testing of vaccines in general are currently being developed and these will
focus on the regulatory expectations in this area, covering stability profiles at each
stage of vaccine production, including source materials, intermediates, and combina-
tion vaccines. These guidelines are intended to assist National Regulatory Authorities
and manufacturers in planning, designing, performing, and interpreting stability stud-
ies to be used in support of vaccine licensing.

2.6. Vaccines of Assured Quality
A vaccine of assured quality can be defined as one that consistently meets appropri-

ate levels of purity, potency, safety and efficacy, as judged through an independent
review system competent to take an evidence-based decision on the product for a speci-
fied population in a specific context (16). Such a review system would make use of all
available information, such as licensing dossiers, surveillance of field performance,
lot-by-lot scrutiny, appropriate laboratory testing, GMP inspection of manufacturers,

Table 2
Examples of WHO International Standards
and Reference Reagents for Vaccines

Vaccine WHO reference preparation

Diphtheria toxoid, adsorbed Third International Standard (1999)

Tetanus toxoid adsorbed Third International Standard (2000)
Hepatitis A First International Standard (1999)
Hepatitis B surface antigen First International Standard (1985)
Poliomyelitis vaccine (inactivated) First International Reference Reagent (1994)
Poliovirus, Sabin, live attenuated

types 1, 2, and 3 First International Reference Reagent (1995)
MAPREC analysis of poliovirus
type 3 (Sabin) First International Standard (1996)
MAPREC analysis of poliovirus,

type 3 (Sabin),
high virus reference First Reference Reagent (1997)
MAPREC analysis of poliovirus

type 3 (Sabin),
low virus reference First Reference Reagent (1997)
Measles vaccine (live) Second International Reference Reagent (1994)
Mumps vaccine (live) First International Reference Reagent (1994)
Rubella vaccine (live) First International Reference Reagent (1994)
Rabies vaccine Fifth International Standard (1991)
BCG vaccine First International Reference Preparation (1965)
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and evaluation of clinical trials, generally assumed by a fully functional regulatory
authority. By insisting on competent regulatory oversight, while recognizing the role
of risk analysis in the selection of vaccines for use, WHO strongly reiterates the need
for a single standard of quality. Only vaccines of assured quality should be considered
for use in national immunization programs on the basis of the risk/benefit ratio for the
particular population. The risk perception and the risk/ benefit ratio will have a strong
impact on the acceptability of the products. This does not necessarily mean that a
product is of intrinsically lower quality if it is acceptable in one country and not an-
other. For example, measles vaccines for most public-sector immunization programs
are required to meet certain standards of thermostability. Measles vaccines sold to
United Nations agencies must meet the WHO recommendation for thermostability at
37°C for 7 d in the lyophilized form. Measles vaccines used in several industrialized
countries do not need to meet this criterion, because it is judged that the risk of heat
damage through the distribution system is low. This does not mean that a vaccine not
confirmed as thermostable is of lower quality.

3. General Considerations for Assuring the Quality
and Safety of Different Types of Vaccines

The assays used for the characterization and quality control of vaccines should be
appropriate and relevant to the nature of the product. Some of the general issues related
to different types of vaccines are indicated here.

3.1. Control of Classical Killed/ Subunit Bacterial Vaccines
For classical bacterial vaccines that consist of killed whole cells, such as whole-cell

pertussis vaccine, or inactivated toxins (toxoids) like diphtheria and tetanus vaccines,
the complete “killing” of the organisms, the inactivation of toxins, and the absence of
reversion to toxicity are the most important safety factors. Adequate techniques for
ensuring the elimination of contaminants derived from host cells or the growth me-
dium are also essential. The potency of such vaccines has generally been estimated
using in vivo tests, and a relative potency obtained by using a reference preparation
calibrated against its relevant WHO International Standard; potency is expressed in
International Units (IU). However, in recent years many attempts have been made to
develop more precise in vitro techniques for controlling vaccines such as diphtheria,
tetanus, and whole-cell pertussis. When the WHO Requirements for Diphtheria, Teta-
nus, and Pertussis and Combined Vaccines were last revised in 1989 (17), the WHO
Expert Committee on Biological Standardization for the first time advised that potency
tests could be carried out by animal-sparing methods, provided that consistency of
production and testing had already been established for that particular product. For
diphtheria and tetanus toxoid vaccines, in vitro serological methods, including toxin
neutralization assays, may also now be used to evaluate potency. However, the sero-
logical method used must be validated for the vaccines being considered, and much
work has been conducted in this area in recent years. Discussion continues about the
possibility of developing a simple, robust, and standardized assay suitable for demon-
strating consistency of immunological characteristics of diphtheria and tetanus tox-
oids for batch-release purposes.
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Some of the problems with potency assays arise because there are often insufficient
data available to permit a correlation between the potency level observed in a labora-
tory assay and protection in humans. However, potency can be used to measure con-
sistency of production, and a minimum potency level is often used as the basis for lot
release. Thus, ensuring that vaccine lots are not released with a potency below an
agreed minimum is considered essential in some cases to ensure adequate protection
for vaccinees. For example, in the case of the (killed) whole-cell pertussis vaccine,
potency is measured by the so-called mouse protection test. The United Kingdom
Medical Research Council clinical trials carried out from 1951 to 1959 showed that
this test is a good indicator of clinical efficacy, from which it was concluded that
vaccines shown to protect mice against intracerebral challenge also protected children
against whooping cough (5). The establishment of this correlation between the po-
tency test and efficacy was a milestone in the development of whole-cell pertussis
vaccines. In 1964, a WHO International Standard was established together with the
requirement that a single human dose should have an estimated potency of not <4 IU
and that the lower fiducial limit of error is not <2 IU.

The development of the whole-cell pertussis vaccine illustrates the need to develop
procedures to standardize and control the production of vaccines as early as possible
during their development and clinical evaluation. For example, it was noted that the
production of antibodies and clinical protection following immunization depended on
the number of organisms in the vaccine, and methods were therefore developed to mea-
sure the bacterial content of preparations. These studies resulted in the use of an opac-
ity reference preparation to measure the bacterial content of whole-cell vaccines. As
already mentioned, studies to measure the potency of pertussis vaccines were also
undertaken, and resulted in the intra-cerebral challenge mouse potency test, as it is
known today. Similarly, a mouse weight-gain test was developed to test for excessive
toxicity in preparations. In recent years, more specific tests for active pertussis toxin
and endotoxin content of vaccines have been developed. An important factor in the
eventual production of a successful whole-cell pertussis vaccine was the discovery by
Leslie and Gardner (18) that B. pertussis undergoes phase changes. On passage, in vitro
smooth (Phase I) strains were found to produce rough (Phase IV) variants that were
later shown to be avirulent. Only the smooth form of the organism is suitable for vac-
cine production. More recent genetic studies have shown that the changes in B. pertus-
sis that give rise to Phase IV organisms are chararacterized by the loss of expression of
a number of virulence factors. The immunological and pathophysiological activities of
B. pertussis are also greatly influenced by the composition of the growth medium. Thus,
in the production of vaccines, attention must be paid to the growth conditions and to
using well-characterized seed strains, this being especially the case when a vaccine has
been developed empirically (5). This point is clearly shown in the production of diph-
theria toxin for vaccine manufacture, for which toxin synthesis depends on using strains
of Corynebacterium diphtheriae carrying the tox phage as well as on the use of growth
medium containing low levels of iron. Low iron availability is an environmental signal
that controls the expression of a number of toxins and virulence determinants, and its
molecular mechanism of action is now well-established (19).
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The procedures used in the characterization and control of existing traditional vac-
cines are usually not applicable to newer products developed to protect against the
same infection. Each product must be considered on a case-by-case basis. For ex-
ample, specific guidelines have been developed for the production and control of acel-
lular pertussis vaccines, which differ from those applied to whole-cell pertussis vaccine
(20). Likewise, the tests applied to the characterization and control of traditional inac-
tivated cholera vaccine for parenteral use are not necessarily applicable to the new
inactivated whole-cell cholera vaccine intended for oral administration, and new con-
trol measures have been developed (21).

 3.2. Control of Live Attenuated Vaccines
 Apart from bacillus Calmette-Guérin (BCG), Typhoid vaccine (live Ty21A oral),

and more recently, oral cholera vaccine, all other major live attenuated vaccines pro-
tect against viral infections, such as oral polio vaccine, measles, mumps, rubella, vari-
cella (chickenpox), and yellow fever vaccines.

For the production of viral vaccines, including inactivated products, the virus is
grown in eukaryotic-cell cultures—often in medium containing components of bio-
logical origin, such as bovine serum—and the production process also involves other
biological materials such as trypsin. Tests are thus undertaken to verify that residual
levels of these substances are below a specified amount, and considerable emphasis is
also placed on proving the absence of extraneous contaminating agents, such as bacte-
ria, fungi, mycoplasmas and in particular, other viruses. The source of animal—espe-
cially bovine—derived materials used in production is also vital in relation to BSE/
TSE issues (see Subheading 1.). The management of concerns associated with the
acceptability and use of mammalian-cell substrates for the production of viral vac-
cines is a major issue. Managing the risks to take advantage of the benefits is done by
defining up-to-date criteria and developing guidelines for production and control, as
well as international reference materials. Defining appropriate quality controls is the
key, and this involves continuous vigilance and regulatory research. New technolo-
gies for detecting adventitious agents must be evaluated and standardized, and deci-
sions must be made regarding the interpretation and reliability of the results. Two
recent events have raised awareness of the challenge of dealing with potential viral
contamination of viral vaccines and its consequences. These are the detection of re-
verse transcriptase in vaccines produced in chicken embryo cells and the contamina-
tion of polio vaccines with simian virus (SV40) (22–24). Tests to detect potential
contaminant agents are thus undertaken at different stages of production, such as on
the raw materials, cell cultures before production, bulk vaccine pool before clarifica-
tion, and vaccine in the final containers. Some live viral vaccines are produced in
primary cells, and considerable care should be taken to ensure that the cells come from
healthy animals, free of specific known infectious agents. Other vaccines are made
using diploid or continuous cell lines, and in such cases production is based on well-
characterized master and working cell banks shown to be free of potential infectious
agents. WHO requirements have been established for primary, diploid, and continu-
ous cell cultures (25–27), in which considerable emphasis is placed on testing for
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possible viral contaminants. The virus seed pool is also very carefully tested to ensure
that it is free of any adventitious agents, and maintains its attenuation.

The immunogenicity of live viral vaccines is based on titration for the minimum
infective dose of each lot. The determination of the minimum required titer (virus
concentration) is based on dose-range studies carried out during clinical trials of the
vaccine. For lot release, the virus content is determined against a reference preparation
of the vaccine calibrated against the WHO International Standard or Reference Reagent
where available (Table 2). Similar considerations of identity and potency apply to the
live attenuated bacterial vaccines, BCG and typhoid vaccine (live Ty21A oral), for
which potency is again measured by the number of live organisms present.

As previously mentioned, the stability of all vaccines is important, but the thermo-
stability of live vaccines is particularly critical. Some of the attenuated viral strains
used as live vaccines are especially thermolabile, and therefore stringent requirements
for thermostability have been introduced to ensure that the vaccines are sufficiently
robust to withstand a certain level of adverse conditions during transport and delivery
to recipients. For example, lots of final freeze-dried measles vaccine are incubated at
37°C for 7 d and then tested to ensure that the geometric mean infectious virus titer is
equal to or greater than the required minimum number of infective units per human
dose, and that the geometric mean virus titer of the vaccine has not decreased by more
than 1 log10 infectious units.

3.3. Control of Vaccines Produced by Recombinant DNA
(rDNA) and Other High-Technology Processes

It is well-established that the principles developed for standardizing and control-
ling vaccines produced by traditional means apply equally to antigens derived by mod-
ern biotechnology, including rDNA technology, although highly characterized
products of very high purity can be made in this way. However, additional factors that
may compromise safety and efficacy must be taken into consideration. For instance,
products from naturally occurring genes expressed in foreign hosts may deviate struc-
turally, biologically, or immunologically from their natural counterparts, and may have
unexpected and undesirable properties in humans. Also, variations between batches of
the product may result from genetic instability during serial cultivation. Some prod-
ucts may also contain potentially hazardous contaminants, such as viruses or onco-
genic DNA, and the purification process must be shown to be capable of removing
them from the final product. Similar considerations may apply to non-rDNA-derived
products, such as viral vaccines, produced in continuously growing cell lines. Clearly,
the choice of manufacturing process will influence both the nature and range of pos-
sible contaminants.

Several guidelines have been produced for assuring the quality of biologicals pre-
pared by rDNA technology, including vaccines (28–30). These aim to provide a scien-
tifically sound basis for the manufacture and control of medicinal products made by
this technology. All guidelines emphasize the need for a flexible approach, so that
requirements can be modified in the light of experience of production and use of prod-
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ucts and with further development of new technologies. As for traditional vaccines,
certain tests are required for every production batch, but others will be required only to
establish the validity, acceptability, and consistency of a given manufacturing process.
Although such guidelines can be considered to be generally applicable, individual prod-
ucts will exhibit their own peculiarities; thus, production and control of each product
must be considered on an individual basis. For example, specific WHO recommenda-
tions are available for hepatitis B vaccines made by rDNA technology (31).

Providing guarantees about the safety and efficacy of live vaccines involving at-
tenuated viral or bacterial strains serving as vectors or hosts for the expression and
delivery of cloned genes coding for the protective antigens of other pathogens could
be more difficult, although it will depend on the system used. Experience in Europe
with the live rabies vaccine for foxes, based on an attenuated vaccinia virus as vector
for rabies antigen, has shown the vaccine to be extremely successful. Its use has con-
tributed to the control of the disease, with subsequent benefits for both animal and
human health. Tests carried out on the target species and on nontarget species have
shown no adverse effects resulting from the use of this vaccine, the first to be based on
a genetically modified organism (GMO) (32). In some countries, live vaccines based
on a genetically modified microorganism are now subject to the rules governing the
release of GMOs into the environment (33).

 3.4. Control of Nucleic Acid and Peptide Vaccines

Guidelines on the production and control of nucleic acid vaccines, and on safety
issues related to their clinical use, are available from WHO and several other agencies
(29,30,34). The major safety issues posed by DNA vaccines include possible integra-
tion events leading to transformation of recipient cells, the potential formation of anti-
DNA antibodies, and the unexpected and undesirable effects of long-term expression
of a foreign antigen or associate cytokine intended to drive the immune system into
producing a strong appropriate response (see Chapter 23). These issues have been
fully investigated and discussed in recent years, and developments have been moni-
tored closely by the WHO Working Group on Nucleic Acid Vaccines. These reports
can be found on the WHO internet site (www.who.int/biologicals).

Another approach to vaccine development is to identify the peptide epitopes on
immunogens that elicit protective responses, and to use chemically synthesized ver-
sions of these peptides in the production of vaccines (see Chapter 8). Unlike tradi-
tional and biotechnology-derived vaccines, peptide vaccines are totally synthetic, and
do not carry the risk of reversion or incomplete inactivation, or of being contaminated
with endogenous microorganisms. However, problems of consistency remain. Pep-
tides are among the most complex of synthetic pharmaceuticals. The synthesis of even
a moderate-size peptide involves a very extended sequence of reactions, and the desired
product is inevitably contaminated by a wide range of closely related byproducts. Also,
peptides themselves have proven to be poor immunogens, and are usually conjugated
to a suitable protein or other macromolecular carrier to obtain better and more appro-
priate immune responses. WHO guidelines for the production and control of peptide
vaccines are also available (35), as is a guidance document from the US Food and
Drug Administration (FDA) (36).
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4. Approaches to the Quality and Safety Assessment of Vaccines
The following points, made using specific examples, are designed to provide a

framework for organizing the testing and obtaining the evidence needed to support an
application to an appropriate licensing authority for the marketing of vaccines. Because
of the range of preparations that may be developed as vaccines, it is not possible to
give detailed recommendations that cover all situations, and the applicability of these
points must be considered in relation to the scientific and medical background of the
product concerned.

Regulatory requirements for licensing and batch release of vaccines, excluding
clinical efficacy, fall conveniently into three main areas:

1. Control of starting materials, including baseline data on host cells where appropriate.
2. Control of manufacturing process.
3. Control of the final product, including its stability.

The evaluation of vaccine quality and safety should reflect this approach. Current
practice is increasingly moving toward the use of more physicochemical and molecu-
lar procedures in the characterization and control of vaccines where scientifically jus-
tified. There is also a strong initiative to reduce the use of animals in the production
and control of vaccines and the European Pharmacopoeia has already relaxed the need
to perform an abnormal toxicity test (innocuity) on each lot of product provided cer-
tain conditions are met.

4.1. Evaluation of Classical Whole-Cell, Inactivated Bacterial
Vaccines: Control of Whole-Cell Pertussis Vaccine

Whole-cell pertussis vaccine, in common with other killed bacterial vaccines, such
as those for cholera and typhoid, is a biologically complex preparation developed long
before the many recent advances in biochemistry, genetics, and immunology. Two
factors feature prominently in its quality control: toxicity and potency.

Before release, whole-cell pertussis vaccine must be shown to be potent by the in
vivo mouse protection test. A great deal of effort has been put into attempts to obtain
greater reproducibility in this test. The use of healthy mice selected at random for their
place in the test has improved reproducibility of the results, which are also affected by
the strain of mice used. Considerable attention is thus given to these particular aspects
in WHO requirements for whole-cell pertussis vaccine (17).

An immunizing dose of pertussis vaccine is the minimum number of killed organ-
isms that has been shown to provide an adequate antigenic stimulus and thus protec-
tion. The number of killed organisms required for this purpose is indicated by the
opacity of the bacterial suspension, estimated before the bacteria are killed.

Tests for toxicity have always posed problems because of the presence of several
toxins in the bacterial suspension used to produce the vaccine. The so-called mouse-
weight gain test has been adopted widely as an appropriate in-process indicator of
toxicity, but more specific tests are now also available (see Subheading 4.1.2.) and
used by many manufacturers and national control laboratories. Here, we list the
major control measures that contribute to the production of a safe and effective
whole-cell pertussis vaccine.
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4.1.1. Control of Production

1. Control of source material. Strains of B. pertussis are fully characterized, and strain char-
acteristics are verified for each production batch. Strains are chosen so that the final vac-
cine includes agglutinogens 1, 2, and 3. A seed lot system is employed.

2. Characteristics of the culture medium: Human blood or blood products must not be used
in culture media either for bacterial seed or vaccine production. Materials of animal ori-
gin should be in accordance with the guidance given in the Report of a WHO Consulta-
tion on Medicinal and Other Products in Relation to Human and Animal Transmissible
Spongiform Encephalopathies (3).

3. Single harvests are controlled for consistency of growth rate and testing for the presence
of agglutinogens. Samples of harvest are tested for purity before killing.

4. Control of opacity. The opacity of each single harvest is measured before the bacteria are
killed by comparison with the International Reference Preparation of Opacity. This con-
trol procedure standardizes the number of organisms that are present in the final product.

5. B. pertussis can be killed and detoxified by a combination of methods, depending on
temperature, time, and pH. The methods used should be validated.

4.1.2. Control of Final Bulk
1. Final bulk is prepared by pooling a number of single harvests. Detailed records must be

kept of lots of single harvest used.
2. Each bulk is tested for the presence of agglutinogens 1, 2, and 3 before adjuvant is added.
3. If the vaccine is to be dispensed into a multidose container, a suitable antimicrobial pre-

servative is added.
4. Adjuvants may be added to the vaccine. Aluminum hydroxide or phosphate is frequently

used. The aluminum concentration must not exceed 1.25 mg/single human dose.
5. Sterility: Each final bulk is tested for bacterial and fungal contaminants.
6. Specific toxicity: Each final bulk is tested for toxicity by a validated method, such as the

mouse-weight gain test. Other more specific tests are now also used: histamine sensitiza-
tion assay, Chinese Hamster Ovary Cell (CHO) assay or leukocytosis assay for active
pertussis toxin, Limulus Amoebocyte Lysis assay (LAL) for endotoxin.

7. The potency of each final bulk (or of each final lot) is determined by comparison with that
of a reference vaccine calibrated against the International Standard for Pertussis Vaccine
or equivalent standard. The assay performed is the intracerebral mouse protection test
and the potency of the final bulk must not be <4 IU/single human dose and the lower
fiducial limit (P = 0.95) of the estimated potency should not be <2 IU. Details of the
method and how to calculate results can be found in the WHO manual of laboratory meth-
ods for potency testing of vaccines (37).

4.1.3. Control of the Final Filled Product
1. Identity of the material in the vials is carried out on at least one container from each

filled lot.
2. Sterility: Tests for bacterial and fungal contamination should be carried out.
3. Potency test: This is not repeated if done on final bulk, but can be carried out at this stage.
4. Innocuity: Each final lot is tested for abnormal toxicity in five mice and two guinea pigs.
5. Adjuvant content is measured and should be within specifications
6. Preservative content is measured and should be within specifications (if used).
7. pH should meet specifications.
8. Inspection of final containers: each container (vial) is inspected visually for clumping,

the presence of particles, or other abnormalities. Faulty containers are discarded.
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4.1.4. Stability
During development of a vaccine, tests are conducted to determine the loss of

potency to be expected during storage. Other parameters should also be evaluated
during stability studies. At least three batches obtained from different bulks are tested
both in real time and following accelerated stability tests carried out by holding vac-
cine preparations at temperatures higher than the optimum storage temperature, which
is 5 ± 3°C. This experimental evidence is submitted during licensing as justification
for the shelf-life proposed for the product.

Written records of all of the tests carried out, regardless of results, must be kept.
When any changes are made in the production procedure that may affect stability, the
vaccine produced by the new method must be shown to be stable.

4.2. Evaluation of Classical Live Attenuated Virus Vaccines: Control
of Measles Vaccine

Like many other successful viral vaccines, measles vaccine is a preparation of live
attenuated virus. The antibody response in people inoculated with the vaccine can be
accurately measured, and a number of studies have shown that the presence of detect-
able levels of appropriate antibodies correlates with protection against disease.

Clearly, it is vital that the strain of virus used to produce live attenuated measles
vaccine should show no tendency to produce neurological complications of the type
encountered during natural measles. Considerable attention is therefore paid to thor-
oughly characterizing the vaccine strain; the intracerebral inoculation of monkeys has
been used to evaluate neurovirulence (27).

4.2.1. Control of Production

1. Control of source materials—strain of measles virus: The strain used in production must
be fully characterized, with complete historical records that include information on the
origin of the strain, its method of attenuation, and passage level at which attenuation was
shown by clinical evaluation. A seed-lot system is employed, and the seed lot—or each of
the first five undiluted, clarified virus pools prepared from the same seed lot—must be
shown to be non-neuropathogenic in monkeys. In addition, the strain of measles virus
used in production should be shown to be safe and immunogenic by tests in susceptible
humans.

2. Control of source material—cell substrate: Production of vaccine is by propagation of the
measles virus in cell substrates. Various cells can be used, such as chicken-embryo cells
or human diploid cells. The eggs used as the source of chicken-embryo cells are derived
from closed, specific-pathogen-free healthy stocks that are closely monitored for specific
pathogens. For diploid cells, a master cell bank and working cell bank are employed, and
there are strict requirements for assuring the absence of potential infectious agents and
lack of tumorigenicity.

3. Serum used in cell-culture media must be tested to show the absence of bacterial, fungal,
and mycoplasmal contamination, as well as the absence of viruses. The use of serum of
bovine origin should be in accordance with the guidance given in the Report of a WHO
Consultation on Medicinal and Other Products in Relation to Human and Animal Trans-
missible Encephalopathies (3).

4. Control of cell cultures: Tests are carried out to ensure that no adventitious agents con-
taminate the system during production. After inoculation of measles virus, cultures for
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vaccine production are incubated under controlled temperature conditions. No penicillin
or other β-lactam antibiotic should be used at any stage of production.

5. Single harvests are controlled for consistency of virus growth, and are tested for sterility
and measles virus content. Single harvests can be pooled to form the virus pool, which
again is tested for sterility. The virus pool is clarified to remove cells and cell debris, and
the live virus content of the clarified pool is determined.

 4.2.2. Control of Final Bulk
1. The final bulk, which is prepared from one or more clarified virus pools, is tested for

stability and virus content. Sometime substances—such as a diluent or a stabilizer (e.g.,
human albumin)—are added during the preparation of the final bulk.

2. Each bulk is tested for residual animal serum proteins if serum has been used in the cell
culture.

3. Sterility: each bulk is tested for bacterial and fungal contamination.

 4.2.3. Control of Filled Container
1. The final bulk is distributed into containers and is freeze-dried.
2. Identity tests.
3. Sterility tests: Reconstituted vaccine is tested for bacterial and fungal contamination.
4. Virus concentration and thermostability. The virus content of at least three containers

from the freeze-dried lot is determined against a reference preparation of measles vac-
cine. WHO requires an additional three containers to be incubated at 37°C for 7 d, and the
virus content is then measured. The geometric mean infectious virus titer must be equal to
or greater than the required minimum number of infective units per human dose, and the
geometric mean virus titer must not have decreased by more than 1.0 log10 infectious
units during the period of incubation. The lowest immunizing dose of virus in the vaccine
that induces seroconversion in susceptible individuals is established in dose-response
studies (38).

5. Abnormal toxicity tests are carried out in mice and guinea pigs.
6. Residual moisture is determined, and should be within specified limits.
7. Inspection of final containers: carried out visually; those showing abnormalities are dis-

carded.

4.2.4. Stability
During the development of the vaccine, tests will have been carried out to show that

this particular product is stable at the stipulated storage temperature, which is any
temperature below 8°C. However, each lot must pass the thermostability test before
being released for use. Written records of all of the tests carried out, regardless of
results, must be kept.

4.3. Evaluation of Modern Component Bacterial Vaccines: Control
of Polysaccharide-Conjugate Vaccines (see Chapter 10)

4.3.1. Haemophilus influenzae Type b
The production and control of H. influenzae type b-conjugate (Hib-conjugate) vac-

cine illustrates the complexities of the production and control of bacterial polysaccha-
ride - conjugate vaccines. Hib-conjugate vaccines are produced by covalently linking
Hib capsular polysaccharide, composed of units of 3-β-D-ribose-f (l → 1)-ribitol-5-
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PO4
– (PRP), to a protein carrier in order to stimulate, in infants, a T-cell-dependent

antibody response that otherwise does not occur with the polysaccharide alone. Con-
jugate vaccines also induce immunological memory in young children.

WHO recommendations for Hib-conjugate vaccines, first published in 1991, take
into consideration important differences in vaccine composition as well as differences
in production methods. Thus, these vaccines have been produced using native poly-
ribosylribitol phosphate as well as oligosaccharides, together with different carrier
proteins; standard diphtheria toxoid, a nontoxic mutant diphtheria toxin (CRM 197),
standard tetanus toxoid, and an outer-membrane protein (OMP) complex of Neisseria
meningitidis serogroup B have been used as carriers. Clearly, some control tests must
therefore be product-specific. Serological correlates of protection in humans exist for
Hib-conjugate vaccines, and it is important to show that a conjugate vaccine stimu-
lates a statistically significant serum IgG response. This is in contrast to the case of
acellular pertussis vaccines, for which serological correlates of protection have not yet
been demonstrated. In the case of H. influenzae, the functional activity of the conju-
gate-induced antibodies is also evaluated by measuring the serum bactericidal activity
against H. influenzae type b. Consistency of production, and the demonstration that
the product does not differ from vaccine lots shown to be safe and adequately immu-
nogenic and protective in clinical studies, are important components in the evaluation
and lot-by-lot release of Hib-conjugate vaccines. However, as previously mentioned,
certain vaccine lots that had met all established release criteria failed to produce the
expected immune responses in infants (39). Unintentional and undetected changes in a
vaccine during production emphasize the need for continued post-marketing surveil-
lance, and for further research to develop new strategies and tests to ensure that rel-
evant vaccine characteristics are being properly controlled. WHO recommendations
for Hib-conjugate vaccine were revised in 1999 (40) to take account of the above
problems. Much experience had been gained with the preparation and control of these
vaccines since 1991, and it had been shown that the biological assay for potency, the
animal immunogenicity test recommended in the original WHO recommendations,
does not correlate with the efficacy of the vaccines in infants and did not provide a
sensitive indicator of vaccine quality. Thus, although immunogenicity testing in ani-
mals remains necessary during vaccine development, the revised Recommendations
(40) state that an animal immunogenicity test does not need to be used for routine lot
release. Instead, the testing focuses on the physicochemical tests to monitor consis-
tency of production of the polysaccharide, the protein carrier and bulk conjugate.

4.3.1.1. CONTROL OF PRODUCTION

1. Control of source materials. The strain of H. influenzae type b used to prepare the polysac-
charide should be well-characterized, and production should be based on a seed-lot sys-
tem. The culture medium used for production must not contain blood-group substances or
polysaccharides of high relative molecular mass. If any materials of animal origin are
used in seed production or storage, or in vaccine production, their use should be in accor-
dance with the guidance given in the Report of a WHO Consultation on Medicinal and
Other Products in Relation to Human and Animal Transmissible Spongiform Encephalo-
pathies (TSEs) (3).
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2. Purification of polysaccharide: Specifications must be set for the purified polysaccharide
with respect to the content of moisture, ribose, phosphorus, protein, nucleic acid, and
endotoxin. The molecular size of each lot of purified polysaccharide must be determined,
and the distribution constant must be shown to be consistent for a given product.

3. Processed polysaccharide: Strict conditions are established for the chemical modification
of the polysaccharide in preparation for conjugation to the protein. The processed polysac-
charide is evaluated for the number of functional groups introduced for use in the conju-
gation reaction.

4. Carrier protein: The requirements for the carrier proteins will depend on the particular
protein used. If toxoids or inactive variants of a toxin are used, then appropriate tests
must be carried out to ensure that these proteins are nontoxic. Test methods to confirm
their identity, quality, purity, and safety are carried out. Physicochemical methods that
may be used to characterize such proteins include sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), isoelectric focusing, high-performance liquid chroma-
tography (HPLC), amino acid analysis, amino acid sequencing, circular dichroism, fluo-
rescence spectroscopy, peptide mapping, and mass spectrometry as appropriate. In some
conjugation procedures, reactive functional groups or “spacers” may be introduced, and
the degree of substitution must be monitored carefully at this stage to ensure consistency.

5. Control of bulk conjugate: A number of multistep conjugation methods are used for pro-
duction. The method established must be shown to give a reproducible, stable, and safe
Hib-conjugate vaccine.

Unreacted functional groups present at the end of conjugation are potentially capable
of reacting in vivo. The manufacturing process should therefore be validated to show
that it does not produce bulks containing such groups; any remaining groups should be
made unreactive by means of “capping reagents.” Once the conjugate has been purified,
the consistency of manufacture is evaluated by testing for residual reagents, unbound
polysaccharide, polysaccharide content, protein content, molecular size, and stability.
For example, where appropriate, when tetanus or diphtheria toxoids are used as carriers,
the bulk conjugate should also be tested for the absence of specific toxicity. The polysac-
charide-to-protein ratio of the conjugate should be within the limits established for that
particular conjugate. The final bulk is prepared by mixing an adjuvant and preservative,
if used, with a suitable quantity of the bulk conjugate to meet the specifications of the
vaccine lots shown to be safe and effective in the clinical trials.

4.3.1.2. CONTROL OF FINAL PRODUCT

1. Identity of the material in the vials is carried out on at least one labeled container from
each final lot.

2. Sterility: Tests for bacterial and fungal contamination should be carried out.
3. The total PRP content is determined, and must be within + or –20% of the stated content.
4. Each final lot is tested for abnormal toxicity in five mice and two guinea pigs. However,

the revised WHO recommendations allow this test to be omitted for routine lot release
once consistency of production has been well-established to the satisfaction of the na-
tional regulatory authority and when good manufacturing practices are in place. Each lot,
if tested, should pass the test.

5. Adjuvant content is measured, and should be within set limits.
6. Residual moisture: If the vaccine is freeze-dried, then the residual moisture content should

be within limits sets during development and clinical trial of the vaccine.
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7. Pyrogenicity in rabbits or endotoxin content as measured by the LAL test should meet
specifications.

8. Preservative content should be measured, and should be within set limits (where used).
9. Stability: The polysaccharide component of conjugate vaccines suffers gradual hydroly-

sis at a rate that varies with the type of conjugate, type of formulation or adjuvant, type of
excipients, and conditions of storage. The depolymerization can result in reduced mo-
lecular size of the PRP component, a reduction in the amount of the PRP bound to the
carrier protein (e.g., an increase in the free PRP content), and a reduced molecular size of
the conjugate. In general, PRP-protein conjugate vaccines are susceptible to gradual hy-
drolysis, and the expiry date must be established accordingly. Thus, during development,
tests must be conducted to determine to what extent the characteristics of the product in
question have been maintained throughout the proposed validity period. Final containers
from at least three final lots derived from different bulks are tested at the end of the period
to evaluate stability during storage. Both unbound polysaccharide and protein are deter-
mined, and a vaccine lot must meet specifications for the final product up to the expira-
tion date.

As with all other vaccines, written records of all tests carried out, regardless of
results, must be kept. When any changes are made in the production process that may
affect stability, vaccine produced by the new procedure must be shown to be stable.

4.3.2. Group C Meningococcal Conjugate Vaccine
Following the development of the Hib conjugate vaccines, considerable progress has

been made in the development of similar conjugate vaccines based on serogroup C men-
ingococcal capsular polysaccharide. Clinical trials have shown these vaccines to be
highly immunogenic in all age groups and to induce immunological memory. In 1999,
the Group C meningococcal conjugate vaccines were licensed and introduced into the
routine immunization program in the United Kingdom, where they were found to be
safe and very effective in decreasing the incidence of Group C meningitis and septice-
mia. Interestingly, in this case, licensing was based on the proven immunogenicity of
the vaccine rather than on clinical efficacy. Following their success in the United King-
dom, other countries have licensed these vaccines and introduced them into their rou-
tine vaccination schedules, or are planning to do so. WHO Recommendations for this
vaccine were therefore developed and adopted by the WHO Expert Committee on Bio-
logical Standardization in November 2001. These are based on the recommendations
for the Hib conjugate vaccines, and again emphasize a strategy for the control of the
vaccine, which relies heavily on molecular characterization and purity to ensure that
each vaccine lot is consistent with the specifications of the vaccine lots used in the
definitive clinical trials that confirmed their safety and immunogenicity. Thus, the qual-
ity and purity of the polysaccharide, the carrier protein, and the composition of the final
protein conjugate are important parameters (41). The immunogenicity of the meningo-
coccal C conjugate vaccines has been evaluated in mice, and such data can provide an
indication of the consistency and structural integrity of the vaccine. However, although
immunogenicity testing in animals forms a necessary part of vaccine development, ex-
perience gained following the licensing of the serogroup C conjugates suggests that, as
in the case of Hib vaccine, a routine animal potency test is not necessary when vaccine
consistency has been assured by physicochemical criteria.
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The amount of free polysaccharide in the final product is an important parameter in
the case of the serogroup C meningococcal conjugate vaccine. Only the meningococ-
cal polysaccharide that is covalently bound to the carrier protein—the conjugated
polysaccharide—is immunologically significant for clinical protection. Indeed, ex-
cessive levels of unbound polysaccharide could potentially result in immunologically
hyporesponsiveness to group C polysaccharide, a phenomenon observed in studies of
immunized infants and adults. Although the clinical importance of this phenomenon is
unclear, for quality-control purposes, each batch of conjugate is tested for unbound or
free polysaccharide to ensure that the amount present in the purified bulk conjugate is
within the limits of lots shown to be clinically safe and efficacious. Methods that have
been used to assay unbound polysaccharide include gel filtration, ultrafiltration, and
hydrophobic interaction chromatography, or ultracentrifugation with High-Perfor-
mance Anion-Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD) or colorimetric detection.
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DNA Vaccination

An Update

Douglas B. Lowrie

1. Introduction

The volume entitled DNA Vaccines: Methods and Protocols was published in this
series as recently as 2000, and thus it is no more than 3 yr since the authors of this
volume surveyed the scene and prepared their chapters for publication. Yet progress
continues to be rapid in this exciting field, and an update is needed. New ways to
enhance efficacy in a wide range of applications are being sought, and here the author
summarizes the main developments. The subject headings are indicative rather than
definitive of the material covered in each section, since developments frequently
impact on multiple aspects of DNA vaccinology.

2. DNA Uptake, Transcription, and Expression
The main concern in the field of DNA vaccination continues to be the low overall

efficiency of the process. Typically, huge amounts of DNA are applied, and minute
amounts of antigen are produced. The barriers to efficiency are, to a large extent,
physical barriers against entry into the cell and entry into the nucleus. The ballistic
approach provides one solution, in which DNA attached to inert particles is fired into
the cell and nucleus at high velocity using a gun. However, we might reasonably desire
to retain the basic simplicity of the procedure in which injected or even topically
applied DNA generates effective immunity.

DNA in extracellular space and in endocytic vesicles is rapidly degraded by enzyme
action, but if it gets into the cytosol it is relatively stable. Injection in 150 mM phos-
phate buffer is reported to enhance stability, presumably by inhibiting enzymic degra-
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dation (1). Plasmid DNA that has entered the cytoplasm has essentially unrestricted
access to the nuclear compartment during cell division (2), but in non-dividing cells,
special tricks are needed. New techniques for evaluating and enhancing entry into the
nucleus have recently been described and reviewed (3–7). Electroporation seems to be
highly effective for DNA traverse of both cell and nuclear membranes in non-replicat-
ing cells such as muscle in vivo (8–13). An increase in protein expression of up to 70-
fold has been seen (9), but electroporation may result in high levels of plasmid
integration into cellular DNA that are unacceptable for vaccines. Association of plas-
mid DNA with nonviral particles continues to be explored as a means of enhancing
uptake, into endosomes as well as into the nucleus. Condensation with oligolysine-
RGD peptide facilitates entry into the cell as well as into the nucleus (14). Strikingly,
linear polyethylenimine particles can be as effective as electroporation (15), perhaps
without enhancing the risk of DNA integration.

It is now clear that a large part of the increased expression caused by the SV40
DNA that is commonly present in vaccine plasmids is a result of nuclear targeting.
The enhancer region associated with the origin of replication appears to bind a com-
plex of transcription factors and DNA-binding proteins that together mediate nuclear
import (16–18). Inclusion of this element can increase expression about 20-fold in
injected muscle and in non-dividing cells, but not in dividing cells in which expression
is already high (19). This viral dodge of hitching a lift into the nucleus by binding
transcription factors has been elegantly exploited by Mesika et al. (20), who incorpo-
rated NFkB-binding sites into plasmid and increased nuclear localization 12-fold.
Depending on the position of the binding sites, they could increase expression by an
additional 19-fold by enhancing transcription. As expected, stimuli that increased
NFkB availability also increased nuclear uptake and expression. Further evidence of
the role of transcription factors as nuclear import vehicles has come from studies of a
smooth-muscle specific promoter, the promoter of the gamma actin gene (21). Nuclear
uptake and expression of plasmid using this promoter was dependent on the availabil-
ity of the smooth-muscle specific transcription factor SRF. When this protein was
expressed in other nondividing cells, they too could import the plasmid into the nucleus
and use the promoter.

Evidence that the DNA-binding protein VP22 from herpes simplex virus could
enhance uptake of plasmid into the nucleus (22) has proven controversial (23). Plas-
mids that express fusions between antigen and VP22 appear to be much more effective
than plasmids expressing the antigen alone in inducing strong CD8+ Th1 immune
responses (24–27). Although the phenomenon has been explained alternatively by an
increased spreading of the fusion product to adjacent non-transfected cells (28), the
evidence for this is drawn from microscopy and may arise from an artefact of metha-
nol-fixed cells (29), so the mechanism awaits definition.

Manipulations of encoded proteins so that they carry amino acid sequences intended
to target the antigen to different subcellular compartments—and thus to different anti-
gen presentation pathways and immune responses—have not always had the expected
effect. Indeed, totally unexpected subcellular distribution of the protein has been
reported (30). Nevertheless, the inclusion of secretion signals tends to preferentially
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enhance antibody responses (31–32), and targeting proteosomes by including ubiquitin
sequences preferentially enhances Th1 cellular immunity (33). The inclusion of both
ubiquitin and epitope-flanking sequences to enhance proteolytic processing markedly
facilitated tumor eradication in mice by an epitope-string DNA vaccine (34).

Thus far, there are few indications that alternatives to the usual CMV immediate
early gene-transcription promoter and enhancer offer much superior responses. How-
ever, the ubiquitin B promoter is one candidate, particularly in conjunction with the
CMV enhancer, since it resulted in higher and longer-sustained gene expression in
mouse lung after intranasal (in) delivery (35). Intradermal (id) gene gun delivery of a
plasmid that expresses antigen from a dendritic cell-specific promoter has been found
to result in maturation of skin Langerhans cells, migration to draining lymph nodes,
and immune responses in mice (36). The efficacy of such a promoter in man might be
superior to that of the CMV promoter, particularly if there is a background of pre-
existing defense against expression of the human CMV promoter in the face of wide-
spread silent infection with this virus. The safety profile of a promoter expressed only
in dendritic cells may also be superior.

3. Adjuvants
The importance of stimulation of innate immune responses in vaccination for Th-1

acquired immune responses in general is becoming clear (37) and DNA vaccination is
no exception. Contaminating LPS and inherent CpG sequences within the plasmid can
be potent stimulators through Toll-like receptors. Indeed, it seems likely that some of
the variability in efficacy observed in laboratory experiments can be attributed to con-
tamination of plasmid DNA with traces of LPS originating from the Escherichia coli
in which the plasmid is produced.

CpG and LPS stimulate NFkB, TNF-alpha, and Type-1 interferon production
through separate receptors and pathways that partially converge, but also have distinct
synergistic elements (38). Many known and unknown genes have been detected to be
upregulated in spleen cells following stimulation with CpG (39). CpG stimulation of
the Type-1 interferon response may be essential for driving the Th1 vs Th2 bias (40,41)
but CpG oligonucleotides also greatly increased antibody responses to HBV DNA in
orangutans (42). It is now known that the stimulatory GTCGTT recognition motif is
strongly conserved across ten animal species, but there are differences in the optima
(43). Not only are there significant differences in stimulatory sequence optima be-
tween mouse and man, complicating the move from preclinical to human clinical trials
of DNA vaccines, there are also differences in sequence optima between target cell
types and there are antagonistic sequences (44–46). Remarkably, stimulation with CpG
sequences has been found to result in functional expression of MHC class II molecules
on myocytes, adding fuel to the debate over the relative mechanisms and contributions
of myocytes and dendritic cells to immune priming by DNA vaccines (47). Much of
the exploratory work on the adjuvant effects of CpG motifs has been done with short,
single-strand phosphorothioate molecules. It is evident that although the principles
also apply to plasmid DNA, prediction of the outcome of diverse combinations and
permutations of CpG motifs in plasmid vaccines is not yet possible (43).
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There are alternatives to LPS and CpG sequences for adjuvanticity. Monophos-
phoryl lipid A (MPL), representing the active component of LPS, can substantially
increase primary antibody responses to rabies DNA, regardless of whether the DNA is
injected via im or id routes or delivered by gene gun. However, boosting of responses
by im or id DNA injections was inhibited by including MPL in the boost (48), perhaps
because of enhanced DNA degradation since inclusion of MPL did not inhibit boost-
ing by gene gun delivery of DNA into cells. Co-injection of zymosan as the inflamma-
tory stimulus has been found to enhance the Th-1 antibody and cellular responses to a
human immunodeficiency virus-1 (HIV-1) DNA vaccine. The enhancement was
complement-dependent, suggesting modulation by recruitment and activation of mac-
rophages or dendritic cells (49). It seems that alterations in the intracellular redox state
in antigen-presenting cells (APC) that are responding to CpG or inflammatory stimuli
may play a key role in determining the Th-1 to Th-2 balance of the resulting acquired
immune response to DNA vaccines (44,50–53).

Co-delivery of DNA that expresses immune signaling molecules continues to show
promise for application in vaccines against infections in addition to cancer. For ex-
ample, DNA expressing either IL-2 or IFN-gamma substantially enhanced specific
cell-mediated immunity in rhesus HIV and SIV models (54), and DNA expressing
granulocyte-macrophage colony-stimulating factor (GM-CSF) is a safe and well-tol-
erated adjuvant in DNA vaccines expressing multiple malaria antigens in mice (55). In
contrast, although a vaccine made from a random-fragment whole-genome genetic
library from SIV and delivered by gene gun substantially protected macaques against
challenge with SIV, inclusion of plasmids expressing IL-12 and GM-CSF impaired
protection (56). DNA expressing CD40L enhanced both Th1 and Th2 responses to
DNA vaccination in a murine HIV-1 model (57). Similarly, DNA expressing either
CD40L or CD40 together with plasmid expressing herpes simplex gD antigen en-
hanced resistance to HSV by promoting CD4+ Th1 responses (58). Co-injection with
plasmid expressing LFA-3 enhanced cellular and humoral responses and protection
against HSV-2 in mice (59); plasmids expressing IL-8 and RANTES enhanced both
antigen-specific CD4+ Th1 cellular immune responses and protection (60); plasmids
expressing MCP-1, IP-10 and MIP-1a increased mortality (60). Interestingly, it has
been reported that inclusion of human papillomavirus E6 expression in a DNA vac-
cine against Leishmania donovani in order to inhibit p53, resulted in higher antigen
expression and greater cellular and humoral responses to the co-expressed A2 antigen
in mice (61).

4. Routes and Delivery Protocols
Bupivacaine has been safely used clinically to enhance the efficacy of DNA vac-

cines delivered by intramuscular injection (62,63). Although part of the facilitating
effect of bupivacaine may be the result of toxicity followed by myocyte replacement/
proliferation, the molecule is now seen to form stable liposomal-like structures that
enhance DNA stability and perhaps uptake (64). Although delivery of plasmid in asso-
ciation with liposomes and similar lipid formulations has also proven effective in en-
hancing immune responses, this enhancement is probably not simply the result of
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increased DNA uptake into target cells, as originally believed. For example, Vaxfectin
(Vical Inc., a cationic and neutral lipid formulation) enhanced antibody responses with-
out decreasing cytolytic T-cell responses but it did this without increasing DNA
expression in muscle (65,66). It is still not clear to what extent continued production
of antigen by transfected myocytes (or any other cell) contributes to the development
and maintenance of immune memory, particularly with respect to cytotoxic cellular
immunity. The induction of both perforin and antibody-mediated immune destruction
of myocytes after im DNA vaccine injection has been demonstrated (67), but presum-
ably not all productive cells are necessarily killed by these responses.

The possibility that DNA vaccines may be applied topically by skin patch has
received support from several investigations. For example, immune responses were
induced by application of plasmid in saline to normal intact mouse skin (68). Not
surprisingly, the process seems much more effective after epidermal stripping.
Chitosan-based nanoparticles coated with DNA could elicit significant antigen
expression and antibody responses after topical application to abraded mouse skin
(69); strong cellular responses against HIV-1 surface antigen expressed from topically
applied plasmid were enhanced by co-administered GM-CSF plasmid (70). Similar
results were obtained with plasmid-expressing flu matrix gene, and liposomes that
included mannan enhanced the responses, as did plasmid expressing GM-CSF (71).
Intranasal and aerosol delivery methods continue to be attractive clinical prospects,
partially because they target the main route of transmission for many infectious dis-
eases and protective effects can be systemic. Intranasal plasmid delivery to mice was
shown to result in mRNA detectable at 2–4 wk in lung, liver, and spleen, and encoded
HIV-1 specific protein was detectable in the lung (72).

Although intravenous (iv) DNA delivery during pregnancy may not be acceptable
in humans, it is of interest that, in contrast to free plasmid, iv plasmid in liposomes can
reach the mouse fetus when given 9.5 d post-coitus, and results in priming for stronger
protective responses against influenza challenge (73). Immunization of pregnant goats
with in plasmid-expressing Cryptosporidium parvum antigen subsequently partially
protected the neonates from infection, probably by passive antibody transfer (74). Also
intriguing is the observation that plasmid introduced into the oral cavity of lambs in
utero resulted in substantial antibody and cell-mediated immune responses in neo-
nates (75). Intravulvomucosal delivery of plasmid by gene gun gave stronger cellular
and humoral bovine herpes virus (BHV-1) responses in cows than skin delivery (76).
This was probably the result of easier access to the Langerhans cells that are the main
target of gene gun vaccination, but cost and convenience barriers must be overcome
before such delivery technology can be widely accepted (77).

5. Applications
A recent review of DNA vaccination against tumor-associated antigens reaffirmed

that preclinical studies in animal models support DNA immunization as a potent strat-
egy for mediating antitumor effects in vivo (78). Further evidence that this may be true
for at least one category of human tumor, the B-cell lymphoma, has been obtained
with the gene sequences encoding the idiotypic determinants linked to a potently anti-
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genic fragment from tetanus toxin to break tolerance and clinical trials are underway
(79,80). Malignant melanoma in horses has responded well to direct injection of DNA
expressing IL-12 only (81).

Encouragingly, intradermal gene gun delivery of hepatitis B virus DNA on gold
into normal human volunteers has resulted in antibody levels that would be expected
to be protective, and generated antigen-specific CD8+ cytotoxic T-cells in a Th1 re-
sponse (82). Less encouragingly, although HIV-1 DNA vaccine plus IL-12 DNA has
yielded strong immune responses in infected chimpanzees, only a transient decrease
in viral load was obtained (83). Observations that DNA vaccination is superior to viral
vectors in generating responses to subdominant epitopes have been confirmed with
HIV-1 epitopes in Rhesus monkeys (84). Importantly, it has also been found that there
is a lack of antigenic competition for antibody responses following Aotus monkey
vaccination with three malaria blood-stage antigens on separate plasmids (85).

Studies in mice have shown that an anti-rabies DNA vaccine is at least as effec-
tive as the human diploid-cell vaccine for protection when given 6 h after infection
(86). A single dose of the vaccine given either intramuscularly or by gene gun to
Cynomologus monkeys gave substantial protection against lethal challenge 1 yr later
(87). Antirabies DNA, recombinant vaccinia virus, and human diploid-cell vaccine
were equivalent in priming for long-lasting antibody responses. However, recombi-
nant vaccinia virus was ineffective in boosting, regardless of how priming was done
(88). In cows, DNA priming enhanced T-cell responses to live BHV without en-
hancing protection (76). Nevertheless, the prime-boost strategy, in which DNA is
used to prime and viral vectors or protein plus adjuvant are used to boost, is gaining
ground. For example, DNA vaccination followed by canarypox boosting has been
shown to result in a substantially decreased viral load in chronically hepatitis B
virus-infected chimpanzees (89). Progress in developing DNA vaccines against
pathogens of fish continues (90). The vaccines can be remarkably effective at low
doses, and could prove to be cost-effective if suitable delivery procedures can be
developed (91,92). The applications of DNA vaccines to the veterinary and fish
farming fields have recently been reviewed (93).

It has been suggested that DNA vaccination against intracellular pathogens such as
TB and HIV might fail or be unacceptable in regions in which there are high levels of
helminthic parasite infestations because of the conflicting requirements for Th1 and
Th2 responses. However, it is encouraging that an id plasmid expressing a model anti-
gen (beta-galactosidase) gave a strong Th1 response without affecting the protective
schistosome-specific Th2 response in infected mice (94). However, it is clear that
DNA vaccination can downregulate Th2 responses. Studies of DNA-based immuno-
therapeutics of allergic diseases have recently been reviewed (95). Among the notable
findings are: plasmids expressing allergens can produce a long-lasting antigen-spe-
cific shift of Th2 to Th1, whereas immunostimulatory DNA sequences conjugated to
allergen give shorter-lasting but antigen-independent effects (96–99); the effects can
be helper-T-cell independent (100); and either CD8 or CD4 cells can mediate the
downmodulation of the IgE response seen after therapeutic Derf11 DNA vaccination
of sensitized mice (101).
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The potential value of plasmids expressing GM-CSF for enhancing production of
anti-snake venom by gene gun DNA vaccination has been demonstrated in mice (102).
A further broadening of the practical application of DNA vaccines is indicated by a
report that DNA immunization with minigenes encoding carbohydrate mimotopes can
induce anti-carbohydrate antibody responses (103).

6. Safety
There has been no shift in the view that DNA vaccination appears to be safe and

clinically acceptable. However, the effects of changes in plasmid backbone and cod-
ing sequences are difficult to predict in animal models and thus by extrapolation, in
man, each candidate for clinical trial will continue to be evaluated based on its merits.
A useful study of the risks of plasmid DNA integration into the genome has been
published (104). Three different DNA vaccines were given intramuscularly to mice.
At 6 mo the persistent plasmid was down to 200–800 copies/microgram DNA. It was
estimated that at worst this could mean integration of 1–8 plasmid copies per 150,000
diploid cells, equating to 1000-fold lower than the spontaneous mutation rate and there-
fore posing negligible risk.
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From Vaccine Research to Manufacture

A Guide for the Researcher

Nigel Allison and Howard S. Tranter

1. Introduction
Organizations that are involved primarily in research activities, such as academic

departments, may often be largely unaware of the economics and regulations related
to the production of a biopharmaceutical in a licensed facility using current Good
Manufacturing Practice (cGMP). In a research environment, the goal is usually to pro-
duce the product of interest to a high level of purity, using whatever methods are
available, for use in a particular study. Little consideration may be given to process
reproducibility and optimization, since only small quantities of highly purified mate-
rial are usually required, and at such a scale of operation, economic factors are of little
importance. In contrast, GMP manufacture of material for human or veterinary use is
subject to regulation by the competent authorities responsible for controlling the qual-
ity, safety, and licensure of medicinal products in countries in which the product is to
be registered for use (e.g., Medicines Control Agency, UK; European Medicines
Evaluation Agency; US Food and Drug Administration. GMP requires that “products
are consistently produced and controlled to the quality standards appropriate to their
intended use” (1). The costs involved in testing product, raw materials, and monitor-
ing the manufacturing environment to ensure that the product meets its specification,
together with those of operating at large scale, may be substantial. Thus, it is essential
to keep such costs to a minimum to ensure an economical manufacturing process.

Generally, manufacturing methods should be simpler than those used in the research
laboratory because of the necessity of operating at larger scale and under regulatory
constraints. A research process will usually have to undergo some development before
it can be used in a manufacturing facility. The amount of development work required
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will make a significant contribution to the overall cost and time of bringing a product
into manufacture (see Table 1). The overriding consideration in designing a new pro-
cess, therefore, should be to make it as simple as possible with the minimum number
of process steps. Figure 1 shows how the overall product yield decreases with increas-
ing number of steps. Even with a 90% recovery at each step (rarely achievable), a 10-
step process will only recover 40% of the product present in the starting material. In
addition to the costs of increased manufacturing times and lost product, a large num-
ber of process steps will add significantly to future validation costs.

Fig. 1. Loss of process yield with number of process steps.

Table 1
Estimate Duration and Costs of Vaccine Manufacture

Activity Duration (yr) Cost ($)

Feasibility (Research and Development) 4 4.9 M
Preclinical Development 4 14.7 M
Build Manufacturing Plant 3 21.4 M
Plant/Process Validation 3    7.0 M
Clinical Development 6 10.1 M
Registration 3 0.7 M
Patenting 5 0.7 M
Market Research and Preparation 1.5    1.0 M

Total Cost 60.5 M

Data from Gregersen (2).
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Before embarking upon a new vaccine research project, it is useful to have some
idea of what the specification of the new vaccine will be and by what route it will be
administered. This will allow the goals of the project to be set from the outset in terms
of product purity, number of required doses and approximate scale of operation, and
will influence the process methods chosen and determine the level of control for that
product. For example, the requirements governing the manufacture of sterile parenteral
(injectable) products are considerably more stringent than those pertaining to products
for oral application (1). Furthermore, the manufacture of biological/biotechnological
products places a greater emphasis on the control of the manufacturing process as a
whole, because there is an inherent variability of these products that are tested by
bioassay rather than physicochemical methods.

This chapter provides guidance for scientists who are involved in vaccine research
on the limitations imposed by GMP on the types of procedures that can be used in
medium- to large-scale bioprocessing. In order to minimize development time and to
facilitate the technology transfer of processes into manufacture, it is strongly recom-
mended throughout the chapter that techniques that are amenable to scale-up and are
compatible with working to GMP, are adopted as early as possible in the research
phase. Although the main focus of this article relates to bacterial products, there are
generic aspects—particularly in the area of downstream processing—that will apply
to many other types of vaccines and biotherapeutics.

2. Raw Materials
All materials used in biopharmaceutical manufacture should be purchased from

approved suppliers and tested to ensure that they meet the quality specified in the
product Certificate of Analysis (CoA). The analytical methods used for such testing
must be qualified unless the materials are of pharmacopoeial grade, in which case the
raw material tests are specified in one of the pharmacopoeia (e.g., EP, European Phar-
macopoeia; USP; United States Pharmacopoeia). Clearly, it is an advantage to pur-
chase pharmacopoeial grades of materials for research and development, if at all
possible, to facilitate future technology transfer and reduce the amount of method vali-
dation during manufacture. In any event, it is important to obtain and retain the
manufacturer’s CoA for all materials used during research and development to allow
comparable materials of the desired quality to be sourced for manufacture.

Another important consideration is the use of animal products. Regulatory concerns
(3) over Transmissible Spongiform Encephalopathy (TSE) agents in medicinal prod-
ucts has led to an evaluation of TSE contamination risk in all animal products used in
the manufacture of pharmaceuticals. Whenever possible, such products should be
replaced with materials of non-animal origin. If a suitable nonanimal product is
unavailable, the product should be derived from animals from areas of low TSE risk
(3,4). If animal products are used during the research phase of a project, it is almost
certain that these will need to be replaced when the process enters development. If the
animal substance is a growth-medium component, it is likely to have an effect upon the
growth of the production organism and expression of the antigens of interest. The avoid-
ance of such materials during research, or at least the evaluation of alternatives prior to
movement into development, can thus save much development time.
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3. Strain Selection
The selection of a suitable bacterial strain for production of a vaccine antigen(s) or

the correct mammalian cell line for virus production is crucial to the success of any
vaccine development project. In making the choice, a prime consideration should be
the level and stability of antigen expression/viral production that can be achieved. If
possible, the bacterial strain or cell line should be obtained from a recognized culture
collection with an established and documented provenance. Alternatively, if the cho-
sen vaccine strain is an “in house” clinical isolate, it will be necessary to compile a
complete history of the strain, including details of its isolation, identification, and
maintenance for product registration. Such information is often neglected during re-
search, making future license submissions difficult. Additional information will be
required for recombinant organisms, including the history, sequence, and restriction
map of the expression vector and the cloned gene(s). For the vector itself, full details
should be maintained of the preparation of the nucleic acid segments, the genes in-
volved, the origin of replication, the fusion product (if any), the characterization of the
flanking promoter, enhancer and terminator regions, and the presence of any antibiotic
resistance genes. Full details of the requirements surrounding the manufacture of bio-
logical products—including vaccines—for human use are to be found in the directives
issued by regulatory bodies (5,6). All stock strains should be stored under controlled
conditions, and a record should be kept of all subcultures/transfers made (7). This will
lay the foundation for the preparation of any future GMP seed banks for manufacture.

Whenever practical, non-pathogenic or attenuated organisms should be used as the
containment requirements for the production of pathogenic material will add greatly
to the cost of vaccine manufacture and may limit production scale and facility use.
Similarly, avoid the use of spore-forming organisms (e.g., Bacillus and Clostridium
spp.) whenever possible, as bacterial spores are extremely resistant to normal cleaning
and sanitization regimes, and it is often difficult to validate their total destruction. For
this reason, licensing authorities are likely to insist upon dedicated facilities for the
growth of such organisms (1) which, if the product concerned is of small volume and
relatively low value, can prove prohibitively expensive. An alternative to the use of
either pathogens or spore-formers would be to express a recombinant form of the
required antigen in a non-pathogenic host. This may have the added advantages of
increasing the level of antigen expression that can be obtained per unit mass of cells,
and will also provide easier routes of product isolation.

3.1. Recombinant Expression
A wide variety of bacterial and mammalian expression systems is commercially

available (see Table 2), and it is common practice when commencing the research
phase of a new project to evaluate a number of these for optimal expression of the
antigen of interest. However, a number of other factors must be considered when
choosing an expression system that is compatible with GMP manufacture.

Before commencing any work involving recombinant microorganisms, a mandatory
risk assessment is required under the Genetically Modified Organisms Regulations (8)
to determine the level of containment required for the work. The containment level is
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Table 2
Intellectual Property Rights of Commercial Expression-System Components and Associated Protein-Fusion Partners

Patent-protected component Owner of IPR

The T7 promoter to control recombinant expression (e.g., pET vectors) Brookhaven National Laboratories
The araBAD promoter to control recombinant expression (e.g., pBAD vectors) Xoma Corporation
The PL promoter to control recombinant expression (e.g., pLEX vectors) Biogen Inc.
Vectors containing the His-Tag sequence and Ni-NTA resin for the purification of His- Hoffmann-La Roche

tagged fusion proteins
Vectors containing the NusA sequence fused to the protein of interest to aid solubility University of Oklahoma
Vectors containing the thioredoxin reductase sequence fused to the protein of Genetics Institute Inc.

interest to aid solubility
Vectors containing the glutathione S-transferase sequence fused to the protein of Chemicon International Inc.

interest to aid purification (e.g., pGEX vectors) AMRAD Corporation
Vectors containing sequence encoding a chitin-binding affinity tag that can New England Biolabs

be removed nonenzymatically (e.g., pTYB vectors)
Vectors containing the maltose-binding protein sequence fused to the protein of New England Biolabs

interest to aid purification
The Pichia pastoris expression system, including the AOX1 or GAP promoter Research Corporation Technologies
The NICE Lactobacillus expression system with nisin as inducer NIZO Food Research

395
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calculated by taking into account a variety of factors, including the ability of the host to
be propagated in humans and animals, the mobility of the vector to other organisms, the
nature of the product, and the scale of operation. It is important to remember that ma-
nipulations performed during research at small scale may require a much lower level of
containment than similar operations at production scale. The advantages of using a
non-pathogen to produce the vaccine could well be abolished by inappropriate choice
of host organism and expression system. Therefore, there is much to be said for extend-
ing the GMO risk assessment to the envisaged production scale to highlight any poten-
tial problems at an early stage. A related issue is the use of antibiotics in production
facilities. Many manufacturers prohibit the use of β-lactam antibiotics (e.g., ampicil-
lin) in their production suites to avoid the risk of contamination of products and poten-
tial allergies in sensitive patients. It is advisable to avoid the use of ampicillin-resistance
markers when designing new expression constructs, or alternatively, to determine the
stability of recombinant expression in the absence of the antibiotic.

Many expression systems rely upon the addition of an inducer at a specific stage
during growth of the organism to “switch on” synthesis of the product of interest.
Some of the inducers used may be toxic (e.g., methanol), difficult to remove or expen-
sive (e.g., isopropyl-β-D-thiogalactopyranoside [IPTG]), all factors that could poten-
tially limit the scale of the production operation. Regardless of the inducer used, assays
may need to be sourced or developed to validate their removal from the final product.
It is thus preferable to use either constitutive expression of product or expression sys-
tems that utilize a physiological shift (e.g., temperature) to induce product synthesis.

Products may be expressed intracellularly or extracellularly, depending upon the
expression vector used. The mode of expression will greatly influence the downstream
processing operations required to isolate the product (see Fig. 2). There are advan-
tages and disadvantages in both systems, and it is important to choose the one that is
most appropriate for the product of interest. In making the choice, the following should
be considered:

1. Although extremely high levels of expression can be achieved using yeasts such as Pichia
pastoris, most yeast cells are difficult to break and may require several passages through
a homogenizer. This could damage and reduce the yield of a shear/heat-sensitive protein.

2. Some microorganisms produce extracellular proteases that may rapidly degrade a secreted
product. In a pharmaceutical manufacturing process, the addition of highly toxic protease
inhibitors to reduce such activity is not an option. However, it may be possible to employ
a protease-deficient host strain to minimize this problem (e.g., E. coli strains RV308/
ATCC 31608 [9] and HM125 [10]).

3. Some bacteria express certain intracellular recombinant proteins as insoluble, biologically
inactive inclusion bodies. Depending upon the particular protein, it may be possible to
solubilize and renature such proteins (11); however, the yield is often very poor, and large
quantities of aggressive denaturants such as guanidine hydrochloride may be required.
Alternatively, it may be possible to manipulate the physiological conditions of growth
(e.g., temperature or induction parameters) to favor expression of a soluble product (12).

4. Antigens expressed intracellularly in a soluble form will have to be released from the host
cell by some form of mechanical or chemical means before they can be purified. A larger
number of purification steps is usually required to separate the product from host proteins
when compared with secreted products or proteins expressed in inclusion bodies.
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If the product of interest is likely to prove refractile to purification, there are a
number of commercially available expression systems that use an affinity tag fused to
the protein of interest to allow rapid isolation of the product by affinity chromatogra-
phy. Commonly used fusion partners include hexa-histidine (Novagen), maltose-bind-
ing protein (New England Biolabs) and glutathione S-transferase (Novagen). When
evaluating such systems during the research phase, it is vital to ensure that the affinity
tag can be effectively cleaved from the fusion protein and removed from the product
stream subsequent to the affinity chromatography step. Assays may be required to
verify the absence of the tag in the final product.

Many commercial expression systems are comprehensively patented (see Table 2),
and their use outside a research environment attracts a heavy royalty. This may involve
a significant cost, especially if more than one component of the system (e.g., pro-

Fig. 2. Key operations in the manufacture of a bacterial vaccine.
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moter, vector, or purification tag) attracts intellectual property rights. It is wise to
examine such financial implications at an early stage of the research process to avoid
costly recloning and re-evaluation prior to or even after development.

4. Growth
It is good microbiological practice to prepare a research seed stock of the intended

production organism as the primary source for all subsequent research work. This will
limit the variation that is sometimes observed between seed stocks, and provide a
standard inoculum in a given physiological state for all growth and expression studies.
Ideally, the medium in which the seed stock is prepared should be that used for vac-
cine production. This may not always be possible, since at the beginning of a project
the media composition yielding optimal expression may not have been determined.

4.1. Media Selection
Media selection is an important aspect of process design, and careful consideration

at this stage will be repaid in reduced time and costs for later development stages. The
majority of standard media recommended for bacterial expression studies (e.g., L-
broth), although useful for early “proof of principle” studies, are not suitable for pro-
duction purposes because of the presence of animal products and/or low biomass
productivity. Selection studies for the growth medium to be used in production should
begin as soon as acceptable, and stable levels of antigen expression have been achieved
in standard media. The goal should be to produce a simple medium that contains no
animal components, and is capable of supporting high biomass production and prod-
uct yield. The provenance of each medium component will need to be determined to
avoid TSE issues, and each will need to be QC-tested to a specification before being
introduced into a production area, so it is helpful to avoid using complicated recipes.
For example, a medium that requires many amino acids to be added separately could
prove expensive and impractical for GMP production. Growth media containing exotic
components for which supply may become difficult should be avoided.

4.2. Optimization of Growth Conditions
Once a production medium has been chosen, growth experiments using flask cul-

ture can be used to begin the optimization of antigen production. Factors that should
be examined include: i) temperature, ii) pH control, iii) aeration rate (shaker speed),
iv) primary carbon source, v) antifoam requirement, vi) time for initiation of induction
(for non-constitutive expression), and vii) time of harvest. Information gained from
these studies will provide the basis for transfer of the growth process into small-scale
bioreactors where the factors influencing antigen expression can be determined fur-
ther. Fermenters offer greater control over the physiological factors affecting growth
and antigen expression than flask culture, and are capable of increasing production
levels several-fold. They may be operated in continuous and fed-batch modes in addi-
tion to standard batch culture. If possible, fermentation development should be initi-
ated during the research phase of a vaccine project, instead of — as is often the
case — being left until development. The goal should be to produce a scaleable and
reproducible process for the growth of the production organism and expression of the
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vaccine antigens. During this phase, it is important to examine the stability of recom-
binant expression vectors, by monitoring vector retention during extended growth
periods, particularly if the selection pressure for their maintenance (e.g., antibiotic
inclusion) has been removed.

5. Downstream Processing

The methods chosen for separating the required antigens from the production
organism and growth medium will largely be dictated by the host organism, the prop-
erties and location of the product, and the specification of the vaccine. Thus, it is
helpful to have as much information as possible about these factors before starting.
The host organism may contribute a number of unwanted materials into the product
stream, such as nucleic acid, protein, and endotoxin. It is better to avoid contamination
of the product with such host components rather than to have to remove them at a later
stage in the process. For example, although terminating the fermentation and remov-
ing the cells at an earlier stage of growth may reduce product yield, it could reduce
contamination of a secreted product with cell components arising from lysis. It is com-
mon practice in research laboratories to add inhibitors to inactivate host enzymes (e.g.,
proteases or nucleases) that may compromise the stability of the product. Many of
these compounds are highly toxic, and as such cannot be used in the manufacture of
human products. Those that can be used must be removed at a later stage, and their
absence in the final product must be verified using validated and highly sensitive
assays. A better approach is to avoid using such inhibitors in the first place by using
protease-deficient hosts, early stage removal, heat or pH inactivation, or by operating
under conditions favoring low protease activity (e.g., low temperature).

When designing a purification protocol, consideration should be given to the limi-
tations that the intended production scale may impose. For example, dialysis is a com-
monly used research method for removing salts and other small molecules from
process material. At a large scale, dialysis becomes impractical because of the vol-
umes of dialysis buffer required and the time for the process to reach equilibrium, and
is often replaced by tangential flow filtration. Although the latter is more rapid, the
high-throughput pumping involved can expose the product to shear forces, and there is
also potential for product loss on membranes. A number of manufacturers (e.g., Sarto-
rius, Millipore) market disposable tangential flow units for small volumes that are
ideal for evaluation during the research phase, and can be scaled up effectively during
process development to manufacture.

5.1. Primary Processing
A common feature of many purification protocols designed in research laboratories

is an over-reliance on chromatographic steps to remove bulk contaminants. At process
scale, chromatographic procedures are generally labor-intensive to perform and vali-
date, and require expensive control equipment. As such, the number of chromato-
graphic steps in a process should be kept to a minimum and reserved for product
polishing. Primary processing techniques should be used to remove the majority of
unwanted product-stream components.
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The first step of any downstream process is the separation of the product from the
production organism. In the case of a secreted product, this will involve physical sepa-
ration of the cells from the culture medium using centrifugation and/or filtration. If the
product is not secreted, some method of cell breakage will be required once the cells
have been harvested. Generally, mammalian cells are easily lysed using mild techniques
(e.g., osmotic shock). Bacteria and yeasts, however, require more aggressive chemical
or physical treatments. Chemical methods of cell lysis (e.g. using alkali or surfactants)
obviate the need for expensive homogenization equipment, but depend upon the resis-
tance of the product to chemical denaturation. Sonication, although a useful research
method, is not widely used for industrial large-scale cell disruption and is usually
replaced with high-pressure homogenization or bead mills. All of these methods vary in
the efficiency of breakage and their effect upon the product. Material arising from one
disruption method may consist of different components, and may thus behave differ-
ently during subsequent purification to that generated using another procedure, so it is
important during research to use a disruption method as close to that intended for pro-
duction. The conditions used for cell disruption must be a balance between those that
yield optimal product release and those leading to minimal product denaturation. Chro-
mosomal DNA is often a major contaminant, and by virtue of its high molecular mass
and viscosity can interfere with later chromatography steps (13). Increasing the degree
of nucleic acid shearing by using a higher homogenization pressure or an increased
number of passages through the disruption equipment may decrease this problem. Con-
versely, decreasing shearing will facilitate nucleic acid precipitation using specific pre-
cipitants (e.g., streptomycin sulphate or protamine sulphate).

Removal of cell debris is usually accomplished by batch centrifugation in the
research laboratory. At a large scale, this may not be practical, and a combination of
tangential flow filtration and/or continuous flow centrifugation may be required. Hav-
ing removed unwanted particulate material, the next priority is to stabilize the product
and remove the major contaminants. Water is usually the most abundant contaminant,
and concentration is an important part of primary processing. This may be achieved by
ultrafiltration using low protein-binding membranes (e.g., polyvinylidene fluoride)
with defined mol-wt cut-off pores, precipitants (ammonium sulphate, solvents, pH,
heat) or batch binding to an adsorbent. Expanded-bed chromatography is a form of the
latter technique, in which a fluidized bed of a specialized chromatographic matrix
(usually an ion-exchanger) can be used to capture product directly from a crude, par-
ticulate process stream, thus obviating the need for prior clarification (14). A number
of manufacturers (e.g., Amersham Biosciences, UpFront Chromatography A/S) sup-
ply the necessary equipment suitable for use at a small scale to allow process evalua-
tion. Ammonium sulphate is widely used as a protein precipitant, and has the potential
to achieve both concentration and purification in a single step. However, it is impor-
tant to consider that the high salt concentration of the product stream following this
technique will need to be reduced prior to performing chromatographic techniques
such as ion-exchange. Precipitation of contaminants and/or product by decreasing the
pH of the process stream can be useful if the product is stable under such conditions.
For example, acid precipitation can be used effectively to harvest and stabilize botuli-
num toxin following fermentation in the GMP manufacture of toxoid vaccines (15).
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5.2. Chromatography
Chromatography workstations (e.g., ÄKTA™, Amersham Biosciences; BioCAD™

At Applied Biosystems) capable of producing complex gradients are often used in the
development of product elution conditions from adsorption chromatography matrices in
the research laboratory. At large scale, the equipment required to produce such gradients
can be expensive, and it is often difficult to reproduce exactly what is achieved at research
scale. For these reasons, there is much to be said for using the information obtained from
preliminary gradient elution work to develop a simple step-elution method that can eas-
ily be adapted to process scale. When designing chromatographic separations, it is easy
to forget the benefits of using negative chromatography where, in contrast to traditional
methods, the product does not bind to the matrix under the conditions used for applica-
tion, and is collected in the column flow through fraction. Although this technique does
not offer the usual advantages associated with absorption techniques of concentrating
the product, it can prove useful in removing persistent contaminants. We have used two
consecutive negative chromatographic ion-exchange steps (the first anionic, the second
cationic) to great effect in the GMP production of staphylococcal enterotoxin B from
culture supernatant fluid following fermentation of Staphylococcus aureus (16).

An important consideration when designing chromatography steps for potential
GMP products is the stability of the matrix to cleaning and sanitization procedures.
Reputable manufacturers can usually supply details of the physical and chemical sta-
bility of chromatography products licensed for GMP use in the form of a dossier, such
as a Drug Master File, but it is the responsibility of the vaccine development team to
validate product-specific cleaning methodologies. One way of avoiding such costs is
to use fresh matrix for each production run if this is economical. The use of chroma-
tography matrices that have been approved for GMP use for process development,
should be encouraged whenever possible.

The sequence of individual steps can have a major impact on the economics of the
process. The goal should be to combine individual steps in a way that minimizes time-
consuming operations such as buffer exchange and concentration. For example, if a
process step generates a product stream with high ionic strength (e.g., ammonium
sulfate precipitation or ion-exchange chromatography), follow it with a procedure that
either requires such starting conditions (e.g., hydrophobic interaction chromatogra-
phy), or whose operation is unaffected by salt concentration (e.g., gel filtration). In
addition to being effective purification tools, adsorption techniques such as ion-
exchange chromatography can be used to concentrate material from a dilute product
stream (e.g., following protein refolding from solubilized inclusion bodies) much more
rapidly and cost-effectively than ultrafiltration methods.

Affinity techniques can yield a phenomenal degree of purification (>1000-fold) in a
single step, and are widely used in the purification of recombinant fusion proteins.
However, these methods can suffer from a number of disadvantages when applied to
production processes. Firstly, the cost of the matrix usually precludes single-use appli-
cations. This means that cleaning validation work cannot be avoided. Also, the ligands
used are often sensitive to the methods routinely used for sanitization (e.g., treatment
with sodium hydroxide or formaldehyde). Information will need to be gathered about
the leaching of the affinity ligand from the matrix. If this is significant, methods for its
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removal will need to be incorporated into the process, and assays for its detection
developed and validated. Ligand leaching was a particular problem in our laboratory
when using a glutathione-Sepharose matrix in the development of a purification pro-
cess for a vaccine antigen expressed as a fusion protein with glutathione S-transferase.
If the affinity ligand is a biological product (e.g., an antibody), it will have to have been
prepared using cGMP and the provenance of the source material established. Finally,
several of the commercially produced affinity matrices (Table 2) attract a royalty when
used in manufacturing processes.

5.3. Removal of Host-Specific Contaminants
Endotoxin (lipopolysaccharide), a highly pyrogenic component of Gram-negative

bacterial-cell walls, must be reduced to an acceptable level for all parenteral products
(17). As the dose may vary from vaccine to vaccine, the endotoxin limit is generally
expressed as K/M (K is the threshold pyrogenic dose of endotoxin/kg body mass/h,
and M is the maximum recommended dose of product/kg body mass/h). The value of
K is usually 5EU/kg/h for parenterals. Elimination of endogenous endotoxin arising
from the use of production organisms such as Escherichia coli can sometimes prove
problematic. Fortunately, because of its high negative charge, endotoxin can be
removed using anion-exchange chromatography, provided that it is not co-eluted with
the product. Charged nylon-membrane filters (e.g., Zetapor™ from Cuno) use a simi-
lar mechanism to reduce endotoxin levels in process streams. Alternative methods
include gel-filtration chromatography and ultrafiltration, which depend upon the pro-
pensity of endotoxin to form high mol-wt aggregates of 100-1,000 kDa in aqueous
solution. The pharmaceutical manufacturing environment aims to minimize exogenous
endotoxin contamination by the use of HVAC systems, Laminar Flow Units,
cleanroom clothing, depyrogenated glassware, sanitization of equipment and matri-
ces, and use of pharmaceutical-grade water to prepare reagents.

The main concern regarding contamination of vaccines with host-cell DNA is the
potential uptake and assimilation of foreign oncogenes by patients’ cells. Although
this concern relates mainly to products from mammalian-cell culture, the regulatory
authorities have adopted a cautionary approach and recommend a level of no more
than 10 pg host-cell DNA per therapeutic dose for recombinant products (18). The
form of the DNA is more important than the quantity. Fragments of DNA smaller than
250 basepairs represent low risk because they are several times smaller than the size of
the average gene. Like endotoxin, DNA can be removed using anion-exchange matri-
ces and filtration devices (e.g., Zetaplus SP™ from Cuno) if it persists beyond the
primary processing stage (see Subheading 5.1.). Alternatively, nucleases may be
added to digest nucleic acid, yet, the provenance of such agents and their removal
from the final product must be verified prior to manufacture.

Removal or inactivation of endogenous viruses must be verified when animal prod-
ucts (e.g., serum in mammalian-cell-culture media) are used. It is preferable to per-
form viral inactivation prior to use in the process (e.g., heating to 40–60°C) to avoid
degradation/inactivation of the product. Alternatively, most viruses can be separated
from soluble protein antigens by gel filtration. Validation of virus removal is normally
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achieved using appropriate bioassays or immunoassays (19). The best solution is to
avoid using potentially contaminated products in the process whenever possible.

5.4. Inactivation and Toxoiding
If the vaccine antigen(s) selected retains biological activity that is capable of caus-

ing adverse effects in patients (e.g., bacterial toxins, whole-cell vaccines), it will be
necessary to inactivate it. For highly toxic substances, it may be beneficial to inacti-
vate early on in the process to avoid the costs and limitations of biological contain-
ment. The main drawback of this approach is that some of the methods utilized for
inactivation, such as heat or formaldehyde treatment, can cause protein aggregation or
crosslinking which may hamper subsequent removal of contaminants. One such ex-
ample is the diphtheria vaccine, which contains toxin molecules crosslinked to growth-
medium peptones (20). The latter are unnecessary antigenic determinants that may
cause side effects following the vaccination process.

6. Formulation
The presentation of the vaccine is an important consideration that is often neglected

in the early stages of a project. Early animal studies should determine whether an
adjuvant is required. Preliminary data related to the stability of the product accumu-
lated using research material can be useful in determining whether the final product
should be formulated as a sterile liquid or a lyophilized product and whether stabiliz-
ing excipients are required. For further details regarding factors influencing vaccine
formulation, see Chapters 11, 13, and 14.

7. Analytical Methods
Apart from generating a prototype production protocol, the research phase of a

vaccine program should aim to characterize the physical and biochemical properties
of the potential product. In addition to influencing the choice of separation methods
used, this data will lay the foundations for the development of quality control tests.
These are generally of two types: i) in-process tests that are used to monitor the prod-
uct, key contaminants, and operating parameters (e.g., pH, temperature or conductiv-
ity) throughout the process, and ii) final product tests. Some of the types of assays
commonly used for final product testing are detailed in Table 3. Foremost of these,
particularly with regard to vaccine development, is establishment of a method for
evaluating the potency of the active substance(s). This usually involves the develop-
ment of an animal model for the infection or intoxication the vaccine is designed to
protect against, and should occur at an early stage in the research phase, as it is a
prerequisite in selecting the vaccine candidate. In selecting an animal model, con-
sider the potential costs involved in routine vaccine batch testing as well as assay
validation and stability studies. Several of the methods for quantification, identifica-
tion, and purity determination, shown in Table 3, are in common use in research
laboratories but will require validating should the product progress beyond a Phase 1
clinical trial. In choosing a method, consider whether the following validation param-
eters could be met: reproducibility, accuracy, specificity, range, robustness, and sys-
tem suitability (21).
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8. Documentation
It is essential that good records are kept of all work performed during the research

phase of a project. These should include the experimental methods and results, ana-
lytical procedures and results, the source and batch numbers of all materials, and details
of all major equipment used. This information will be required to support any patent
application in order to secure possible IPR arising from the work. When the vaccine
moves from research into process development, a technology transfer document will

Table 3
Methods Used for End-Product Testing of Protein Vaccines

Parameter Test used

Efficacy Animal potency test (product-dependent)

Quantity Protein determination
Immunoassay (e.g., ELISA, Ouchterlony)

Identity Western blotting using monospecific antibody
N-terminal sequencing
Peptide mapping
Mass spectrometry
Amino acid analysis

General Safety Abnormal toxicity test in animals

Adjuvant Chemical Test Dependent upon adjuvant used

Stability Tests Selected from the above and performed over a
range of storage conditions and time intervals

Contaminants

Host Protein Gel electrophoresis (denaturing/non-denaturing)
2-D electrophoresis
Capillary electrophoresis
Isoelectric focusing
HPLC (reverse phase)
Immunoassays

Host DNA DNA hybridization studies

Endotoxin LAL assay
Rabbit pyrogen test

Bacteria/Fungi Sterility test

Viruses Bioassays
Immunoassays
DNA hybridization studies

Process additives Various (dependent upon analyte)
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be required detailing the research process and analytical methods with representative
data from a number of vaccine preparations. This document is valuable even if the
research, process development, and subsequent manufacture will take place within the
same organization. If future work is to be performed by another organization or con-
tractor, this information assumes an even greater level of importance, as much devel-
opment time can be wasted in duplicating experimental work omitted from an
incomplete technology transfer package. Details of the legalities and additional docu-
mentation involved in transferring a process from one commercial organization to
another are outside the scope of this article but are reviewed elsewhere (22). The infor-
mation contained within the technology transfer document, together with data accu-
mulated during process development, is also useful in drafting the documentation
required for cGMP manufacture. This will include process flow diagrams, batch manu-
facturing records, specifications, and standard operating procedures. GMP processes

Table 4
Alternative Process Methods Suitable for Scale-Up
and/or Use in GMP Production

Possible alternatives
Function Research method for scale-up

Initiation of Addition of chemical inducer Constitutive expression
expression Induction by physiological shift

Cell growth Shake-flask culture Batch or fed-batch fermentation

Cell disruption Sonication High-pressure homogenizers
Bead mills
Chemical lysis

Decrease proteolytic Use of protease inhibitors Protease-deficient production
activity strains

Removal of host DNA Use of nucleases Ion-exchange chromatography
Filtration using specialized

membranes

Removal of Batch centrifugation Continuous-flow centrifugation
particulates Tangential-flow filtration

Expanded-bed chromatography

Removal of endotoxin Polymyxin Ion-exchange chromatography
Filtration using specialized

membranes
Gram-positive production

strains

Buffer exchange Dialysis Tangential-flow filtration
Gel filtration
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are dependent upon extensive documentation systems to i) prevent errors arising from
verbal communication, ii) ensure process reproducibility, and iii) facilitate the tracing
of the manufacturing history of any product batch. If the vaccine makes it to the mar-
ket, the regulatory authorities will require a product development report detailing the
history of the vaccine from concept through to manufacture. Research data, together
with information from the subsequent process development work, will form a large
part of this document.

9. Summary
The following key messages summarize the factors that should be considered dur-

ing a vaccine research project to ensure a smooth and trouble-free technology transfer
into process development and manufacture:

• Before pursuing a particular process activity beyond “proof of principle,” think ahead to
how this will translate into manufacture. If the step is unlikely to scale-up successfully or
is not compatible with the principles of GMP, look for alternatives rather than waste time
fine-tuning a “nonrunner” (see Table 4).

• Keep the process as simple as possible to reduce manpower and facility costs, to increase
yields and to maximize the potential financial gain.

• Ensure that the process is reproducible at a small scale before technology transfer to
avoid high re-development costs.

• Keep good records of all research activities to facilitate preparation of documents for
technology transfer, product licensing, and patent application.

• If possible, consult regularly with developmental, safety, quality, and production staff to
assess the compatibility of the research process with large-scale GMP manufacture. In
this way, mistakes can be rectified at an early stage at low cost.

• Gather as much information as possible on the product to facilitate analytical method
development and to guide the selection of suitable separation procedures.

• Develop as many of the analytical methods that will be used for in-process and final
product testing as possible along with the research process itself. This will avoid delays
in sourcing suitable methods during the late development phase.
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