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PREFACE
Vaccines are one of the most cost-effective interventions in health-care. Vaccination is

estimated to have been responsible for 10-15 years of the increase in the average human lifespan
during the 20th century, an increase probably second in impact only to that of clean water. In addition
to considerable morbidity, there are over 10 million deaths annually worldwide attributable to
infectious diseases. A large number of these deaths can be prevented by wider use of existing vaccines,
while most of these deaths would be preventable by the development of effective new vaccines.

There is an increasingly broad array of new technologies that are being employed for developing
vaccines. Such technologies are based on breakthrough discoveries in the fields of immunology,
biochemistry, molecular biology and related areas. The broad applications of such discoveries should
result in the development of many new vaccines that have not been feasible previously. Alternatively
it may be possible to improve existing vaccines in terms of their safety and efficacy. There are about
40 new vaccines (not including competing versions of the same product) that were developed and
introduced during the 20th century. It is noteworthy that almost half of these new vaccines were
introduced during the 1980s and 1990s, with many of these based on new technologies such as
recombinant proteins and conjugates. Therefore, the development of new vaccine technologies
offers yet further potential for considerably reducing worldwide mortality and morbidity from
infectious diseases.

Beyond the applications of vaccines to infectious diseases, it should be noted that there are
increasing efforts to develop vaccines for the treatment or prevention of chronic diseases such as
cancer, autoimmunity and allergy. There currently is one vaccine licensed for the treatment of a
cancer (BCG vaccine for bladder cancer), with numerous other cancer vaccines of multiple designs
in various stages of preclinical and clinical development. Such therapeutic vaccines, in conjunction
with other therapeutic modalities, offer the prospect for improving health and recovery from a range
of chronic diseases.

There are two general categories for vaccines, active and passive. Active vaccines stimulate
the production of both antibodies and/or of immune system cells with memory and effector functions
(e.g., cytotoxic T-cells). Passive vaccines are antibody preparations that are used in cases where
developing an active vaccine is not feasible or where there is a need for immediate immunity due
to acute exposure to a virus or bacteria. Passive vaccines, which do not stimulate immunological
memory, historically have been polyclonal human antibodies from individuals with the requisite
antibody specificities. However, most new passive vaccines are based on monoclonal antibodies
that are human or humanized, given recent advances in molecular biology that have enabled the
production of such antibodies.

This book focuses upon the applications of new technologies to active vaccines for the
prevention of human infectious diseases, which represent all but one of the available licensed vaccines.

There are many challenges in fully applying and developing new vaccine technologies. Most
of these technologies can be divided into five general categories: 1) discovery of new leads and candidate
antigens; 2) production; 3) design of the overall vaccine; 4) formulation of the final product; and
5) administration modality for human use.

Vaccine discovery has relied historically on a range of technologies. Live attenuated vaccines
have been based on isolating and growing the virus or bacteria in vitro. In the case of inactivated
vaccines, the in vitro-cultivated microorganism is chemically treated to destroy its infectivity. Vaccine
antigens have been identified through an approach akin to proteomics, viz., the study of the proteins
(and polysaccharides and other antigens) associated with viruses and bacteria. These antigens may
be identified by means of antibodies raised against the whole microorganism or in acute or convalescent
sera following infection. Alternatively, the microorganism is grown and biochemically fractionated
to identify antigens. Such approaches also have been taken to identifying candidate antigens for
diseases such as cancer and allergy. More recently, genomics-based approaches have been applied to
identifying vaccine antigens, whereby the complete sequence of the microorganism is derived and



annotated. Candidate vaccine antigens then are identified by homology to known vaccine antigens
or by structures (hydrophobic signal sequence) that would direct the antigen to the cell surface. This
approach has been applied to diverse bacteria such as non-typeable Haemophilus influenzae,
Helicobacter pylori, and Neisseria meningitidis, from which novel antigens have been identified and
then validated in animal studies as candidate vaccine antigens. Based on human genomics and the
study of disease-specific gene expression, novel candidate vaccine antigens are being discovered and
developed for cancer and other diseases.

There have been tremendous advances in production technologies for vaccines. Highly
productive recombinant expression systems have been developed and optimized for a broad range
of prokaryotic and eukaryotic cells. Large-scale fermentation equipment and processes as well as
growth media have been developed that enable the attaining of high cell densities for high levels of
accumulation of viruses or recombinant antigens. New large-scale filtration and chromatography
modalities have enabled the efficient processing of large biomasses in order to isolate highly purified
antigens. Advances in biochemistry and analytical chemistry/biochemistry have enabled macromol-
ecules to be very well characterized and stably formulated. Continued technical advances in all these
areas offer the prospect for even more efficient and reproducible large-scale production of vaccines.

Vaccines can be divided into three general categories: live, subunit/inactivated, and DNA (Chap-
ter 1). There are several subcategories of specific designs within each of these three general groups, as
described in Chapters 5-15. One or more of these specific designs may be applicable for developing a
vaccine for a particular virus, bacteria or disease. Each design has different potential advantages and
disadvantages in terms of production, immunobiology, potential safety and efficacy, and ability to be
analytically and biologically characterized. All of these factors need to be weighed when selecting a
design early in a development program. Given the long timeframe and large expense for development,
such decisions assume significant weight. Table 1.1 lists the status of development of vaccines made by
each specific approach, whether licensed or in clinical or preclinical evaluations.

The clinical development plan for a vaccine based on novel technologies is similar to that of
a traditional vaccine (Chapter 2). Nevertheless, there are several clinical issues that must be considered
for evaluating vaccines made by new technologies, especially approaches such as live vectors, DNA,
adjuvants and delivery systems. Certain approaches may present new safety-related issues that
require significant monitoring, especially during initial clinical studies. It is also important that a
new vaccine technology be validated for proof-of-principle early in the clinical development program
before significant resources are applied to its development. The clinical endpoint and surrogate
markers of protection should be understood in order to facilitate development, especially for a new
vaccine target.

Regulatory issues may present special challenges for technologies with which there has been
little or no experience (Chapter 3), since specific standards for criteria such as safety, purity and
potency of new vaccines may not exist. In that sense, the review by regulatory agencies of vaccines
based on new technologies often is done case-by-case in an indication-based and product-specific
fashion. Another important consideration is the risk (perceived or actual) relative to potential
benefit for the particular vaccine, one which differs for (e.g.) a prophylactic vaccine for infants vs. a
therapeutic cancer vaccine. Guidance Documents, such as Points-to-Consider monographs, prepared
by the US FDA and the International Conference on Harmonization may provide useful guidelines
regarding regulatory needs or desires to groups preparing IND and license applications.

It has been increasingly uncommon that any single organization has all the technologies at
its disposal to be able to develop a safe and effective vaccine of a particular type. Therefore,
in-licensing and business development have been areas of increasing activity for vaccines (Chap-
ter 4). The licensor is usually an academic or government laboratory or a small biotech company.
The technology available for licensing may be an antigen, vector, method for discovery or screen-
ing of antigens, production method, adjuvant or delivery system, formulation, device, or combi-



nation of such inventions for which the necessary financial, technical and physical resources are not
available in that group. In order to receive the best value in a licensing agreement, it is important that
the licensor develop its technology and associated patent portfolio to the point where it has added as
much value to it as possible within a useful timeframe.

There are three general categories of live viral vaccines (Chapters 5-7). Live attenuated vac-
cines are derived by means of the passage of a virus in cell culture until its pathogenicity has
been sufficiently attenuated for humans, but with the retention of sufficient infectivity in
vivo to stimulate protective immunity (Chapter 5). Such passaging is empirical in terms of the
number of passages and cell types used for attenuation. Furthermore, the mutations found to be
associated with such attenuated viruses are generally random. In most cases, the precise mutations
responsible for the attenuation phenotype are unknown. Since many human viruses lack useful
animal models for virus replication and virulence, it is necessary to test such vaccines extensively in
humans for safety until the vaccine virus is judged to be sufficiently attenuated. Nevertheless, these
vaccines have been very successful in terms of control of disease. Smallpox, the first human disease
ever eliminated from the earth, was eradicated through the use of a live vaccine. This also will be the
case for polio, which should be eradicated within the next few years, and possibly for measles in the
following decade.

In order to make the technique of attenuation less empirical in nature, recombinant
technology can be used to introduce mutations or deletions in key genes responsible for patho-
genicity. Such live recombinant viral vaccines have well-defined molecular changes (Chapter 6).
These mutations may exert their attenuating effects by limiting in vivo replication potential or
considerably reducing or eliminating virulence. By making multiple changes, one can assure that
there is no possibility or a very low probability for the vaccine virus to revert to virulence. These
mutations also can be exploited as immunological or molecular markers for distinguishing the
mutated virus from its wild-type counterpart. Even though attenuated human vaccines of this type
have been only in early clinical evaluations, a live attenuated recombinant animal vaccine was
licensed in the 1980s for the prevention of pseudorabies infections of pigs.

Live viral vaccines can be engineered to express that encode vaccines from other pathogens
(usually viruses), thereby functioning as live vectored vaccines. Several classes of viruses have been
developed as viral vaccine vectors (Chapter 7), including poxviruses, adenoviruses, herpesviruses,
and alphaviruses. The advantage of such live vectors is that the vaccine antigen encoded by the
transgene (inserted into the viral genome) is processed intracellularly as part of a live virus infection, by
which it may stimulate both antibody and cellular immunity. The main challenges to successful
development include achieving appropriate expression levels of the transgene, assuring adequate
attenuation of the virus vector while retaining sufficient infectivity, and obviating potential host
immunity to the vector. While it is possible that this development can yield a dual vaccine against
both the vectored virus and the virus encoding the transgene, most of the common vectors are not
vaccine targets in their own right. Virus vectors also may be used to prime the immune system, to be
followed by a booster with a recombinant protein as in the case of HIV vaccines in clinical studies.

Many viruses can be grown to high titer in cell cultures. Such viruses become the starting
material for purification and inactivation. Many such inactivated viral vaccines (Chapter 8) have
multiple repeat surface epitopes, which are composed of repeat units of viral structural proteins. As
a consequence, these vaccines are among the most potent immunogens ever characterized. For
example, immunization with a single 50-ng dose of a hepatitis A vaccine was shown to protect
against clinical disease. Many of these inactivated vaccines (e.g., influenza, polio) have been used for
decades, with an excellent track record of safety and efficacy.

There are very few examples of empirically attenuated bacterial vaccines. The only two such
licensed vaccines are the BCG vaccine for tuberculosis and bladder cancer (attenuated by >200
passages in vitro) and Salmonella typhi vaccine for typhoid fever (attenuated by random chemical



mutagenesis). The mutations associated with these attenuations remain unknown. Thus, recombinant
technology has been applied to making defined mutations in bacterial genes responsible for patho-
genesis in order to derive live recombinant vaccines (Chapter 9). Two or more mutations are made in
order to assure the lack of reversion to pathogenicity. While only one such vaccine has been licensed
to date (cholera), this approach continues to be applied, especially for enteric pathogens.

Several bacterial species have been developed into live vectored bacterial vaccines (Chapter
10) expressing proteins from other pathogens (usually bacteria) according to similar principles as for
live viral vectors. Appropriate attenuation of the live bacterial vector involves both the reduction of
pathogenicity and the maintenance of sufficient in vivo infection/replication potential to assure
effective immunization against the protein antigen encoded by the transgene. The transgene may be
integrated into the bacterial chromosome or may be encoded by a plasmid. As a result, expression of
the vaccine antigen is in the context of that for the whole bacteria, thus providing for a potentially
broader immune response to the bacteria encoding the transgene. The promoter for expression of
the transgene may be prokaryotic (in which case expression of the protein is as a typical bacterial
protein) or eukaryotic (in which case the protein may be expressed as for a DNA vaccine [Chapter
14]). Such vaccines are in early clinical studies.

Subunit vaccines consist of proteins, peptides or polysaccharides that carry protective epitopes.
While the first examples of licensed vaccines were with proteins isolated directly from bacteria (e.g.,
diphtheria, tetanus and pertussis) or viruses (e.g., hepatitis B and pertussis), most recent applications
have involved the recombinant expression of such proteins (Chapter 11). Recombinant protein
antigens that have been developed into licensed vaccines have been expressed in diverse cells such as
Saccharomyces cerevisiae, Vibrio cholerae, Bordetella pertussis, and Escherichia coli, with new candidate
vaccines also being expressed in mammalian and insect cells as well as in whole plants (Chapter 15)
or animals. Hybrid or chimeric recombinant protein antigens also have been designed and developed as
candidate vaccines. Recombinant vaccine antigens are isolated to a high level of purity and typically
are very well characterized analytically. These antigens require multiple doses for eliciting
both protective immunity and immunological memory. While some proteins are sufficiently
immunogenic to be formulated on their own, most require adjuvants (Chapter 16) for being
sufficiently immunogenic to elicit protective immunity.

There are cases where the full-length polypeptide with protective epitope(s) is not optimal as a
vaccine antigen. For instance, the polypeptide may have immunodominant epitopes that do not
elicit effective immunity, or there may be a need to focus the immune response toward a particular
protective epitope. In such instances, a peptide-derived vaccine may enable the immune response to
be focused on a single key epitope (Chapter 12). Some peptide vaccines are based on a B-cell epitope
that stimulates a protective antibody response. In this case, the B-cell epitope peptide is linked to a
T-cell epitope peptide or a carrier protein that provides for T-cell help for the immune response.
Other peptide vaccines are based on a T-cell epitope that stimulates a cell-mediated immune
response such as cytotoxic T lymphocytes (CTL), as is being applied to novel vaccines for the
prevention or therapy of cancer or chronic infections.

There are many bacteria (both Gram- and Gram+) that are encapsulated with polysaccharides.
These capsular polysaccharides carry the major seroreactivity of the bacterial species or subspecies
and as such are the object of protective antibodies, such that the polysaccharides are effective vaccine
antigens (Chapter 13). In a few cases, there is a single polysaccharide serotype for the particular
pathogen (e.g., Haemophilus influenzae type b [Hib] for invasive H. influenzae type b meningitis),
such that a single polysaccharide type can be developed into a monovalent vaccine. However, in
most cases, there are multiple capsular polysaccharide serotypes (about 90 for Streptococcus
pneumoniae), and such vaccines need to be multivalent in order to have a high enough rate of overall



efficacy. The first generation of these vaccines consisted of purified polysaccharides. These
vaccines usually are effective in eliciting protective immunity in adults and children over about 2
years of age. For preventing diseases in <2-year-old children or in adults with other underlying dis-
eases, polysaccharides are conjugated to carrier proteins for increasing their immunogenicity. Both
monovalent (Hib) and multivalent (S. pneumoniae) polysaccharide conjugate vaccines have been
developed and licensed.

The most recent of the major technologies for vaccine design is DNA (Chapter 14). This
field began with the serendipitous observation that purified plasmid DNA injected intramuscularly
could stimulate antibody- and cell-based immune responses. This field has evolved further in terms
of the development of formulations to improve DNA uptake and expression, the optimized design
of plasmid molecules, the exploration of new routes of administration, and the use of nonreplicating
viruses or bacteria to deliver DNA to cells. Clinical studies have been performed both for DNA
vaccines per se as well as for such vaccines as priming doses followed by boosting with protein
antigen-based vaccines.

A wide range of prokaryotic and eukaryotic cell types have been developed into host cells for
the expression of recombinant proteins as vaccine antigens. One of the most recent such
developments has been the engineering of whole plants as recombinant expression systems (Chap-
ter 15). In some cases, the recombinant protein may be purified from the plant and formulated as a
vaccine antigen. This approach offers the advantage of the relatively inexpensive production of a
large biomass as feedstock for the purification of the vaccine antigen. In other cases, it may be
possible to eat the recombinant plant itself, e.g., tomato or spinach, as a user-friendly route of
immunization. Initial clinical studies have been conducted with such vaccines.

Adjuvants and delivery systems are the basis of most of the new technologies in vaccine
formulation (Chapter 16). Aluminum salts have been used as vaccine adjuvants (which modulate
immune responses) throughout the 20th century. However, these salts often are not potent enough
for adjuvanting protein-based vaccines to elicit strong enough immune responses. Therefore, a range
of novel chemical and biochemical molecules as well as proteins have been evaluated as adjuvants,
many of which have advanced to clinical studies. While many of these adjuvants are more potent
than aluminum salts in animal studies and some more potent in clinical studies, their tolerability has
not always been good enough to permit full clinical development. Nevertheless, within the last year
an oil-in-water emulsion became the first new approved adjuvant (MF59 for inactivated influenza
vaccine). This development augurs well for the development and approval of other new adjuvants.
Delivery systems, which generally do not modulate immune responses, provide for the physical
targeting of the active vaccine component to particular cells of the immune system. These vehicles
may function by mechanisms such as depot effects, slow or pulsatile release, and presentation to
mucosal surfaces.

One of the key considerations in the administration of vaccines is the route of uptake, for
which there have been investigations of new routes besides injection in order to increase the rate of
compliance as well as to potentially induce mucosal immune responses more efficiently. The only
route other than injection used in any currently licensed vaccines is oral, as employed for whole virus
or bacteria vaccines (polio, cholera). There have been clinical investigations into formulations of
inactivated or subunit antigens in delivery systems for oral or nasal administration. Live attenuated
cold-adapted influenza vaccine has been developed for intranasal administration and has been shown
to be well-tolerated and efficacious in large clinical trials.

Transcutaneous immunization (Chapter 17) has been demonstrated for several different types
of vaccines, including proteins, viruses and DNA. The coadministration on skin of a vaccine
active-component with a mucosally-active toxoid (cholera toxin or E. coli heat-labile toxin) results



in transcutaneous uptake and recognition by antigen-presenting cells. This mode of administration
can result in the stimulation of both serum and mucosal immune responses, as has been observed in
initial clinical studies. If this technology proves to be successful clinically, it would provide
for relative ease of administration and consequent improved compliance with vaccination programs.

Combination vaccines, which are covered in depth in other books and reviews, are an impor-
tant technology for administration. Combination vaccines are defined as the physical mixture of one
or more vaccines during the manufacturing process or at the time of administration. In cases where
vaccines indicated for the same age-group can be combined, the use of combination vaccines would
result in fewer needlesticks. This would make multiple immunizations easier for subjects (and the
parents of immunized children!) as well as for health-care practitioners. In this way, combination
vaccines represent another technology for improving compliance with vaccination programs.

While recent technologies have expanded the horizons for new and improved vaccines, con-
siderable financial and staff resources must be available to support full vaccine development. From
the time that an initial lead has been identified, it can take 10 years and well over $100 million to
develop a new vaccine. Furthermore, the success rate from the time of entry to development to
availability on the market is only ca. 10-15%. Therefore, given this long timeframe, large cost and
high risk, it is very important to design and implement a Product Development Plan early during
this time-period in order to map out all the technologies and resources (money, people, facilities)
necessary for optimizing the likelihood of success of the program.

I hope that New Vaccine Technologies will serve as a comprehensive reference on the major
aspects of new approaches to developing vaccines. Since vaccination remains the most cost-effective
and one of the most practical ways for preventing infectious diseases (and potentially for treating
some diseases), the development and widespread applications of new technologies should spawn
new vaccines that have not been approachable technically, with consequent impact on reducing
morbidity and mortality worldwide. This book should prove useful for scientists, developers of
vaccines and biotechnology products, clinicians, regulators, and health-care practitioners.

I am very grateful for the many collaborations I have been fortunate to have had over the last
17 years with innumerable coworkers in vaccines in BioChem Pharma, Merck, and Astra as well as
with many colleagues in diverse collaborating groups. The loving support and encouragement of my
wife Danielle and children Jacob and Miriam have been very important to me throughout my career
and preparation of this book. Most importantly, I thank all the authors for their outstanding contri-
butions that should make this book a key reference in the field of vaccine technologies.

Ronald W. Ellis



CHAPTER 1

New Technologies for Making Vaccines
Ronald W. Ellis

Introduction

The past two decades have witnessed an explosion in the number of technological and
immunological approaches for making new vaccines. These developments have flowed
from advances in a broad range of scientific fields. Some of the earliest applications of

the newer technologies were to improving previously existing vaccines. However, most recent
applications have been directed toward the development of new vaccines for diseases not
previously approachable. The protective immunity elicited by a vaccine ideally would be life-
long and robust after one or a few doses with minimal side effects (reactogenicity). Available
vaccines and those under development fall short of this ideal, thus stimulating new research
in the field.

There are two broad categories of vaccines, active and passive. An active vaccine stimulates
the host’s immune system to produce specific antibodies or cellular immune responses or both,
which would protect against or eliminate a disease. A passive vaccine is a preparation of anti-
bodies that neutralizes a pathogen and is administered before or around the time of known or
potential exposure. Most references to the term vaccine are to active vaccines, which are the
object of the vast majority of research and development activities in the field as well as the
subject of this chapter. Although it is desirable or essential to administer a passive vaccine in
specific instances (particularly if no active vaccine is available or sometimes for immuno-
compromised individuals), establishing lasting immunity through the administration of an
active vaccine is a very important means of preventive medicine.

This chapter summarizes the major technologies, key issues and immunological objectives
for making different kinds of active vaccines. The status of development of vaccines made by
each approach is identified, whether licensed or in clinical or preclinical evaluations (Table 1.1).
Only a few salient examples of each approach along with most common licensed vaccines are
given with one or two accompanying references. While most examples are prophylactic vaccines
for viruses and bacteria, there also is research into prophylactic vaccines for parasites and fungi
and therapeutic vaccines for infectious diseases, cancer and autoimmunity. The technologies
and examples presented should provide a strong framework for the reader to appreciate the
diverse approaches to the research and development of new vaccines.

There are three general categories of active vaccines. A live vaccine is a microorganism
that can replicate in the host or can infect cells, thereby functioning as an immunogen without
causing its natural disease. A subunit or inactivated vaccine is an immunogen that cannot
replicate in the host. A (DNA) nucleic acid vaccine, which cannot replicate in humans, is
taken up by cells, in which it directs the synthesis of vaccine antigen(s).

New Vaccine Technologies, edited by Ronald W. Ellis. ©2001 Eurekah.com.
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Table 1.1. Status of development of representative human vaccines made by different
technologies

STATUS OF DEVELOPMENT*
Type of Vaccine** Preclinical Clinical  Licensed Example# Reference

   Evaluation*** Evaluation§  Product§§

 A. Live
 1.Classical strategies -Viral
    a. Attenuation in x Poliovirus 2
        cell culture x Measles virus 3

x Mumps virus 4
x Rubella virus 5
x Varicella-zoster virus (VZV) 6

    b. Variants from x Smallpox (vaccinia virus) 7
        other species x Rotavirus 8
    c. Reassorted genomes x Rotavirus a 9,10
    d. Temperature-selected x Influenza virus 13
        mutants
  2. Recombinant virus x Herpes simplex virus (HSV) 16
  3. Recombinant viral vector x Vaccinia virus b 18,19

x Adenovirus c 21
  4. Classical strategies-Bacterial x Tuberculosis 1

(bacille Calmette-Guérin (BCG))
x Typhoid fever 14,15

(Salmonella typhi)
  5. Recombinant bacteria x Cholera (Vibrio cholerae) 17
  6. Recombinant bacterial vector x Salmonella typhi d 23

x V. cholerae d 24
x Shigella flexneri d 25

 B. Subunit/inactivated vaccines
 1. Whole pathogen
    a. Inactivated bacteria x Pertussis (Bordetella pertussis) 26

x Cholera 27
x Enterotoxigenic 28

Escherichia coli
    b. Inactivated virus x Poliovirus 30

x Influenza virus 31
x Rabies virus 32
x Japanese encephalitis virus 33
x Hepatitis A virus 35

  2. Protein-based
    a. Natural x Hepatitis B virus (HBV) 39

x Pertussis 40-42
    b. Chemically inactivated x Tetanus (Clostridium tetani) 43

x Diphtheria 44
(Corynebacterium diphtheriae)

x Pertussis 45

continued on next page
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Table 1.1. Status of development of representative human vaccines made by different
technologies (continued)

STATUS OF DEVELOPMENT*
Type of Vaccine** Preclinical Clinical  Licensed Example# Reference

   Evaluation*** Evaluation§  Product§§

c. Genetically inactivated x Pertussis 46
x Diphtheria 47

    d. Recombinant x HBV 48
        polypeptide x Lyme disease 50

 (Borrelia burgdorferi)
x HSV 51
x Human papilloma virus 52
x Yeast Ty e 55

x Rotavirus 53

  3. Peptide based
    a. Fusion protein x Malaria f 58
    b. Conjugate x Malaria g 60

x Pseudomonas aeruginosa g 57
    c. Complex peptide x HIV 61
    d. T-cell epitope x HBV 62

x cancer 63

  4. Polysaccharide-based
    a. Plain polysaccharide x Haemophilus influenza type b 64

(Hib)
x Meningococcal 65

(Neisseria meningitidis)
x Pneumococcal 66

(Streptococcus pneumoniae)
    b. Conjugate x Hib h 67

x Pn h 68

  5. Anti-idiotype (antibodies) x Cancer i 71,72
x HBV 70

C. DNA-based
1. DNA- naked x Influenza 74
2. Facilitated DNA x Hepatitis B 76

x HIV 78
3. Viral delivery x Canarypox virus j 81
4. Bacterial delivery x S. flexneri 83

x S. typhimurium 84

continued on next page
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The strategic decision for developing a live, subunit/inactivated or nucleic acid-based
vaccine should be made after considering the epidemiology, pathogenesis and immunobiology
of the infection or disease in question as well as the technical feasibility of the various approaches.
Epidemiology dictates the target population for the vaccine. The age and state of health of
this population usually favors certain strategies as more appropriate for eliciting protective
immunity. For example, minimal reactogenicity is very important for a vaccine intended for
healthy infants, and certain types of vaccines are useless for infants because they do not elicit
protective immunity. However, the degree of reactogenicity is less important in cases such as a
therapeutic cancer vaccine. Knowledge of immunobiology can aid in identifying the nature of
protective immunity that should be elicited by the vaccine; certain immune responses may be
protective and others useless to the prevention or treatment of a particular infection. For example,
the clearance of the natural infection may correlate with the appearance of antibodies against a
particular microbial antigen; this would define that antigen as a candidate vaccine immuno-
gen. Alternatively, the study of immunobiology is greatly facilitated or enabled by developing
an experimental animal model, the availability of which enables candidate vaccines to be tested
and optimized for protective efficacy before bringing the best one(s) forward for clinical evalua-
tion. Historically, only a limited range of technical approaches has been feasible for a particular
vaccine. Nevertheless, considering the expanding number of technical approaches, it may be pos-
sible in the future to custom-design many vaccines for optimal efficacy and tolerability.

Live Vaccines
Some live vaccines come very close to meeting the criteria for an ideal vaccine by being

able to elicit lifelong protection with minimal reactogenicity using one or two doses. Such
vaccines may be feasible in cases where the natural infection confers lifelong protection on the
host. These vaccines consist of microorganisms (usually viruses) that replicate in the host in a
fashion like that of the natural microorganism so that the vaccine may elicit an immune
response similar to that elicited by the natural infection. The live vaccine is attenuated, meaning
that its disease-causing capacity is eliminated by biological or technical manipulations. Care
should be taken to ensure that the live vaccine is neither underattenuated (retaining

Table 1.1. Status of development of representative human vaccines made by different
technologies (continued)

*These categories are presented in the same outline as in the text.
**This denotes the single most advanced status achieved by each example.
***Not yet evaluated in a human clinical trial.
§ In clinical trial but not yet licensed.
§§ Licensed in one or more major countries in the world.
# These are representative examples for each vaccine strategy, with one or two key illustrative
references.
a Licensed then withdrawn from distribution by the manufacturer.
b Expressing more than 50 different foreign polypeptides.
c Expressing at least six different foreign polypeptides.
d Examples of foreign polypeptides include toxoids from E. coli, V. cholerae, and C. tetani.
e Examples of foreign polypeptides include those encoded by HIV-1 gag and env genes.
f Fusion partner is HBsAg.
g Conjugate carrier is TT.
h Conjugate carriers are TT, DT, CRM197 and OMPC.
i Specificities are for human tumor carbohydrate and a human colorectal carcinoma antigen.
j Expressing rabies virus glycoproteins.
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pathogenicity even to a limited extent) nor overattenuated (no longer infectious enough to
function as a vaccine). Live vaccines usually elicit both humoral immunity (antibodies) as well
as cellular immunity (e.g., cytotoxic T lymphocytes (CTL)).

Although these properties per se might make live vaccines highly desirable, this is not
technically feasible for most vaccines currently under development. A live vaccine may be
incompletely attenuated and consequently cause its natural disease at a low frequency or be
completely attenuated and incompletely immunogenic. Because a live vaccine can replicate, it
may be possible for it to revert to its more naturally pathogenic form. Live vaccine strains can
be transmitted from the vaccine to an unvaccinated individual, which can be quite serious if
the recipient is immunodeficient or is undergoing cancer chemotherapy. In some cases, the natural
viral infection per se fails to produce a protective immune response, such that an attenuated virus
(without further engineering) would not be expected to produce a protective response.

Classical Strategies
The term classical refers to technical strategies that do not utilize rDNA technology. The

production of live viral vaccines relies on propagating the virus efficiently in cell culture.

Attenuation in vitro
It has not been readily possible to develop live attenuated bacterial vaccines by classical

strategies because there has been relatively little success with in vitro culture of bacteria for
attenuation while maintaining immunogenicity. There also may be little competitive or
selective pressure for bacteria to become less virulent during in vitro passage; bacteria could
stop expressing virulence factors in vitro, then turn on their expression in vivo. The one widely
available live bacterial vaccine based on serial in vitro passage is for tuberculosis. This vaccine
consists of a live attenuated strain of Mycobacterium bovis, known as bacille Calmette-Guérin
(BCG),1 which was attenuated by 231 successive in vitro subculturings over 13 years. The
available BCG vaccines vary in tolerability, immunogenicity and rate of protective efficacy in
clinical trials. BCG vaccines have been inoculated into more than 1 billion people worldwide
and have generally acceptable tolerability profiles. One would anticipate that the techniques of
rDNA technology would be applied to attenuating a new bacterial strain. Therefore, by current
technical and regulatory standards, it seems highly unlikely that a new live bacterial vaccine
attenuated by a classical strategy alone will be developed.

The first classical strategy for viruses became possible during the 1950s with the ability to
propagate viruses in cell culture. The approach is empirical, in that the wild-type virus isolated
from a human infection is passaged in vitro through one or more cell types with the goal of
attenuating its pathogenicity. In such cases, there may be selective pressure to produce less
damage to cells. The mechanism by which mutation(s) are introduced during the course of
attenuation is not well understood. In some cases (e.g., poliovirus2), it has been possible to
demonstrate attenuation in a primate species, whereas attenuation has been proven in
most cases only through the course of extensive clinical trials. The success of this empirical
approach, which has been applied to both an oral vaccine (oral poliovirus vaccine2 (OPV))
and to injected (parenteral) vaccines (measles,3 mumps,4 rubella,5 varicella6), has been born
out by the number of available licensed vaccines. The reactogenicity of such vaccines has been
low enough that some of them (polio, measles) are widely accepted worldwide for routine
pediatric use. By means of intensive immunization programs with OPV, polio is well on its way
to worldwide eradication.

Variants from Other Species
An animal virus that causes a veterinary disease similar to a human disease can be isolated

and cultivated, as was done for smallpox vaccine vaccine (derived from cowpox virus). The
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anticipated outcome is that the animal virus will be attenuated for humans yet will be suffi-
ciently related immunologically to the natural human virus to elicit protective immunity. The
immunization program was applied worldwide using vaccinia virus7 and resulted in the com-
plete eradication of smallpox worldwide by the mid-1970s, the only infectious disease ever
eradicated. This program is a tribute to an effective control strategy and to the tireless efforts of
countless individuals. Based on this model, first-generation vaccines for rotavirus consisted of
animal-derived viruses.8 However, these rotavirus vaccines were not reproducibly efficacious as
human vaccines.

Reassorted Genomes
A reassortant virus derived following coinfection of a culture with two different viruses

with segmented genomes contains genes from both parental viruses. To improve the efficacy of
animal rotaviruses, reassortant rotaviruses were isolated containing mostly animal rotavirus
genes, which confer the attenuation phenotype for humans, as well as the gene(s) for a human
rotavirus surface protein, which elicits serotype-specific neutralizing antibodies for human
rotavirus.9,10 These reassortant rotaviruses have elicited higher efficacy rates as vaccine candidates
than their parental animal viruses. A quadrivalent reassortant rhesus rotavirus vaccine was
licensed in 1998.  However, due to an increased rate of intussuseption (1:10,000) observed
immediately following immunization, the vaccine was withdrawn from use. This withdrawal
highlights safety as a key challenge for the development of new live vaccines. The same approach
has been applied to influenza vaccines, in which a newly chosen influenza virus provides the genes
that encode the immunogenic surface glycoproteins (hemagglutinin and neuraminidase), and
an attenuated virus provides all other genes and, with them, the attenuation phenotype.11 Such
reassortant influenza viruses can be adapted to grow in mammalian cell lines such as MDCK12

as a cell substrate to replace the use of chicken eggs.

Temperature-Sensitive Mutants
Viral mutants can be selected according to their growth properties at different temperatures.

These viruses have been referred to as temperature-sensitive (ts), being unable to grow at
elevated temperatures, or cold-adapted (ca), having been selected for growth in vitro at lower
than physiological (37°C) temperatures, i.e., down to 25°C. The idea behind this approach is
that ca viruses will be less vigorous in their in vivo growth than their wild-type parental virus,
hence less virulent and phenotypically attenuated. A ca influenza vaccine has been developed.13

Chemical Mutagenesis
Another technique for creating an attenuated strain has been chemical mutagenesis fol-

lowed by selection. The Ty21a strain of Salmonella typhi was derived in this fashion14 and
licensed for preventing typhoid fever based on its record of safety and efficacy over several
years.15

Recombinant Microorganisms

Viral
The increased stability of the attenuation phenotype results from making the modifications

or deletions in viral genes extensive enough that reversion through back-mutation is impossible
or highly unlikely. In contrast, attenuated viruses derived by classical strategies may have only
point mutations and therefore the capability to revert.

A deletion was made in a herpes simplex virus (HSV) gene encoding a glycoprotein required
for infectivity. This glycoprotein in supplied to the virus in trans by the cell line during in vitro
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cultivation so that the resultant virus can initiate infection in vivo but not spread, which pro-
vides for its molecular attenuation.16

Recombinant Bacteria
The engineering of bacteria for attenuation is more complex than for viruses, given the

much larger size of bacterial genomes. The strategy is to identify the gene(s) responsible for the
bacterial virulence or colonization and survival and to either eliminate the gene (preferred) or
to abolish or modulate its in vivo expression. As for viruses, there can be a balance between
virulence and activity as a vaccine, which means that it is possible to overattenuate a bacterial
strain to the point that it no longer replicates sufficiently to elicit an effective immune response.

Attenuation of V. cholerae strains has been accomplished by the rDNA-directed deletion
of genes that encode virulence factors (such as cholera toxin (CT)).17 Live attenuated cholera
vaccine candidates prepared in this fashion have been evaluated clinically and one has been
licensed. In order to assure attenuation by reducing the probability of reversion, it is desirable
to delete two or more independent genes or genetic loci that contribute to virulence.

Recombinant Vectors
The second application of rDNA technology to the development of new live vaccines has

been the engineering of viruses as vectors for “foreign” polypeptides from other pathogens. The
goal of creating such vectors is to present the foreign antigen to the immune system in the
context of a live infection so that the immune system responds to the antigen as a live immunogen
and thereby develops broader immunity (humoral and cellular) to the corresponding human
pathogen. The recombinant polypeptide is expressed within the infected cell and either is
transported to the cell surface to stimulate antibody production or is broken down into
peptide fragments that are transported to the cell surface where they elicit CTL responses.
This strategy also has the potential advantage of amplification of the immunogenic signal
when the live vector replicates.

Viral
The prototype viral vector is vaccinia virus. Dozens of different recombinant polypeptides

have been expressed in vaccinia virus.18 At least 25 models for different infections have shown
that vaccination of animals can protect against the pathogen encoding the recombinant poly-
peptide. Recombinant vaccinia viruses expressing tumor antigens also have been shown to be
protective in rodent tumor model challenge studies. Given the known sequelae to immuniza-
tion for smallpox, which are more serious in immunocompromised individuals, vaccinia virus
itself has been engineered to reduce its virulence without compromising its efficacy as a live
viral vector.19 Cytokines can influence the nature of magnitude of the immune response. In
order to selectively manipulate the type of immune response to a vaccine antigen in the context
of a live vector vaccination, a recombinant vector has been constructed which expresses both a
cytokine as well as a recombinant vaccine antigen.20 Fowlpox and canarypox viruses are being
developed as live vectors that can infect human cells but not produce infectious viral progeny.
This inability to spread makes these viral vectors also classifiable as DNA-based vaccines (see
Viral Delivery in this Chapter).

Other mammalian viruses have been engineered into live vectors. Adenovirus strains, which
have been used extensively as vaccines in military recruits to prevent acute respiratory disease,
have been engineered to express foreign polypeptides and have elicited protective immunity in
several viral challenge models in animals.21 Optimizing recombinant polypeptide expression
remains an important technical objective for all these live viral vectors.
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RNA viruses can be engineered in similar fashion. Sindbis and other alphaviruses have
received extensive attention due to their broad host range, ability to infect nondividing cells,
and potential high-level expression per cell.22 On this basis, Sindbis has been developed into a
nucleic acid-based vaccine (see Viral Delivery in this Chapter).

Bacterial
Pathogenic bacteria can be engineered into live recombinant vectors for the expression of

foreign polypeptide antigens. The most common applications have been to engineer enteric
pathogens so that they can induce mucosal immunity against the foreign polypeptide upon
oral delivery. In the field of developing live bacterial vectors, S. typhi has been the focus of the
most effort in terms of strain development, immunology, molecular development; and clinical
testing.23 V. cholerae,24 and S. flexneri25 also have been engineered into oral recombinant vec-
tors for clinical evaluations. The challenges for these live attenuated vectors are both to retain
sufficient virulence for replication in the gut and expression of appropriate levels of foreign
polypeptides as well as to achieve sufficient attenuation to assure good tolerability. The ability
of some of these bacterial species to replicate intracellularly may augment the ability of expressed
foreign polypeptides to elicit cellular immune responses against their respective pathogens.

Subunit/Inactivated Vaccines
Such vaccines have advantages that relate to their inability to multiply within the host.

Generally they are well tolerated, especially for the majority of such vaccines that undergo
purification to remove other macromolecules. Given the broad range of available approaches,
it also is generally more feasible technically to produce a subunit or inactivated vaccine.
Immuno-genicity may be enhanced by its administration with an adjuvant or delivery system
(see Formulation of Antigens in this Chapter). Nevertheless, a development program should be
undertaken with the realization that multiple doses, often followed by booster doses, most
often are necessary for attaining long-term protective immunity. These vaccines usually function
by stimulating humoral immune responses as well as by priming for immunological memory.
In certain cases, especially when administered with certain adjuvants and delivery systems,
nonlive vaccines may stimulate CTL immunity.

Whole Pathogen
The earliest approach to making inactivated vaccines relied on the use of whole bacteria or

viruses with the objective of eliciting the formation of antibodies to many antigens, some of
which would neutralize the pathogen.

Bacteria
These vaccines are prepared by cultivating the bacteria, collecting the cells, and inactivating

them with heat or with chemical agents such as thimerosal or phenol.26 The final vaccine does not
undergo further purification. Owing to their biochemically highly crude nature, which includes
virtually all bacterial cellular components, the reactogenicity of such vaccines when given
parenterally (e.g., Bordetella pertussis) is usually greater than that of other types of vaccines. On
the other hand, inactivated whole-cell V. cholerae27 and enterotoxigenic Escherichia coli (ETEC)28

vaccines have been well-tolerated by the oral route. Oral inactivated whole-cell cholera (WCC)
vaccine, which lacks CT (and its toxic effects), has been shown to be very well tolerated and to
have a rate of efficacy of ca. 60% for three years in a high-risk population.27 In order to elicit
antibodies that would neutralize CT and increase efficacy, the recombinant B subunit of CT
(CTB) which lacks toxin activity is independently expressed, purified, and added back to the
WCC vaccine. This combined WCC + rCTB vaccine was shown to have a somewhat higher
rate of efficacy than WCC vaccine alone.29
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Virus
Some inactivated viral vaccines have been available for decades and are generally very

well tolerated. Because viruses generally are shed into the cell culture media when grown in
vitro, cell-free media from infected cultures are collected. The large size of the virus particles
relative to other macromolecules in the media enables the particles to be enriched readily
by simple purification techniques that exploit the size of the particles. Examples include
poliovirus,30 influenza virus,31 rabies virus32 and Japanese encephalitis virus.33 Alternatively in
the case of killed hepatitis A virus (HAV) vaccine, infected cells are lysed and virus particles are
purified.34 The virus particles are inactivated chemically, typically by treatment with forma-
lin, and then may be adjuvanted by an aluminum salt. The key epitope(s) on the surface of
many nonenveloped small viruses that elicits a protective immune response (protective epitope)
is often conformational, being formed by the highly ordered assembly of structural proteins
into precise structures. For most of the listed viruses for which inactivated vaccines have been
developed and licensed, it has not been possible to readily mimic the conformation of such
epitopes by other technologies, e.g., recombinant polypeptides. Inactivated viral vaccines tend
to be highly potent immunologically, e.g., one dose of hepatitis A vaccine is protective at a
dosage of 50 ng.35 Thus, this classical strategy, which has had an excellent track record of
producing well-tolerated and efficacious vaccines, remains the technology of choice for many
viral vaccines.

Protein-Based
Developing a protein-based vaccine is a preferred strategy for many pathogens in which a

polypeptide contains protective epitopes, given the abovementioned issues regarding inactivated
vaccines. Protein-based approaches have relied on genetic, biochemical, and immunological
techniques to identify protective epitopes and their corresponding polypeptides as candidate
vaccine antigens.

More recently, genomics technology has enabled the identification of new vaccine antigens
in lieu of prior available biochemical or antigen data. Once the complete sequence (or portions
thereof ) of the genomic DNA or RNA are available, open reading frames (ORFs) are identified.
The derived amino acid sequence can be inspected for structural features, such as homologies
with proteins from other related pathogens that are vaccine candidates or a hydrophobic
N-terminal sequence that suggests surface localization. The genes are expressed in a recombinant
host cell (typically E. coli) and the recombinant polypeptide is purified and used to immunize
animals to derive polyclonal antibodies for identifying whether the hypothetical protein is
produced by the pathogen. Antisera also can be used in biological assays (neutralization of
viruses, opsonization of bacteria) to see whether the protein may be an attractive vaccine
candidate. The new protein also can be used for immunization and challenge in an animal
model. Some of the earliest applications of genomics technology to viruses were for the
discovery of hepatitis C virus (HCV)36 and hepatitis E virus (HEV),37 which resulted in the
direct definition of candidate vaccine antigens. The genomic approach was applied to Neisseria
meningitidis in which a number of candidate vaccine antigens were defined.38

Natural
The first protein-based vaccines relied on natural sources of antigens. In this regard, the

first-generation hepatitis B vaccine was unique among active vaccines in that it utilized a human
tissue source (plasma) for the vaccine antigen. Liver cells of individuals chronically infected with
hepatitis B virus (HBV) shed excess viral surface protein, i.e., hepatitis B surface antigen (HBsAg),
into blood as 22 nm virus-like particles (VLP) with protective epitopes. To develop a vaccine,
plasma was harvested from long-term chronic carriers of hepatitis B, HBsAg purified and the
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final preparation subjected to 1-3 inactivation techniques (depending on the manufacturer) to
kill HBV and any other potential human pathogens.39

Proteins purified from cultures of B. pertussis are combined to formulate acellular pertussis
(aP) vaccines, which eventually should replace whole-cell pertussis vaccine for routine pediatric
vaccinations in many developed countries. Depending on the number of different protein
antigens, these aP vaccines are referred to as one-, two-, three-, four-, or five-component vaccines
and have been licensed based on recent efficacy studies.40-42 These vaccines all contain pertussis
toxoid (PT) as a component, whose preparation is described below.

Chemical Inactivation
Many bacteria produce protein toxins that are responsible for the pathogenesis of infection.

It had been recognized for many decades that, when a toxin was pathogenic after infection,
antitoxins (antisera enriched in toxin-specific antibodies) that were effective in neutralizing
toxin activity in vivo could prevent or ameliorate symptoms of certain bacterial infections. This
precedent established the basis for bacterial toxins to be formulated as active vaccines. The
toxin molecules are purified from bacterial cultures (e.g., Corynebacterium diphtheriae (D),
Clostridium tetani (T), B. pertussis (P)) and then detoxified by incubation with a chemical such
as formalin or glutaraldehyde. Detoxified toxins, referred to as toxoids, thus represent two of
the vaccines (D,T) in the diphtheria, tetanus and pertussis (DTP) combination vaccine.43,44

PT45 combined with other pertussis antigens comprise the aP vaccines.

Genetic Inactivation
The chemical toxoiding procedure has possible disadvantages, including the alteration of

protective epitopes with ensuing reduced immunogenicity and potential reversion to a biologically
active toxin. To produce a stable PT, codons for amino acids required for toxin bioactivity
(adenosine diphosphate (ADP) ribosyl transferase) were mutated. The altered gene was substituted
for the native gene in the parental organism, which then produces immunogenic but stably
inactivated PT. As a refinement of this strategy, two mutations were introduced into PT to
assure the lack to reversion;46 this double mutant PT (which also is treated with formalin under
milder conditions to improve its immunogenicity or stability) is a component of a aP vaccine.40

In a related application, mutated cultures of C. diphtheriae were screened for the secretion of
enzymatically inactive yet antigenic toxin molecules. Subsequent cloning and sequencing of
one such mutated toxin gene identified a single amino acid mutation at the enzymatic active
site (also an ADP-ribosyl transferase). This genetic toxoid (CRM197)47 is the protein carrier for
a licensed H. influenzae type b (Hib) conjugate vaccine (Section II.D). This technology also has
been applied to V. cholerae toxin (CT) and ETEC heat-labile toxin (LT) to produce candidate
mucosal adjuvants (see Formulation of Antigens-Adjuvants p. 15).

Recombinant Polypeptides
The first application of rDNA technology to the production of a vaccine was for hepatitis

B. Given the precedent of plasma-derived HBsAg as a well-tolerated and efficacious vaccine,
the S gene encoding HBsAg was expressed in bakers’ yeast S. cerevisiae,48 which express 22-nm
HBsAg particles within cells. HBsAg is a VLP in that its surface is similar to that of HBV
virions. The yeast-derived vaccine, which is available worldwide in large supply, has largely
supplanted the equally efficacious and well-tolerated plasma-derived vaccine. HBsAg also has
been expressed in transgenic tobacco leaves and potato tubers; the purified HBsAg was
immunogenic.49

There are innumerable ongoing research and development applications of rDNA technology
to produce proteins as vaccine candidates. The major Borrelia burgdorferi surface protein (OspA),
expressed in E. coli as a recombinant lipoprotein,50 has been licensed as a vaccine for Lyme
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disease. Recombinant-derived HSV glycoproteins expressed in Chinese hamster ovary (CHO)
cells and formulated as vaccines were tested in clinical trials.51

Large particles most often are more immunogenic than individual polypeptides. Further-
more, as in the case of HBsAg VLPs, particles usually elicit antibodies to conformational
epitopes on the particle, while isolated surface polypeptides of the particle might not elicit the
production of such antibodies. The human papilloma virus (HPV) virion is a highly ordered
structure whose major protein is L1. Expression of L1 in eukaryotic cells (e.g., S. cerevisiae)
results in the formation of L1 VLPs, which after immunization elicit antibodies that bind to
virions.52 Recombinant rotavirus53 and parvovirus54 VLPs also have been expressed as potential
parenteral vaccines.

Many host cells have been used for the expression of heterologous recombinant genes. In
addition to the previously mentioned (E. coli, S. cerevisiae and CHO), expression systems have
been developed for cells from other bacterial and yeast species and other mammalian continu-
ous cell lines (CCLs), e.g., African green monkey kidney (Vero). Whole animals and plants also
can be employed as hosts for recombinant expression. In general, smaller proteins that do not
require posttranslational modifications can be expressed efficiently in authentic form in microbial
expression systems. In contrast, polypeptides that require posttranslational modifications for
immunogenicity such as glycosylation for proper immunogenicity are expressed in mammalian
CCLs capable of correctly performing such modifications.

Carrier
A novel approach to recombinant vaccines is the use of yeast Ty particles as killed carriers

for foreign proteins. Yeast Ty is a particle assembled in S. cerevisiae that cannot replicate in
mammals. It is possible to express a gene encoding a foreign protein in conjunction with Ty
genes such that the foreign proteins assemble with Ty proteins into mixed particles.55 Because
the foreign proteins are expressed on the surface of these large particles, their immunogenicity
as vaccine antigens might be enhanced.

Peptide-Based
In many cases, it has been possible to identify B-cell epitopes within a polypeptide against

which neutralizing antibodies are directed. Many B-cell epitopes are conformational, being
formed by the juxtaposition in three-dimensional space of amino acid residues from different
portions of the polypeptide, which means that such epitopes require the full polypeptide for
their proper immunogenic presentation. In contrast, other peptide epitopes are linear in na-
ture, being fully antigenic as short linear sequences in the range of 6-20 consecutive amino acid
residues in the polypeptide. Some linear epitopes are only weakly immunogenic when pre-
sented in the context of the full polypeptide. In other cases, natural peptides would be effective
vaccine antigens if they were rendered sufficiently immunogenic. Linear B-cell epitopes of this
type have been defined for the malarial circumsporzoite (CS) protein (repetitive 4-amino acid
sequence)56 and for the Pseudomonas aeruginosa pilus protein.57 Both of these polypeptides
contain linear epitopes that are recognized by antibodies that neutralize the respective patho-
gens, yet the whole polypeptides elicit such antibodies only weakly. It is interesting to speculate
that this may represent a mechanism by which these and other pathogens have evolved to escape
immunological surveillance by rendering their neutralization epitopes less immunogenic.

The application of the following strategies (fusion protein, conjugate, complex peptide)
to weakly immunogenic linear epitopes has resulted in immunogenic presentations that elicit
substantially increased titers of neutralizing antibody compared with those elicited by the epitope
presented in the context of its natural full-length polypeptide. Nevertheless, the most effective
strategy in terms of ultimate clinical utility remains to be established on a case-by-case basis.
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Fusion Protein
The immunogenicity of linear epitopes can be increased by making a genetic fusion of

defined epitopes to a carrier protein that forms a large particle to improve the immune presen-
tation of the peptide. Two commonly used protein fusion partners of this type are HBsAg58

and hepatitis B core antigen,59 a 28-nm particle encoded by hepatitis B virus. Fusions have
been made at the N-terminus, the C-terminus, or the internal portion of the polypeptide
sequence of the protein partner, depending on which location affords the best immunogenic
presentation while maintaining efficient particle formation.

Conjugate
The peptide can be chemically conjugated to a carrier protein. The peptide sequence is

synthesized chemically with a reactive amino acid residue through which conjugation occurs to
the carrier protein. The most commonly used carrier proteins in conjugates are bacterial pro-
teins that humans commonly encounter such as tetanus toxoid (TT), for which a conjugate
with the malarial CS epitope has been tested clinically.60

Complex Peptide
Multimers of the peptide sequence can be synthesized for linkage together in repeated

arrays, as applied to the malarial CS and HIV-1 gp120 peptide epitopes.61

T-Cell Epitopes
Peptide epitopes recognized by CTL may be useful immunogens for the prophylaxis of

infections by agents such as HIV or immunotherapy for chronic diseases such as hepatitis B.
CTL peptide epitopes generally are poor immunogens. Thus, for an immunotherapeutic hepatitis B
vaccine, a CTL epitope from the HBV core protein was modified by covalent linkage to a
T-helper epitope (from tetanus toxoid) as well as two palmitic acid molecules.62 This vaccine
was shown in clinical studies to be immunogenic for eliciting HBV-specific CTL and memory
CTL. Melanoma-specific T-cell epitopes as peptides have been used to pulse dendritic cells in
vitro for delivery to the patient, with some observations of tumor regression.63

Polysaccharide-Based
There are many bacteria with an outer polysaccharide (Ps) capsule. In many if not most of

the encapsulated bacteria studied, antibodies directed against capsular Ps are protective against
infection. These observations have established capsular Ps as vaccine antigens.

Plain Ps
Native capsular Ps contain up to hundreds of repeat units distinctive for each bacterial

species and antigenic subtype in which each monomer consists of a combination of mono-
saccharides, phosphate groups and small organic moieties. The Ps is shed by the organism
during its growth and is harvested from the culture medium. These Ps preparations are usually
immunogenic in adults and children over 2 years of age and elicit antibodies that may mediate
the opsonization of the organism thereby protecting against infection. Ps vaccines have been
licensed for Hib64 (monovalent for serotype b), Neisseria meningitidis65 (quadrivalent) and
Streptococcus pneumoniae66 (23-valent). The shortcoming of these vaccines is that Ps, being T-cell–
independent (TI) immunogens, are poorly immunogenic or nonimmunogenic in children younger
than 2 years, and they do not elicit immunological memory in older children and adults.

Conjugate
Although infants and children younger than two years old do not recognize TI immunogens

efficiently, they can respond immunologically to T-cell-dependent (TD) immunogens such as
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proteins. The chemical conjugation of Ps to a carrier protein converts the Ps from a TI to a TD
immunogen. As a consequence, Ps-protein conjugate vaccines can elicit protective IgG and
immunological memory in infants and young children. This strategy is particularly important
for encapsulated bacteria such as Hib and S. pneumoniae (pneumococcal; Pn) owing to the
preponderance of invasive diseases caused by these bacteria in children younger than two years
old, in whom a Ps vaccine is ineffective. There are four different licensed Hib conjugate vaccines,67

all with different carrier proteins (TT, DT, CRM197 and an outer membrane protein complex
from N. meningitidis Group B) of different sizes and immunological character, distinct Ps chain
lengths and distinct conjugation chemistries. Given these differences, the four vaccines display
one or more differences in the following immunological properties: response of 2-month-old
infants to the first dose of vaccine, responses of four- and six-month-old infants to the second
and third doses, response of children older than one year to a booster dose, kinetics of decay of
antibody levels, peak of antibody titer and age at which protection from clinical disease first
can be shown.

Pn bacteria consist of ca. 90 serotypes, as reflected in distinct capsular Ps structures. For
designing a pediatric Pn conjugate vaccine, seven serotypes have been recognized as responsible
for 60-75% of the major pediatric Pn diseases (acute otitis media, pneumonia, meningitis). A
heptavalent vaccine was recently licensed.68 Other vaccines being tested in advanced clinical
trials consist of a mixture of up to 11 individual Pn Ps conjugates.69

Anti-Idiotypic Antibodies
The idiotype (Id), that is, idiotypic determinant, represents unique antigenic determinants

associated with the hypervariable region of the antibody molecule. An antibody-1 (Ab-1) can
be defined as an antibody recognizing a particular antigen, e.g., vaccine candidate. The Id on
Ab-1 itself can act as an immunogen; the antibodies that bind to the Id on Ab-1 are referred to
as anti-idiotypic antibodies (anti-Id) or Ab-2. The paratope on Ab-1 is the binding site for
the particular antigen; thus, the binding site of an anti-paratope antibody is a molecular “mimic”
of the original antigen. If the paratope and the Id on Ab-1 represent the same or overlapping sites,
then the Ab-2 and particular antigen both bind at that site and thus have similar conformations
(Ab-1 is the image of both the antigen and Ab-2). By virtue of the antibody-binding site of
Ab-2 mimicking the conformation of the particular antigen, Ab-2 molecules themselves can be
used as vaccine candidates in which an epitope (the Id) is presented on a carrier molecule
(whole Ab-2). It was shown that vaccination of chimpanzees with anti-Id that mimicked HBsAg
protected the animals from infection with HBV.70

Numerous technologies exist for using an antigen as a vaccine candidate, either directly or
by augmenting its immunogenicity as described earlier. Furthermore, an antibody molecule
(Ab-2) is not necessarily a desirable immunological carrier for an antigen (anti-Id). Hence, the
situations in which the use of anti-Id would be the preferred vaccine strategy are quite limited
in number. Certain tumor antigens cannot be recognized immunologically by the host, because
these antigens are self-antigens, often being expressed in low levels in the host. Nevertheless,
the Ab-2 that is the mimic of the tumor antigen, yet not necessarily identical in structure to the
antigen (hence not a self-antigen), can elicit an immune response against the tumor antigen.71

When the tumor antigen is a defined Ps that cannot be isolated or synthesized in quantities
sufficient for vaccine studies, an anti-Id of the mimic of the Ps can be a useful cancer vaccine
candidate.72 The ultimate utility of anti-Id as a vaccine strategy remains to be established.
Furthermore, to obtain the highest degree of specificity as a vaccine candidate, one would
derive a monoclonal antibody (MAb) as an anti-Id and make it into a recombinant human or
humanized MAb.
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DNA (Nucleic Acid) Vaccines
It was shown that after cells in vivo take up DNA encoding vaccine antigen(s), the antigens

can be secreted or can be associated with the cell surface in a way that would trigger a humoral
or cellular immune response. Furthermore, the uptake of DNA can be facilitated by chemical
formulation or delivery by a virus or bacteria. The latter approaches fit the definition of a
DNA-based vaccine as one that cannot replicate in humans. “Naked”, facilitated and
virally-delivered DNA vaccines recently have entered clinical studies.

“Naked” DNA
One strategy has been to inject intramuscularly a solution of DNA encoding a vaccine

antigen.73 Cells take up the plasmid DNA, transcribe it and synthesize the antigen, which may
be processed in a similar way as in a live viral infection. The advantages of using DNA are the
relative technical ease of preparation and the ability to direct the synthesis of multiple copies of
mRNA, hence an expected amplification of both antigen synthesis and immune response.
Such vaccines have been shown to be effective in many animal models of infection, especially
virus models.74 As a novel route of delivery, naked DNA has been applied to mouse skin from
which it is taken up by hair follicles to stimulate an immune response.75 While naked DNA
does elicit the production of specific antibodies, it is particularly proficient at eliciting cellular
immune responses.

Formulated DNA
Facilitation can be at the level of cellular uptake, expression or immunological activation.

One strategy has been the incorporation of DNA into microprojectiles that then are “fired”
into cells, which produce the encoded antigen. This “gene gun” technique has been reported to
be potent at eliciting immune responses and has undergone initial clinical use.76 For improving
the efficiency of uptake, DNA has been coated with cationic lipids, lipospermines or other
molecules which neutralize their charge and have lipid groups for facilitating membrane transfer.77

Such formulations also are being researched for alternate routes of administration (e.g., oral,
nasal) which may elicit mucosal immunity. The anesthetic bupivacaine given in conjunction
with DNA has been shown to enhance DNA uptake and expression.78 ADP-ribosylating
exotoxins given together with DNA and applied to the skin can stimulate transcutaneous
immunization.79 The base composition of the DNA may affect its potency in that unmethylated
CpG dinucleotides have been shown to induce B-cell proliferation and immunoglobulin secretion
and to adjuvant responses to DNA vaccines.80

Viral Delivery
The above nucleic acid-based vaccines all result in the deposition into a cell of a plasmid.

For delivery of DNA by fowlpox or canarypox virus, the expression cassette for the recombinant
protein is integrated into the viral genome. These avian poxviruses can infect mammalian
(human) cells but not produce infectious virus;81 hence this can be considered a nucleic
acid-based approach. This single round of self-limiting infection may be sufficient to elicit
broad immunity to a pathogen whose recombinant polypeptide is expressed by these avian
poxviruses in infected cells, while reactogenicity should be minimal, given the inability of the
virus to spread within the host. A variation on the design of the expression plasmid is to use a
virus-based DNA expression system that can amplify the level of RNA and protein expression
as occurs in a live virus infection, as developed for Sindbis virus vectors.82

Bacterial Delivery
Bacteria that replicate intracellularly can be engineered to deliver plasmid DNA into cells

for the expression of recombinant proteins. S. flexneri has been attenuated by making a deletion
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mutant in an essential gene (asd). While such a strain can be propagated in vitro in the presence
of diaminopimelic acid (DAP) and can invade cells, it cannot replicate in vivo, where DAP is
not available. A plasmid harboring a eukaryotic promoter and recombinant gene was transformed
into this strain. The resultant recombinant S. flexneri strain was shown to be able to invade
mammalian cells in vitro and to express the plasmid-encoded protein as a potential vaccine
antigen.83 Since S. flexneri replicates in the intestine and stimulates mucosal immunity, this
vector may be delivered orally for delivering DNA to cells where mucosal immunity is stimulated.
Other attenuated strains of bacterial species, e.g., Salmonella,84 that can invade mammalian
cells but not divide also can deliver recombinant plasmids orally for expressing recombinant
proteins as vaccine antigens.

Formulation of Antigens
The immunological effectiveness of vaccines (other than live) may be enhanced by their

formulation, which refers to the final form of the vaccine to be administered in vivo. In addi-
tion to the “active substance” (antigen or DNA), the formulation may contain an adjuvant
and/or delivery system in addition to excipients. The adjuvant is a substance that stimulates an
increased humoral and/or cellular immune response to a coadministered antigen. The delivery
system is a vehicle for assuring the presentation of the vaccine to cells of the immune system or
for stabilizing and releasing the antigen over an extended period of time. There may be overlap
in structure and function between adjuvants and delivery systems. Many future vaccines are
expected to contain new adjuvants and delivery systems. This topic has been addressed exten-
sively in reviews by others.85,86

Adjuvants
Aluminum salts, such as hydroxide or phosphate, are currently the only adjuvants widely

licensed for human use. This adjuvant has been used for decades in vaccines injected into more
than 1 billion people worldwide. The vaccine antigen binds stably to the aluminum salt by
ionic interactions and forms a macroscopic suspension in solution.87 This adjuvant preferen-
tially promotes a Th2-type immune response, i.e., antibody-based, and thus is not useful in
applications where inducing a cell-mediated immune response is needed for protection. While
aluminum salts have been useful for certain vaccines (e.g., hepatitis B, pertussis), for other
vaccine antigens they are not potent enough for inducing antibody responses which are high
enough to be optimally effective. Aluminum salts have not been shown to be useful for presen-
tation of vaccines by the oral or intranasal routes. Therefore, many chemicals, biochemicals
from natural sources, and proteins with immune-system activity (cytokines88) have been
researched as potential adjuvants. The adjuvanticity of virtually all known formulations is asso-
ciated with local or systemic side-effects which may be mechanism-based or nonspecific. The
ideal adjuvant needs to achieve a balance between degree of side-effects and immune-enhancement.

Certain bacterial toxins with ADP-ribosylating activity have received considerable atten-
tion as mucosal adjuvants in terms of molecular engineering. In particular, CT was shown to
be active as a mucosal adjuvant for a coadministered antigen89 when presented by the oral,
nasal, vaginal or rectal routes, as was shown subsequently for the heat-labile toxin (LT) of
ETEC. These toxins are composed of a catalytic A subunit and a pentameric B subunit that
binds to GM1 ganglioside on many cell types. However, both CT and LT are toxic in humans,
especially by the oral route through which they induce diarrhea. To dissociate the toxicity and
adjuvanticity of CT and LT, point mutations have been made which result in reduced or elimi-
nated ADP-ribosylating activity, reduced toxicity, and the apparent retention of adjuvanticity
in mice.90 An alternative approach has been to eliminate the B subunit and substitute a syn-
thetic dimeric peptide derived from Staphylococcus aureus Protein A (DD) which binds to
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immunoglobulin (Ig). The fusion protein of the CTA subunit with the DD domain binds to
Ig+ cells, appears devoid of toxicity, retains ADP-ribosylating activity, and is active as an adju-
vant in mice.91 The tolerability and effectiveness of these engineered adjuvants needs to be
validated in humans.

Delivery Systems
Besides presenting an antigen or DNA to cells of the immune system, a delivery system

may perform other key functions. There may be a depot effect whereby the antigen is main-
tained in an appropriate in vivo site for continual immune stimulation. There may be an
enhancement of vaccine stability in vivo. For mucosally-delivered vaccines, the delivery system
may enable efficient presentation and uptake by M cells, followed by transcytosis into Peyer’s
patches and presentation to lymphocytes for the induction of mucosal immunity.92 For certain
formulations, the vaccine may be maintained in vivo inside a physical structure for a signifi-
cant period of time, during which it is released slowly or in pulsatile fashion such that it may
function as a one dose vaccine. No delivery systems have been widely licensed. Gaining clinical
and pharmaceutical experience with new delivery systems and adjuvants remains a key goal in
the field.

Conclusion
Technological developments in the past decade have rapidly expanded the number of

general strategies for making new vaccines. In the next decade the number of approaches will
continue to expand and technical aspects further refined, such that most antigens could be
presented in a highly immunogenic form in the context of a live or subunit vaccine. Protein
antigens alternatively can be expressed through a nucleic acid-based vaccine. Further under-
standing of gene function in viral and bacterial pathogens should enable live vaccines to be
more stably and predictably attenuated as vaccines and as live vectors for immunizing against
other pathogens. Adjuvant technologies should advance to the point where formulations which
are more potent than aluminum salts, yet as well tolerated, gain widespread use for subunit/
inactivated vaccines and where oral delivery of purified proteins for immunization becomes
feasible. Similarly, formulations of DNA may improve the potency of DNA vaccines and its
ability to be delivered by routes that elicit mucosal immunity.

As all these technological advances proceed, it is likely that the limiting factor in developing
new vaccines for human use will continue to be a more comprehensive understanding of
immunology. Some areas in which increased knowledge would have a practical payoff for
vaccine development are the immunobiology of pathogens, the type and specificity of immune
response required for persistent protection against disease, the attainment of mucosal immunity
and the optimal vaccination strategy to achieve this protection. There also should be significant
developments in applications to noninfectious diseases, such as cancer and autoimmune diseases.
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CHAPTER 2

Clinical Issues for New Vaccine Technologies
Luc Hessel

Introduction

Vaccination as a means of preventing infectious diseases arguably has had the greatest
impact on human health of any medical intervention.1 Since the pioneer work of
Jenner and Pasteur, the development of vaccines has been the consequence of the

uninterrupted introduction of a series of new technologies. The discovery of toxoids, purification
of polysaccharides, cell culture enabling virus culture, controlled methods for attenuation of
viruses, conjugation of polysaccharides to proteins, production of protein vaccines in
genetically-engineered cells and reassortment of viruses have been among the basic technologies
used so far in the development of vaccines.1,2 Application of the tools of modern biotechnology
has resulted in an array of vaccine candidates coming from many sources and created the
promise of prevention or treatment for many more infectious and chronic diseases.3,4 It has
also revolutionized the capability to engineer and produce vaccines that are potentially safer,
more effective, easier to produce and less costly.5 The forthcoming new technologies form a
continuum in the innovative process that has always been characteristic of vaccine develop-
ment. Different new technologies are currently considered with more attention, such as

1. genetically-engineered vaccines,
2. live vectors,
3. nucleic acid vaccines,
4. new delivery systems or
5. new adjuvants.1,2

This biotechnology revolution poses a tremendous challenge for traditional vaccine develop-
ment to provide adequate and timely assessments so that maximal benefits might be reaped
from these advances.6 Indeed, successful development of vaccines is a time-intensive process
requiring years of commitment from a network of scientists and a continuum of regulatory and
manufacturing entities.7

The vaccine development process leading to licensure is pyramidal and selective.4 It is
step-wise and bridges basic research, development, large-scale production in an approved facility,
and clinical evaluation to establish safety and protective efficacy.7 Although not basically
different than for conventional vaccines, the clinical contribution to the development of new
vaccines is of special importance at many stages of the discovery process and can be schematically
defined as follows:

1. definition of the medical needs,
2. choice of the rationale and elaboration of the strategy based on preclinical development,
3. demonstration of proof-of-principle in early clinical research,
4. design and implementation of an integrated clinical development plan and
5. continuous assessment of safety and efficacy.

New Vaccine Technologies, edited by Ronald W. Ellis. ©2001 Eurekah.com.
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After a review of the core essence of the work, some specific clinical issues raised by each of
the new technologies will be addressed.

Definition of the Medical Needs
The ultimate goal of vaccine research is to develop vaccines that are useful and effective.

Vaccines must address public health needs and be a logical means of controlling the disease of
interest. In theory, the field of application of vaccines is extremely broad, including at least all
diseases caused by microorganisms. Recently the field of vaccines has been expanded to other
fields such as cancer, allergy, autoimmune diseases, contraception and drug addictions.4,8-11

Choices have to be made, guided by epidemiological studies, experiments and observations
evaluating the burden of the disease as well as the existence of alternative prophylactic
measures and the availability of curative treatments.12 The exercise is not easy. In addition to
ubiquitous diseases of major importance such as pneumococcal infections or HIV, special
consideration is given to tropical diseases which have a tremendous impact on health, with
hundreds of thousand of deaths annually in children.4 Thus, a strong scientific base and
rationale, a firm quantification of disease burden to be prevented (including mortality, acute
morbidity, long-term sequelae and the associated direct and indirect economic costs), and
clear identification of target populations are central to the successful development of new
vaccines. The review of the development of selected vaccines recently performed by the
National Vaccine Advisory Committee in the USA clearly showed that vaccine development
moved forward expeditiously when the scientific base was well established, whereas develop-
ment efforts often stalled when the science was less mature due to a lack of clear direction and
endpoints.7

Moving from Preclinical to Clinical Development

Choice of the Rationale
Once the new target has been defined, the difficult step is to understand the basis for

natural protection against the pathogen, which will enable the identification of the relevant
immunological approach for developing a candidate vaccine. In some cases the nature of the
immune response needed for protection is well known and the antigen is clearly identified
(e.g., polysaccharide vaccines, neutralizing antibodies against viral diseases). In many cases,
however, there is no clear evidence of surrogate markers of protection. The identification of
candidate immunogens relies on several approaches, including a thorough analysis of the human
immune response to disease and a clear understanding of the biology of the causative organism.
The techniques used for these approaches are more and more complex, and interpretation of
results is not easy. Thus, laboratory animal assays are essential tools at several stages of the
research, development and production of improved and novel vaccines, delivery systems or
adjuvants.13 Demonstration of immunogenicity in animals is an absolute prerequisite to clinical
studies of a product. Preclinical studies in animals also include extensive toxicology studies in
order to demonstrate the absence of major safety issues. In most areas of vaccine research,
animal models are developed that contribute to the characterization of protective immunity,
the study of the safety and immunogenicity of various formulations and the preclinical evaluation of
the protective efficacy.13 In spite of their limitations, animal studies are still irreplaceable and taken
with caution they are of great help.

Choice of a Strategy
Once the antigen has been identified, there often are several ways to produce or express

it; these include attenuation of the live microorganism to lose virulence while maintaining
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immunogenicity, a protein purified from the microorganism itself, a recombinant protein
made in bacteria, yeast or mammalian cells, the antigen expressed by a recombinant live
attenuated bacterium or virus or a plasmid DNA construct. Every approach has its own
merits and limits in terms of the type of elicited immune response, ease of production, ease of
controls and risks for the environment. All these aspects will have an impact on the objectives
and methodology of the clinical trials to be performed as well as on the overall acceptability of
the vaccine by regulatory agencies. Sometimes, as illustrated by the first generation of respiratory
syncytial virus (RSV) formalin-inactivated parenteral vaccines, the legacy of safety concerns
has a marked impact on subsequent vaccine development.14

Thus, before moving to clinical trials in man, the vaccine candidate must have been
designed with a sound scientific rationale. Based on either known or likely protective antigens
or on a live strain with genetic deletion of known virulence factors, there must be an expectation
of efficacy and safety formally demonstrated in an appropriate model using a dose and a route
of administration that will be proposed in clinical trials. Animal studies demonstrating the
immunogenicity and, if an appropriate model exists, the efficacy of the vaccine candidate against
laboratory- or wild-type pathogens represent the ideal approach. It is also highly desirable that
the vaccine be prepared in a formulation as close as possible to the final manufacturing process,
including antigen preparation, adjuvants, volume, etc. The critical scale-up from bench-scale
to pilot lots and then to large-scale production is often a particularly vulnerable point in the
development process of new vaccines.7 Thus, early establishment of the product profile and
characteristics will considerably help the regulatory process.

Demonstration of the Proof-of-Principle
Once preclinical development has been completed, it is time to turn to clinical testing.

The scope of the challenge may be limited. If the protective antigen or the type of immune
response responsible for protection is well known, it will be necessary only to demonstrate that
the product developed at the laboratory level achieves expectations. This is the objective of
classical phase I studies. If the product is safe and raises the expected immune response, the
decision may be taken quickly to bring the product to full development.

In some other cases, the validity of the approach is not ensured even when safety and
immunogenicity have been established, and the proof-of-principle will be qualified only after
protective efficacy results are known. This especially applies when

1. animal models do not exist or are not relevant,
2. clinical or immunological markers are not available and
3. safety issues are central to the acceptability of the vaccine. In this case human challenge

studies may be recommended as long as they are ethical and do not endanger volun-
teers’ health.

Human challenge tests can represent a good marker of the actual efficacy of the vaccine candi-
date against laboratory or wild pathogens and across serotypes. They will also contribute to
identifying immunological correlates of protection, to comparing protection conferred by the
vaccine candidate to that of a clinical infection, and to giving some information of the duration
of immunity. Human challenge tests represent very useful tools for the early screening of vac-
cine candidates, but their use remain limited by several issues relating to their reproducibility,
to the possible lack of correlation between experimental disease and natural infection and to
general and specific ethical concerns.15

However, in a few cases when the disease is very common, preliminary efficacy data can be
obtained at a very early stage. This is the case for some respiratory and diarrheal diseases such as
rotavirus diarrhea or RSV infection where the incidence is so high that studies in small
numbers of children may allow to estimate the value of the approach.
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Design and Implementation of a Clinical Development Plan

General Design
The goal of prelicensure studies is to show that the vaccine is safely tolerated in terms of

local and systemic reactions and to demonstrate that it confers protection against the target
disease.12 The Clinical Development Plan (CDP) describes and justifies in a logical and phased
way the clinical studies to be done in order to answer well-defined questions for documenting
the safety, immunogenicity and efficacy of the vaccine and delineating its conditions of use in
order to obtain the marketing approval in the proper indications. The CDP must take into
account numerous aspects of the future vaccine, especially its regulatory and marketing strategy
as well as industrialization issues and include all questions to be clinically addressed in the
Product License Application (PLA). It also needs to anticipate short- and long-term evaluation
to be considered after the vaccine has been licensed, including concomitant administration
with other vaccines, antibody persistence and need for booster injections, administration in
special populations and development of surveillance systems to address long-term safety
issues.7,12 Phase I trials usually enroll 10-100 adult volunteers to assess initial safety tolerability
and acceptable vaccine dosage in humans. Phase II trials (100-1,000 persons) seek to expand
knowledge about the safety and immunogenicity of the vaccine, to select the optimal formu-
lation of a candidate product, and to identify the most suitable schedule for vaccine adminis-
tration (including dosage, route of administration, optimal interval between primary series and
boosters, if needed) for subsequent evaluation in phase III efficacy studies.16 Phase III trials
aim to show that the candidate vaccine is efficacious in conferring protection on a targeted,
at-risk population under controlled conditions. Safety issues are also examined to the extent
that the sample size and study duration permit. As with any clinical trial, issues such as case
definition, case finding, trial design and sample size (which can range from 1,000 to 100,000
subjects according to the incidence of the disease) must be considered carefully.17 Because
sample sizes for these pivotal studies are large, they often require several years to complete enroll-
ment and follow-up.18 Although not basically different from those relating to conventional vaccines,
special attention must be paid to some methodological aspects when designing a CDP for vaccines
using novel technologies (see below).

Objectives
Many aspects must be considered when preparing a CDP. They include clear definitions

of objectives and how they will be addressed. Precise objectives are central to the development
of a proper methodology, the establishment of relevant clinical and statistical hypotheses and
the determination of the number of subjects to be included. According to the type of technology
or delivery system used, considerations include specific regulatory requirements as well as manu-
facturing issues in terms of stability and consistency of the vaccine lots and expected safety
issues, e.g., person-to-person transmission or environmental risk for genetically-engineered
live vector vaccines. Similarly, objectives will be different when the vaccine is intended for pre-
or postexposure prophylaxis as opposed to a therapeutic vaccine. What is expected from the
vaccine candidate should also be defined, e.g., an improved immunogenicity or safety profile
compared to an existing vaccine or an extension of the target population such as non- or
poor-responders, immunocompromised, neonates, etc. Whereas most vaccines are aimed at
controlling the spread of a disease or even eradicating it, future vaccines may control the
progression of an existing disease, e.g., cancer.
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Regulatory Issues
The development of novel vaccine technologies led to considerable changes in the international

regulations in order to address safety issues linked to the use of genetically-modified organisms (GMOs),
live vectors and any new means of influencing immunological mechanisms through adjuvants.
In addition to the relevant guidance established by the International Conference on Harmoni-
zation (ICH), precise guidelines have been defined in the USA and Europe which have to be
taken into consideration in the design of the CDP for a new vaccine.19 In Europe, the recently
issued CPMP Note for Guidance on Clinical Evaluation of New Vaccines gives very precise
methodological requirements on the assessment of efficacy, immunogenicity and safety during
both the pre- and postlicensure periods.20 The guideline insists also on the fact that
nonconventional vaccines require special attention with regard to vectors, immune responses,
immunological mechanisms and safety considerations. Indeed, special requirements and laws
have been defined regarding certain technologies like GMOs. Directive 90/220/EEC addresses
the potential risk to human health and to the environment, including plants and animals,
which may be associated with investigational products containing GMOs. An environmental
risk assessment (ERA) (which does not include naked DNA) is requested for any biological
entity capable of replicating or of transferring genetic material. An updated Note for Guidance
has been issued in December 1999 on the quality, preclinical and clinical aspects of gene transfer
medicinal products. In addition to international guidelines many national regulations and ad hoc
committees have been established which may influence the content of a CDP. For instance, in the
USA, the FDA also has issued guidance for industry for the evaluation of combined vaccines,21

plasmid DNA vaccines,22 and human somatic cell therapy and gene therapy.23

Clinical Endpoints and Surrogate Markers
The ultimate clinical endpoint may be to prevent infection (e.g., HIV), the final disease

(e.g., AIDS), severe disease (e.g., pertussis), disease progression (therapeutic vaccines) or survival
(rabies). It is not always possible to directly address such primary endpoints for some vaccines
due to the epidemiology of the disease, long-term clinical endpoints or multiple endpoints.
Should prevention of CMV infection be focused on prevention of congenital infections or of
secondary infection among women of childbearing age?24

When it is not feasible to obtain clinical endpoints, appropriate immunological data,
determined by an adequately validated method, may be used to support evidence of efficacy.20

Indeed the clinical efficacy of vaccines depends on the elicited immune response, whether
humoral, mucosal or cellular. Surrogate markers are parameters for predicting efficacy without
knowing the exact level of protection. They are mainly biological markers of humoral and/or
cellular immunity. Serological surrogates are mostly used and defined as a predefined antibody
concentration correlating with clinical protection.20 This especially applies when a reference
vaccine exists and is routinely used. This may also apply to safety issues that could be related to
potential autoimmune mechanisms. While sometimes scientifically well-grounded (e.g., anti-
body protective levels against Haemophilus influenzae type b or hepatitis B surface antigen), it
may be very difficult in many instances to establish a precise correlation between an antibody
level and clinical protection.25 This especially applies to pertussis or rotavirus infections.
Attempts to establish such correlations might be difficult when the measured antibodies are not
specific enough (ELISA), although they could remain relevant for comparison with a reference
vaccine. Antibody assays are especially acceptable when the function of the antibody is known.
Neutralizing or bactericidal activities or measurement of avidity may represent valid surrogate
markers of efficacy as long as it contributes directly to protection. Assessment of cellular
immunity is also subject to many limitations, since the assays require very demanding biological
monitoring, are not always well standardized, often rely on cytokine induction, are variable
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and irreproducible and very expensive. Mucosal immunity might be an important parameter
to be measured when the vaccine-preventable disease is a local infection, or starts in the
mucosa and invades (e.g., upper respiratory infections), or sexually transmitted diseases.26

Unfortunately, the methods for measuring local immune responses are not well standardized
and the collection and storage of such samples is problematic.25 Other surrogate markers such
as the evaluation of bacterial or viral load may also be extremely useful in the development of
therapeutic vaccines.

Overall, any information on the characteristics of the immune response according to the
known or presumed activities of the vaccine represents a very valuable tool for establishing vaccine
efficacy;20 these include the level, class, subclass and function of specific antibody produced,
the induction of mucosal or cell-mediated immunity, formation of neutralizing antibodies,
cross-reactive antibodies, etc.

Study Design
As described above, the traditional design for developing a new vaccine consists in

establishing the safety and immunogenicity of the product through phase I, II and III
studies. This sequential approach may not always be applicable for novel technology vaccines.
Phase I studies may not be possible when the candidate vaccine has no relevance for healthy
adult volunteer, e.g., cancer vaccines. In other instances (e.g., live vectors), it may need a
confined environment and long surveillance. Phase II studies may not be conducted as
expected in the target population. This applies to cancer vaccines that are basically indicated
at early stages of cancer when the immune system is still able to develop adequate protective
responses. However, due to potential safety issues and ethical concerns, inclusion criteria may
be restricted to advanced disease where an actual therapeutic effect might not be apparent.
Selection of volunteers or patients can be an issue when sero-eligibility is required or when
the pharmacological properties of the vaccine relies on HLA specificity or other immune
characteristics of the host. Defining the relevant control group is critical when a placebo is
not acceptable or when no control vaccine is available, especially for therapeutic or postexposure
vaccines. Concomitant administration of other vaccines according to routine recommendations
can constitute a confounding factor for safety and immunogenicity evaluation. Overall, the
methodological approach for a relevant clinical study design mainly relies on the quality and
accuracy of the objectives, the existence of validated clinical or biological endpoints and on a
clear statistical hypothesis.

Statistical Issues
The design of clinical trials obviously depends on its objectives but will be influenced by

the statistical hypothesis, the tests to be used and the power requested to meet them. This will
affect the number of subjects to be included, the choice of the control vaccine and of the
evaluation criteria to be chosen as primary or secondary endpoints. The criteria for determining
sample size in each trial must be based on methodological and statistical considerations, clinical,
immunological and epidemiological issues and tailored to the clinical hypothesis.20 When
immunogenicity is the sole primary endpoint to evaluate efficacy, appropriate randomization
of the target population should be ensured. Controlled trials, ideally placebo-controlled
double-blind, have been the gold standard in vaccine development for many decades. It
provides the ideal means to demonstrate the efficacy of a new vaccine by showing its superiority
to a placebo or a passive control vaccine. As more and more effective vaccines become available,
the objective of clinical investigation changes. Comparative trials can seek equivalence or
noninferiority of the candidate vaccine rather than its superiority to an effective standard
reference in active controlled trials.27 The fundamental assumption of such trials is that showing
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noninferiority is evidence of efficacy. This especially applies to vaccines combining multiple
antigens already available as separate vaccines and to the use of new technologies to improve
the safety of the manufacturing process of already existing vaccines without increasing their
efficacy. In this design, the choice of the control vaccine is critical. It has to be a well-accepted
standard vaccine across different geographical regions and one for which efficacy has been
satisfactorily and consistently proven. This methodological approach may have an important
impact of the size of the study population as it requires a much larger sample size than a
placebo-controlled superiority trial.27 In noninferiority trials, the purpose it to show that the
efficacy of the test treatment is not inferior to that of the reference treatment by more than a
minimum clinically relevance difference (δ), which has to be predefined at the trial design
stage. Typically, the sample size should be such that, if the treatments are equivalent or the test
vaccine is superior, there is a high probability (>80%) that the lower limit of a 95% confidence
interval for the difference in protection rate will not fall below the predefined δ.20,27 One key
issue is to define the clinical relevance of differences in serological responses in order to avoid
disqualifying a candidate vaccine because it does not meet narrow statistical differences. In-
deed, the choice of the δ value depends on the expected seroprotection/conversion rates and
will strongly influence the size of the study population. In individual trials, δ can often be set
to about 10 percentage points but will need to be smaller for very high protection rates and
larger with lower protection rates.20

Ethical Issues
Ethical issues represent a major aspect in the design of a clinical development plan for

novel technology vaccines. They are obviously critical for testing candidate vaccines in spe-
cial groups, e.g., for cancer vaccines where survival may be the primary endpoint, as well as for
HIV vaccines, and when placebo controls are used or challenge tests requested.15,20

Genetically-engineered live vectors may evoke long-term safety concerns, generating demand-
ing clinical and biological long-term monitoring. Developing vaccines for infants or neonates
also represents an ethical challenge, as recently illustrated with a reassortant rotavirus vaccine.28

The content of informed consent forms therefore become an important aspect of the proto-
cols. Setting up data safety monitoring committees in charge of reviewing and validating ad-
verse events, independently from the investigators and the sponsor, represent the best way to
address such issues.

Continuous Assessment of Safety and Efficacy
In many respects, safety is a critical issue for novel technology vaccines. This applies for

both prophylactic and therapeutic vaccines, especially if there is an existing alternative for
prevention or cure of the given disease. As the result of safety considerations, certain vaccines
(e.g., live virus or bacterial vaccines) may require considerable additional information relating
to the vaccine strain, including comparison of the properties of the shed vaccine isolates versus
the parent vaccine strain, the pattern of shedding, transmissibility to contacts,29 and its potential
to survive in the environment or to enter the food chain.30 Similarly special attention on safety
has been developed for genetically-engineered live vectors using GMOs. New adjuvants
targeted at stimulating a specific immune response will justify paying attention to specific
safety issues such as autoimmune diseases or potentially rare and distant adverse events (AEs).31,32

In the latter case, it may be difficult to link AEs to the vaccine when such diseases are of
unknown origin or incidence. Development of new delivery systems, such as jet injectors and
mucosal administration, also will lead to defining specific approaches for new potential safety
issues. Safety will be addressed both during the pre- and postlicensure phases.
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In the prelicensure evaluation phase, potential safety hazards ideally will have been identi-
fied in preclinical laboratory tests, e.g., genetic stability, as well as animal testing where applicable.
Clinical assessment will remain the key factor, in particular for defining proper control groups,
identifying relevant markers for autoimmunity and addressing the risk of person-to-person
transmission. When GMOs are used, ERA also will be required. Prelicensure evaluation never-
theless will be limited to a relatively small number of subjects, usually not exceeding 10,000
followed for short periods of time. Ensuring the safety of new vaccines as they become licensed
and are given to larger numbers of persons is critical to ensuring the trust of the public and
stability of the immunization program.7

Therefore, post marketing surveillance (PMS) is essential to assess rare, unexpected, distant
AEs.33 PMS is traditionally based on spontaneous reporting of AEs following immunization by
health-care workers as a tool to generate signals to be further investigated in epidemiological
studies. In an attempt to overcome the deficiencies of passive reporting systems, “active” sur-
veillance through prospective or retrospective observational studies is becoming more frequently
used in the immediate postlicensure period. They allow the assessment of rare AEs that cannot
be described in the selected and relatively small population involved in the clinical develop-
ment of the vaccine. This requires a procedure for identifying all clinically significant events
that occur within defined postvaccination periods.12,33 Most recent regulations even consider
these PMS studies as conditional for granting a license.20 New tools must be developed to
allow a more systematic and cheaper way of addressing long-term safety issues linked to the use
of novel technology vaccines. This especially includes establishing national or international
disease registries that could be linked to vaccination registries for allowing the determination of
possible changes in the epidemiology of a disease or a group of disorders and the implementation
of the use of a new vaccine.12,33

Specific Issues
According to the novel technology used, some specific issues will apply to clinical

development of new vaccines, as described in more detail in the relevant chapters of this book.

Live Vectors
By using live vectors multiplying in the organism and expressing foreign genes, one can

deliver protective antigens from pathogens that themselves might be considered as unsafe as an
attenuated vaccine.1 Nevertheless, this technology raises different clinical issues that need to be
addressed at different times of the development process. The rational choice of the vector is
closely dependent on the pathophysiology of the wild organism.34 Live Salmonella recombinants
are widely explored because of their potential ability to reach the lymphoid tissue of the gut
and thus deliver the antigens to immunocompetent cells. Similarly Shigella are considered
potential vectors because of the possibility of passing the gut mucosa. BCG or BCG-like
organisms are selected as potential vectors because of their capacity to trigger T-cell responses
and also because of the adjuvant effect of the bacterial membrane. Many viruses are also
explored as live vectors expressing foreign antigens; among the most studied are poxviruses,
adenoviruses and more recently flaviviruses. The very first point to address clinically is the
attenuation of the live vector that does not allow for any residual effect. Even if the balance
between attenuation and antigen expression has been found, the immunogenicity of the vector
itself is another frequent issue. It may be previous immunity (this is definitely the case for
vaccinia immunity which interferes with pox-recombinants) or it may be that the first contact
with the vectored vaccine will elicit a stronger response to the vector than to the foreign gene,
thus jeopardizing the response to a further injection of the same live vector. These points
represent key evaluation criteria to be addressed very early in phase I and II trials.
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Recombinant DNA technology using attenuated viral or bacterial strains falls under
regulatory requirements regarding GMOs. They will justify specific extensive safety evaluation
linked to the residual virulence of the vector strain, as well as an environmental analysis of virus
replication and survivability of the vaccine strain in various environments.35 Person-to-person
transmission will request special attention as well as documentation of the stability and
potential reversion of the strain to a virulent one through shedding and immunological markers.

Therefore all possible tests on suitable animal models (including SCID/transgenic animals)
as well as in vitro tests will be necessary before moving to clinical trials. Phase I/II studies could
need to be conducted in confined environments and have an ERA performed. The clinical
evaluation of the consistency of manufacturing also represents an important part of the clinical
development.

Cancer Vaccines
Understanding the interactions between the immune system and cancer cells, especially

the molecular mechanisms of immune recognition and immune regulations, so that antitumor
immunity could be amplified forms the basis for the development of effective means to treat
cancer patients. In contrast to prophylactic vaccination against infectious agents, in which the
generation of humoral immunity is the most important feature, cancer vaccine development
focuses mainly on the generation of antigen-specific T-cell responses.9 Whatever the fundamental
approach is, tumor antigens or cells, cytokines or dendritic cells, the development of cancer
vaccines represents a real challenge, as clinical studies in man are often the only way of
supporting proof-of-concept for many vaccine candidates. Animal models are not always
available or relevant for selecting antigens. Correlation between immunological markers and
clinical efficacy is difficult to establish. In addition, phase I study in healthy volunteers are
generally not applicable, such that phase II studies often will be the first approach for supporting
the concept. But they cannot be easily conducted in the final target population (minimal vs.
advanced disease). Clinical endpoints are not easy to define or acceptable (e.g., survival). Con-
trol groups are difficult to define due to concomitant therapies or surgery and lack of standard-
ized therapeutic protocols (impact on stratification). Finally, AE reporting could be very de-
manding in a population at high risk of experiencing many AEs unrelated to vaccination that
will have to be followed up for a long period of time.

Adjuvants
It is recognized that impurities had a nonnegligible effect and thus a real impact on the

efficacy of old vaccines. A weaker immunogenicity profile generally appears as the price to pay
for safer and purer vaccine so that there is now a need for strong adjuvants of immunity. The
development of new adjuvants represents a major goal for new vaccine technology. Such new
vaccine formulations should allow improved immunogenicity of antigens in the general
population or in persons whose immune system is immature (neonates) or suffers from
genetically or acquired deficiencies. The clinical development of new adjuvants illustrates a
number of difficulties mentioned above. The target population may be poor or nonresponders,
justifying prescreening of a large population. Such populations include immunodeficient patients
or neonates, thus raising special immunological evaluation and safety issues. Immunological
endpoints for adjuvants may be very specific when they are targeted at stimulating cellular or
mucosal immunity. Defining the type of immune responses (Thl vs. Th2) will also require
specific tests with demanding monitoring processes. Depending on the type of adjuvant,
specific short- and long-term, local and systemic safety issues will have to be addressed, includ-
ing potential mutagenic effects and induction of autoimmunity justifying extensive safety
surveillance.35
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DNA Vaccines
A new approach to vaccination opened up recently with the demonstration that direct

inoculation of DNA encoding a foreign antigen can initiate protective immune responses.36

DNA vaccines containing the genes of foreign proteins provide cells in the vaccinated host
with the code for the synthesis of the immunizing antigens. Such vaccines have a number of
advantages over more classical vaccines, although their use is limited to protein antigens and so
far to skin or muscle delivery. They raise antibody against the natural form of proteins, can
elicit both cytolytic T-cell and antibody responses and long-lived immunity.35 In addition they
hold promise for safer, less expensive, easier-to-produce and easier-to-administer than conventional
vaccines. Finally DNA vaccines offer a broad range of applications including new antigens
(viral, bacterial and parasitic), combination of multiple antigens and biased Th1 or Th2
responses.36

Although DNA technology will apply to vaccines for which some clinical and immunological
endpoints are well established, the applied preclinical and clinical research on DNA vaccines
will have to address very specific additional issues, including a better characterization of the
induced immune responses and special consideration for safety. Determining the relative roles
of the target site (muscle or skin), better understanding of the T-helper preference and evaluation
of vaccine vectors and delivery systems will represent specific clinical and immunological
endpoints for phase I and II studies. Regarding safety issues, regulatory agencies considering
the application of DNA vaccines for human use have already identified key areas of concern,
including mutagenic events linked to the integration of the plasmid DNA into the genome of
transfected cells, potential induction of immune tolerance to the vaccine antigen or induction
of autoimmunity and/or of antibodies to the plasmid DNA. Based on animal experiments
and current knowledge of the role of natural infections in the induction of autoimmunity,
these potential safety issues appear very unlikely to be manifest.36-38 These complicated issues
will nevertheless represent a key aspect of the pre- and postlicensure clinical development of
DNA vaccines. It will be based not just on the identification of relevant biological markers
but also mostly on the recently developed epidemiological surveillance systems mentioned
above that provide background data on rare diseases and prospective registries.12,33

Conclusion
Designing and performing clinical trials with a novel vaccine technology is a complex

process which needs to be carefully analyzed before entering into long and costly clinical trials
in order to address all specific issues that may impact on the licensibility of the vaccine.
Numerous guidelines and regulations have been issued recently which help designing relevant
clinical plans but which must be interpreted with some flexibility. Thus, early discussions with
regulatory authorities of the content of the CDP of a novel technology vaccine are key for
further acceptability of the registration file.7 Finally, one must accept that, even at the dawn of
the new millennium, the process of vaccine research and development continues to be, at least in
part, an empirical and methodic science. In the era of molecular vaccinology and immunology,
developing an effective vaccine does not necessarily mean understanding the precise mechanisms
by which most vaccines work.
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CHAPTER 3

Vaccine Regulatory Issues
Marion F. Gruber, Paul G. Richman and Julianne C. M. Clifford

Introduction

The fundamental goals in developing new vaccine technologies are to improve current
vaccines for existing clinical indications and to develop new immunogens for both
pediatric and adult use. Recent progress in the field of recombinant DNA technology

and advances in basic immunology have accelerated the development of novel vaccine approaches
to modulate the immune response. Examples include non-replicating antigen delivery systems,
genetically modified vectors expressing foreign antigens, DNA vaccines, as well as the use of
novel adjuvants and different modes of vaccine administration.

The diversity and complexity of these products present new regulatory challenges, because
specific standards for the criteria of safety, purity and potency for these products may not exist
and current experience largely relies on animal models. The problem is further complicated by
the variety of regulatory submissions for prevention of viral, bacterial and parasitic diseases.
Therefore, the safety, purity and potency of these products are evaluated using a case-by-case
approach that is product-specific and indication-based. Consideration is also given to potential
risks versus the benefits of using the product in the target population. It is important to realize
that regulatory policy evolves in response to advances in technologies. Thus, the purpose of this
chapter is to provide a framework for product characterization from which preclinical and
clinical testing strategies will need to be developed according to current knowledge and
state-of-the-art technology.

Federal Regulations Pertaining To Vaccines
In the United States, vaccines are regulated as biological products by the Center for Biologics

Evaluation and Research (CBER) of the U.S. Food and Drug Administration (FDA). The CBER is
currently organized into offices with specific areas of expertise and responsibilities for regulating
biologic products made by manufacturers which are or desire to be licensed for marketing in the
United States. Preventive vaccines and therapeutic vaccines for infectious diseases are reviewed and
regulated by the Office of Vaccines Research and Review (OVRR), whereas most vaccines intended
for therapeutic indications other than infectious diseases are reviewed and regulated by the Office of
Therapeutic Research and Review (OTRR).

Current authority for the regulation of vaccines along with other biologics resides in Section
351 of the Public Health Service Act as well as specific Sections of the Food, Drug and Cosmetic
Act.1 A single set of basic regulatory approval criteria apply to vaccines, regardless of the technology
used in their manufacture. These regulations are contained in Title 21 of the Code of Federal Regu-
lations (21 CFR).2 They include a description of the production, testing and establishment stan-
dards pertaining to the manufacture of a biological product and are intended to assure that the
product is safe and meets the quality and purity characteristics that it claims to possess (Table 3.1).

New Vaccine Technologies, edited by Ronald W. Ellis. ©2001 Eurekah.com.
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These regulations also cover the type and conduct of clinical studies that should be performed
during product development. The Food and Drug Administration Modernization Act (FDAMA)
of 1997 amends specific parts of these regulations and renews the Prescription Drug User Fee Act
with amendments (PDUFA 2).3,4 A “managed review process” was introduced with the initial
enactment of PDUFA of 1992, and CBER implemented for the first time specific timelines for
product and establishment license application (PLA and ELA) review.5 The re-authorized

Table 3.1. Regulations applicable to the development, manufacture, licensure and use
of vaccines

Title 21, Code of Federal Regulations1 Subject
Chapter 1-FDA, DHHS

Subchapter A-General
25 Environmental impact considerations
50 Protection of human subjects
56 Institutional Review Boards
58 Nonclinical laboratory studies,

good laboratory practice regulations

Subchapter C-Drugs: General
201 Labeling
202 Prescription drug advertising
210 Current good manufacturing

practice in manufacturing,
processing, packing, or
holding of drugs, general

211 Current good manufacturing
practice (GMPs) for finished
pharmaceuticals

Subchapter D-Drugs for Human Use
312 New drugs for investigational use
314 Applications for FDA approval to

market a new drug
Subchapter F-Biologics
600-6802

600 Biological products, general,
definitions

Establishment standards
Establishment inspection
Adverse experience reporting

601 Licensing
610 General biological products

standards

1Food and Drug Administration, Department of Health and Human Services.
2Parts 606, 607, 640, 660 and 680 apply to blood, blood products, diagnostic tests, and allergenics.
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PDUFA 2 program outlines the five year review performance goals for the following areas: license
applications, supplements and re-submissions; meeting management; clinical holds; major dis-
pute resolution; special protocol assessment and agreement; electronic applications and submis-
sions; discipline review; and complete response letters. All of these provisions apply to bio-
logic products including vaccines and new vaccine technologies, and most are described in
Guidance Documents written to assist manufacturers. In addition to these administrative
Guidance Documents, FDA has developed scientific Guidance Documents for combination
vaccines and DNA vaccines which, with applicable documents prepared by the Interna-
tional Conference on Harmonization (ICH), are particularly useful in emerging areas of new
vaccine technologies because they specify a degree of detail beyond what is included in the
regulations. These and other documents are available through the CBER website http://
www.fda.gov/cber/publications.htm. As new Guidance Documents are constantly being
issued, the reader is encouraged to refer to the CBER web site for current updates.

To obtain a U.S. license to market a new biologic product, an applicant must show that
such a product is safe, effective and potent and that it can be manufactured in a consistent
manner. Title 21 of the CFR, Part 600, provides definitions for safety, purity and potency:

1. Safety is defined as “the relative freedom from harmful effect to persons affected, directly
or indirectly, by a product when prudently administered…” (21 CFR 600.3(p))6

2. Purity is defined as “relative freedom from extraneous matter in the finished product,
whether or not harmful to the recipient or deleterious to the product.” (21 CFR 600.3
(r))6

3. Potency is defined as “specific ability or capacity of the product as indicated by appro-
priate laboratory tests or by adequately controlled clinical data obtained through the
administration of the product in a manner intended, to effect a given result.” (21 CFR
600.3(s))6

Given the diversity of novel vaccine products, applying these criteria would necessitate a
careful consideration of the character of the product, the methods of manufacture and the
indication (Table 3.2). Therefore, it is critical that early in product development a dialogue be
initiated between the CBER and the vaccine developer to decide whether the existing methods
and standards for evaluation of the product with regard to the above criteria are adequate and
also to agree on the design of preclinical and clinical programs.

Premarketing Phase
Product development is a continuous process from the pre-IND stage through the various

phases of the clinical investigation, the license application and postmarketing, throughout which
the interaction with CBER is critical (Figure 3.1). Meetings with industry serve as a forum for
the agency to provide guidance to firms during product development and facility design, and
to facilitate their compliance with the regulations governing development and postmarketing
approval of products. Meetings that the sponsor can request are described in 21 CFR 312.47
and are categorized under PDUFA 2 into three types.4,7 Type A meetings are necessary for
proceeding with product development and need to be scheduled within 30 calendar days from
the sponsor request date. Most meetings with FDA are type B meetings, i.e., pre-IND,
end-of-Phase 1 or -Phase 2/pre-Phase 3, and pre-BLA meetings that need to be scheduled
within 60 calendar days. Type C meetings are all other meetings that need to be scheduled
within 75 calendar dates.

Preclinical Testing
Early in pre-clinical development, the primary goal of product testing should be to

demonstrate that the investigational product is safe and exhibits activity that justifies testing in
humans. Documentation of preclinical safety is one of the prerequisites to move a vaccine from
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the laboratory to the clinic. Toxicity studies should be conducted to assess the potential toxic
effects of the vaccine antigens to target organs, including the hematopoietic and immune systems,
as well as systemic toxicity.

Recent advances in recombinant DNA and protein technology allow the generation of
highly purified subunit and recombinant protein vaccines. These are frequently not sufficiently
immunogenic per se and require coadministration with an adjuvant. For example, for mucosal
vaccines, much attention has focused on detoxified cholera toxin (CT), E. coli heat labile toxin
(LT) or even cytokines as adjuvants to increase the immunogenicity of the vaccine antigen.8-11

In these cases, toxicity studies of the specific antigen-adjuvant combination are important.
Such studies can be particularly informative if the adjuvant is a novel component for which
only limited or no toxicology data are available or if little or no clinical experience is available
with this adjuvant in previous antigen-adjuvant formulations.12

Where different routes of administration are proposed, i.e., intranasal, oral, rectal or vaginal,
multiple safety/toxicity studies may have to be conducted in a suitable animal model addressing
specific safety concerns associated with vaccine administration via these routes. Caution should
be used when extrapolating safety data obtained using a certain route of administration com-
pared to other routes.

Reproductive toxicity studies are requested if the vaccine is specifically intended for use in
a study that enrolls pregnant women and also will be needed if the product is indicated for a
target population that includes women of childbearing age. ICH guidance documents should
be consulted when designing such studies.13,14

While it is not current practice in vaccine testing to conduct pharmacokinetic studies,
they may provide useful information, for example, when using controlled-release delivery systems
such as liposomes, microspheres and proteosomes, or alternate routes of administration.15,16

When live attenuated bacterial or viral organisms are used, preclinical safety studies also may
include a demonstration of adequate attenuation of the organisms and absence of reversion to
wild-type.17,18 For nucleic acid vaccines, preclinical studies should be designed to determine
whether the vaccine may have an immunotoxic effect by either inducing tolerance to the vaccine
antigen or by potentially inducing autoimmunity.19 Integration of the nucleic acid vaccine into
the genome of the vaccinated subject may be the most important theoretical risk to consider in
preclinical studies for these products.

Table 3.2 Examples of antigen delivery systems/new generation vaccines

Non-replicating antigen delivery systems:
biodegradable microspheres
liposomes
proteosomes

DNA vaccines
Subunit antigens
Live attenuated viruses and bacteria:

e.g., S. typhi Ty 21a, V. cholerae CVD 103 hgR, rotavirus
Genetically modified live bacterial and viral vectors expressing selective
virulence antigens from unrelated microorganisms:

e.g., S. typhi, Shigella, V. cholera, BCG
Mucosal adjuvants:

e.g., mutant forms of E. coli heat-labile enterotoxin, LT,
and V. cholerae exotoxin, CT
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In addition to identifying potential toxicity problems requiring further clinical monitoring,
data derived from preclinical studies also should provide the basis for the selection of the
dosage levels, schedules and routes of administration to be evaluated in clinical trials. While
responses in animals may not predict the human response, immunization of animals may provide
valuable proof of concept to support a clinical development plan. For vaccines, preclinical
studies should be designed to assess the relevant immune response, e.g., humoral and
cell-mediated immune response in vaccinated animals. Where appropriate, challenge/protection
studies in animal models with the corresponding infectious agent are encouraged. Of primary
concern in interpreting these data should be how closely the animal model resembles the human
disease that the vaccine is intended to prevent.

Investigational New Drug Application
Before initiating a clinical investigation for a vaccine, a sponsor submits to the CBER an

Investigational New Drug (IND) Application.20 The information that must be submitted in
support of an IND is described in the US Code of Federal Regulations, 21 CFR 312.21 Briefly,
the IND should describe the scientific rationale for the vaccine and general investigational
plan; preclinical animal safety data; the composition, source and method of manufacture of the
product; control tests for in-process monitoring, final-product release; and stability testing; the
proposed Phase 1 clinical protocol and names and qualifications of the clinical investigators.

The chemistry, manufacturing and control (CMC) section should include a detailed
description of the manufacturing procedures employed. Bacterial and viral seeds and master
and production cell banks will need to be characterized and described in detail. When genetic
constructs are used, i.e., live attenuated vector vaccines expressing foreign antigen, the application
should describe in detail the vector construction, including the source of plasmids used, and all
cloning procedures. For a live attenuated and/or modified bacterial vector, the safety concern is

Fig. 3.1. Stages of review and regulation of biological products: Sequence of key events in product
development through the premarketing Investigational New Drug (IND) and licensing phases (BLA, PLA),
and the postapproval marketing phase. Solid lines indicate additional development submissions when
significant changes are made to the product or its indication.
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whether the vector is virulent. Thus, assays demonstrating sufficient attenuation and lack of reversion
to wild-type are necessary. For example, data regarding the colonization and reversion rates, as well
as morbidity and mortality following the administration of the attenuated variant to animals, are
useful. If whole cells or subunits are inactivated by mutation or chemical detoxification, absence
of reversion to toxicity and completeness of inactivation need to be demonstrated.

The source and quality of the starting material will need to be described. If bovine materials
are used in production, information that the country from which the material is derived is free
of bovine spongiform encephalopathy (BSE) should be available because of concerns of the
possible relationship of BSE with new variant human Creutzfeldt-Jakob disease. In-process
testing should be performed to ensure control over the manufacturing process and manufacturing
consistency. For the establishment of batch-to-batch consistency, characterization of the vaccine
product should be undertaken during product development to establish analytical criteria that
are used subsequently in evaluating new batches. These characterization and chemical purity
tests may include various chromatographic and electrophoretic techniques, specific ELISA
procedures and protein assays. Finally, it should be noted that technical advances have increased
the ability to control and analyze the manufacture of biotechnology products such as synthetic
peptide and recombinant DNA-derived vaccines allowing these products to be more clearly
evaluated by end-product testing.

If changes in manufacturing occur during product development, these changes and con-
comitant in-process testing modifications should be described in detail. It should be noted that
a new product may require additional preclinical studies to support its initial clinical use.
Information about the purification process should be included and stability data provided
showing that the product is stable for the duration of the clinical trial. Additionally, initial
clinical use of the new product may need to occur in small study groups or with dose escalation
to establish safety. Also, a direct comparison of the old and new products may need to be
undertaken in a randomized clinical trial to establish a “bridge” between the performance of
the two products.

Ultimately, the clinical development of a product is affected by its indication or target
population and thus, the study population, laboratory and clinical evaluation, trial design and
endpoints chosen depend on this indication.22,23 The clinical immunogenicity, safety and efficacy
of a vaccine is evaluated in various phases of IND studies defined in 21 CFR 312.21.24 The
initial phase 1 trial is usually an open-label study designed to evaluate the safety and perhaps the
immunogenicity of the product in a small number of subjects, who are usually healthy adult
volunteers at low risk of contracting the infection against which the vaccine is indicated. Phase 2
studies are designed to provide more definitive dose, schedule, and route of administration data and
provide information about the common side effects associated with its use. Phase 3 studies are
typically large-scale trials designed to collect pivotal efficacy data and expanded safety information.

Although most of the novel vaccine technologies are still in preclinical testing, some of
these, such as live attenuated bacterial and viral vectors and DNA vaccines, have been studied
in clinical trials for years.17,18 Concerns relating to the safety of live recombinant microorganisms
as vector systems have prompted a more cautious approach to their use in humans. In this case,
shedding of live organisms would be examined during phase I, and possibly also in further
phases. If challenge studies of normal volunteers are justified to screen vaccine candidates, a
thorough safety monitoring of the subjects is mandatory and the proposed procedures for
containment of the live biological material during clinical studies should be provided.22 Study
exclusion criteria and the consent form should address topics such as immunosuppressed vaccines
and immunosuppressed contacts.

It is important that standardized and validated assays are in place that measure and detect
the vaccine’s elicited response in clinical samples. FDA historically has relied on serologic assay
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results to assess the immunogenicity of vaccines, for example diphtheria and tetanus toxoids
and the H. influenzae type b vaccine.22,25

Serologic immune responses have been used for “bridging” of data, e.g., comparison of
immunogenicity in different populations; comparison of different lots of vaccines, different
manufacturing procedures or formulations; or comparison of proposed commercial lots with
those used in efficacy studies. Immune correlates of protection are used as endpoints for such
studies when possible. However, some vaccines (even licensed ones) do not have an identified
immune correlate of protection (examples: BCG and rotavirus). In the absence of an identified
immune correlate of protection, the clinical relevance of a decreased immune response for a
new product or formulation may be difficult to interpret. Further considerations for clinical
studies in these situations can be found in an article by Goldenthal et al.23

In summary, product development during the premarketing phase should apply a
continuum approach; that is, as product development proceeds the appropriate data should be
obtained demonstrating that the vaccine meets requirements for safety, purity and potency. By
Phase 3, the product should be sufficiently defined and product specifications and final product
formulation established.

Biologics License Application (BLA)
When the relevant IND studies are completed and when the product has been shown to

be safe and effective, the sponsor submits a license application to manufacture and distribute
the product commercially. Historically, two license applications have been required, one for
the product and one for the establishment in which the product is manufactured.26 However,
as a result of FDAMA of 1997, CBER now accepts the submission of one single Biologic
License Application (BLA) which will continue to include detailed information about product
manufacture and clinical use, but the information about the establishment will be simplified.27

To assist manufacturers in completing the various parts of the BLA, CBER has published for
vaccines a document intended to provide guidance to applicants in completing the CMC section
and the establishment description information.28

The establishment requirements for biological products continue to include the current
Good Manufacturing Practice (cGMP) regulations found in parts 210, 211, 600 and 606.
Although the establishment information required to be submitted in a BLA is reduced, FDA
intends to use the requirements of 21 CFR part 211 during inspections of facilities, to help
assure that biological products have the proper raw material controls, process validation and
controls, as well as sensitive and validated test methods and specifications that are necessary to
ensure the safety, purity, potency and effectiveness.

The essential elements for vaccine licensure are the availability of clinical data demonstrating
that the product is safe and effective, a detailed description of the manufacturing process
including data demonstrating control and consistency of the production process as well as
validation of all methods, assays, systems and equipment employed; a demonstration that the
vaccine product can be manufactured consistently within the defined and agreed upon specifica-
tions; data on stability; information about the package insert and labeling and environmental
assessment. In general, prior to licensure of the vaccine, CBER’s Vaccines and Related Biologi-
cal Products Advisory Committee is asked to comment on the adequacy of the data to support
safety and efficacy in the target population.29

Testing of Licensed Vaccines
The regulations for General Biological Standards 21 CFR 610 specify that each lot must

be tested for potency, general safety, sterility, purity and identity.30 For most vaccines a lot
release protocol providing an outline of production and a summary of the test results and
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established specifications is submitted along with samples for CBER review and testing. Release
or rejection is based on a review of all test results obtained by the manufacturer and by CBER.

Potency tests [21 CFR 610.10] measure biological activity or correlate to biological activity
and are also used as one measure of product stability. The initial concept of potency testing for
vaccines was to quantify the active moiety of the vaccine with known bioactivity for which the
antigenic component(s) were not well defined (i.e., whole cell pertussis vaccine). More recently,
recombinant DNA methodology and modern chemistry techniques have resulted in the
manufacture of highly purified products that can be characterized in great detail. However, the
ability to measure the “relevant” biological activity for such products may be lacking. For some
vaccines, potency testing may rely on physicochemical characterization, such as amount of
antigen, size of the antigen or other chemical parameter correlating to in vivo biological activity.
For example, for certain antigen-proteosome mixtures potency may be defined by weight based
on protein content, as well as characterization of antigen to proteosome ratios. For some products
it may be possible to demonstrate potency by immunological methods such as ELISA detection
of vaccine epitopes. Yet, the establishment of relevant potency tests for other products may be
more difficult. For example, in the case of bacterial- or viral-vectored vaccines expressing inserts
encoding heterologous vaccine antigens, determining the “biological activity” of the entire
construct as measured by CFU or infectious titer is not the most relevant potency test. Instead,
the quantification of expression of the insert in vivo would seem to be a more informative
measurement of potency. One approach to quantify expression of the heterologous antigen
may be the evaluation of the effective dose (ED50) of the vectored vaccine. The difficulty in
developing appropriate potency assays for these vaccines is further magnified with constructs
expressing multiple epitopes. Several points to consider are a) the means by which one can
demonstrate the contribution of each construct or insert to the overall immunogenicity or
bioactivity of the product, b) the need for assays which detect individual immune responses to
each epitope expressed, and c) whether antigenic competition occurs when multiple epitopes
are expressed.

The general safety test (21 CFR 610.11) on the filled final container material is performed
using guinea pigs and mice. This test is required for all vaccines licensed in the U.S. to assure
that extraneous toxic substances have not been introduced during production or filling. If the
product has intrinsic toxicity, it may be necessary to modify the test from that specified in the
regulations. CBER should be consulted regarding any modification and development of the
general safety test that will be used. Manufacturers should note that the general safety test is
not a substitute for other safety and toxicity testing of the product that may be appropriate.

Sterility testing (21 CFR 610.12) is a U.S. requirement for all vaccines intended for injection.
However, for non-parenterally administered products bioburden measurements performed
according to USP may be sufficient. These include a determination of bioburden count, an
estimation of the bacterial and fungal load and screening on selective media. If organisms grow
they should be speciated to ensure the absence of pathogens.

Purity tests (21 CFR 610.13) need to be performed and may include an evaluation of
residual moisture, endotoxin content, and quantification of process additives introduced during
manufacture. Although not required, some vaccines are also tested for pyrogenic substances by
intravenous injection in rabbits. In general, the limulus amoebocyte lysate (LAL) test may be
substituted for the rabbit pyrogenicity test when the LAL test has been validated in the presence
of product.31

Finally each lot must be tested for identity (21 CFR 610.14). For vaccines, this may be a
physical or chemical test or an immunologic assay for the included antigens. For example, for
DNA vaccines, a restriction enzyme analysis and DNA sequence determination for the plasmid
construct would be appropriate.
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Other more specific tests designed to provide additional assurance of safety, purity or
product consistency may be required. These tests may be described in the regulations for a
particular product or described in guidelines that are developed by the agency. Once the product
is licensed, testing is conducted according to the exact specifications in the manufacturer’s
license application. Results of such testing must be within the prescribed limits for the material
to be distributed commercially. Depending on the product, confirmatory testing may also be
performed by the CBER. New regulations have been developed that may exempt particular
products from the requirements for lot release.32 Ordinarily, this would only be appropriate to
consider for a product with an extensive postlicensure experience. To be exempted from lot
release, the product must repeatedly meet the standards for potency, purity and stability of bulk
and final container material while using a consistent process and maintaining a satisfactory
inspectional history. A sponsor needs to apply for this exemption.

Postmarketing Phase
For any new product approval, sponsors may be asked to perform postmarketing “Phase 4”

studies. These studies are often important to provide additional data on less common or rare
adverse events in large numbers of vaccine recipients. The protocol and proposed timelines for
such Phase 4 studies should be provided to FDA prior to initiation.

If a licensed applicant wants to make a change in the product, labeling, production process,
quality controls, equipment, facilities, or responsible personnel established in the approved
application, such changes need to be reported to FDA.33 Changes in manufacturing will be
reported as either

1. a supplement requiring prior approval,
2. a supplement submitted at least 30 days prior to distribution of the product made

using the change,
3. an annual report to the approved license application. These three reporting categories

are based on the potential risk of the change having an adverse effect on the product.
Significant labeling changes, e.g., revision of the package insert based on data for a new
indication, will require submission of a prior approval supplement. However, safety
clarifications may be implemented concomitantly with the submission of a supple-
ment and editorial changes may be summarized in an annual report. Guidance for
industry documents that assist in determining the category in which a manufacturing
or labeling change will be placed are available.34

For childhood vaccines, the National Childhood Vaccine Injury Act of 1986 requires
explicit, extensive record-keeping, including the identification of any significant problems
encountered in the production, testing or handling of the product.35

For all licensed vaccines, adverse reactions reports are entered into the Vaccine Adverse
Event Reporting System with the reports submitted by manufacturers, physicians, parents and
patients.36 CBER and the CDC monitor this database for incidents of concern and patterns of
events that appear to be vaccine related.

In summary, vaccines licensed in the US must meet requirements for safety, purity and
potency. Although general requirements exist for these parameters, case-specific standards for
each vaccine are agreed upon by the manufacturer and CBER/OVRR. The final standards for
any vaccine are relevant to the technology used to produce the vaccine. Finally, by expanding
the managed review process to all phases of product development and standardizing the format
and content requirements for biologics premarketing applications (BLA), the regulatory timelines
for approval of new vaccine technologies are being shortened allowing faster access of the
intended target population to these important products.
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CHAPTER 4

New Vaccine Technologies, edited by Ronald W. Ellis. ©2001 Eurekah.com.

In-Licensing Issues and Vaccine Technologies
Dale R. Spriggs

Introduction

The pharmaceutical industry is undergoing profound changes as the advances in
biotechnology give rise to new technologies and approaches to discovering and
developing new products. Conventional combinatorial chemistry and high-throughput

screening combined with functional genomics, pharmacogenomics, proteomics, transgenics
and a whole host of variations on these technologies are driving the pace of innovation.

The vaccine industry is also evolving rapidly as a result of these new technologies. Within
the last few years we have seen the emergence of nucleic acid vaccines, bacterial genomics, novel
vectoring systems, new delivery systems such as food crops and transcutaneous immunization.

In the face of this technology explosion, companies in the pharmaceutical industry are
constantly trying to enhance their internal capabilities to keep up and looking for new ideas
and inventions outside the company in order to stay competitive. Translating discoveries into
useful products requires massive amounts of resources and time and—for scientists outside the
pharmaceutical industry or in small biotech companies—requires that the inventor license the
invention to a company that has the capability and desire to develop the technology to com-
mercialization. This process (licensing, or in-licensing from the company’s perspective) is the
focus of this chapter.

I will try to outline some of the general principles and give advice about how licensing can
work to the benefit of licensor and licensee. I will discuss these issues mainly from the corporate
perspective and focus most of the discussion on vaccines, adjuvants, and delivery systems and
how companies might think about these technologies .

Why Do Companies In-License?
Although this may seem like a simple question, the answers are often complex and depend

on the company with which you are dealing. The key driver is competition. The vaccine industry
is very competitive, and no one company has the right constellation of antigens and technology
to successfully compete in all major areas. Each company will develop its own competitive
strategy and determine the role of in-licensing in the mix.

The most obvious reason to in-license is to fill in the R&D pipeline or add a specific
product to a company’s portfolio (Table 4.1). For example, a company might have a DTaP
vaccine, but they may not have the next component (IPV, HiB) to add for the next-generation
product. If they don’t have an internal candidate, they will need to in-license an existing vaccine
to keep their development underway. Companies also need to have the right mix of early- and
late-stage candidates, and there are constant pressures to balance the portfolio to ensure a
steady stream of new products coming to market. It is also important to understand that most
vaccines never make it to licensure; indeed, studies have shown that only 20-25% of vaccines
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that enter clinical development actually get licensed. A company has to plan for the inevitable
failures to keep up its momentum.

Companies also will in-license cutting-edge technology or products as part of an exploratory
effort to develop a new platform to discover new antigens. The most recent example of this
approach is the surge in the number of companies that have started genomics efforts to identify
possible vaccine and therapeutic targets. A company might also look, for example, at new
adjuvants that may have a longer time-horizon for development, but which may be useful for a
variety of vaccines. These early-stage efforts could have important strategic value to the company,
but it is important to realize that these are long-range projects and the returns (scientific and
financial) may not show up for a long time.

Another approach centers on in-licensing technology that can improve the manufacturing
process and hence make the existing products more competitive and profitable. A major
component of product cost is the cost of goods for manufacturing and packaging, and companies
continually look for opportunities to keep these under control. These are often referred to as
enabling technologies. These technologies could include basic process improvements, enhanced
expression systems, or new vectors and cell lines that could improve early development projects.
Later-stage development improvements such as sterile-filling, syringe-filling, and packaging
improvements also can have important benefits on products in development or already
licensed.

Finally, it is important to realize that companies may occasionally license a technology to
block competitors. Because business is so competitive, it may be advantageous to pay modest
licensing fees to use the intellectual property as a placeholder and to prevent a competitor from
acquiring the technology. Alternatively, a company may reflexively license a technology in
response to a similar deal by a competitor. In either case, always remember that intellectual
property is precisely that—property. As such, it can either be developed or used as part of a deal
to help the company carry out its business strategy. This is one reason that the due-diligence
provisions in license agreements are so important: they should clearly spell out how the parties
define and document progress in the project and spell out how and when the rights revert back
to the inventor/institution if the company is not devoting enough energy to development.

How Do Companies Evaluate Licensing Opportunities?
Each company has its own set of rules for evaluating licensing opportunities. A small biotech

company will view the risk/opportunity equation much differently than will a larger company.

Table 4.2. How do companies evaluate licensing opportunities?

  Technical Issues
  Intellectual Property/Patents
  Strategic Fit
  Marketing/Commercial Issues

Table 4.1. Why do companies in-license?

  To Fill in Their R&D Pipeline
  To Enhance Manufacturing Capabilities
  To Explore New Technologies
  To Block Competitors
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The following are a few general criteria that a company might use to determine whether to
proceed with a deal and how a licensing deal might take shape based on the opportunity. These
various deliberations go on in parallel (Table 4.2).

Technical Risk
This is the most obvious level at which most companies will start the classic “due diligence”

process of finding out how good the technology really is. If the project is still in a research
phase, the company scientists will be interested in conducting a thorough review of the data to
see how the studies were done and get a sense of whether the data support the claims. They also
will assess the feasibility of repeating some of the studies either in-house or through a third
party.

At another level, the company will need to assess the potential development risks when
the technology is scaled up from the laboratory to manufacturing. For example, if a new viral
vaccine was derived and grown in monkey cells cultured in T-flasks, the development group
would want to assess the likelihood of being able to grow the virus in human cells in serum-free
growth media in bioreactors. This assessment is, of course, fraught with uncertainty and
requires educated guesses based on reviews of the literature and in-house experience with similar
problems. A more experienced company can obviously make a better-informed decision on
these issues, and their ability to address these concerns should be part of what you look for in a
good licensing partner.

Most companies also will include preliminary marketing issues in this technical review.
For example, if preliminary market research indicates that the vaccine should be a lyophilized
format, the formulation group may be consulted to assess how (or if ) this could be done.
Again, companies will vary in their attention to these issues.

One of the major areas of technical risk is the clinical development plan. Even at an early
stage, a company needs to think through these issues because the clinical trials effort is the
longest and most costly part of the whole plan. This assessment will usually start with an
overview of the likely sequence of trials that could lead to licensure of the product. In this
situation, one would look for similar products developed for the same target population for
guidance. If a company is considering an injectable pediatric vaccine, there will be numerous
examples of the kinds of safety, immunogenicity, and efficacy data needed for licensure. On the
other hand, a new vaccine like Lyme vaccine poses a whole host of questions about potential
safety concerns and how one would do efficacy trials. In any assessment, the company will have
to weigh the risks of moving into new disease areas or indications in which it has no experience.

Finally, a very important risk that is linked closely with clinical is regulatory risk. The
pharmaceutical industry is highly regulated by the Food and Drug Administration (in the
U.S.); indeed, the FDA should be viewed as the most important “customer” until the product
is on the market (even after this, the FDA plays a major role in the life of the product). The
company’s goal is to get a product licensed so it can be used, and this will not happen if a
company cannot deal with issues raised by the FDA during the development process. Even if
you do everything right, there’s no guarantee that you will get approved. There are many examples of
products, including vaccines, that have been rejected at the final stages of the approval process;
indeed, even licensed product such as the recent live, attenuated rotavirus vaccine can be with-
drawn because of safety concerns. At every stage, the FDA is critical, and the manner in which
a company handles these interactions is vital to its survival—and, by extension, the likelihood
that it will be able to turn an in-licensed opportunity into a commercial reality.
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Intellectual Property/Patents
One of the earliest issues that arises during discussions is the patent position. With many

projects, the intellectual property (IP) is not yet patented, and this inevitably leads to questions
about whether this technology actually can be patented and in what form the patent might
issue. In addition, there is always the possibility of missing important IP. Aside from wanting
clear proprietary protection, a company also wants to avoid getting into a situation in which it
will have to pay royalties that eat into profits.

For example, if a company is interested in licensing a recombinant protein vaccine expressed
in E. coli, it might have to worry about the following: Are there any patents that claim this
DNA sequence and that would therefore dominate; will they have to obtain licenses to use
specific plasmids/promoters or proprietary strains of E. coli? Are there process patents that they
may need to access as part of the development (novel purification scheme); will they need to
license a patented stabilizer to include in the final formulation? All of these issues can increase
the development and manufacturing cost and final cost of the commercial product; these costs
substantially affect the overall financial return to the company, hence its potential interest in
the licensing opportunity.

Strategic Fit
Most companies have internal processes to evaluate and prioritize ongoing projects, and at

some level they have to assess the implications of bringing in a new project. How will it be
integrated? If it is a new technology such as a new viral vector, can it be used as a platform to
express a variety of antigens that the company is developing? How widely might a new adjuvant
be tested with existing vaccines or vaccines in development? Does the company have the expertise
and capability to take on a new project, or will they have to dedicate new resources to it and
hire additional people? For example, a strategy to in-license and develop DNA vaccine processes
would fit better in a company with ongoing prokaryotic R&D activities than in a company
that works only with mammalian cell systems.

Marketing/Commercial
The final major area of risk and opportunity that a company explores is the potential

commercial opportunity with the new product or technology. This activity is at the heart of the
corporate enterprise. Through a series of discussions and financial analyses, a company tries to
visualize how the new product could be used and how the company could develop the product
in a manner that will yield the highest value.

If a company does not have experience in a certain market, its marketing people may do
some preliminary research to understand the market size, segmentation, and needs. They also
need to define if there are competing licensed products or products under development. If so,
how might this new product be better (e.g., safety, immunogenicity, route of immunization)?
If there are no competitors, how does the company plan to create the market? How might these
issues be handled in various regions of the world?

Another important preliminary issue to explore is reimbursement. Who is going to pay
for the vaccine, and what are their concerns? Are there similar products that could be used to
model the possible market issues? In the vaccine field, we have a mix of government, managed
care, and private payers, each of which will have to be polled early on. Vaccines, like other
pharmaceuticals, are scrutinized for cost-benefit and cost-effectiveness, and this variable must
be considered early in the development effort and should be considered carefully during all
phases of the process.

Ideally, the marketing group also should have an understanding of the trends that are
shaping the field and how they might influence the success of the product. They need to see
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larger issues such as vaccine safety, combination vaccine strategies, shifts in reimbursement
policy, or liability issues and try to project how these might influence the likely success of the
new vaccine. They need to understand how the competitive landscape could change and how
the company would respond.

How Can an Inventor Make the Technology More Attractive?
Because of the time it takes to work through the complex web of due-diligence and

decision-making leading up to a decision about whether a company will in-license a new
technology or product, an inventor has an opportunity to influence the outcome by paying
attention to a few points (Table 4.3).

First and foremost, make sure that the science underlying your technology is of the highest
quality and is effectively communicated. Of all the risks outlined above, this is the only one that
the inventor can control directly. Early on, you will be dealing primarily with company scientists
who later will be asked to comment on the strength of the data. Present a clear picture of how
the work evolved, how hypotheses were tested, and how the experimental design of your studies
supports the conclusions. If the science is solid, you will inspire confidence in your technology
and greatly enhance your chances of getting the deal done. As a corollary, the more data you
have that reinforces the intellectual property that the company is interested in and the further
you have moved into early development, the more valuable it will be to the company. You will
thereby increase your chances of getting the best financial terms possible.

During your discussions with the company, you will interact with various scientists and
people from business development, the latter of whom will actually negotiate the license
agreement. It is very important to cultivate one or more people from these groups to be the
“champion” for your project. The champion is someone in the company who really supports
the technology and is willing to fight for it internally if necessary. Early on, you will get a sense
of who might be a strong supporter, and when that person asks for information or makes
suggestions, you should do whatever you can to comply. You should never assume that the
science will speak for itself; you need a champion to ensure the greatest chance for getting the
technology licensed and developed.

Another important area to focus on is to gain some understanding of the vaccine industry.
During discussions with business development people and the scientists in the company, you
should try to get a sense of their perspective on what forces are driving the business. This
information can be helpful at a variety of levels. For example, if you appreciate that a company
has invested hundreds of millions of dollars developing a pediatric combination vaccine, you
will have a better sense of how difficult it will be to convince them to replace one of the
antigens of the combination, even if the new antigen is more immunogenic or safer. This can
happen rarely—as seen in the case of acellular pertussis vaccines—but it requires a special
constellation of public and private interests converging to drive the development.

Likewise, adding an experimental adjuvant to existing vaccines poses interesting problems.
From a regulatory standpoint, the combination of vaccine and adjuvant is a distinct product,
and the company must therefore get a separate license to sell this combination, even if they
have years of experience with the vaccine alone. A company will have to weigh the potential

Table 4.3. How can an inventor make the technology more attractive?

  Focus on the Science
  Cultivate a Company Champion
  Learn About the Industry
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gain in immunogenicity with the possible costs to reformulate the vaccine, ensure that the
product maintains an acceptable safety profile, and conduct a series of clinical trials to support
the new product. To date, these have been difficult issues to balance.

Framework of a Licensing Agreement
Although each licensing agreement has its own unique features, I will try to outline a few

general principles that drive the negotiations. Once both parties agree that they are interested
in moving forward the negotiations usually coalesce around three main topics: license exclusiv-
ity, money, and IP. Simply put, the perfect deal from the company’s perspective would give
them worldwide, exclusive rights to all IP (existing or developed later) with very little money at
risk. Inventors and their institutions usually disagree with this approach.

If a company wants an exclusive, worldwide license to the intellectual property, they will
be willing to pay more than if they are willing to take a nonexclusive license. The perceived
value of the IP will be driven by all the factors discussed above, especially the market forecast
for the product(s) that might come out of the development effort. IP will also be a major
negotiation point when considering who has rights to new IP generated under terms of the
agreement; for example, the agreement will specify what new IP would be held by the inventor,
the company, or jointly. The company will usually request the right to be the first to review any
new IP and discuss possible licensing terms if they are interested (the so-called
right-of-first-refusal). These issues can become surprisingly contentious and can consume a
good deal of the negotiation time.

Most of the negotiations will focus on the financial terms of the deal. These terms will be
driven by several factors, including the following: the nature of the technology, the stage of
development, the strength of the IP portfolio, the type of company (small biotech vs. large
pharmaceutical), the exclusivity provisions and territories included in the agreement, and most
importantly, the perceived commercial value of the technology.

The final agreement will consist of a series of milestones that will trigger payments from
the company. These will usually include an upfront payment at the time the deal is signed and
payments at key development milestones such as filing the first IND (Investigational New
Drug Application) with the FDA; completion of Phase 1, 2, and 3 trials; filing a Product
License Application; and marketing approval. Depending on the product, these payments can
add up to many millions of dollars.

The agreement also will define the royalties that will be paid to the inventor/institution
once the product is on the market. Negotiations from the company’s perspective of course will
focus on the potential market opportunity, but also they will include consideration of other
licensing obligations and the associated costs. These will have an impact on profit projections
and overall value to the company (as discussed previously). The final agreement will specify
that the company will pay the inventor/institution fees based on percentage of sales of the
product; these typically are from 1%-2% up to 20%, and in some cases can add up to many
millions of dollars a year. Indeed, several biotechnology companies, including BioChem Pharma,
have been built on the royalties received from other companies who have successfully developed
and marketed drugs or vaccines discovered by the smaller company.

Although a detailed discussion of the wide variety of issues that can be included in a
license agreement is beyond the scope of this chapter, the agreement can contain several other
provisions, including research support, equity investment in the biotechnology company,
payment of patent application and maintenance costs, and support with potential litigation.
Agreements also will describe what sublicensing rights the company has and how money from
the sublicensee will be split between the parties. Another very important component is the
section specifying what rights the parties have to terminate the agreement and what happens to
all the data, IP, and regulatory documents that were generated during the collaboration. This is
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not a comfortable topic to negotiate when both parties want to focus on the positive and
consummate the deal, but it is extremely important.

What Does the Future Hold?
The flood of new technology and IP mentioned in the Introduction creates interesting

challenges for companies trying to integrate in-licensing efforts with ongoing business activities.
While competitive forces will continue to drive in-licensing needs, the sheer volume of new
technology will make it more difficult for a company to create what it wants most: a simple
proprietary product. In the future, companies will have to cobble together license rights to a
larger number of patents and IP to create a defensible portfolio. To do this, they will have to
pay a larger percentage of product revenue to cover royalties on the patents; this will, in turn,
create additional internal pressures as the industry tries to contain R&D and manufacturing
costs in order to stay competitive. This conflict may have the effect of decreasing the value of
each patent since few, if any, will dominate in a diverse portfolio of IP. This is, however, a
good situation for people interested in business development and technology transfer, who
will be busy trying to sort out appropriate licensing and milestone fees for these complex and
overlapping IP concerns.

Coda
The in-licensing process can take years, depending on the complexity of the technology

and the types of ongoing interactions (e.g., research agreements) that might be negotiated with
the license. Every company handles these issues differently, and the strategy can evolve, even
during the course of the negotiations. Listen carefully to what your corporate colleagues are
saying, and try to gain an understanding of what motivates them. If all goes well, you will have
a long-standing relationship that will ultimately yield new and improved products for human
health.
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Live Vaccines
Alan R. Shaw

Live attenuated viral vaccines represent the most effective means of inducing a broad
immune response against viruses that can be cultivated in vitro. These vaccines mimic a
natural infection and thereby induce both cellular and humoral responses required for

efficient defense against subsequent exposure to the natural agent. In most cases, this is achieved with
a single dose, an increasingly important attribute in an era of ever more complex immunization
recommendations.

This chapter will focus primarily on the live attenuated viral vaccines currently (or soon to
be) licensed for use. The author hopes to convey a sense of how these vaccines were developed,
how well they work, where current concerns lie, and where future development is headed.

Smallpox Vaccine
A review of live virus vaccines must, by definition, begin with a discussion of smallpox

vaccines. Smallpox was endemic in most of the world throughout recorded history. Records
from Glasgow in the 18th century showed that smallpox was responsible for 40% of childhood
deaths, and the death rate for children under ten from any cause was 50% overall. In Europe at
that time, smallpox was also the leading cause of blindness. Case fatality rates were on the order
of 20%.1

For centuries, there had been a practice of inoculating naive individuals with material
derived from lesions of persons suffering from active smallpox. The idea behind this practice
was that a small dose of the active agent would protect from later disease. This inoculation, or
variolation (after the name of the disease, variola), was successful. When it worked, and more
often than not it did, the inoculated person developed a local rash which resolved. Success
depended upon getting the dose right and having a skilled inoculator. In addition to the risk of
developing frank smallpox, there was also the liability of the inoculated person being a source
of infectious virus and thus spreading the disease. Another risk was the spread of other maladies
from the smallpox “donor,” notably syphilis.

The first successful exercise in the induction of immunity to an infectious agent through
deliberate pre-exposure to a similar agent is attributed to Edward Jenner in the late 18th cen-
tury. Jenner, a country physician in England, noticed that milkmaids were seldom scarred by
smallpox. He also made the connection between the bovine disease, cowpox, and a mild rash
suffered by these milkmaids. Jenner himself was aware of the practice of variolation and had
practiced it himself; variolation had been introduced into England by Lady Mary Wortley
Montague after seeing it performed during a visit to Turkey.2 Applying this technique, but
using “lymph” from a lesion on a cow with cowpox, Jenner made the first “vaccination” in
1796. The subject, an eight-year-old boy named James Phipps, was challenged by variolation
six weeks later, and no rash typical of variolation occurred. This one-person clinical trial was
written up for publication in the Philosophical Transactions of the Royal Society, but it was
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rejected on the grounds that it was “at variance with established knowledge”.1 After a hiatus due
to a lack of appropriate cowpox extract (cowpox was only a sporadic disease in England), Jenner
resumed his tests in 1798, vaccinating and challenging another 15 people. The results were pri-
vately published as a pamphlet in September of 1798 and are referred to as Jenner’s Inquiry.

Jenner’s vaccine was not an instant, universal success. Objections were raised by, amongst
others, the traditional variolators for the obvious reason, and by religious leaders for thwarting
the will of God by preventing a disease.1 Reason did prevail, and Jenner’s results were reproduced
by Pearson and Woodville at the St. Pancras Smallpox Hospital in London in 1799.1 Jenner’s
pamphlet was widely translated and distributed, and the practice of “vaccination” (a term
attributed to another English doctor, Richard Dunning in 18031) spread rapidly, in spite of
practical barriers. A major problem was the relative rarity of cowpox, a disease which was only
sporadic in England and quite rare if not unknown elsewhere. Various means of transporting
bovine lymph were developed, primarily as dried material on linen fibers or ivory spikes.
Vaccine was then produced by serial transfer in calves that were, in some cases, taken from
place to place to provide for mass vaccinations. An alternative was to transfer vaccine from a
vaccinee with cowpox rash to new subjects. Vaccination did produce mild local pustules, which
could be used as a source of fresh virus. This, too, had practical limitations.

It is easy to imagine how the provenance of what we now call vaccinia virus might have
been lost over time. Passage of virus from arm to arm in humans, from calf to calf and even
through horses, sheep and water buffalo would tend to blur the definition of vaccinia. Jenner
himself postulated that cowpox was really a fortuitous infection of bovines by an equine disease
known as “grease”.3 Modern analyses of vaccinia, cowpox and smallpox show that they are
quite independent viruses, and it is difficult to see how vaccinia could have evolved from cowpox.
One possibility is that vaccinia is a derivative of horsepox.4-7

The last case of naturally transmitted smallpox occurred in 1977 in Somalia,5 and in
1980, the WHO declared the world free from smallpox. This declaration has held up so far, and
the debate at the time of this writing is whether the existing laboratory stocks of smallpox virus
should be destroyed and whether the virus is being developed into a biological warfare agent.

Japanese Encephalitis Vaccines
Japanese encephalitis is a viral illness caused by a member of the Flavivirus family. Japanese

encephalitis virus (JEV) is transmitted by mosquitoes of the Culex genus and can infect pigs,
horses, humans and wading birds. Humans are a dead-end host leading to low levels of viremia,
but the virus can penetrate the blood-brain barrier and cause severe encephalitis. Case fatality
rates are in the range of 15-25% while neurological sequelae in survivors are common (reviewed
in 8 and 9). Seroprevalence approached 90% by the age of 15 in endemic areas, suggesting that
subclinical infections are quite common. The virus is endemic in Japan, Korea, China, South-
east Asia and parts of the Indian subcontinent and is most common in rural areas with standing
water (e.g., rice paddies).

JEV was first isolated in Japan in 1935 as the Nakayama strain. A killed virus vaccine was
produced for military use by E.R. Squibb in 1944-45,10 but it was never licensed for general
use. An inactivated whole-virus vaccine has been licensed in Japan since 1954. This vaccine is
produced in adult mouse brain and has undergone a series of process upgrades over the years
(reviewed in 8 and 11) in order to reduce carryover of neuronal material. This vaccine, pro-
duced by Biken, is widely used in Japan and elsewhere in the Far East as a five-dose series. In
1992 the vaccine was licensed and recommended in the United States for use by travelers to
endemic areas in an accelerated 3-dose regimen. Versions of this vaccine have also been pro-
duced by local organizations in Thailand and India.12,13 Second-generation recombinant DNA-
based experimental vaccines have been made using poxvirus vectors.14
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There is currently one licensed live attenuated JEV vaccine based on the SA-14 isolate
taken from a mosquito in 1954. The virus was passaged 11 times in adult mice and 100 times
in primary hamster kidney cells at 36-37°C. This yielded strain SA14A, a virus that was not
neurovirulent when injected intracerebrally in mice and rhesus monkeys. This virus was plaque-
purified 14 times on primary chick embryo cells and primary hamster kidney cells yielding a
highly attenuated clone, “5-3”. This virus had the appropriate lack of neurovirulence, but it
grew poorly in mice. Five further passages in suckling mice followed by two rounds of plaque-
purification gave the final virus, SA14-14-2.15,14 This vaccine was licensed in China in 1988 as
a single-dose product. Subsequent studies have shown that performance is substantially improved
by a second dose administered one year after the first.16 This vaccine is propagated in primary
hamster kidney cells, a cell substrate not as yet accepted by any of the major regulatory bodies.
As a consequence, this vaccine is used only in China.

Mechanism of Attenuation
Not much is known about the molecular basis of attenuation of JEV. Genomic sequenc-

ing has yielded hints of mutations in the E protein gene, particularly at amino acid position
138,17,18 which may be responsible for an attenuated phenotype in mice. The existence of
molecular clones that can be modified at will should aid in sorting out attenuation, at least in
experimental animals.

Yellow Fever Vaccines
Yellow fever virus (YFV), a mosquito-borne flavivirus, is the cause of a deadly hemor-

rhagic fever. The virus grows primarily in the liver, but CNS sequelae are common. Yellow
Fever is endemic in tropical areas of Africa and South America. YFV being the first of the
family to be cultivated, is the prototype of the flaviviruses. Much of the current work on YFV
is done as modeling for other flaviviruses, such as hepatitis C virus, which cannot be cultured.

Two yellow fever vaccines were produced in the 1930s. One vaccine, developed in France,
came to be known as the French Neurotropic Vaccine. The original wild-type isolate, Dakar,
was passaged in mouse brain 128 times to yield the root virus. The resulting vaccine was used
largely in French-speaking Africa and was quite successful when used in individuals 14 years of
age or older. Use in children was less successful, with an excess of post-vaccination encephalitis.
Use of this vaccine was discontinued in 1980. A detailed review of the French Neurotropic
Vaccine was written by Barrett in the Annals of the Pasteur Institute.

The more widely used vaccines, based on the 17D strain, were derived from the Asibi
isolate in an effort begun by Stokes in 1928 and continued through the 1930s by Theiler and
Smith.19 The YFV 17D lineage includes six passages in rhesus monkeys, one passage in
mosquito cells and up to 286 passages in chick embryos.20 Two separate vaccines have been
made from the 17D line, the 17D-204 vaccine made in ten different countries, and the 17DD
strain produced in Brazil. Both vaccines are made in chick embryos but differ in passage level;
the 17D-204 group is produced at passage 233 to 237 while the 17DD vaccine is produced at
passage 284 to 286.21 Vaccines in use today contain 5000-10,000 pfu, but the WHO specifica-
tion for potency has long been expressed in mouse LD50 units, with 1000 LD50 being the
minimum human dose (Barrett, 1997).

These 17D-based vaccines have been quite safe and effective over a span of more than five
decades. Early variability in safety and efficacy, linked to large differences in passage history
and practice, led to what we now call the seed lot system of vaccine production which was
adopted by the WHO in 1949. Yellow fever vaccines are used in limited areas of the world
where the vector and the virus are endemic.
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Mechanism of Attenuation
A substantial effort has been made to characterize the antigenic and genetic changes that

led from the Asibi isolate to the 17D-204 and 17DD vaccines, beginning with oligonucleotide
fingerprinting and monoclonal antibodies22,23 and ending with genomic sequencing (re-
viewed by Barrett24). Sequences are now available for the original Asibi isolate, the 17D-204
vaccine, the 17DD vaccine and the FNV vaccine. For a genome of 10,882 nucleotides having
undergone well over 200 passages in (mostly) chick embryos in different places under different
conditions, there are remarkably few differences among these vaccines and their parent. Most
changes held in common are clustered in the envelope protein gene and in the NS2a/b gene. As
is often the case in molecular biology, having a lot of sequence information is only the first step
in understanding a biological phenomenon. The use of molecular clones25 site-directed
mutagenesis and swapping of genes from one strain into another, ultimately, could  yield infor-
mation about attenuation of these viruses, at least in mice. Even with this capability, the story
may not be a simple one since at least some vaccines appear to be non-clonal, with populations
of viruses of different plaque size and corresponding virulence phenotypes in mice.26 Further-
more, point mutations in either the NS5 or envelope proteins have been reported to alter the
biological characteristics in mice.27,28 It is likely that the true molecular basis of attenuation in
man will be difficult to define.

Future Directions for Yellow Fever Vaccines
The available vaccines are almost invisible success stories. Through their use, yellow fever

has been brought down to the level of a public-health problem instead of the nightmare it once
was. Nevertheless, use of YFV vaccines is less than it should be in many areas. Cost is not a
major issue, since these vaccines are relatively inexpensive. As global vaccination strategies
are refined, consideration should be given to yellow fever.

The current vaccines are produced in embryonated chicken eggs. This method has the
advantage of simplicity but has the drawback of all that goes with chicken husbandry. There is
the potential for changing the management of the cell substrate, but for the production of a
vaccine of this type, one can question the economics of this kind of investment of time and
regulatory effort. Recent work, (reviewed by Monath26) has improved the thermal stability of
the lyophilized vaccine so that distribution of an effective product may be better assured.

Poliovirus Vaccines
Poliovirus is a positive-strand RNA virus, a member of the enterovirus family. Infection

with poliovirus is often asymptomatic, but in a subset of cases infection results in severe damage
of motor neurons which in turn results in muscle wasting and paralysis. Poliovirus has been
with man through recorded history, with images of atrophied limbs and assisted walking found
in materials from ancient Egypt. Paralytic poliomyelitis experienced an upsurge at the end of
the 19th Century and has been postulated to be linked to improvements in sanitation.

Poliomyelitis was first recognized as an infectious disease as a consequence of epidemio-
logical studies in Sweden and Vermont in the 1890s, and its viral etiology was demonstrated in
1908 when Landsteiner and Popper passaged an agent from human neural tissue extracts in
primates. An approach to vaccination was made possible in 1949 by Enders, Weller and
Robbins29 when they succeeded in culturing poliovirus in non-neuronal tissue.

The first vaccine against polio was a formalin-inactivated preparation introduced by Jonas
Salk in 1955. This was an effective vaccine up to a point, but it soon became clear that a more
potent vaccine would be required to achieve optimal control of poliomyelitis. There were sev-
eral competing approaches to a live attenuated vaccine in the 1950s. One, described by Cox,30

involved passage of poliovirus in suckling hamster brain and subsequent adaptation to the yolk
sac of embryonated eggs.
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The strategy that won out was the passage of virus in primate tissue culture and selection of
virus variants with reduced neurotropic properties and was championed by Sabin, Koprowski
and Melnick.31 Much of the early data on vaccine development was presented in meetings and is
not readily accessible in the traditional literature. The development and implementation of polio-
virus vaccines, both live and inactivated, is one of the triumphs of medicine and public health.

Attenuation
As mentioned above, the strains used in the Sabin vaccine were selected on the basis of

reduced growth in the neurons of monkeys and chimpanzees. In the last 20 years, molecular
biological methods have permitted the unraveling (at least partially) of the basis of attenuation.
From the perspective of late 1999, it looks like a pretty simple story. The key piece of information
that forms the point of departure is the rare but consistent reversion of the vaccine strains and
the appearance of vaccine-associated paralytic poliomyelitis (VAPP, see below). This has af-
forded the opportunity to determine what genetic composition correlates with safety and what
changes correlate with neurovirulence.

The poliovirus genome is about 7.5 kilobases long and encodes 12 proteins. The genome
is translated as one long polyprotein that is then cleaved by a virus-encoded site-specific pro-
tease. At the 5' end, or left end as the genome is generally drawn, there is a long untranslated
sequence of about 750 nucleotides. This sequence forms substantial secondary structures,
stems and loops, which interact with proteins required for translation and replication.32-34

Comparing the nucleotide sequences of the vaccine strains, their wild-type progenitors, and
the multiple isolates of virus from VAPP cases, one can line up the mutations which are com-
mon to viruses that have displayed virulence in man.35-37 Distilling an enormous body of work
into the space allowed here is impossible, but the simple view is that a single mutation in the
5'-untranslated sequence at positions 480 (Type 1 virus), 481 (Type 2 virus) and 472 (Type 3
virus) is necessary for reversion to neurovirulence. Type 3 vaccine strain reverts the most often
of the three, and reversion is also typified by a change in the VP1 sequence and, perhaps,
changes in the polymerase sequence as well.38 Type 2 vaccine reverts less frequently, and a
similar set of minimal mutations has been described.39-42 Type 1 vaccine virus appears to be
inherently more stable than types 2 and 3 since it reverts and causes VAPP the least often.
When it does revert, a large number of mutations are found.41,43-45 The genetic stability of the
type 1 vaccine strain has led two groups to propose that, if one wanted to make new strains of
type 2 and type 3 vaccines, one good way to do this would be to start with a molecular clone of
type 1 and substitute the surface antigen genes from type 2 and type 3 at the gene level.46,47

One aspect of poliovirus vaccine production is the requirement for each bulk batch of
each strain to undergo testing for neurovirulence in monkeys. In this test, the candidate vaccine
bulk is tested by intracranial and intraspinal injection in a series of monkeys in parallel with a
reference strain. The reference strain is chosen to represent the safety limit for vaccine use. This
test is reviewed by Furesz.48 In an effort to develop tests that do not rely upon primates, several
alternatives have reached the stage of validation where they are now under consideration for
implementation. One is a set of transgenic mouse models wherein the human gene for the
poliovirus receptor has been substituted for the analogous gene in a mouse. The resulting
mouse supports the growth of human poliovirus, and upon intraspinal injection of a
neurovirulent strain it develops clinical symptoms of paralysis. One mouse, the TgPVR21 line,
is appropriate for testing types 2 and 3; a second mouse, TgPVR1 may be used for testing of
type 148.49-51 A second set of tests based on molecular methods measures the presence and
proportion of mutations at the critical point in the 5'-untranslated region. The most advanced
test, known as the MAPREC test,45,52,53 has a good correlation with the transgenic mouse test
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and also tracks well with the monkey neurovirulence test. Analogous tests based on chemilumi-
nescence54 or translation efficiency55 have been developed as well.

Any discussion of attenuation, neurovirulence and reversion would be incomplete with-
out touching upon cell substrates. The vast majority of live oral poliovirus vaccine (OPV) has
been made in primary monkey kidney cells. Recently, Pasteur-Merieux-Connaught has licensed
in Europe a Sabin vaccine produced on Vero cells.56,57 No notable differences have been found
in the clinic. Some years ago, early small clinical trials were conducted with a live Sabin-type
vaccine grown on the human diploid fibroblast line MRC-5 with acceptable results,58 but this
vaccine has not made it to the marketplace.

Current Concerns and Future Developments
The immunological performance of the Sabin vaccines has been very good, some might

say miraculous given the adverse conditions under which they have been used. Wild-type po-
liovirus has been eliminated from most areas of the world. The index for eradication is the
disappearance of poliomyelitis due to wild-type virus. In the United States, the last case of
naturally acquired poliomyelitis occurred in 1979, after which time all cases were either imported
or due to vaccine reversion. Similar results have been obtained in the developed world and
most of the developing world as well. As this is written, naturally acquired poliomyelitis
continues to occur in parts of sub-Saharan Africa and in certain parts of south Asia. As a
consequence, vaccine-associated paralytic poliomyelitis (VAPP) is the primary if not the sole
source of poliomyelitis in much of the world. In light of this, vaccination recommendations
have begun to shift. For example, in the United States, the Advisory Committee on Immunization
Practices (ACIP) recommended in early 1997 that the first two doses of polio vaccine be given
as inactivated polio vaccine (IPV), followed by two doses of OPV.59 Straight 4-dose OPV or
IPV regimens were deemed acceptable under certain conditions, but the stated intent was to
phase out the use of OPV. An excellent discussion of informed physician and parental choice60

covers this subject. In 1999 the ACIP revised the recommendations in favor of four doses of IPV.61

Although IPV is more expensive than OPV, the trend towards IPV usage will be enhanced by
the introduction of combined vaccine formulations containing IPV, DTaP, Hib and hepatitis B
antigens.

As a given infectious disease is conquered through vaccination, attention turns from the
success to the side-effects. The major concern about OPV is the above-mentioned rare reversion
to neurovirulence and subsequent VAPP.62,63 Reversion is most common with type 3 vaccine
virus, less so with type 2 and even less with type 1. Mutations coinciding with reversion lie
primarily in the 5' untranslated region of the genome as discussed above in the section on
Attenuation. There is an extensive literature on the viruses isolated from VAPP cases, too much
to cover in detail here. The most interesting findings cover potential recombination between
vaccine strains64,65 or perhaps between vaccine strains and wild-type virus,66 as well as the
variety of genetically different strains isolated from different sites in a given patient with
VAPP.67 It must be kept in mind that VAPP is a rather rare event, around 8-10 cases per year
in the United States, or one per 2.5 million doses.68,62 This rate will no doubt decline with
the increased use of IPV.

One sidebar to the OPV-IPV debate is a theory regarding the role of infectious agents
in the development of insulin-dependent diabetes mellitus (IDDM). Enteroviruses such
as Coxsackie B virus have been proposed as etiological agents in IDDM. It has been suggested
that Coxsackie B virus shares with poliovirus epitopes important for cellular immunity, and
that vaccination with OPV provides better cross-protection against Coxsackie B than does IPV
and thus may reduce the risk of IDDM.69 This is an intriguing idea that merits further study.
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The other major polio-related subject in the literature is the global effort to eradicate
polio. In 1988 the WHO set a goal of eradicating polio from the globe by the year 2000. In late
1999, there are two areas where poliovirus circulates at a low level, parts of sub-Saharan Africa
and south Asia. Reported cases are dropping to a few hundred per year, and regular updates are
published in the CDC’s MMWR and the WHO’s Weekly Epidemiological Record. This effort has
been a collaboration among the WHO, CDC, UNICEF, vaccine manufacturers and private
organizations, perhaps most notably Rotary International. Although the stated goal of elimina-
tion by the year 2000 may be missed by a year or two, the end is in sight. The present debate is
how to play out the end-game. There are two opposing points of view. On the one side, the
WHO70 contends that once the last case of poliomyelitis is recorded, vaccination  with OPV
should be stopped, period. Intense surveillance would identify any late-breaking cases, and
these would be contained by intensive vaccination in the surrounding area. The other view is
that OPV should be phased out in favor of IPV for several years.71 The United States has
embraced this latter approach in the latest ACIP recommendations. The concerns that support
this argument are 1), the ability of poliovirus to survive in the environment, 2) disposition of
laboratory and manufacturing stocks of wild-type poliovirus, and 3), circulation of reverted vac-
cine virus. As mentioned earlier, the advent of IPV-containing DTaP vaccines will help this
shift in vaccination practice. At issue here is the cost of IPV, which is greater than that of OPV,
and the capacity to provide this vaccine for the developing world. In the end, we may have one
policy for one part of the world, and another for the rest.

Measles Vaccines
Measles virus, member of the paramyxovirus family, is the most contagious viral pathogen

known to man. Before the advent of effective vaccines, essentially the entire birth cohort was
infected by a very early age. Although measles is normally a self-limiting disease in healthy
subjects, the rash, cough and high fever make it an extremely unpleasant experience. The au-
thor remembers vividly having measles at the age of five and being quite miserable. Measles is a
particularly nasty disease for two reasons. First, measles virus is immunosuppressive, and this
results in a variety of opportunistic infections. Natural measles infection also has a group of
relatively rare but serious long-term sequelae including measles inclusion body encephalitis
and subacute sclerosing panencephalitis. The pathogenesis of measles infection and its compli-
cations is the subject of a recent review by Schneider-Schaulies and ter Meulen.72

Early vaccine development began in the 1950s with an inactivated virus strategy which
was abandoned due to short-lived immunogenicity and the appearance of atypical measles
disease in vaccinees exposed to wild-type virus.73-76 This phenomenon is attributed to inappro-
priate priming of CD4 T-cell responses typical of an Arthus reaction.77

Attenuation of Measles Viruses
Current live attenuated measles vaccines can be traced to the isolation of measles virus by

Enders and Peebles in 1954.78 This virus was attenuated by Enders and co-workers,79 by passage
in human kidney and human amnion cells to yield the Edmonston-Enders strain (Edmonston
was the surname of the child from whom the virus was isolated). This strain went on to become
the parent of several live attenuated measles vaccines developed in the United States, Europe,
Russia, Czechoslovakia and Japan. The family tree is shown in Figure 5.1.80 A recent analysis of
the nucleic acid sequences of the major viral antigen genes shows remarkably small differences
between strains despite the varied methods of virus passage used to generate these strains.81

Four other vaccines developed independently in Japan (CAM-70), China (Changchun-47,
Shanghai-191) and Russia (Leningrad-16), show greater differences as one might expect given
the geographic diversity of the original isolates. It is not possible to attribute any of the known
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or perceived differences in clinical performance to any of the known mutations in these antigens.
Studies of non-transcribed regions of the genome have contributed to phylogenetic knowledge.82

As noted elsewhere in this review, attenuation of viral vaccine strains is a highly empirical
process. An excellent example of this is the history of the Merck “more attenuated Edmonston-
Enders” vaccine. The first live measles vaccine licensed by Merck, Sharp & Dohme in 1963
was based on the Edmonston B strain.83,84 This strain was reactogenic in children to the
extent that it was administered concomitantly with a dose of standardized anti-measles immune
globulin at a separate site. Obviously, this was only a short-term solution due to complexity
and inconvenience. The second-generation solution was a further attenuated virus derived
from the Edmonston B strain, grown for another eight passages in chick fibroblasts at 36°C
and 40 passages at 32°C. This vaccine had appropriate immunogenicity and tolerability without
added immune globulin. The new strain was also propagated in cells derived from chicken
flocks free of infectious avian leukosis virus, a novel move at that time. The new strain, called
“Moraten”, was marketed as Attenuvax® from 1968 onwards. As an aside, it is worth noting
here that although the term “Moraten” was originally applied to this particular derivative of the
Edmonston B strain, the same word is now used as a trademark and applied by Swiss Serum
and Vaccine Institute to their measles vaccine, the Edmonston-Zagreb strain. This has led to
some confusion in the field. The Schwarz vaccine strain,85 widely used throughout the world,
was attenuated by a similar strategy but without the detour through an intermediate vaccine
requiring immune globulin.

Current Concerns and Future Directions
The current live attenuated measles vaccines are clearly effective, especially when used in

a diligently applied program including one dose around one year of age followed by a second
dose several years later. This is the norm in most parts of the developed world, Japan being one
exception (see below). In the developing world, things are a bit different. The Expanded Program
for Immunization includes a dose of measles vaccine early in life. In areas of the world where

Fig. 5.1. The derivation of strains of live attenuated measles vaccine.
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measles remains endemic there is a desire to protect infants by vaccinating earlier than the
commonly recommended age of 12-18 months. The problem encountered is maternal antibody
that persists in the infant for several months, the duration being largely a function of the
mother’s antibody level. This reduces the “take” of the live vaccine and results in waning immunity.
One common strategy is to vaccinate around 8-9 months of age with a follow-up dose around
18 months. Obviously, this entails the cost of two visits, two doses and it carries the risk of
missing that second dose. This scheme is effective when it can be implemented. As vaccinated
girls become mothers, this problem appears to go away in that vaccine-induced maternal anti-
body is of a lower titer.86 In a general sense, however, coverage for measles vaccination remains
a public health issue in some parts of the developing world where measles is still the cause of
around one million deaths per year.

Another approach to this problem was to raise the potency of the first dose of measles
vaccine. This was attempted in several settings including the Gambia, Mexico, Peru, Guinea
Bissau, Senegal and Haiti. Vaccines with a titer of 104.7-105.0 infectious units of virus were
administered at the age of 6-9 months in these studies, about ten times the average dose of fresh
vaccine at release and two logs greater than the recommended minimum dose.87 In settings of
lower socio-economic status an unexplained excess mortality, primarily in girls, was noted two
to three years after vaccination.88,87 There was no association with vaccine strain or vaccine
manufacturer, as both Schwarz and Edmonston-Zagreb vaccines were supplied from two differ-
ent sources. As a result, the high-dose strategy was abandoned in favor of the two-dose scheme.

The other major current concern, which also impacts on vaccine coverage, is a series of
articles by A. Wakefield and coworkers in the medical literature which purport to link the onset
of chronic inflammatory bowel disease, Crohn’s Disease and autism to measles (or measles/
mumps/rubella) vaccination.89,90 This allegation, which appears to lack any truly supporting
evidence, is discussed below under “MMR” vaccines.

Indigenous measles transmission has been interrupted in the United States, in much of
the Americas and in parts of Europe. Since measles virus has no known animal reservoir and
since measles vaccines are widely available at affordable prices, a discussion has begun within
public health circles of the possibility of eradicating measles.91 This is an attractive idea, but
there are several obstacles that must, and can, be overcome. In parts of the developed world,
measles is not a public health priority and outbreaks do occur. Thus, a renewed effort must be
made to increase vaccine coverage and to encourage the two-dose policies that have been shown
to be successful. There is also the perception that funding for such an effort is an insurmountable
problem. While it is true that funding for vaccine programs is a perennial issue, the current
management of the WHO appears to be taking a keen interest in vaccination along with the
World Bank and private donors such as the Gates Foundation. Given the progress made against
smallpox and polio, why not measles next?

Rubella Vaccines
Rubella virus is the single member of the rubivirus genus within the togaviridae family.

Rubella virus has a small icosahedral capsid enveloped in a lipid-protein membrane. Rubella,
also known as German measles, is normally a benign self-limiting disease of infants and chil-
dren characterized by fever, rash and arthralgia or arthritis of a transient nature. Rubella infec-
tion of pregnant women is a different matter. The virus is readily transmitted to the fetus and
can cause fetal wasting and severe birth defects. This congenital rubella syndrome is the pri-
mary pubic health driver for development and application of rubella vaccines. An excellent
review of rubella disease92 has been published by the late A. Galazka of the WHO.

Rubella virus was isolated by two groups in 1962 in the United States, and attenuation of
the virus in African Green Monkey (AGMK) (strain HPV-77) was reported in 1966.93,94
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In contrast to most other viral pathogens discussed in this section, a variety of independent
isolates of rubella virus have been attenuated and developed as vaccine strains. In the United
States and Europe, three strains of rubella vaccines have been marketed; the HPV-77 strain
grown in duck embryos by Merck Sharp & Dohme and in dog kidney cells by Parke-Davis, the
Cendehill strain grown in rabbit kidney cells by the Research Institute for Technology (RIT,
now SB Biologicals), and the RA27/3 strain developed by Stanley Plotkin of the Wistar Insti-
tute and propagated in WI-38 human diploid fibroblasts. In addition, the Benoit strain grown
in duck embryos was developed by Merck, but it was never marketed.10 Five other strains have
been developed and used in Japan; To-336, TCRB19, Matsuura, Matsuba and Takahashi. In
Japan, local isolates were developed in favor of American or European strains due to a perception
that rubella viruses circulating in Japan were less teratogenic. The origins of these vaccines are
reviewed in more detail by Shishido and Ohtawara.95

The HPV-77 strain was the first to be licensed for use in the United States. Attenuation of
the virus was achieved by 77 passages of the M33 strain in AGMK cells; the vaccine was
produced at the fifth subsequent passage in duck embryos to yield the HPV-77 DE5 product
sold by Merck Sharp & Dohme as Meruvax® from 1968 to 1978. HPV-77 DK vaccine was
produced by passage of the same seed in dog kidney cells by Parke-Davis. This product had a
limited lifespan as it was judged to be excessively reactogenic. The Cendehill strain developed
in Belgium, grown in rabbit kidney cells and marketed as Cendevax®, was widely used in
Europe through the 1970s.

A third vaccine strain, RA27/3, developed at the Wistar Institute in Philadelphia, was
grown in WI-38 human diploid fibroblasts and was originally marketed in Europe by Wellcome
as Almevax®.96,97 Multiple comparative clinical studies showed that overall RA27/3 was supe-
rior to both the Cendehill and HPV-77 DE5 vaccines in terms of reactogenicity (arthritis/
arthralgia) and immunogenicity at low doses.98-106 As a consequence, RA27/3 is used almost
exclusively in most of the world with the notable exception of Japan where the Japanese strains
are used. RA27/3 also has an advantage over the HPV-77 DE5 vaccine in ease of manufacture.
As mentioned earlier, RA27/3 is produced in WI-38 cells and was one of the first, if not the
first, attenuated human vaccine to be produced in human cells. This was a rather radical idea at
the time (1964) due to concerns expressed by Sabin at one point during the previous decade
about the potential transmission of leukemia virus by such cells. A debate which appears in
Laurence107 and which must have taken place multiple times  concludes that concerns about
such transmission were without foundation, and decades of experience have borne this out.
Cells such as the WI-38 line can be, and have been, extensively characterized, and they can be
conveniently frozen away for future use. On the other hand, one can only imagine the chal-
lenge of producing embryonated waterfowl eggs on demand at commercial scale under GMP
conditions!

Attenuation
As with most other attenuated vaccines, little is understood about the molecular mechanism

of attenuation of rubella viruses. A substantial body of sequence information is available
including the entire sequence of the RA27/3 strain108 and comparative sequences of the E1
genes of Japanese and western vaccines and wild-type isolates.109,110 Rubella is relatively homo-
geneous at the nucleotide level with strain-to-strain variation about 2%. It would appear that
many different roads lead from wild-type to the attenuated phenotype. Attenuation has been
achieved by passage in human cells (RA27/3), rabbit kidney cells (Cendehill), AGMK plus
duck embryo cells (HPV-77 DE5) and different combinations of AGMK, bovine kidney, swine
kidney, chick embryo and rabbit kidney cells (Japanese vaccines, reviewed by Shishido and
Ohtawara).95 Current sequencing technology, infectious clone schemes and site-directed
mutagenesis could, in principle, be used to generate vaccine strains that logically should embody
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the minimal genotype required for attenuation starting from a wild-type isolate. However, the
ultimate test in humans would be difficult to justify, so we must be satisfied with what we have.

Current Concerns and Future Directions
Rubella vaccines as mature products have relatively well-known safety and efficacy pro-

files. Two topics constitute the bulk of clinical discussion in the literature in the 1990s. First is
the question of arthritis and arthralgia related to these vaccines. As mentioned earlier, natural
rubella disease is frequently accompanied by acute joint symptoms that generally resolve,
especially in younger individuals. The frequency and severity of joint symptoms is greater in
adults and especially in women.111 The HPV-77 DK12 vaccine was withdrawn from use due
to an unacceptable frequency of arthritis and arthralgia in children.112 There has been some
debate about the association of acute or chronic arthralgia or arthritis in women. The Institute
of Medicine conducted and extensive study of the available information113,114 and concluded
that there is an association between rubella vaccination and acute joint complaints in women.
The Institute also stated that there may be an association with chronic or recurrent arthritis or
arthralgia, but that a better study would be required to answer this question. Such a study was
carried out at Kaiser Permanente, a large health maintenance organization in California, and
this group determined that there was no association.115

The second concern revolves around vaccination strategy for areas just now implementing
rubella vaccine; who do you vaccinate and when so as to have the greatest impact on congenital
rubella syndrome (CRS), and how do you vaccinate safely women of childbearing age? In an
ideal world, one might vaccinate all girls at puberty. This should render them immune during
their childbearing years and should eliminate CRS. Such a strategy was used in the United
Kingdom with mixed results,116 and rubella vaccine is now applied along with measles and
mumps vaccines during the second year of life (with a booster in gynecological settings where
serologically indicated). Another strategy, tested in Brazil with good results, is a “pulse vaccination”
of all individuals between 1 and 10 years of age followed by universal vaccination of the birth
cohort at 1 year of age.117 In the United States, rubella vaccination is part of the standard
pediatric regimen delivered along with measles and mumps vaccines at 12-18 months and
again before school entry. Experience has shown that herd immunity is the most important
metric for success, as in any vaccination program against an endemic virus.

The American College of Obstetrics and Gynecology has a detailed algorithm for deciding
who should be vaccinated later in life. Women not clearly seropositive (and not pregnant)
should be vaccinated either before attempting to conceive or post partum.118,119 This raises the
question of what to do if a pregnant woman is inadvertently vaccinated against rubella.
Although this is clearly contraindicated, it does happen in the real world. One strategy may be
to test for anti-rubella IgM as an indicator of a primary response in a seronegative individual.120

A number of studies of fetal tissues recovered following termination of pregnancies post
vaccination have shown that rubella virus can be cultured and thus show that the vaccine strain
RA27/3 can pass from the mother to the fetus.121-123 However in the vast majority of these
cases there was no evidence of fetal abnormality. Therefore, termination of pregnancy following
inadvertent vaccination is not automatically indicated.124

Rubella vaccination has achieved the goal of reducing the number of cases of CRS in areas
where vaccine coverage is high. When coverage falls, as it did during the late 1980s in the
United States, CRS cases can increase, only to decrease upon renewed vigor of vaccination
efforts. Future work may be limited to attempts to define in molecular terms the mechanism of
rubella-related arthritis.
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Mumps Vaccines
Mumps virus is a member of the Paramyxovirus family, along with measles, respiratory

syncytial virus and parainfluenza virus. This group accounts for a substantial fraction of pediatric
disease and has been the target of vaccine development efforts for decades. The paramyxoviruses
are negative-strand RNA viruses encoding 6 or 7 genes that are transcribed separately. Mumps
virus causes parotitis, which in some cases can be visually dramatic. Other frequent conse-
quences are mild meningitis and orchitis. Severe meningitis and deafness are less common
occurrences, but before vaccines were available, mumps was the leading cause of deafness. As
with many “pediatric” viral illnesses, the same infection in naive adults is more serious and can
result in sterility in males or mastitis in females. Mumps was also a significant cause of
myocarditis in children.

Mumps Vaccine Development
Several independent vaccine development programs have yielded licensed products.

Jeryl Lynn Strain125,126

Mumps virus was originally isolated, cultured, and shown to be attenuated in monkeys
through passage in embryonated eggs by Enders and coworkers in 1946. Early attempts to
create a vaccine at Merck in the late 1950s based on the Enders strain failed to yield a satisfactory
virus. In 1963, a culture taken from the throat of a 5-year-old girl was cultured in embryonated
hen’s eggs, and this became the Jeryl Lynn strain of mumps. The virus was passaged 12,17 and
27 times in embryonated eggs and was tested in volunteers in the Philadelphia area. The 17
times passaged virus showed the appropriate combination of immunogenicity and lack of patho-
genicity, while the 12 and 27 passage vaccines were either reactogenic, causing parotitis, or
poorly immunogenic.127 Subsequent trials demonstrated the safety and efficacy of this
vaccine.128 The Jeryl Lynn strain was licensed as Mumpsvax® in the United States in 1968
and was included as the mumps component of M-M-R®, the first trivalent measles, mumps
and rubella vaccine in 1971.

Urabe AM9 Strain
The Urabe strain began as an isolate taken from a sick child in Japan in 1967. The virus

was passaged in embryonated eggs and, as in the case of the Jeryl Lynn strain, it was tested at
several successive passage levels to find the best compromise of safety and immunogenicity. The
Urabe AM9 strain was licensed in Japan in 1980 and subsequently in Europe and elsewhere
around the world. The majority of the Urabe AM9 virus distributed was sold as a component
of SB’s Pluserix and Pasteur Merieux’s Trimovax. During the late 1980s and early 1990s reports
from Canada and the United Kingdom raised concerns about vaccine-related aseptic meningitis
(reviewed by Brown and Wright).129 This ultimately led to the withdrawal of Urabe-containing
vaccines from Europe and Canada, although these vaccines remain in distribution in other
parts of the world.

Rubini Strain
The Rubini strain of mumps was isolated from the urine of a boy with rubella and propagated

in human diploid cell, passaged in embryonated eggs and then adapted to MRC-5 human
diploid fibroblasts.130,131 This vaccine was licensed in Switzerland in 1985 and has been most
widely used as a component of the Swiss Serum and Vaccine Institute’s Triviraten measles,
mumps and rubella vaccine. Epidemiological studies in Switzerland called into question the
efficacy of the Rubini strain132-135 with calculated efficacy as low as 6%. Given the lengthy
passage history of the Rubini strain and the steep gradient between reactogenicity and
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overattenuation demonstrated during the development of the Jeryl Lynn and Urabe AM9 strains,
it is reasonable to conclude that the Rubini strain may be overattenuated.

Strains Used in Japan
As with the rubella vaccines, a group of 5 independent strains have been used in Japan.

First is the Urabe AM9 strain described above. Others include the Hoshino L32 strain propa-
gated in embryonated eggs.

Leningrad-3 Strain
The Leningrad 3 strain was developed from a mixture of five isolates of wild-type virus

propagated in guinea pig embryo cells and Japanese Quail embryos.136 Vaccines containing the
Leningrad-3 strain of mumps have been used in the former Soviet Union and eastern Europe
since 1974. This strain was shown to be highly immunogenic and efficacious,137 but it was also
shown to be associated with aseptic meningitis at a rate of one case per thousand vaccinees,
comparable to the higher estimates for the Urabe AM9 strain.

Leningrad-Zagreb Strain
The L-Zagreb strain of mumps virus was developed by further attenuation of the Leningrad-3

strain in chick embryo fibroblast culture.138 This vaccine has been used in Croatia and Slovenia.
The L-Zagreb strain is also produced locally in India.

Sofia Strain
The Sofia strain was developed in Bulgaria from a local isolate propagated and attenuated

in primary guinea pig kidney cell culture. This vaccine was used in Bulgaria from 1980 to
1982. At this point, concerns about neurovirulence caused it to be withdrawn and replaced
with the Leningrad-3 strain imported from Russia.139

RIT 4385
The RIT 4385 strain was isolated by SB from a commercial vial of Mumpsvax® (Merck,

Sharp & Dohme). In an effort to develop a unique strain, several single plaques were picked
and the SH gene (a particularly variable region of the genome) was sequenced. A plaque with a
sequence unique compared to the available information140 was selected for further propagation
in chick embryo cells and was called JL-1 (SB patent). This strain is marketed by SB as a
component of a trivalent vaccine, Priorix®.

Current Concerns
The principal concern in the 1990s has been the association of certain mumps vaccine

strains with a low, but measurable, incidence of aseptic meningitis131 and parotitis.141 Parotitis
has been reported to be primarily related to the Hoshino strain used in Japan. Aseptic meningitis
has been shown to be associated with the Urabe AM9 strain, as mentioned earlier, as well as
with the Sofia and Leningrad-3 strains. Conflicting data are reported for the L-Zagreb strain.142,143

Although the problem has been side-stepped in Europe and Canada by the withdrawal of
vaccines containing the Urabe AM9 strain, a substantial effort has been invested in sorting out
the molecular basis of meningitis. Much attention has been directed to the fact that the Urabe
AM9 strain is a mixture of at least two viruses (as are the Jeryl Lynn and Leningrad-3 strains).
One species has an A residue at nucleotide 1081, the first position in codon 335 of the hemag-
glutinin-neuraminidase (HN) gene while the other species has a G. These RNA sequence dif-
ferences lead to amino acid differences; the A-1081 virus has a lysine while the G-1081 has a
glutamic acid residue at position 335. The A-1081 virus is routinely grown from cerebrospinal
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fluid samples from cases of aseptic meningitis post vaccination. How the two species arose
from a stock that was twice plaque-purified is unclear, and the fact that growth of the A-1081
virus is favored in Vero cells, the cells routinely used for laboratory culture of mumps virus,
further clouds the issue. The change from a glutamic acid to a lysine at position 335 not only
changes the net charge of the HN protein by two but it also affects an important epitope on the
surface of the virus. For a detailed discussion of this subject, see Brown and Wright144 and
Afzal, Yates and Minor.145

Summary
Mumps virus seems to have a uniquely steep gradient between pathogenicity and

overattenuation. Examples of both have been discussed above. It is worth noting that all of
these vaccine strains have excellent performance at the level of seroconversion. They all had
safety profiles that were deemed acceptable by their respective developers in their respective
contexts. Concerns were raised only upon gathering significant bodies of clinical data and field
experience, combined with the opportunity to compare efficacy and adverse events among
vaccine strains.

Trivalent Measles-Mumps-Rubella Vaccines
As the live attenuated measles, mumps and rubella vaccines were in development during

the 1960s, the idea of ultimately combining these products into a single package evolved in
parallel.146 Although control of measles was the initial goal due to measles’ high level of
morbidity and mortality, mumps and rubella were important public health targets as well. If
one could administer all three viruses at the same time, achieve the same level of protective
immunity, and maintain the good tolerability profiles of the single components, one would
have a truly convenient and effective public health tool. That challenge has been met, and the
trivalent “MMR” vaccines have played a critical role in the control of these three diseases in
many parts of the world.

Vaccine Development
The first trivalent vaccine, M-M-R®, was developed in the United States by Merck Sharp

and Dohme146-148 and was licensed for use in 1971. Parallel efforts in Japan,147 the Soviet
Union,137,149-153 Europe and the United States154-156 yielded comparable clinical results.157,158

The biggest barrier to success in this effort was the potential for immunological interference
between the three viruses. Since the minimum dose required for seroconversion had been shown
to vary over two orders of magnitude for the three viruses, new clinical trials were required to
establish the appropriate relationship between the potencies of the three components in this
new context.159,160,148 As newer trivalent vaccines are developed, this issue must be readdressed.161

In the end, a general set of lower limits of potency have been established; 1000 TCID50 for
measles, 5000 TCID50 for mumps, and 1000 TCID50 for rubella.

There are currently five major trivalent vaccines on the market:
M-M-R®II, (Merck) containing the more attenuated Enders Edmonston measles strain,

the Jeryl Lynn mumps strain, and the RA27/3 rubella strain. This vaccine is licensed in North
America, Europe, and many other places worldwide. M-M-R®II was licensed in 1978. Its
predecessor, M-M-R®, was licensed in 1971. M-M-R® contained the HPV-77 duck embryo
passaged rubella strain and had a different stabilizer formulation.162 M-M-R®, being the first
vaccine of its type, had a name that was easily converted into a generic, “MMR”, so that there
can be considerable confusion in the field. This has led to a tendency in promotion to link the
data from one vaccine producer to the product of another, perhaps without justification since
these vaccines are not generic products of identical composition.
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Pluserix®, (SmithKline Beecham Biologicals) containing the Schwarz measles strain, the
Urabe AM-9 mumps strain, and the RA27/3 rubella strain. This vaccine is marketed in some
areas outside Europe, the United States and Canada.

Trimovax®, (Pasteur Merieux Connaught) containing the Schwarz measles strain, the
Urabe AM-9 mumps strain and the RA27/3 rubella strain. This vaccine is also marketed in
some areas outside Europe and the United States.

Triviraten®, (Swiss Serum and Vaccine Institute) containing the Edmonston-Zagreb
measles strain, the Rubini mumps strain, and the RA27/3 rubella strain. This vaccine is
marketed in some European countries and in various countries in the Far East and the Pacific.

Priorix®, (SmithKline Beecham Biologicals) containing the Schwarz measles strain, the
RIT 4385 mumps strain, and the RA27/3 rubella strain. This is a relatively new vaccine, a
replacement for Pluserix® which was withdrawn from many markets due to the frequency of
aseptic meningitis related to the Urabe mumps component (see earlier mumps section for
more details). Priorix® is marketed in Europe and other selected areas of the world.

In the late 1960s and through the 1970s, live measles, mumps and rubella vaccines were
considered to be single-dose immunogens capable of inducing life-long immunity. Serological
studies showed that antibody persisted for prolonged periods.128,163-165 In the absence of natu-
ral boosting, antibody levels do tend to decline over time. In addition, there is a small minority
of subjects who, for some reason, fail to seroconvert after one dose of vaccine. Furthermore,
not all children who should be vaccinated during the second year of life are vaccinated. This led
to the recommendation of a second dose of MMR vaccine in many parts of the world during
the 1980s,164,166,167 and inspection of CDC (MMWR) data on the incidence of all three diseases
shows the positive impact of this decision.

Although administering the second dose of vaccine is clearly policy, there remains the
question of “when is this second dose best administered?” In the United States, the public
(ACIP) and private (AAP) recommendations for timing of the second dose were at odds,168

with the ACIP recommending the second dose upon school entry (4-5 years of age) and the
AAP recommending administration of the second dose at 10-12 years of age. There are good
and valid arguments to be made for both positions. Earlier administration is favored by conve-
nience (it is more difficult to get adolescents to the clinic) and lower reaction rates. There is
an approximately 50% increase in post-vaccination complaints, notably joint pain which is
most likely linked with the rubella component in older subjects.168,169 This is fully consistent
with the known reactogenicity profile of rubella vaccine and the much more severe conse-
quences of rubella disease beyond early childhood discussed earlier. Second-dose administra-
tion on school entry also reduces the build-up of susceptibles, and this rationale has led Austra-
lia to shift from a late revaccination policy to a school-entry schedule.170 Later administration
is favored by the notion of boosting or catching the unvaccinated with these immunogens,
rubella in particular, as individuals approach their reproductive years169 and to reduce the
likelihood of congenital rubella syndrome. This has been shown to work well from a serological
perspective.166 A third point of view discussed in the United Kingdom171 is that a second dose
should not be given automatically to all children but rather those who are identifiably serone-
gative or not previously vaccinated. This is a reasonable notion in an ideal world, but the
logistics of serological analysis and record-keeping make it impractical. Overall, the weight of
opinion seems to favor earlier rather than later administration of the second dose, due to con-
venience and the growing realization that declining immunity is less of a problem than rare
primary vaccine failure and more common failure to vaccinate.168 In the United States, the
ACIP has recommended lowering the age for primary immunization from 18 months to 12-15
months so as to accommodate the rest of the vaccination schedule, and they also continue to
stress the importance of a second dose plus an adolescent catch-up program for those who were
missed earlier.172 Setting aside the issue of timing, the most important parameter, as with any
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vaccine, is coverage of the population. Serological studies173,164 and the outbreaks of measles in
the early 90s show that vigorous implementation of vaccination policies to ensure coverage and
herd immunity is the key to control of disease.174

The MMR vaccines share at least two properties that impact the precautions and
contraindications in the label. First, the measles and mumps components are produced in
some sort of embryonated egg system (except for Triviraten® where these viruses are grown in
MRC-5 human diploid fibroblasts). For example, the measles and mumps viruses in M-M-R®II
are grown in cultured cells taken from embryonated eggs,175 while others may be grown directly
in the eggs. Regardless, the contraindications in the labels included vaccination of persons
known to be allergic to eggs. Numerous studies have shown that vaccination of egg-allergic
individuals can be performed safely176-180 although rare reactions may occur.181 With this data,
various policy-making groups have recommended that egg-allergy no longer be considered a
contraindication for vaccination with MMR, e.g., although as with any vaccine, the ability to
treat any anaphylactic reaction should be at hand. The second contraindication common to
live virus vaccines is vaccination of immunocompromised individuals. HIV-positive subjects
had been a particular concern. After reviewing the available data and assessing the risk-benefit
parameters of severe measles in HIV-positive persons, the ACIP now recommends that vacci-
nation with MMR should be carried out routinely in asymptomatic HIV-positives and should
be considered for symptomatic subjects. A third consideration was vaccination of children with
mild illnesses (colds, coughs, etc.). Originally, it was recommended that vaccination should be
deferred until the child had recovered. Recently, based on accumulated data, the ACIP changed
this recommendation172 to allow vaccination of children with mild illnesses.

Current Concerns
The public health track record of M-M-R® and M-M-R®II has been described repeatedly

in the CDC Weekly Morbidity and Mortality Report. The data described therein are derived
exclusively from the use of M-M-R® and M-M-R®II, and their monovalent components in
the earlier years, since these have been to date the only vaccines used in the United States.146

Similarly, Finland has used M-M-R®II exclusively in a national public health campaign since
1982, with the result of elimination of all three diseases.163 In other settings, these vaccines
may perform better than much of the epidemiological data on breakthrough disease would
suggest182 since about half of the measles-mumps-rubella-like illnesses in vaccinees can be
attributed to other pathogens when appropriate diagnostic procedures are applied.

As mentioned at the outset, when a vaccine succeeds in reducing the incidence of a disease
to near invisibility, attention turns to potential side-effects of the vaccine. Since a successful
vaccine will have been given to essentially all individuals within a population, it is nearly
impossible to assess the cause-effect relationship between vaccination and a rare event that
occurs some time afterwards. Some information can be derived from carefully conducted case-
controlled epidemiological studies, and one can attempt to answer the question of biological
plausibility. However, when the public press weighs in, and since bad news sells more newspa-
pers and airtime than does good news, the public health may suffer.

A case in point is the allegation made by a group of researchers in the United Kingdom
that Crohn’s disease, other inflammatory bowel disorders, and autism are triggered by MMR
vaccines.183 In this article the authors describe a syndrome of inflammatory bowel disease
linked with a pervasive developmental disorder in a group of 12 children. This would appear to
be a new and interesting relationship in and of itself, but in this same article the authors suggest
that vaccination with MMR might be the triggering event. The same group had published
earlier findings of persistent measles virus in intestinal samples from patients with Crohn’s
disease,184-187 although numerous other laboratories have attempted to reproduce these results
without success.188,189 An excellent review of the evolution of this argument was written by
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Akobeng and Thomas.190 A series of independent follow-up studies have shown no association
between vaccination and either autism or inflammatory bowel disease,191-193 and the Chief
Medical Officer of the United Kingdom has issued an official press release summing up the
deliberations of over 30 experts on this question and concluding that there is no link between
vaccination and either of these conditions. In parallel, there has been a running commentary in
the “Letters” section of The Lancet on the merits of the argument and on the larger question of
publication of such work. This story has also played largely in the British press with the result
of falling confidence in vaccination and falling vaccine coverage. One article mentioned the
resurgence of “measles parties” in the United Kingdom. In conclusion, the weight of the data
so far are not in favor of an association between autism or inflammatory bowel disease and
vaccination with MMR, but the consequences of even the suggestion of such an association can
have an unfortunate impact on public health.

One other concern, which pales in significance compared to the situation above, is allergy
to gelatin, largely confined to Japan. Many pediatric vaccines, particularly DTaP produced in
Japan, contain some level of gelatin as a stabilizer,194 and these are administered in a
three-or-four-dose regimen prior to vaccination with measles, mumps and rubella vaccines.
This may induce some level of anti-gelatin immunity in a very small minority of subjects,
which results in an immediate-type hypersensitivity reaction upon subsequent administration
of measles or mumps vaccine that in Japan contained high-molecular-weight gelatin.194 In
Japan there is now a move away from high-molecular-weight gelatin in vaccines. M-M-R®II
contains highly hydrolyzed gelatin as a stabilizer and is less likely to raise antibody than is high
molecular weight gelatin. Reactions of this type to gelatin are relatively rare in the United
States with one well-documented case reported by Kelso.195 The labels for M-M-R®II as well
as for other trivalent vaccines states that persons with allergies to any of the vaccine components
should be vaccinated with caution.

Quadrivalent Measles-Mumps-Rubella-Varicella Vaccines
The one obvious enhancement to MMR vaccines would be the addition of varicella vac-

cine to the cocktail. This has been an elusive goal for over ten years. Early studies with M-M-R®II
and VARIVAX® at the standard doses gave excellent seroconversion rates for all four compo-
nents, but the geometric mean titer (GMT) of antibody against varicella was only half of what
is obtained with monovalent VARIVAX®, and breakthrough varicella disease is more common
in vaccinees with low anti-varicella antibody titers.196-198 Similar results have been reported199-202

in studies using a quadrivalent vaccine candidate prepared by SB. The unstated assumption in
these studies is that measles vaccine virus interferes with the varicella response by a mechanism
specific to local immune response, since co-administration of M-M-R®II and VARIVAX® at
standard doses gives the expected GMT of antibody for all four components.203 One approach
to the interference problem, taken by Berger and Just, showed that by making appropriate
co-dilutions of SB’s Varilrix® and Pluserix®,204 one could obtain good seroconversion and
anti-varicella titers. For some reason this idea has not been carried forward. Recent studies by
Kuter at Merck (unpublished) have shown that by raising the varicella titer above a certain
threshold good overall performance of all four components may be obtained. Thus, after over
a decade and a half of “cut-and-try” clinical studies, the goal is in sight.

Varicella Vaccines

Chickenpox Disease
Since the varicella vaccine is a recent development, most of us are personally familiar with

this disease (the author had a severe case in the fifth grade). Varicella zoster virus (VZV) is a
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highly contagious agent spread primarily by the respiratory route. The incubation time is between
7-21 days and is followed by an extremely itchy maculo-papular rash that lasts about 7 days.
Most cases of chickenpox in normal healthy individuals follow this unpleasant but relatively
benign course. The most common medically important sequelae of VZV infection are ataxia,
pneumonia, encephalitis, and invasive bacterial infections of the skin due to scratching of the
lesions. In immunocompromised individuals, however, chickenpox can be a devastating dis-
ease with a high case-fatality rate. Particularly at risk are leukemic patients undergoing che-
motherapy and bone-marrow transplant recipients. Patients receiving steroids or other
immunosuppressing agents are also subject to greater risk of complications and a higher case
fatality rate. Finally, age is a risk factor. The disease is more severe, and the case-fatality rate in
adults is reported to be several times the rate in children.

Chickenpox Vaccine Development
The current crop of live attenuated chickenpox vaccines is derived from the Oka attenuated

strain developed by Takahashi, Asano and coworkers at the University of Osaka. An excellent
review by M. Takahashi covers the history of this effort in detail.205  The primary motivation
for developing this vaccine in Japan was the rapid spread of chickenpox through pediatric
wards in hospitals. The first clinical trials were, in fact, post-exposure prophylaxis studies around
index cases in pediatric wards. Success in this challenging environment led to true prophylaxis
trials and ultimately to licensure of the Oka vaccine in Japan in 1987.

The development of the Oka strain is a classic story of attenuation by passage in an alternate
host cell. VZV is a difficult virus to grow in culture since infected cells do not release virus into
the culture medium but rather spread from cell to cell by cell contact. It also has a limited host
range in vitro. One cell type that could support VZV growth turned out to be the guinea pig
embryo cell.205 Takahashi isolated his primary virus from a three-year-old boy named Oka and
propagated this virus through human embryonic lung cells for 11 passages. This virus pool was
then applied to guinea pig embryo cells for 12 more passages. The resulting virus pool was
plaque-purified once and then grown in WI-38 human diploid lung cells for early vaccine
production.

The attenuated phenotype of the Oka strain is attributed to the passage of the virus in
guinea pig cells. Several independent Japanese isolates were subjected to similar guinea pig cell
passages, and these strains exhibited similar in vitro properties compared to the Oka strain.205

Indirect confirmation of the role of guinea pig passage in attenuation comes from earlier experi-
ence at Merck. A local isolate, the KMcC strain, was passaged up to 60 times in human diploid
fibroblasts, and clinical trials were carried out at various intermediate stages.206 A satisfactory
balance of tolerability and immunogenicity was not obtained.

Early Oka-based vaccines were made in WI-38 cells, but at a subsequent point the human
diploid lung MRC-5 line was substituted. There are four current producers of Oka-based
chickenpox vaccine, Biken (closely associated with Osaka University), Merck and Co. Inc.,
SmithKline Beecham Biologicals, and Pasteur Merieux Connaught. Although all four vaccines
are derived from the same root strain, manufacturers have received their starting materials from
Japan at slightly different passage levels, and subsequent handling by each producer differs in
some subtle, but perhaps important, ways. As a consequence of these differences, each vaccine
is distinguished in the trade by a company-specific suffix (Oka/Biken, Oka/Merck, Oka/RIT,
Oka/PMC). Since live attenuated viruses are the products of their passage histories, these
vaccines should not necessarily be considered as generic products but should stand on their
own merits of safety and efficacy.
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Vaccine Attenuation
VZV is a double-stranded DNA virus, and this general type of virus is relatively stable in

genetic terms compared to most RNA viruses. Much of this stability may be attributed to the
editing, or (error-correction), functions of DNA polymerases relative to RNA polymerases,
which usually lack this activity. Whatever the mechanism behind this genetic stability may be,
the result is that there are relatively few known sequence differences among varicella strains and
between the Oka vaccine strains and wild-type virus. The few differences reported to date
include a particular change in single Bgl1 and Pst1 restriction sites between Oka vaccine and
North American or European wild type viruses.207 This has been exploited to “type” virus
isolates and discriminate between vaccine virus and wild-type.208,209 Differences in the number
of repeated sequences in the gene 5 sequence have also been reported.210-212 Recently, a series of
mutations in the IE62 (transactivation protein) gene were described (M. Takahashi, unpublished,
D.DiStefano, unpublished) as differences between Oka vaccine virus and the wild-type Oka
parent. How these changes relate to the attenuated phenotype remains unclear.

Two pathological features of varicella zoster virus have clearly changed as a result of the
Oka passage history. VZV has the ability to enter a state of latency in dorsal root and trigeminal
ganglia and to emerge at a later date to cause zoster. Studies suggest that the Oka vaccine may
cause zoster in children at a rate lower than that seen after normal chickenpox.213 Levin and
colleagues showed that the Oka vaccine strain grows less well than does wild-type virus in
human embryonic neuronal cultures.214 The hallmark of chickenpox is the pronounced rash.
In a recent study, Arvin and coworkers suggest that the vaccine strain has altered its tissue
tropism,215 retaining the ability to grow well in lymphocytes but growing less well in skin. The
molecular basis behind these changes may, or may not, emerge from extensive DNA sequencing
efforts underway at the USFDA, the CDC, at Osaka University and at Merck.

Current Concerns
The varicella vaccines are the first live virus vaccines to be licensed in recent years and the

first-ever herpesvirus vaccines. As such, there are a number of questions that are asked repeatedly
during any discussion of these vaccines. With, at this writing, a total of 19 million doses delivered
over five years for VARIVAX® alone, we have a significant body of experience upon which to
base our answers (P. Coplan and R. Sharrar, Merck, personal communications). The most
frequently asked questions, and answers, are:

“What is the duration of immunity?” A cohort from earlier clinical trials has been fol-
lowed for seropositivity for over 12 years in the United States, and so far we have seen little
drop in seropositivity or antibody titer. Of course, boosting due to exposure to wild-type disease
can play a role here, but in addition we have not seen an increase in the breakthrough rate or
severity or time.

“Can the vaccine virus be transmitted to healthy contacts?” During our postmarketing
surveillance we have documented three such cases. In all three cases, the vaccinees had developed
a (mild) varicella-like rash, and the contacts were either siblings or parents with intimate and
frequent interactions with the vaccinees. Thus, it can happen, but it is extremely rare.

“Can the vaccine strain cause zoster?” During our clinical studies and post-marketing
surveillance we have identified cases of zoster in vaccinees. The rate appears to be some fraction,
between one quarter to one eighth, of what one would see in children who had suffered natural
chickenpox.

“Is the vaccine effective after exposure to wild-type virus?” Takahashi’s original studies205

included post-exposure trials that showed protection when vaccine was administered within
three days of exposure. Several more recent US studies confirm this result.216-218
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“What happens if a pregnant woman gets vaccinated?” VARIVAX® is contraindicated
during pregnancy, but nevertheless several hundred instances of inadvertant vaccination have
been brought to Merck’s attention; these have been actively sought by the company. So far, no
untoward effects have been noted.

“Can one vaccinate immunocompromised individuals?” The current label for the vaccine
used in the United States contains a contraindication for vaccination of individuals with
immunocompromising conditions such as HIV, steroid therapy, chemotherapy for neoplasias,
transplantation, etc. Clinical studies are underway to address carefully many of these situa-
tions. In the specific case of leukemic subjects, VARIVAX® is available under the strict terms
of an open Investigational New Drug application at no charge.

Future Development
Varicella vaccines are recommended for administration at approximately 12-18 months of

age. This coincides with the time of administration of combined measles, mumps and rubella
vaccines in most part of the world where varicella vaccines are likely to be used. Data developed
during the clinical trials of VARIVAX® show that this vaccine can be delivered at a separate
site at the same time as M-M-R®II with no deleterious effects with regard to safety,
seroconversion or titer of antibody for any of the four viruses;217,218 similar results have been
obtained with other varicella vaccines and MMR vaccines. When mixed together and delivered
at the same site, however, the result is different. Several studies with different varicella vaccines
from different producers have shown that a mixed “MMRV” vaccine yields good seroconversion
rates for all four components and good antibody titers against measles, mumps and rubella.
Geometric mean titers of anti-varicella antibody are diminished by half or more.204 Although
this has not been studied systematically, the measles vaccine component is thought to be
responsible for the apparent suppression of the varicella. There is some hope that this interfer-
ence may be overcome by increasing the relative varicella content of the MMRV cocktail while
retaining the safety profile of VARIVAX® (B. Kuter, Merck, personal communication).219, 220

The other development effort is at the other end of the age spectrum. One of the long-term
sequelae of chickenpox is shingles or zoster. VZV establishes a state of latency in the dorsal root
and trigeminal ganglia. The mechanism of latency is not well understood, but there is an
epidemiological correlation between advancing age, declining cellular (but not humoral)
immunity to VZV, and increasing incidence of zoster.221-225 The obvious hypothesis that follows
is that boosting cellular immunity by vaccination should impact the incidence and/or severity
of zoster. Preliminary studies226-229 tend to support this notion, but much larger studies will be
required to answer this question in a definitive manner. To this end, the United States Veterans’
Administration in, collaboration with Merck, has initiated a long term double-blinded, placebo-
controlled study of the effects of vaccination on zoster in persons over 60 years of age.

Rotavirus Vaccines

Introduction
Rotavirus, a member of the reovirus family, is the single identifiable cause of up to 50% of

severe gastroenteritis in children under three years of age. Rotavirus infects the villus epithelial
cells of the gut, and under normal circumstances it is confined to this cell type in this compart-
ment. The disease is characterized by effusive “rice-water” diarrhea, vomiting, fever and listlessness.
The major worry in cases of rotavirus diarrhea is dehydration. Aggressive oral rehydration is the
treatment of choice and is highly successful when applied in a timely manner. The mechanism of
diarrhea due to rotavirus was long thought to depend on destruction of the gut epithelium
and the osmotic barrier it provides. Recently, however, a specific mechanism has been
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elucidated. A non-structural protein, NSP4, encoded by gene 10 of rotavirus has been shown
to be an activator of chloride channels in gut epithelial cells. Mutation of the channel-specific
sequence of NSP4 has been shown to abrogate the diarrhea-triggering activity of NSP4.230

Immunity to rotavirus, even now that effective vaccines have been developed, is not well
understood. Severe rotaviral disease is uncommon in infants under 6 months of age, and it is
thought that this apparent protection is due to maternal antibody. There are multiple serotypes
of human rotaviruses that circulate in the human population. In an elegant epidemiological
study,231 it has been shown that approximately three exposures and infections with rotavirus
are required to induce immunity that prevents further clinically apparent rotavirus disease.
Each individual exposure seems to induce additive protection since disease becomes successively less
pronounced. So far, no laboratory measurement of immunity232,233 has jumped out and claimed
its place as the reliable index of protection. This, coupled with the multiplicity of serotypes and
shifting endemicity, presents the developer of a rotavirus vaccine with a formidable challenge.

Rotavirology
Human rotaviruses carry their genetic information as a set of 11 double-stranded RNAs

each encoding a single protein. This genomic arrangement allows the efficient creation and
selection of “reassortant” or recombinant, in the classical sense, rotaviruses by simple co-infec-
tion of a cell with two types of rotavirus. This has been crucial to the development of two lines
of rotavirus vaccines as will be discussed below. The rotaviruses are non-enveloped viruses
carrying two types of proteins on their outer surface. Nomenclature of these proteins and their
corresponding serotyping is complicated by multiple systems and revisions of these systems over
time.234-236 Human and animal rotaviruses share the same typing systems. Further complication
comes from close relationships between human and animal rotaviruses and their ability to reassort
in nature. The basic nomenclature has the glycoprotein product of gene segment 9, called virus
protein 7 (VP7), as the primary antigen for serotyping. Serotypes are named by glycoprotein
type, e.g., G1, G2, G3, etc. The second surface protein is the product of gene 4 and is called
VP4. These VP4s have their own serotyping system and are called P1, P2, P3, etc. In addition,
the different examples of VP4 are now best distinguished by sequence differences and thus are
assigned a genotype as well. VP4 is the protein that interacts with the cell surface during
attachment, and it generally requires cleavage with a trypsin-like enzyme for “activation”. Thus,
rotavirus cultures require trypsin as a component of the medium, and it is easy to imagine how
this might complicate a culture system! Rotaviruses are rather finicky about what cell type they
will grow in. To date, monkey cells (MA104, FRhL, CV1, Vero, primary AGMK) have been
used almost exclusively for propagation of rotaviruses.

Rotaviruses are democratic viruses in the sense that the incidence of rotavirus disease is
similar in Bangladesh and Beverly Hills; everyone gets it. Prevalence of serotypes does vary by
locale to some degree. For example, in the United States and in Europe the G1 serotype
dominates with G3 usually in second place and G4 plus G2 trailing behind. In India, G1
dominates, but G5 is also common. In South America, Brazil especially, G1 dominates and G9
is commonly found. Another complication for vaccine developers immunity is that is believed
to be type-specific. Rotavirus disease (and presumably infection) is highly seasonal in temperate
climates with a peak in the winter to early spring months. In the United States, the seasonal
wave of disease spreads from the southwest to the northeast. The reasons for this can only be
speculated upon.

Rotavirus Vaccine Development
The first attempts at making vaccines against rotavirus were pure Jennerian efforts. Three

such attempts have been made beginning in the early 1980s. One attempt used a bovine rotavirus
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called NCDV (newborn calf diarrhea virus, also known as RIT4237 or RIT4256), a virus
which was delivered orally and was well-tolerated in infants.237-241 Development of this vaccine
was dropped by SB due to variable protection from disease in early clinical trials.237-241 A
second attempt with a bovine virus (WC3 for Wistar Calf 3) was made a few years later by the
Wistar Institute and Pasteur Merieux serums and vaccines.240,242,243 This, too, was abandoned
due to variable protection results in clinical trials.244,245 The third and more extensive attempt
was by workers at the NIH (and later involving Wyeth) using a rhesus monkey rotavirus (RRV)
also known as MMU 18006. The RRV had the theoretical advantage of being more like the
human rotavirus in its capacity to replicate in the human gut and in being a close mimic of
human G3 type rotavirus.240,246-248 Ultimately, this vaccine was also set aside in favor of a
reassortant approach due to variability of clinical performance. A detailed review of the history
of the pure animal virus vaccines has been made by Vesikari.249

Of course, research and development does not occur in isolation, and while the above
animal virus vaccines were being tested, the importance of serotypic immunity was being elabo-
rated.240,248,250-252 This led Kapikian and co-workers at the NIH and Clark and coworkers at
the Wistar Institute and Children’s Hospital of Philadelphia (CHOP) to explore the properties
of rhesus RRV and bovine WC3 viruses, respectively, carrying the human VP7 and VP4 pro-
teins on their surfaces.253-256 These reassortant viruses are created by co-infecting cells with the
relevant animal virus plus a wild-type human rotavirus of the desired serotype. Progeny viruses
carrying 10 animal virus genes plus gene 9 (or gene 4) from the human virus can be selected by
using neutralizing sera against the parent animal virus VP7 (or VP4).

Both RRV and WC3 reassortants have proved to be substantial improvements over their
pure animal virus predecessors in terms of uniformity of protection against disease. The majority
of data published to date pertains to the RRV reassortants, since this effort preceded the bovine
reassortant trials by several years. A large number of studies have been carried out by the NIH
and Wyeth-Lederle, and these have been reviewed in detail.249,257,258 A large subset of these
trials were done in Finland, and this allows one to explore parameters of dose, composition,
regimen, etc., in a relatively uniform environment.259 The overall conclusion of this massive
effort is that the reassortant RRV vaccine works best when given as three doses at nominally
two, four, and six months of age, at a dose of 105 pfu per reassortant in a cocktail containing
RRV-G1, RRV-G2, RRV-G4 and RRV which is itself a mimic of human G3 virus. The
licensed vaccine, Rotashield®, protects against 60-70% of all rotavirus disease and at least
90% of severe disease when used in developed country settings.

A limited series of trials has been carried out in South America using variants (dose, regimen,
composition) of Rotashield® prototypes.260,261 The original reports of these studies were
disappointing, in that protection from disease was significantly lower than that reported in the
United States and Finland.262 More recent reanalyses of the data from these trials, taking into
account methods of scoring disease severity and trial design differences, shows a more encour-
aging picture with protection on the order of 50%.261 This is a significant issue, given the need
for an effective rotavirus vaccine in developing countries.

Data from the clinical trials of Rotashield® and with the RRV predecessor indicate that
there is some room for improvement in tolerability. In normal infants, the vaccine causes a low-
grade fever in ~20% of subjects, mainly after the first dose, and significant fever in 1-2%.263, 264

First dose fevers are more frequent in older infants, and as a consequence, the first dose of
vaccine is not to be given beyond the age of six months.265 Several “second-generation” vac-
cines are in development with the hope of coming up with something better tolerated and with
perhaps better protective efficacy. The bovine WC3-based reassortant vaccine developed by
F. Clark and P. Offit of CHOP and Merck is the next likely candidate for licensure.266 In its
present form this vaccine contains five reassortant WC3-based viruses carrying human G1/2/3/4
VP7 proteins plus human VP4 type P1a 8, the dominant human VP4. Final dose has not been
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established, but the 2-4-6 month regimen is in common with Rotashield®. The WC3
reassortants appear to have less capacity to cause fevers and have been delivered to infants older
than six months with no apparent reactions. Protection from disease in small trials appears to
be at least equivalent to that of Rotashield®, although direct comparative studies would be
necessary to resolve this.

The next rotavirus vaccine in the queue is strain 89-12, a human G1 attenuated “nursery
strain” isolated by R. Ward and D. Bernstein of the Children’s Hospital of Cincinnati. Early
clinical studies show good protection against G1 rotavirus disease along with low-grade fever in
19% of vaccinees.267 This vaccine is being developed by SB. A second human rotavirus strain,
“RV3” has also been tested in the clinic.268

The original developers of the RRV strain, A. Kapikian and colleagues at the NIH, have
also created a bovine reassortant vaccine. This has been in early clinical trials269 and has shown
promising performance.

Current Concerns
In July of 1999, the CDC issued a recommendation to withhold Rotashield® until

November of 1999 due to a potential concern about intussusception. A number of cases of
intussusception have been reported following the first dose of Rotashield® in infants 2-3 months
of age. This is somewhat below the expected age for this condition. This was not judged to be
associated with either natural or vaccinal rotavirus infection270 at the time of licensure. The
CDC conducted a series of epidemiological studies during the months of July to October of
1999. On October 22, 1999, the ACIP withdrew the recommendation of immunization with
Rotashield® due to a strong causal link with intussusception within the first 3-10 days follow-
ing administration of the first and second doses. At the time this review is being written, the
pathophysiological link between Rotashield and intussusception remains unclear. What is clear
is that this association will complicate the development of future rotavirus vaccines by raising
dramatically the scope of safety trials.

A major question that applies to all rotavirus vaccines is barriers to more widespread use of
these vaccines. Rotashield® was licensed for use in the United States and was under review in
Europe. The reported mortality rates for rotavirus disease in these regions are low, on the order
of 100-200 deaths per year, but the medical and economic burden is substantial.271 In the
developing world, some 800,000 annual deaths are attributed to rotavirus-related diarrhea.
The vaccines available in the foreseeable future are cell-culture-based products with multiple
components, produced in the United States or in Europe under strict GMP guidelines and
meeting a high standard of quality. Cost of production is high compared to the vaccines
comprising the EPI portfolio. The global public-health community has a formidable task ahead
in implementing these vaccines in worldwide immunization programs.

Live Attenuated Influenza Vaccines
The concept of a live, attenuated, nasally-administered influenza virus vaccine has been

around since the mid-1960s. One has been in widespread use in Russia or the former Soviet
Union for almost ten years. A second was licensed in the UK for a brief period in the '70s.
Another should be available in the United States in the year 2002. Still others have been tested
in the clinic and have shown some promise, but have never been licensed.

Influenza is a classic short-incubation respiratory disease. The virus is transmitted primarily
by aerosols and is taken up in the respiratory tract. Incubation time is about 2 days, and the
disease runs its course in healthy individuals within a week. We are all familiar with the symptoms
of sneezing, runny nose, cough, congested airways, fever and myalgia. Influenza is a seasonal
disease with its peak in the winter.
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Influenza virus is an orthomyxovirus with an eight-segmented, negative-stranded RNA
genome. The eight segments encode 10 protein products; two segments each encode two
polypeptides. The virus carries two surface proteins, a hemagglutinin (HA) and a neuramini-
dase (NA), and these are the primary targets of the humoral immune response. There are two
medically important types of influenza virus, A and B. The segmented nature of the influenza
virus genome, like that of the rotaviruses, lends itself to recombination. Two viruses infecting
one cell can reassort their genes to create progeny viruses of new genetic composition. This
happens in nature and is the cause of major antigenic “shift” in the circulating virus population.
The circulating human virus can pick up a new hemagglutinin gene, a new neuraminidase gene
or both from another virus, frequently an avian or a swine influenza virus;272 then, man is sud-
denly exposed to an influenza virus his immune system has not seen before. Major pandemic
influenza infections, with substantial morbidity and mortality in healthy individuals, are the
result. Influenza virus, as an RNA virus, undergoes mutation and selection by the human
immune system and these more subtle changes due to mutation of the HA or NA genes result
in antigenic “drift”. Influenza nomenclature includes as a number the HA type, e.g., H3, and
the NA type, e.g., N2, as well as a geographic name plus year of isolation. Thus, the virus
A/Dallas/72 (H2N1) would be an A-type virus, isolated in Dallas in 1972 and having HA of
the type 2 and NA of type 1. The year and place designations identify, in a sense, the unique-
ness of the HA and NA subtypes. This nomenclature is not Y2K compliant. Additional num-
bers give an indication of passage level.

This shifting and drifting antigen profile makes influenza vaccine production a moving
target. A surveillance network operated by the WHO and the CDC scans the world for new
influenza virus serotypes and subtypes. Trends are tracked, and early each year a group of
influenza experts issues a recommendation for the composition of the coming autumn’s flu
vaccine. Since the standard inactivated vaccines contain three different sets of virus antigens,
generally two A types and one B type, it can happen that three new vaccine strains have to be
developed, grown up, tested and released in a matter of months. Furthermore, this year’s vaccine
might not be good for next year, so the whole process starts over again every year.

The cyclic process of vaccine production makes live attenuated influenza vaccines, made
by traditional, empirical attenuation on a strain-by-strain basis, almost impossible. There is not
enough time allowed by the logistics of the system to attenuate and show safety and efficacy,
not to mention produce and release vaccine batches. This obstacle has been overcome through
the development of attenuated “master strains” with well-established phenotypes linked to
mutations in specific gene segments. These master strains can be reassorted with new virulent
isolates so as to generate customized vaccine strains carrying the desired HA and NA genes
along with the other genes from the attenuated master strain.

Influenza Virus Attenuation
Several independent approaches have yielded candidate attenuated influenza vaccine strains.

These were initially considered as vaccines themselves, but as technology for genetic analysis
advanced, the notion of deliberately reassorted strains became feasible.273,274

One of the early approaches to attenuating influenza viruses was repetitive passage in
embryonated eggs, following the same strategy that had proved successful for YFV. In Japan, an
attenuated vaccine, the A/Okuda strain, was developed after 280 cycles of growth in eggs.275 In
the United Kingdom at Wellcome Laboratories the A/Okuda strain was reassorted with an H3N2
strain (A/Finland/4/74) to create the WRL 105 vaccine.275-279

A second strategy was to select for resistance to guinea pig and horse serum in the growth
medium. This was used in the generation of the attenuated A/PR8/34 strain developed by
SmithKline and French/RIT. The PR8 attenuated strain was reassorted with several different
A-type virus HA and NA donors to create four independent vaccine strains, Alice, RIT 4025,
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RIT 4050, and RIT 4199.280 Analysis of gene segments tracking with attenuated phenotype
suggested that the genes for P3 (now called PB2), P1 (now called PB1), M and NS were all
implicated in the attenuated phenotype. These viruses were tested in the clinic where they showed
promising immunological performance in selected volunteers.281-289 This culminated in the
licensure in the U.K., South Africa and a handful of other countries of a live influenza vaccine,
NASOFLU, produced by SB in 1976. Concerns about possible over-attenuation and an uncer-
tain early pedigree,274 and more importantly a regulatory requirement for a clinical trial of each
new reassortant, led to the eventual discontinuation of this line of work (W. Vandersmissen,
SB, personal communication).

The third strategy was to select influenza viruses that were either temperature-sensitive,
cold-adapted, or both. The theory behind this strategy is that a virus with a limited ability to
replicate only in the cooler upper part of the respiratory tract should be appropriately attenu-
ated in humans. Much of the early work in this area occurred in the Soviet Union in the 1950s
and 1960s and is not readily accessible in English.290,291 Three groups have had major roles in
this effort.

During the 1970s and 1980s, the laboratory of Brian Murphy and Robert Chanock at the
NIH developed a series of temperature-sensitive strains of influenza virus, most notably the
ts-1E strains of A/Hong Kong/68 and the ts- 1A2 variant of A/Udorn/72.292-297 The ts-1E
strain were shown to be attenuated through mutations in the PB1 and NS genes298-300 while
the ts-1A2 strains had mutations in the PB2 and PA genes of the polymerase.299,301 Clini-
cal studies of these two strains and reassortants based upon them were promising, with some
advantage in favor of the double mutation in the polymerase genes of the ts-1A2 series299-302

and the occurrence of revertants of the ts-1E strains.303,304

In the 1960s, Maassab and co-workers at the University of Michigan developed a strain of
influenza virus that was both temperature-sensitive and cold-adapted, the A/Ann Arbor/6/60
strain. This virus was attenuated by successive passages in monkey kidney cells followed by a
series of passages in embryonated eggs at decreasing temperatures.305-307 This virus, along with
strain B/Maryland/1/59 (succeeded by B/Ann Arbor 1/66), was grown at 25°C in embryo-
nated eggs and thus is known as a “cold-adapted” strain; wild-type influenza virus does not
grow at this temperature. The A/Ann Arbor/6/60 cold-adapted strain is the subject of an exten-
sive literature. This strain is attenuated in ferrets and appeared to be genetically stable when
recovered from humans.307,308 Comparison clinical studies of ts-1A2 vaccine and the cold-
adapted Ann Arbor vaccines favored further development of the latter strain.302 Single-gene
reassortant studies showed that four genes (PA, PB1, PB2 and M) from the cold-adapted strain
each contribute to the attenuated phenotype of the virus.309 Sequence analysis of the complete
gene complement of the cold-adapted Ann Arbor strain showed clearly that all six of the non-
HA/NA segments carried mutations with respect to the wild-type parent virus.310 Clinical
studies of monovalent and trivalent vaccines based on the A/Ann Arbor/6/60 and B/Ann
Arbor 1/66 in institutionalized patients showed good tolerability and protection from dis-
ease.311 An excellent review of the laboratory and clinical development of the “Maassab Strains”
has been published by Murphy.312

As mentioned earlier, a group at the Research Institute for Experimental Medicine in
Leningrad/St. Petersburg began a program of attenuating influenza viruses in the 1950s. This
culminated in the development and local distribution of live attenuated, cold-adapted influenza
A and B vaccines with properties similar to the Maassab strains.313,314 These vaccines have been
tested in very large field studies in Russia313 with very good results.

In addition to the changes in the polymerase, membrane, nucleoprotein and non-structural
protein sequences, it has been shown recently that mutations in the NA sequence may also be
temperature-sensitive.315 Mutating a specific cysteine pair in the NA gene yielded a stable ts
phenotype.
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Future Development
Inactivated influenza vaccines dominate field in most parts of the world, but they suffer

from a perceived (if not real) deficit in efficacy and tolerability.273 Based on the general success
of live polio, measles and smallpox vaccines, it has been postulated that one might do better
with a live influenza vaccine.273 This has been the driving force behind four decades of laboratory
and clinical development. As this is written, two vaccines appear to have met the criteria for
implementation into public health programs. One is the Russian vaccine, a cold-adapted,
temperature sensitive set of A and B strains. This vaccine is produced and distributed within
Russia in excess of five million doses per year for use in children and adults (L. Rudenko,
personal communication). This vaccine has been reported to have good tolerability and field
efficacy against respiratory disease in Russia.

A combination live attenuated, cold-adapted, temperature-sensitive vaccine based on the
Maassab strains from Ann Arbor has been taken through commercial development and large-
scale clinical trials by Aviron and has been licensed to Wyeth-Lederle for distribution. This
vaccine is currently under consideration by the regulatory authorities in the United States.

Large-scale double-blinded, placebo-controlled studies with this vaccine in children316

showed 89-94% protective efficacy against laboratory-confirmed cases of influenza when
administered as a nasal spray in a one or two-dose regimen. Perhaps more interesting is the
finding in this study that the rate of otitis media in vaccinated children was 30% lower than
that of the control group. The role of influenza virus in otitis media has been debated for some
time. At one point there was a speculation that a live influenza vaccine administered nasally
might cause otitis media.317 Although otitis media is considered to be a bacterial disease, the
initiating event is often a viral infection of the respiratory tract. Preventing the viral disease
should, logically, have an impact on the bacterial infection. Studies in older adults using this
type of vaccine showed roughly equivalent performance when compared with currently available
inactive vaccine, but the coadministered combination of live and killed vaccines showed a
significant advantage.318

Current energies are directed towards finalizing licensure of the Wyeth-Lederle/Aviron
vaccine in the United States. The availability of this vaccine should trigger a reconsideration of
current influenza vaccination practices, especially for the pediatric population.
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CHAPTER 6

Recombinant Live Attenuated Viral Vaccines
Richard R. Spaete

Advantages and Concerns Associated with the Use
of Live Attenuated Vaccines

Vaccination with live attenuated viruses in general offers a number of advantages as a
strategy to evoke an effective and long lasting immune response. Foremost among
these is the possibility of a nearly complete presentation of the antigenic repertoire of

the pathogen to the immune system. Both structural and non-structural antigens are available
to stimulate humoral and cell-mediated immune responses in association with either class I or
class II HLA molecules. Antigenic structures will be appropriately presented in authentic states
of conformation and oligomerization. Taking advantage of the infectious nature of the virus
obviates the need for an adjuvant/antigen delivery system. Obviously, the ability of the vaccine
virus to amplify will also increase the antigenic dose and influence the magnitude of the immune
response. The ability to amplify depends on the state of attenuation or the nature of the block
to replication (as with DISC viruses discussed below).

Delivery of vaccines via the pathogen’s natural portal of entry including mucosal and oral
routes, will be increasingly used in the future. By mimicking the route or portal of infection,
this mode of administration: 1) stimulates immunity at the portal of entry, and 2) stimulates
multiple components of the immune system. Intranasal administration offers the possibility of
achieving protection of the upper and lower respiratory tract. Intranasal delivery can also stimulate
immunity in the urogenital tract. In common with vaccine delivery by parenteral routes, these
vaccines also present multiple protective antigens in their native conformation. Another attractive
feature of this mode of delivery is that needles are not necessary for administration. This feature
is especially popular in pediatric populations!

In comparison with other vaccine approaches, live vaccines also have the advantage of
relatively low cost of manufacture. The ability of the vaccines to replicate is the primary reason
for this advantage. In many instances, one eucaryotic cell can yield several doses of vaccine.
Costs associated with product characterization and general safety testing are common to any
vaccine approach and live vaccines do not a priori incur any additional cost burden. Necessarily,
the nature of the tests will be unique to the product depending on whether the vaccine is a
subunit, a killed virus or a polynucleotide vaccine. In some cases, the benefit to the consumer
may be economic as well as improved compliance resulting from the need for fewer doses with
live attenuated vaccines.

Finally, and most importantly on the advantage side of the ledger, is the fact that they
work. With a few exceptions, the public health benefits that have been gained in preventing
viral infectious diseases have been won by use of live vaccine approaches. Smallpox has been
eliminated. Measles, mumps, rubella and poliovirus have been effectively controlled with live
attenuated virus vaccines. The success of three herpesvirus vaccines is outlined below.
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Concerns associated with the use of live vaccines usually revolve around the issue of genetic
stability. Reversions to virulence are one potential manifestation of genetic instability. These
reversions can result from repair of mutations responsible for attenuation or from compensatory
mutations elsewhere in the genome that restore some measure of virulence. Another source of
instability is the potential for recombination with wild type viruses. Using recombinant vaccine
candidates with deletions or mutations at widely separated loci will guard against both of these
concerns. Deletions will prevent repair, and when widely separated in the genome, will ensure
that any recombinant will be attenuated. RNA viruses with segmented genomes offer a special
case where reassortment of segments can lead to recombinants with mixed parentage. Again,
attenuated vaccines will carry multiple mutations on disparate segments so that it is highly
unlikely that the process of reassortment in a mixed infection will lead to a virulent virus.

A possible example of inadequate attenuation is that of vaccination-associated mumps
meningitis following vaccination with preparations containing the Urabe strain of the mumps
virus. Although not definitively causally linked to this sequelae, combined measles/mumps/
rubella (MMR) vaccines containing the Urabe strain have been withdrawn from use in several
countries. Judgements differ as to the risk-benefit ratio of including this strain in MMR
vaccines for the prevention of mumps as opposed to the inclusion of other vaccine strains of
the mumps virus for this vaccination preventable disease.

The concept of creating a virus more virulent than the original wild type assumes that the
vaccine will introduce genes or alterations not present in the wild type population which confer
some selective advantage in overcoming the host response. For example, one can imagine vaccine
viruses carrying foreign genes, genetically engineered duplications of endogenous targets of
immunity, added regulatory genes or with other changes altering tissue tropism. Concern about
engineering a more virulent virus is a valid concern which may only be resolved by preclinical
studies (where possible) and clinical trials. Depending on the clinical endpoint(s) being measured,
only very large numbers of individuals in clinical trials (in some cases >10,000), will truly address
this issue. It should be kept in mind that many vaccines take deliberate advantage of routes of
delivery to achieve attenuation, presumably through altered tissue tropism. Investigational vaccines
with genetic insertions have thus far been attenuated in clinical trials.

Viruses which are capable of a state of latency or persistence and which can periodically
reactivate pose special concerns for the use of live attenuated vaccine approaches. The concern
most commonly voiced is fear of a new recombinant arising in a vaccinated individual as the
result of recombination following an infection by a wild type virus. Again, deletions at widely
separated loci in the vaccine virus should result in recombinants which carry at least one of the
attenuating mutations. All of these recombination scenarios presume that the vaccine virus and
wild type virus gain access to the same cell, at the same time, and cellular recombination mechanisms
exist to mediate the exchange of genetic information. Finally, these scenarios presuppose that the
vaccinated individual’s immunity would not control even the wild type virus.

Vaccine Efforts for Herpesviruses
The herpesvirus family comprise a group of large double stranded DNA viruses that share

the property of establishment of a lifelong persistent or latent state in their host following the
initial infection. Members of the family of human viruses include herpes simplex virus (HSV),
human cytomegalovirus (HCMV), and Epstein Barr virus (EBV), which are the prototypes for
the Alphaherpesvirinae, the Betaherpesvirinae and the Gammaherpesvirinae subfamilies,
respectively.1 These viruses periodically reactivate with different consequences for the host
usually dependent on the immune status at the time of reactivation. For example, HCMV
often reactivates without consequence in an immunologically competent individual. Reactiva-
tion of HCMV or Varicella-zoster virus (VZV), an alphaherpesvirus, can result in a clinically
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apparent reactivation in individuals with compromised or waning cellular immune responses.
The challenge presented by the herpesviruses to developing an effective vaccine is to prevent
the disease consequences associated with the initial infection and deliver a vaccine which if it
does reactivate, will do so without causing disease or result in minimal shedding episodes that
reduce the chances for transmission to others (or which if it does occur is of no consequence to
the new recipient).

Vaccine induced immunity to the herpesviruses has been possible to achieve. Effective live
attenuated veterinary vaccines exist for Aujeszky’s disease and Marek’s disease, caused by mem-
bers of the alphaherpesviruses in pigs and chickens, respectively.2,3 In particular, the Aujeszky’s
disease vaccine was developed as a genetically engineered pseudorabies virus (PRV), a herpesvi-
rus which causes a severe and often fatal infection in piglets. The vaccine, named Tolvid®, was
generated from a wild-type PRV-strain Aujeszky with a deletion in thymidine kinase (tk) which
is responsible for its attenuated phenotype, and a deletion of glycoprotein X (a gG homolog),
to provide a serological marker to distinguish vaccine virus from field isolates.4 Tolvid® is
approved by the USDA for sale. In addition to providing an example of an efficacious vaccine
for a herpesvirus, it stands as the prototype live attenuated genetically engineered viral vaccine.

Varivax® is a live attenuated vaccine licensed by the FDA in 1995 and manufactured by
Merck & Company for use in preventing varicella (chicken pox) in humans.5 It is a classically
derived vaccine developed by Dr. Takahashi and colleagues using vesicular fluid from a child
named Oka. The Oka strain was attenuated by repeated passage in guinea pig embryo and
human fibroblasts and first used in 1974 to prevent the spread of varicella in hospitalized
children in Japan.6 The exact molecular basis of the attenuation is not currently understood.
The properties of this vaccine have been reviewed in the previous chapter by Shaw.

HSV
Infections with HSV-2 are a major public health problem which has continued despite

effective antiviral therapy.7 According to a recent epidemiological report by Fleming et al,8 one
in five Americans now harbor HSV-2 infections. This finding represents an age-adjusted increase
of seroprevalence of 30 percent in the 13 years between the second and third National Health
and Nutrition Examination surveys taken between 1976 and 1994, with the greatest increase
among young Caucasian individuals. The majority of infected individuals have asymptomatic
infections and do not experience the ulcerative lesions that are commonly recognized as genital
herpes.9 This aspect of the epidemiology of the disease coupled with the ability of HSV to
establish latent infection, spontaneously reactivate, and shed asymptomatically has exacerbated
this problem to epidemic proportions. A vaccine will be the most cost effective way to reduce
the morbidity associated with this unmet medical need.10 No licensed vaccine is currently
available to address the problems posed by genital herpes infection.

The experiences using a live attenuated recombinant HSV vaccine targeted for humans
have been limited. To date, none of the candidates have been advanced into Phase 3 clinical
trial development. The earliest use of a recombinant HSV vaccine in human clinical trials was
reported in 1992 as a Phase 1 trial sponsored by Pasteur Mérieux Connaught.11 The vaccine
candidate, R7020, is a HSV-1 strain F-based vaccine candidate in which a region near and
including the internal repeats is replaced with a HSV-2 strain G-based fragment encoding
glycoprotein gG2.12 In addition, the thymidine kinase (tk) gene fused to the HSV-1 α4 pro-
moter was inserted in a new location between the HSV-2 fragment and the residual inverted
repeat sequences. R7020 lacks UL56, UL24 (as a result of removing tk from its natural locus),
one copy each of genes α0, γ134.5, ORF P, ORF O, and one complete copy of the sequences
which give rise to the LAT transcripts. The function of each of these genes is only partly
understood, but the constellation effect of the insertion/deletions has resulted in an attenuated
virus. This construct was shown to be safe in all animal models tested.12-14 In a double blind,
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randomized, placebo controlled Phase 1 dose escalation trial in humans, R7020 was well
tolerated in HSV-1 / HSV-2 seronegative volunteers when given subcutaneously in doses rang-
ing from 102.2 to 105.2 median tissue culture infectious doses (TCID50). However, reactogenic-
ity was observed in HSV-2 seronegative volunteers who were asymptomatically positive to
HSV-1 after doses of 104.2TCID50. Two doses at 105.2TCID50 appeared to be required to elicit
a strong ELISA or neutralizing antibody response.11 Continued development of R7020 as a
vaccine candidate has not been reported.

The most recent human vaccine clinical trial has utilized a glycoprotein H (gH)-deleted
HSV-2 strain HG52 in a Phase 1 trial to evaluate safety. This type of virus is termed a DISC
(disabled infectious single cycle) virus because it can only complete a single round of replication
in a normal cell since the gH gene, essential for viral replication, has been deleted. DISC viruses
can be grown to titers suitable for manufacturing in a complementing cell line expressing the gH
glycoprotein.15-17 In principle, DISC viruses represent an elegant strategy for attenuation. Because
they cannot spread within the vaccinated host, they should be safe. The strategy, however,
limits the ability to amplify the antigenic signal delivered on immunization. Theoretically,
DISC viruses should be able to present the entire antigenic repertoire of the virus except gH to
both the humoral and cellular compartments of the immune response. The DISC virus will
allow presentation to the cellular response in the context of class I molecules and will be able to
elicit a CD8+ cytotoxic T lymphocyte response. Preclinical workups of HSV-1 and HSV-2
prototypes have shown protection against HSV disease in both a prophylactic and therapeutic
mode in the guinea pig model.18,19

Recently, immunogenicity and safety of a DISC HSV-2 vaccine candidate was evaluated
in a Phase 1 clinical trial in HSV-2 seropositive and seronegative volunteers sponsored by
Cantab Pharmaceuticals.20,21 Seventy-two healthy adult male and female volunteers were enrolled
and divided into three groups: 24 HSV2+ individuals not experiencing frequent reactivations;
24 HSV1+/HSV2-, and 24 HSV1-/2-. Subjects were randomized to receive one of three formu-
lations (2x103, 3x104, and 3x105 pfu/dose) or placebo. All subjects received two 0.5 ml doses
of vaccine by SC injection, each given on day 0 and 56. No serious adverse events were reported.
Humoral and cell mediated responses were evaluated and the results will be reported elsewhere.
HSV could not be recovered from the inoculation site or distant sites after immunization.

Trials at higher doses of the vaccine are now under way. Until recently this vaccine was
being developed in collaboration with Glaxo.

Other strategies employing live attenuated recombinant approaches to engineering HSV
have been reported in preclinical development.22-25 At Aviron, the strategy has focused on
genes that are required for efficient replication in the central nervous system (CNS) tissue of
mice and guinea pigs. The γ134.5 gene has been the starting point for these efforts since viruses
harboring deletions in this gene are unable to replicate in the CNS of mice and are impaired for
reactivation.26-29 One candidate, RAV9395, is a HSV-2 strain G-based recombinant which
carries deletions in UL55 and UL56 in addition to both copies of the γ134.5 gene. The function
and contribution of UL55 and UL56 to an attenuated phenotype on this genetic background
is unclear. Nevertheless, this candidate has shown promise for the development of a live attenuated
HSV-2 vaccine in mucocutaneous challenge studies in the guinea pig model.30 RAV9395
appeared to be unable to reactivate efficiently from latency in this model and protected guinea
pigs from significant HSV disease following challenge with wild type HSV-2(G). Exploration
of the optimal genetic constellation in conjunction with the γ134.5 gene deletions is the focus
of the continuing effort at Aviron. Specific gene deletions are being introduced using overlapping
cosmid transfection technology (see HCMV below).
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HCMV
Infection with human cytomegalovirus (HCMV) is nearly universal in humans. Twenty

to eighty percent of the adult population has serological evidence of prior infection with this
virus by the age of 21. HCMV is narrowly restricted in its host range to the human host.
Modes of transmission include maternal to fetal (congenital), maternal cervical secretion or by
breast milk (perinatal), urine, respiratory secretions and sexual transmission. Once infected,
the individual harbors a lifelong latent or persistent infection, that may frequently reactivate
with no apparent clinical symptoms. In the fetus and immunocompromised host, however,
HCMV may cause significant morbidity and mortality.31

Every year in the U.S. 4,000 to 8,000 children are born who will have sequelae from an
intrauterine HCMV infection. Most of these children are born to women who have primary
HCMV infection during pregnancy. Approximately 10% of the neonates born with congenital
HCMV disease will die. The sequelae of infection in the survivors can profoundly affect the
central nervous system and include deafness and mental retardation. In immunocompromised
individuals, HCMV infection can lead to retinitis in AIDS patients, and hepatitis, pneumonia
and/or graft rejection in transplant recipients. Significant healthcare costs are associated with
HCMV infections. An estimated health care savings of $2.5 million dollars per year accrue
when 24 cases of congenital infection are prevented.32 The disease burden associated with
HCMV in the U.S. is estimated at $1.86 billion dollars annually.33 Recently, the Institute of
Medicine has given HCMV a Level I status (Most Favorable), in terms of rating vaccine
prospects with respect to cost of development and potential for improvement of quality of life
(http://bob.nap.edu/readingroom/books/vacc21/).

Naturally acquired immunity to HCMV usually has protective benefits against a second
infection.34 This observation provides a foundation for pursuing a live, attenuated vaccine to
prevent HCMV disease. Thirty to 50% of women who have a primary HCMV infection during
pregnancy will transmit the infection to the fetus. In contrast, less than 1% of immunocompetent
women who have preconceptual immunity to HCMV transmit the infection. Long term follow
up of infected newborns also demonstrated that preconceptual maternal immunity reduces the
incidence and severity of neurological sequelae.35,36 In addition, solid organ transplant recipients
who have immunity to HCMV prior to immunosupression and transplantation have reduced
risk of severe HCMV disease compared to seronegative recipients.37 Currently, no vaccine against
HCMV is commercially available for humans.

HCMV is a herpesvirus with a double stranded DNA genome of 230 kilobase pairs (kbp)
encoding at least 226 open reading frames.38 We have found that clinical isolates and the
Toledo strain carry at least 19 additional open reading frames which are not found in the
laboratory isolate AD169 and 17 of these are not found in some Towne strain variants.39 Although
this region of difference was localized to the so-called UL/b' region, other differences in the
Towne and Toledo genomes have been catalogued (unpublished data). We hypothesize that
these changes occurred during long-term passage in cell culture.

At Aviron, the goal of the HCMV vaccine program is to generate a safe and efficacious
live, attenuated HCMV strain targeted to the prevention of congenital CMV disease. Starting
with the Towne and Toledo strains which have been tested in controlled human trials,40,41 we
have created a set of four recombinant vaccine candidates. In each candidate, defined regions of
the Towne genome were replaced with the collinear regions of Toledo by utilizing overlapping
cosmids derived from the two parental strains. Taken together this set of four chimeras survey
the entire genetic content of the Toledo genome (Fig. 6.1.). This strategy is intended to increase
the level of immunogenicity of the prospective vaccine candidates to that achieved in a natu-
rally infected individual without incurring potential concomitant symptoms. Using this
approach, we have initiated a Phase 1 clinical trial to assess the safety and immunogenicity of
each chimera in an effort to identify a vaccine candidate.
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Recombinant Vaccine Efforts for RNA Viruses
Yellow fever virus (YFV) is the prototype of the Flaviviridae family which includes many

viruses pathogenic for humans such as YFV, Japanese encephalitis virus, tick-borne encephalitis
and dengue viruses.42 The development of the attenuated YF 17D vaccine strain by extensive
in vitro and in vivo passage has enabled control of this major public health problem in vaccinated
populations.43 The efficacy of the vaccine is greater than 95% and immunity is good for at least
10 years and is possibly lifelong. OraVax has capitalized on the excellent vaccine profile of YF
17D to use it as a genetic backbone in the creation of chimeric vaccine viruses for other members
of the flavivirus and pestivirus families as well as hepatitis C virus. This concept is embodied in
the ChimeriVax™ technology (described below).

YFV is a positive sense single stranded RNA genome of 10.9 kbp whose full length cDNA
can yield infectious virus.44,45 The gene order is 5'-C-prM(M)-E- followed by the nonstructural
genes. The genome is translated as a single polyprotein which is processed by a number of viral
and cellular proteases.46 Mature virions contain two transmembrane proteins, M, which are
produced by proteolytic processing of a glycosylated precursor called prM, and E, the envelope
glycoprotein. The C protein forms the structural component of the nucleocapsid. The E protein
is the principal target for viral neutralizing antibodies.

The ChimeriVax™ technology uses the YF 17D genome cloned as cDNA and substitutes
the analogous “prM-E” regions from a particular target virus, e.g., immunotypes of Japanese
encephalitis virus or dengue viruses. The chimeric cDNA is used to generate mRNA which is
transfected into cells and, using the YFV 17D replicative machinery, generates vaccine viruses
which display the heterologous virus antigens on the envelope (chimeras). These chimeras
should be capable of eliciting strong neutralizing antibody responses. The company expects the
first vaccine, directed to Japanese encephalitis, to be available early in the next decade.47

Fig. 6.1. HCMV chimeric vaccine candidates. Chimeras I through IV were generated as recombinant
viruses between the Towne parent genetic backbone (thin line), and discrete portions of the Toledo genome
(thick line). The UL/b’ region which encodes additional HCMV specific genes is shown as a cross-hatched
region. Some of the HCMV genes encoded in the prototype virus are shown at the top. As a set, the chimeras
survey the genetic content of the entire Toledo genome. TCR=T cell receptor homolog; MHC=MHC class I
homolog; MIE=Major Immediate Early gene; IMR=Immune response regulatory genes; C-C R=ß chemokine
receptor. Figure courtesy of Dr. George Kemble, Aviron.
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Vaccine Efforts for Respiratory Viruses
Recent technological developments have enabled engineering of negative-strand RNA

viruses through an approach termed “reverse genetics.”48 Using this approach, influenza virus
of the Orthomyxovirus family, whose members have segmented RNA genomes, has yielded to
genetic manipulation by recombinant methods.49,50 In addition, other negative-strand RNA
viruses including infectious clones of rabies, vesicular stomatitis virus, Sendai virus, measles virus,
respiratory syncytial virus and members of the parainfluenza viruses have been rescued and
manipulated in ways that have enabled alteration of their growth properties in cell culture.51

Influenza
Recently, Aviron has been developing a live attenuated vaccine approach to the pre-

vention of disease caused by types A and B influenza in humans. The vaccine named,
FluMist™, is based on the use of an attenuated cold adapted master donor virus. Cold
adapted influenza virus was first developed by Dr. H. F. Maassab at the University of
Michigan in 1967. Dr. Maassab created weakened influenza strains by propagating the virus
at progressively lowered temperatures in primary chick kidney cells until a virus was derived
that grew efficiently at 25˚C. Two master donor strains were derived in this manner, the cold
adapted (ca) A/Ann Arbor/6/60 virus and ca B/Ann Arbor/1/66 virus. The master virus strains
carry ca and ts phenotypes as well as an attenuated (att) phenotype contributed by mutations in
four gene segments including the polymerase genes (reviewed by Maassab et al).52

Using the master donor virus strains, the vaccine strains are updated each year according
to the recommendations of the CDC and the FDA. The virus strains used in the vaccine are
prepared as 6:2 reassortants using the appropriate wt isolates which contribute two gene seg-
ments, those encoding the hemagglutinin (HA) and neuraminidase (NA) surface antigens,
crossed with the attenuating master strains (ca A/Ann Arbor/6/60 (H2N2) and ca B/Ann Arbor/
1/66 virus).

Since 1976, at least 68 clinical trials have been performed using the cold adapted influenza
virus vaccine involving over 8,000 vaccinees. Most recently, as part of the cooperative research
and development agreement between NIAID and Aviron to enable licensure of the trivalent
cold adapted influenza vaccine (FluMist™), six of the Division of Microbiology and Infectious
Diseases’ Vaccine and Treatment Evaluation Units as well as other sites have enrolled 6614
children and 4935 adults in clinical studies designed to assess the safety, immunogenicity, and
efficacy of FluMist™. Because FluMist™ is delivered as a nasal spray, it should provide the
first practical way to immunize children on an annual basis and interrupt an important link in
the spread of influenza in the population. The results of year one of a pediatric efficacy trial in
1602 children, 15-71 months of age, demonstrated greater than 93% protection rate against
culture confirmed influenza in children who received two doses.53 Previously, Aviron completed
a challenge efficacy study in healthy seronegative adults. Following vaccination with FluMist™,
protection from laboratory-confirmed influenza due to H1N1, H3N2 and B strains in the
challenge study was 80%, 78% and 100%, respectively. Aviron intends to continue clinical
studies on the effectiveness of FluMist™ in children, healthy adults and high risk adults (to be
coadministered with the inactivated influenza vaccine for enhanced protection) and apply for
product licensure.

Aviron is also using “reverse genetics” technology to engineer future generations of influenza
vaccines which are tailored to the needs of various age groups in the population. Another goal
is to be able to rapidly engineer influenza strains in response to human health requirements in
the event of an influenza pandemic. In this approach, the HA and NA gene segments from the
circulating wild type virus are cloned as cDNAs and used to make the 6:2 reassortants by the
reverse genetics technology as illustrated in Figure 6.2. Investigational vaccines generated in
this manner have been used in human clinical trials conducted by Aviron and have been shown
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to be safe and well tolerated (unpublished data). A most recent technological development will
enable the generation of influenza viruses by cloning only eight cDNA plasmids.54 This plas-
mid-based expression system will allow rapid engineering without the need for selection and
will reduce the time needed for generation of potential vaccine candidates.

Prospects for the Future
The accumulation of fundamental knowledge concerning the factors which promote

virulence and pathogenesis of disease causing viruses will facilitate rational approaches to
engineering vaccine candidates. Similarly, when knowledge of immune response mechanisms
become specific enough to allow prediction as to what compartments of the immune response
should be evoked to elicit disease protection, then accessory gene products such as cytokines or
cytokine receptors may be engineered into the vaccines to optimize the acquired immunity
that is desirable. For the herpesviruses as a group, it is imaginable that if vaccines are valued that
are not capable of reactivation, then it will be possible to effect the required genetic changes as
the gene products that control these properties become known. Increased understanding of the
biology of vaccines currently in use will inform such a decision since it may turn out that
periodic subclinical reactivation is desirable to promote protective long term immunity. For
the respiratory viruses, combining genetic manipulation with Jennerian approaches using
nonhuman animal viruses will enable engineered viruses carrying human surface antigens
for vaccination.55,56 This approach will take advantage of the attenuated character of the genetic
backbone as a delivery vehicle for the appropriate immunogen(s). Engineering in characteristics
that enable growth in one body compartment but restrict growth in others will allow exploita-
tion of routes of delivery. As shown for cold adapted influenza viruses, nasal administration
takes advantages of the natural route of infection to stimulate appropriate local immunity as
well as the lower temperature of the nasal passages to restrict viral replication to the upper
respiratory tract. Now it is possible to engineer such properties into viruses to obtain vaccines
which will elicit desired virus-host interactions.

Fig. 6.2. Influenza virus annual update by two different methods. Shown on the left is the “classical method”
of preparing the annually updated 6:2 reassortant by coinfection with the appropriate wild type isolate
which contributes two gene segments (thick vertical lines). Shown on the right is the “reverse genetics”
approach where the HA and NA gene segments from the circulating wild type virus are cloned and
introduced into the virus by transfection using the reverse genetics process.
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Whether such genetically engineered vaccines will be developed will depend on a complex
matrix of government and company resources, public policy decisions and political will,
regulatory bodies’ comfort levels with these approaches, and knowledge of the biology of the
human immune response at a fundamental and detailed level. Although it is now generally
accepted that prevention strategies such as vaccination are cost effective and cost beneficial,
other factors such as market forces and HMO reimbursement policies will also be determinants
in decisions to develop genetically engineered vaccines.
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CHAPTER 7

Live Viral Vectors
Elizabeth B. Kauffman, Michel Bublot, Russell R. Gettig,
Keith J. Limbach, Steven E Pincus, and Jill Taylor

Live viral vector vaccines derived by the insertion of genes encoding sequences from disease
organisms offer a number of advantages over live attenuated vaccines, inactivated
vaccines, subunit or DNA approaches. The evolution of any successful vaccine must

address issues such as safety, efficacy, host range, genetic stability, vector immunity, ease of use,
and manufacturing costs. One of the most important safety features of live viral vectors is that
the recipients may be immunized against specific antigens from pathogenic organisms without
exposure to the disease agent itself. Safety is further regulated by the selection of a viral vector
that is either attenuated for the host or unable to replicate in the host although still able to
express the heterologous antigen of interest. A vaccine strain that has a history of safety in the
target species offers an additional safety feature. However, the possibility of systemic infection
in immunocompromised individuals must be considered in the development of all live viral
vaccines. Several systems have been developed in which the vector is deleted of essential genes
and preparation of the vaccine is carried out in cell systems that provide the missing function.
With attenuated vectors, the possibility of reversion to a more virulent strain may be a concern;
the use of a vector that has extensive engineered deletions can reduce the chance of reversion by
recombination with wild type viruses. Other safety issues with live viral vectors include integra-
tion into the host genome and the possibility that insertion of a foreign gene may cause a
change of pathogenicity or host range.

The balance between safety and efficacy is important since a viral vector that is too attenu-
ated may not provide sufficient efficacy. Live viral vectors have several basic characteristics that
promote strong immune responses. First, when a foreign antigen is delivered by a viral vector it
is expressed in its natural host with attendant post translational modifications, resulting in
conformationally authentic products that can induce broad and efficacious immune responses.
A drawback to the system is that antigens that are not encoded by nucleic acid, such as
lipopolysaccharides, cannot be delivered. Second, infection by the vector with accompanying
tissue destruction and inflammation produces costimulatory signals that activate immune
responses. Third, foreign antigens that do not normally elicit effective immune responses can
also be manipulated to enhance immunogenicity or to direct the immune response to a CTL
rather than antibody response. Possible modifications include increasing the level of expression
of the foreign antigen by changing promoter or insertion site, changing the targeting of the
vector or the expressed antigen, or coexpressing immunomodulatory proteins. To broaden
immune responses, recent immunization protocols have utilized a combination approach
whereby the primary inoculation with one vaccine type such as DNA is followed by one or
more boosts with other vaccine types such as a live viral vector or recombinant protein. This
approach can potentially ameliorate the vector immunity problem while utilizing the best fea-
tures of each vaccine system.

New Vaccine Technologies, edited by Ronald W. Ellis. ©2001 Eurekah.com.
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Another potential advantage of viral vectored vaccines is the ability to insert multiple
genes and epitopes into the same vector, thereby creating a multivalent vaccine that also will
provide protection against the vector itself. An important feature of such a vaccine is reduced
production costs. One of the drawbacks is vector immunity, a serious problem whereby pre-
existing immunity prevents an initial immune response, and repeated immunizations elicit
diminishing responses. It can sometimes be overcome by boosting via a different route, boost-
ing with a vector of a different serotype, or by using a combination approach that employs an
alternate viral vector or vaccine type. Vaccination with live viral vectors in the presence of
maternal antibodies is also a problem, which needs to be addressed when the vaccine is targeted
for early infancy. Many live viral vectors offer the advantage of convenient modes of delivery
(such as oral, nasal or rectal) rather than needle injection. The ability of most viral vector
vaccines to be delivered without adjuvant is also advantageous. The necessity of producing the
vaccine in cell culture can offer advantages and disadvantages. Viruses that can be grown to
high titer and are designed to be multivalent may be inexpensive to produce. Since the exog-
enous antigens are expressed within the host after vaccination, elaborate purification protocols
are not necessary. However, separation of virus from cell substrate material is desirable, and can
introduce another step in the manufacturing process. For many viral vectors the shelf life of the
virus is limited and the need for a cold chain creates an additional cost.

Since the first demonstration of the expression of an antigen from a disease organism in a
heterologous vector,1 viral vectors have been developed from a wide spectrum of both DNA
and RNA viruses. Construction of a live virus for vaccine delivery starts with the vector itself,
with safety as the primary focus. Deletion of non-essential genes often provides a suitable
insertion site for the heterologous antigen. Alternatively, deletion of essential genes may be
desired in order to provide a safer vector with the essential function provided in trans. Initially
viral vector vaccines were designed for the prophylactic treatment of infectious diseases in
man and animals. Now the uses of this technology have expanded to include immunotherapy
of cancer and HIV, as well as gene therapy. This chapter will not be a comprehensive review,
but will attempt to cover the important advances in the field and report on newly developed
vectors and novel approaches.

DNA Viruses

Poxvirus Vectors
Poxviruses are large dsDNA viruses belonging to the viral family Poxviridae. They have

been isolated from a wide variety of animal species including mammals, birds and insects. The
pleomorphic, brick-shaped virus particles are enveloped and contain a core and two lateral
bodies. The linear DNA, ranging in size from 130-375 kb, is not infectious since it requires
essential viral proteins located in the core to initiate replication and gene expression. Poxviruses
replicate exclusively in the cytoplasm of infected cells and therefore encode genes that enable
viral transcription and translation with minimal requirements from the nucleus.2

The most commonly used strategy for construction of poxvirus recombinants involves the
insertion of foreign genes by homologous DNA recombination in infected cells, a process that
occurs normally during the replication of the virus. Because of the large number of nonessential
genes, there is a wide choice of insertion sites. Since poxviruses replicate in the cytoplasm and
use their own transcription system, poxvirus promoters are required for the successful expression
of foreign genes. The level and time of expression may be finely tuned by choice of promoter,
and abbreviated or synthetic promoters have been used effectively. Due to the ability to delete
a large number of nonessential genes and the fact that the virus can tolerate the addition of a
large amount of foreign DNA (at least 25000 bp for vaccinia), the capacity of this viral vector
is enormous. In fact, a vaccinia-based recombinant stably expressing seven antigens from the
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human malaria parasite P. falciparum has been tested in Phase I clinical trials.3 Replication of
poxvirus vectors in the cytoplasm rather than the nucleus offers the advantages that unwanted
splicing events in foreign genes and integration into the host genome do not occur.

Since the pioneering work on vaccinia virus as a cloning vector,4,5 the use of poxviruses in
the development of potential vaccine candidates in both human and veterinary medicine has
been extensive. Poxvirus vectors have been used to express a wide variety of viral and bacterial
antigens, parasite antigens, immunomodulators and tumor-associated antigens (see refs. 6-12
and Table 7.1).

From the early use of vaccinia laboratory strains such as WR, work has progressed in the
direction of safer poxvirus vectors. NYVAC, a highly attenuated vaccinia virus derived from
the Copenhagen vaccine strain by deletion of specific genes implicated in virulence41,42 and
ALVAC, derived from a canarypox vaccine strain,41,43 have been widely used as vaccine vectors
in humans, companion animals and livestock animals.11 The ALVAC vector, being host-restricted
to avian species, does not replicate in mammals or mammalian cell lines. Likewise, NYVAC is
debilitated and does not productively replicate in most human cell lines. Animal studies with
NYVAC showed the vector to be highly attenuated in vivo,41 which led to a reduction of its
biological containment level from BL-2 to BL-1.44 However, both of these nonreplicating vec-
tors are capable of expressing foreign genes and eliciting a protective immune response when
inoculated into a mammalian host.8 ALVAC-based recombinants have been shown to induce
both humoral and cellular (CTL) responses in humans.28-30

MVA (modified virus Ankara) is another nonreplicating vaccinia vector that is being utilized.
This virus was originally derived as a safe smallpox vaccine by over 570 passages in primary
chick embryo fibroblast cells, which caused multiple genomic deletions.45 MVA has been
administered without apparent incident to about 120,000 humans.46 The MVA virus is repli-
cation-defective or has limited replication in most mammalian cells yet still retains the ability
to express foreign genes under the control of late promoters since it is blocked at a late stage of
morphogenesis.45,47,48 Significantly, this non-replicating vector appears to induce better responses
than replicating vectors,17 which may be due to the fact that unlike other vaccinia strains,
MVA lacks some of the immunomodulatory proteins that interfere with the host response to
infection. These characteristics may enhance both the safety and immunogenicity of the vector
due to host antiviral and pro-inflammatory activity.48 MVA recombinants expressing influ-
enza,13 parainfluenza,14,15 JEV,16 and SIV17 antigens have proved to be immunogenic and
effective against virus infection in mouse and monkey models.

Another approach to constructing safer vaccinia vectors involves deletion of essential genes.
A replication-defective vaccinia was engineered by deletion of the essential uracil DNA glycosylase
(UDG) gene from the WR strain.24,49 This deletion blocks viral DNA replication and late viral
gene expression. Using a complementing cell line that expresses the vaccinia UDG gene,
recombinants were generated that express the tick-borne encephalitis virus (TBE) preM and E
structural proteins under an early promoter.24 Mice vaccinated with as little as 104 pfu were
fully protected from challenge with TBE while a replicating WR recombinant (tk -) expressing
the same antigens required at least a 10-fold higher dose to achieve the same level of protection.
Both viruses had similar particle/pfu ratios. The enhanced effectiveness of the nonreplicating
vector may be due to the absence of expression of immunomodulatory genes because of the
block in late gene expression.

Although the safety of the ALVAC vector has been established, recent attempts have been
made to improve this vector as an immunization vehicle by increasing the level of foreign gene
expression.50 Previous studies had shown that the vaccinia E3L and K3L genes play a role in
conferring resistance to the antiviral effects of IFNαβ.51-53 It was also known that the E3L gene
product functions as a dsRNA binding protein and that the K3L open reading frame has
significant homology to the N-terminus of the translation factor eIF2α. Based on this
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information, it was speculated that the vaccinia E3L and K3L genes might play a significant
role in the down regulation of PKR activity and that expression of these genes in ALVAC,
which does not encode any genes with functional homology to E3L or K3L, might enhance
viral gene expression. To test this hypothesis, vaccinia E3L and K3L genes were inserted into an
ALVAC-HIV recombinant expressing env and gag genes. In vitro results using several different
human cell lines showed not only an enhanced level of expression of env and gag but also an
increased persistence of expression over a 24 hr period.50 Similar results were obtained with an
ALVAC recombinant expressing the feline herpesvirus glycoprotein B gene (Gettig, unpub-
lished results). In vivo trials with these second-generation ALVAC recombinants are in progress
to assess any improvement in immunological response to the expressed foreign antigen.

Several other poxviruses have been tested for their efficacy as vaccine vectors. For veterinary
applications the use of strains that are host-restricted to the target species has the advantage of
preventing infection of human contacts. Raccoonpox,36 swinepox,37 capripox,38,39 and
myxoma40 have all been used successfully to express heterologous antigens and to protect against
challenge.

The successful testing and licensure of RABORAL V-RG, a vaccinia (Copenhagen strain)
recombinant expressing the rabies glycoprotein G, exemplifies the success of vaccinia as a vaccine
vector. This product has been used successfully in Europe for the vaccination of red foxes in the
wild.54 The recombinant virus is incorporated into live vaccine baits that are then distributed
and eventually consumed by the foxes, thus vaccinating them against rabies. As the result of a
widespread vaccination campaign, sylvatic rabies has been eliminated from large areas of Western
Europe.55 Raboral is also licensed in the US for vaccination of raccoons in the wild,56,57 and
has been used experimentally for vaccination of coyotes58 and grey foxes.59

The TROVAC vector, derived from a fowlpox vaccine strain, has been successfully used as
a vaccine vector in broiler chickens against Newcastle disease virus (NDV) and avian influenza
virus.34,60 This vector, although replicating in its target species, has been proven to be safe,
efficacious and economically feasible at typical doses of 1x104pfu given at day-of-age. Presently,
two TROVAC recombinants have been licensed by the USDA: TROVAC-NDV and TROVAC-
Avian Influenza-H5.

The success of ALVAC as a vaccine vector is exemplified by the recent licensure of two
ALVAC recombinants for use in the veterinary field. ALVAC expressing the HA and F genes
from canine distemper virus (included in the RecombitekTM line) has been licensed by the
USDA for use in dogs26 and ALVAC expressing rabies G (PurevaxTM) has been licensed for use
in cats. The PurevaxTM product is unique in the veterinary market since it is the first non-
adjuvented rabies vaccine for cats. Adjuvented vaccines have been implicated as a potential risk
factor for inducing fibrosarcomas at the site of injection.61

In addition to their utility as vaccines against infectious disease agents, poxvirus recombinants
have also been utilized to generate immune responses against tumor associated antigens (TAAs).
A number of nonmutated melanocyte differentiation antigens have been identified in melanoma
patients. Since melanoma patients who respond to IL2 treatment develop autoimmune
depigmentation (vitiligo),62 murine models have been developed to examine ways to induce
vitiligo by administration of melanoma antigens. Vaccinia recombinants (WR strain) expressing
murine homologs of gp100, MART-1, tyrosinase, TRP-1 and TRP-2 were administered to
mice. The TRP-1 immunized mice developed vitiligo, and these animals were also protected
against challenge with B16 melanoma.63

The human carcinoembryonic antigen (CEA) is expressed in a high percentage of adeno-
carcinomas including breast, colon, pancreas and lung. Vaccinia and ALVAC recombinants
expressing CEA were shown to elicit CEA-specific humoral and cellular immune responses in
mice and to inhibit the growth of tumors expressing human CEA.64,65 A prime/boost
approach where mice were immunized with vaccinia-CEA followed by multiple boosts with
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ALVAC- CEA significantly potentiated anti-tumor effects and CEA-specific T-cell responses.64

Similarly, responses were enhanced with a combination vaccine consisting of a mixture of vac-
cinia-CEA and a vaccinia recombinant expressing the murine costimulatory molecule B7.1, or
a dual gene vaccine co-expressing CEA and B7.1 in one vaccinia virus.65 Both vaccinia-CEA
and ALVAC-CEA recombinants have been evaluated in Phase I clinical trials in patients with
carcinoma. These studies have established the safety of these recombinants and demonstrated
they are able to stimulate CEA-specific CTL responses in humans.66-68

Human papilloma virus (HPV) has been implicated in cervical cancer, and in animal
models CTL responses to HPV regulatory proteins E6 and E7 can protect against relevant
tumor challenge. A vaccinia recombinant (Wyeth strain) expressing HPV16 and 18 E6/E7
fusion proteins was given as a single immunization to late stage cervical cancer patients.
Vaccination elicited HPV-specific antibody and CTL responses, with no significant clinical
side effects.69

To broaden responses to single vaccine products that elicit suboptimal humoral or cellular
immune responses prime-boost protocols are being used. In this immunization scheme the
first (priming) immunization is performed with one method of delivery of the immunogen
and subsequent immunizations (boosts) are performed with another method of delivering the
immunogen. This strategy also addresses the observation that host responses to vaccinia gene
products can limit viral replication and immune responses to subsequent inoculations. In a
number of Phase I clinical trials, ALVAC recombinants expressing HIV envelope genes were
used to prime immune responses, followed by boosts with recombinant HIV-env
protein.30,70-73 This regimen was shown to induce stronger and broader env-specific immune
responses than immunization with the ALVAC recombinants or env protein alone. In a recent
Phase I clinical trial, volunteers were immunized with an ALVAC recombinant expressing
the gB envelope glycoprotein from HCMV and then were boosted with a single dose of an
attenuated strain of HCMV. HCMV-specific neutralizing antibody was detected sooner, reached
high titers and persisted longer in subjects primed with ALVAC-gB than in subjects primed
with an ALVAC recombinant expressing rabies glycoprotein G.31 Other successful prime-boost
results were achieved by initial priming inoculations with DNA-based vaccines expressing malaria
or HIV antigens, followed by boosts with a poxvirus recombinant (vaccinia or fowlpox) expressing
the same antigen. This scheme elicited protection against immunodeficiency virus or Plasmo-
dium berghei challenge.19,74-76 In one of the protocols an enhanced response was achieved when
a plasmid expressing GM-CSF was included in the priming step of the protocol.75

In the past decade, advances in the use of poxvirus vectors have resulted in the licensure of
commercial veterinary products and in the development of new vectors and protocols for use
in human trials. The next decade may bring the first successful licensure of a poxvirus-based
recombinant for either prophylactic or therapeutic use in humans.

Adenovirus Vectors
Adenoviruses are a family of relatively large (30-40 kb) non-enveloped double-stranded

DNA viruses. Individual members have been isolated from numerous mammalian and avian
species. Clinical symptoms associated with adenovirus infection are usually mild and rarely life
threatening. Live attenuated human adenovirus type 4 (Ad4) and type 7 (Ad7) have been used
as an oral vaccine by the U.S. military for the past 30 years to prevent respiratory disease in
recruits.77 Live attenuated adenovirus vaccines are also used to protect domesticated animals
against adenovirus-associated disease.78 The success of these vaccines has encouraged the
development of adenoviruses as recombinant vectors.

As vaccine vectors, adenoviruses have many advantageous properties. Recombinants can
be easily generated, grown to high titers, administered intramuscularly, intranasally or orally,
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and used to infect a broad spectrum of both dividing and nondividing cells. Three types of
recombinants have been developed:

1. replication-competent,
2. helper-free, replication-defective and
3. helper-dependent, replication-defective.

Since an adenovirus capsid can package only about 5% more DNA (1.2 kb) than the wild type
genome, genes must be removed to accommodate most exogenous sequences.79 Insertion of
foreign genes into the non-essential E3 and E4 regions (up to 5-6 kb) results in the generation
of replication-competent recombinants. On the other hand, insertion into the essential E1
region results in the generation of helper-free, replication-defective recombinants that must be
propagated in a cell line that expresses the E1 gene products.80 Deletion of larger amounts of
adenovirus DNA results in the generation of helper-dependent, replication-defective recombi-
nants that must be propagated in a helper-virus system that supplies the missing adenovirus
structural and enzymatic functions. A major problem in the amplification of E1-deleted
recombinants in E1 expressing cells is the generation of replication-competent adenovirus (RCA)
through recombination.81 However, the recent development of a cell line that lacks overlap-
ping adenovirus sequences suggests that the generation of RCAs can be prevented in the future.82

Both replication-competent and replication-defective adenovirus vectors have been shown
to be efficacious in generating immune responses to a variety of infectious diseases (Table 7.1).
Examples of replication-competent recombinants that have successfully protected target species
include a human Ad5-rabies virus glycoprotein recombinant that protected skunks and foxes
against rabies challenge,83 an Ad5-porcine respiratory coronavirus (PRCV) spike recombinant
that partially protected pigs against PRCV challenge,84 and an Ad5-foot-and-mouth disease
virus (FMDV) P1 recombinant that partially protected cattle against FMDVchallenge.85

Although replication-competent adenovirus vaccines have been used as vaccines for over
30 years, their ability to cause disseminated disease in immunocompromised individuals99 and
their tendency to be excreted by oro-fecal and respiratory routes for months after inoculation
are serious safety concerns. In fact, horizontal transmission of the Ad4 vaccine has been observed
between married couples100 and between vaccinated children and family members.101Helper-
free, replication-defective adenoviruses, which have a lower rate of shedding, would be safer
vectors. However, they are not always as efficacious as replication-competent recombinants. A
direct comparison between replication-competent and incompetent Ad5 vectors expressing PRV gD
was carried out in a cotton rat/PRV challenge model. The protective dose of the replication-
defective recombinant was at least 250 times higher than the protective dose of the replicating
recombinant.93 Another comparison in a cotton rat/bovine herpesvirus type 1 (BHV1) challenge
model with Ad5 recombinants expressing BHV1 gD also demonstrated that the replication-
defective was not as protective as the replication-competent recombinant.94 Furthermore, a
replication-defective Ad5-feline immunodeficiency virus (FIV) env recombinant was not able
to protect cats against an FIV challenge.87

To avoid the safety issues associated with the shedding of human adenovirus vectors, species-
specific adenovirus vectors are being evaluated for veterinary applications. Several replication-
competent species-specific adenovirus recombinants have been shown to protect target species
against infectious challenge. For example, a bovine adenovirus (BAV-3)-BHV1 gD recombinant
protected calves against BHV1 challenge89 and a fowl adenovirus (FAV-10)-infectious bursal
disease virus (IBDV) VP2 recombinant protected chickens against IBDV challenge.88 Porcine
adenovirus-3 and ovine adenovirus vectors have also been evaluated.102,90 In addition to veterinary
applications, nonhuman adenoviruses are also being considered for human use, since they are
replication-defective in humans but retain the ability to infect and express recombinant antigens.
Moreover, these vectors would not be affected by pre-existing immunity against human
adenoviruses.103,104
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As with poxviruses, prime-boost regimens with multiple immunization products are
being evaluated to broaden the immune responses elicited by adenovirus vectors. For example,
a prime-boost regimen was carried out with a DNA plasmid expressing the protective antigen
(45W) from the cestode parasite, Taenia ovis, and an ovine adenovirus recombinant expressing
the same antigen. The combination procedure elicited stronger humoral immune responses
than either vaccine alone and was able to protect sheep against a T. ovis challenge.90 A prime-
boost regimen with adenovirus-HIV-1 gp160 recombinants and an HIV-1 gp120 subunit
protein was able to elicit humoral and cellular immune responses and protect chimpanzees
against an HIV-1 challenge.95 In a similar prime-boost regimen, with an Ad5-simian immuno-
deficiency virus (SIV) env recombinant and an SIV gp120 subunit protein, humoral and cellular
immune responses were elicited in macaques, but the animals were not protected against an
SIV challenge.92 Another prime-boost protocol was able to boost the response to a replication-
defective Ad5 recombinant expressing rabies G.96

In addition to generating immune responses against infectious agents, adenovirus recom-
binants are also being utilized to elicit immune responses against tumor associated antigens
(TAAs). Adenovirus-TAA recombinants have protected mice against a variety of tumor
challenges. For example, specific CTL responses were induced by replication-defective Ad2
recombinants expressing human MART-1 or gp100.105 The gp100 recombinant also protected
mice against a B16 challenge. Unfortunately, these adenovirus recombinants elicited neither a
clinical response, nor MART-1- or gp100-specific immune responses in metastatic melanoma
patients, indicating that they are unable to break tolerance or cure patients with established
tumors.106 Better responses have been obtained with p53, a tumor suppressor protein involved
in cell cycle regulation and apoptosis. Repeated intratumoral inoculation of an Ad5-human
p53 recombinant was able to mediate antitumor activity and elicit clinical responses in a subset
of advanced non-small-cell lung cancer patients.98

The systemic administration of cytokines such as IL-2 and IL-12 has proven efficacious in
a variety of preclinical tumor models, presumably by boosting immune responses to TAAs.
Unfortunately, systemic administration of cytokines to humans is limited due to dose-related
toxicities. These toxicities could be avoided by the localized production of cytokines from an
intratumorally-inoculated vector. In a mouse model intratumoral administration of a replication-
defective Ad5-murine IL-12 recombinant resulted in the regression of established murine tumors
and protected mice against subsequent tumor challenge.107,108 Intratumoral or intravenous
inoculation of Ad5-murine IL-12 also suppressed metastases.108,109 Adenovirus-IL-2 recombi-
nants have also been used successfully in murine tumor models.110,111 In all of these studies,
although some cytokine-related toxicities have been observed,112 protection has been elicited
without the toxicity associated with systemic cytokine administration.

Another approach to enhance the immunogenicity of TAAs involves immunization with
antigen-loaded dendritic cells (DCs). DCs are potent antigen-presenting cells and adenovirus
vectors, because of their ability to infect non-dividing cells, are uniquely suited to deliver genes
to DCs, which are terminally differentiated. In fact, adenovirus can deliver recombinant genes
to DCs more efficiently than lipofection, electroporation or CaPO4 precipitation.113 Moreover,
replication-defective adenoviruses do not perturb the maturation or function of DCs.

Immunization with adenovirus recombinant-transduced DCs has been shown to be
efficacious in murine tumor models.114-116 For example, DCs transduced with a replication-
defective Ad5-human MART-1 recombinant protected mice against challenge with a murine
fibrosarcoma cell line (NFSA) engineered to express human MART-1.97 Mice carrying established
NFSA(MART-1) tumors were also protected. DCs transduced with adenovirus-TAA recombi-
nants also protected mice against a subsequent tumor challenge. Mice immunized with
murine DCs transduced with a replication-defective Ad2-murine tyrosinase-related



111Live  Viral Vectors

protein-2 (TRP-2) recombinant were protected against a B16 challenge,116 although a gp100
recombinant did not elicit protection.

In conclusion, adenoviruses are highly attractive vaccine vectors with multiple uses and
applications in both infectious disease and cancer programs. To address the regulatory and
safety issues associated with licensing an adenovirus-based vaccine, second-generation adenovirus
recombinants, such as replication-defective and species-specific vectors, are being developed.
To address immunogenicity issues, alternative immunization regimens, such as prime-boost
and infected DCs, are being evaluated. The success of these and previous studies may eventually
lead to the licensure and marketing of adenovirus-based vaccines.

Herpesvirus vectors
Herpesviruses are large (120-300 nm) enveloped viruses which replicate in the nucleus of

infected cells. Their genome consists of a linear dsDNA molecule ranging from 120-230 kbp.
The naked DNA of herpesviruses is infectious when transfected into a sensitive cell culture.
Herpesvirus genomes contain at least 70 genes, some of which are non-essential for in vitro
growth. After primary infection, they persist in specific cells of the infected host in a latent
stage in which only a limited number of viral genes are expressed. After different stimuli, the
latent virus reactivates and may induce secondary infection.117

As vaccine vectors herpesviruses offer several advantages.
1. The large genome size and the presence of numerous nonessential genes facilitates the

insertion of large fragments of foreign DNA (>20 kbp).
2. The nuclear replication of herpesviruses and the use of cellular transcription machin-

ery allow the use of strong eukaryotic transcription signals and eventually the expres-
sion of spliced genes.

3. The use of an attenuated vaccine strain of herpesvirus as the vector allows the genera-
tion of bivalent vaccines that protect against the herpesvirus disease as well as against
the disease caused by the agent whose gene is expressed.

4. Most herpesviruses can be administered using a mucosal route, as well as a parenteral
route.

5. Herpesviruses can usually be grown to high titers.
The persistence of the vector in a latent state in which the viral genome is not integrated into
the cellular genome may be an advantage for gene therapy but may be a safety concern for
vaccination. The possible change of the biological properties of the vector due to expression of
particular foreign genes (see below) may be a disadvantage of such vectors. The procedure for
the manipulation of the large size genome is relatively complex, although a new way to gener-
ate herpesvirus recombinant in E. coli has recently been described.118

Three strategies that have been developed for utilizing herpesviruses as vectors are:
1. replicative herpesviruses in which the foreign gene is inserted into a non-essential gene,119

2. nonreplicative herpesviruses in which an essential gene has been inactivated, the prod-
uct of this essential gene being provided in trans for the production of the virus,120-122

and
3. a nonreplicative amplicon produced in presence of a helper virus.123,124

A fourth strategy has also been recently described for pseudorabies virus (PRV). It is based on
the fact that the PRV glycoprotein D (gD) gene is non-essential for the cell-to-cell spread of the
virus but is essential for the release of free infectious virions from infected cells. PRV gD-
deleted recombinants replicate and spread into the vaccinated animal by means of direct cell-
to-cell spread, but cannot be transmitted to contact animals due to the lack of formation of free
infectious virions.125,126

The use of human herpesviruses as vectors for human infectious disease has been
proposed,119,127 but most of the current work done with these viruses is devoted to the development
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of vectors for gene or cancer therapy, especially for gene transfer into the brain. These applications
have been reviewed elsewhere128-131 and will not be developed in this review. In contrast, a num-
ber of animal herpesviruses such as PRV,132 Bovine herpesvirus 1 (BHV-1)133-135 and herpesvi-
rus of turkey (HVT),136,137 have been tested as replicative vectors for expression of genes from
infectious pathogens. Results of protection induced by animal herpesvirus vectors in the target
species are reported in Table 7.1. No animal herpesvirus used as a vector is licensed yet, but
several candidates are in development.

Excellent levels of protection induced by a herpesvirus vector have been obtained in chickens.
Recombinant HVT or Marek’s disease virus (MDV) expressing gene(s) from Newcastle disease
virus (NDV) fully protected SPF birds after one administration.136,147,150 The onset of immunity
was rapid (14 days), and the interference with maternal antibodies minimal.

A recent study compared the efficacy of two PRV vectors expressing the E2 gene of classical
swine fever virus (CSFV), one being able to produce free infectious particles, and the other
being nontransmissible due to the deletion of the gD gene (see above). Both viruses induced
excellent levels of protection against CSFV and PRV challenges although protection induced
by the transmissible vector was slightly better.139

The safety of herpesvirus vectors depends on different factors including the pathogenicity
of the parental strain, the route of administration, and the properties of the foreign gene. If the
parental strain is virulent, genes involved in virulence will have to be inactivated by deletion
and/or insertion of the foreign gene.152 Herpesviruses may be perfectly safe when administered
by the parenteral route, but still virulent when administered by the oro-nasal route.152-154 The
presence of some expressed foreign proteins in the recombinant herpesvirus virion can change
the biological properties (pathogenicity, tissue-tropism and host-specificity) of the vector.155 For
instance, the class II membrane glycoprotein G gene from bovine respiratory syncytial virus
(BRSV) expressed by a BHV-1 vector was incorporated into virions and the recombinant virus
could be partially neutralized by anti-G sera.156 Inoculation into calves resulted in a more
severe clinical disease, and higher titers of the recombinant virus were isolated from the lungs
when compared to the parental virus.141 The engineering of a recombinant herpes simplex 1
(HSV-1) targeting binding to a non-HSV-1 cell surface receptor has also been reported.157

Factors influencing the efficacy induced by a herpesvirus vector are numerous. The strength
of the promoter that drives expression of the foreign gene has been shown to influence the level
of protection.148,158,146 The ability of the recombinant virus to replicate in the host is another
important factor for efficacy. Unfortunately, higher level of in vivo replication of the vector
correlates often with lower safety indicating that a delicate balance exists between achieving
attenuation to provide safety and maintaining immunogenicity for the efficacy of a vaccine.
However, the deletion of a gene of the feline herpesvirus vector has been shown to decrease
virulence without having any effect on replication in cats.153 The level of expression of the
foreign gene may sometimes be very low or undetectable. For instance, a bovine herpesvirus 1
(BHV-1) recombinant, into which the original gene coding for bovine respiratory syncytial
virus (BRSV) glycoprotein G was inserted, was not expressing detectable amounts of G. In
contrast, a good level of G expression was obtained when a synthetic G gene was inserted into
the BHV-1 vector.159,156 The original G gene coming from an RNA virus (which replicates in
the cytoplasm) may contain signals (including splicing sites) that result in degradation of the
transcripts in the nucleus.

Expression of immunomodulators by herpesvirus vectors160 has been shown to modify
the immune response in tumor161,162 and chronic inflammation163,164 models. The mode and
protocol of administration of the vector are also important factors for efficacy. A prime-boost
strategy has been used successfully with the feline herpesvirus used as a vector for feline leukemia.144

Overall, herpesviruses are promising candidate vectors for expression of foreign genes,
especially for vaccines in animals and for gene and cancer therapy in humans.
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Parvovirus Vectors
Adeno-associated virus (AAV) is a defective human parvovirus. It contains a small, single-

stranded DNA genome and can infect a broad spectrum of dividing and nondividing cells.
Productive replication requires coinfection with a helper virus, such as adenovirus or herpes
simplex virus (HSV). In the absence of helper virus, AAV integrates into the host genome,
where it persists in a latent state until rescued by an adenovirus or HSV infection. The ability
of the AAV genome to integrate into the genome of a wide variety of dividing and nondividing
cells and its lack of association with any human disease make AAV an attractive eucaryotic
expression vector, especially suitable for gene therapy applications. Although the present pack-
aging systems for generating AAV recombinants are inefficient and cumbersome, a handful of
studies have indicated that AAV could potentially become a useful vaccine vector. For example,
mice immunized with AAV recombinants expressing HSV2 gB or gD generated HSV2 gB-
and gD-specific immune responses.165 In another example, intratumoral injection of 293 cells
transduced with an AAV-IFN recombinant resulted in the regression of an established Eskol
tumor derived from a human hairy cell leukemia cell line.166

RNA Viruses

Retrovirus Vectors
Retroviruses are important human and animal pathogens that have been remarkably valuable

as experimental tools. The first phase of the 2-step retrovirus life cycle consists of viral entry,
reverse transcription of the positive strand RNA genome into double strand DNA, transfer to
the nucleus of the cell, and stable integration as a provirus into the host cell genome at random
sites. The second phase involves synthesis of viral RNA and viral proteins and assembly of the
virion. Retroviruses are unique among the RNA viruses because their replication involves a
double stranded DNA phase, which facilitates genetic engineering. Transfection of full-length
cDNA molecules leads to integration into the host cell genome and production of replicating
virus particles. Retrovirus constructs are among the most widely used vectors for gene transfer
and gene therapy.

Since the first use of retroviruses as vectors in the early 1980s,167 the technology has
focused principally on gene therapy for treatment of genetic diseases, cancer, and AIDS. This
enormous field has been well reviewed, and will not be developed here.168-173 However, a limited
number of retrovirus recombinants have been constructed for use as immunizing agents against
infectious agents. A Schmidt-Ruppin Rous sarcoma virus-derived vector expressing influenza
hemagglutinin H7 was used to immunize one-month-old chickens. Challenge with a highly
pathogenic H7N7 influenza virus revealed protection, although antibody responses were low.174

Replication-competent avian leukosis virus was used as a vector for the expression of NDV
hemagglutinin-neuraminidase (HN) and phosphoprotein (P) genes. Four-week old chickens
immunized with the HN recombinant were protected from disease, although viral infection
and replication were observed. However, birds immunized with the P construct developed
more severe disease than controls receiving no immunization.175 Townsend et al176 expressed
different forms of hepatitis B virus (HBV) core and e antigens in retrovirus vectors. After
immunization of rhesus monkeys, specific HBV core and e antigen antibody and CD8+ cytotoxic
T-lymphocyte responses were elicited. The responses lasted 16 weeks and could be boosted,
suggesting a use for this recombinant in treating chronic HBV infection.177 Retroviral vectors
expressing the Gag/Pr or SU protein of the lentivirus equine infectious anemia virus (EIAV)
were constructed and used to evaluate EIAV-specific CTL responses in horses. Although equine
kidney cells transfected with the recombinants were effective targets for CTL from EAIV-
infected horses, only one of five horses immunized with a mixture of these constructs responded
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with EIAV-specific CTL, indicating a need to boost the response, perhaps by the inclusion of
cytokines.178

The most advantageous feature of retrovirus vectors for use in gene therapy, the irreversible
integration of viral DNA into the host genome, is one of the major drawbacks for immunization
against infectious diseases. However, long-term expression of pertinent antigens for immuno-
therapy of cancer or persistent infection caused by agents such as HIV or HBV would be
desirable. Since most retroviruses infect only dividing cells, lentivirus vectors such as EAIV and
HIV, which will infect non-dividing cell, are being developed to broaden their range. Future
work in the targeting of retroviruses to specific cells will offer additional advantages. Information
from the large number of clinical trials that have taken place with retrovirus vectors will be an
asset in the development of future vaccines.

Positive-Sense RNA Virus

Alphavirus Vectors
Alphaviruses, members of the Togavirus family, have a positive strand RNA genome that

is infectious. Members of this genus that have been proposed as viral vectors include Semliki
Forest virus (SFV), Sindbis virus and Venezuelan equine encephalilitis virus (VEE). Alphaviruses
offer several attractive features:

1. a broad host range including cells of avian, insect and mammalian origin,
2. high levels of protein expression and
3. the ability to manipulate the genome utitlizing cDNA clones to derive infectious RNA

transcripts.
The first step in alphavirus replication is translation of the 5' two thirds of the RNA

genome to produce the replicase. The positive strand is copied by replicase into intermediate
negative strands, which then serve as template for the synthesis of new positive strands. The
replicase utilizes an internal promoter on the negative strand to produce a subgenomic (26S)
RNA corresponding to the last third of the viral genome. This subgenomic RNA encodes the
structural proteins as a polyprotein precursor, which is cotranslationally cleaved to produce the
capsid and envelope glycoproteins. Strategies that have been developed for utilizing alphaviruses
as vectors include

1. insertion of small antigenic epitopes into one of the capsid proteins,
2. “double promoter” vectors in which a second copy of the 26S promoter is inserted into

the genome and is engineered to express a foreign gene and
3. replicon vectors in which the structural protein genes are deleted and replaced by for-

eign gene sequences under the control of the 26S promoter.
For replicon vectors the structural genes are provided in trans from a helper construct that is
missing all or part of the genes encoding for the nonstructural proteins. The first two types of
vector have a limited capacity for heterologous genes and produce replication-competent virus
particles, which raises concerns for their stability and safety. The replicon system offers the
advantage that by utilizing two helper RNAs to supply the capsid proteins, one can reduce the
generation of infectious particles to below detectable limits, and increase the capacity for for-
eign DNA.179,180

VEE, Sindbis and SFV recombinants expressing foreign genes from infectious agents have
been evaluated for efficacy in mice, guinea pigs and macaques (see Table 7.2 and the discussion
that follows). VEE, SFV and sindbis recombinants expressing influenza HA , NP or a CTL
epitope from NP have been shown to protect mice upon intranasal challenge with
influenza.179,183,185,189 These studies have also shown that previous immunity to the alphavirus
vector did not reduce the immune response to the influenza proteins nor interfere with genera-
tion of a protective immune response.179,190,183,185 Sindbis recombinants expressing a neutralizing
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epitope from Rift Valley Fever G2 glycoprotein or a CTL epitope from Plasmodium yoelii
circumsporozoite protein were able to partially protect mice upon subsequent challenge with
the corresponding pathogen.187,189 SFV and Sindbis recombinants expressing Louping ill virus
or Japanese encephalitis structural or nonstructural proteins were able to induce immune
responses that protected mice from lethal challenge.182,188

VEE replicons expressing Marburg virus (MBGV) GP and NP were shown to protect
guinea pigs from viremia and death after MBGV challenge.186 After administration to cyno-
molgus macaques, animals receiving the GP-replicon or a combination of the GP and
NP-replicons survived MBGV challenge without any signs of illness, while animals receiving
the NP-replicon were partially protected.186 An SFV recombinant expressing SIV-PBj14 Env
gp160 protein was used to immunize pigtail macaques. After challenge with SIV-PBj14-bcl3,
immunized animals were protected against lethal disease but not viral infection.181 Cynomol-
gus monkeys that were immunized with an SFV recombinant encoding the HIV-1 envelope
protein were challenged with the chimeric simian-human immunodeficiency virus SHIV-4.
Anamnestic HIV-1 specific humoral and T-cell proliferative responses were observed in the
immunized animals and, although not protected from viral infection, viral loads were signifi-
cantly reduced compared to unvaccinated controls.184

One potential problem with the two-helper RNA system to generate replicon particles is
the need to produce and transfect cells with three separate RNAs. For small scale animal studies
this has not presented a problem in producing sufficient encapsidated replicons. The development
of stable packaging cell lines which can produce high levels of encapsidated replicons with
undetectable levels of replication competent virus has recently been reported for Sindbis and
SFV.191 This system may be useful for large-scale replicon production, which will be necessary
for human clinical trials.

Picornavirus Vectors
The Picornavirus family consists of small non-enveloped virions that replicate within the

cytoplasm of the infected cell. The single-stranded plus sense RNA genome is translated as a
single large polyprotein that is subsequently processed by viral encoded proteinases. The genome
has been subdivided into three regions: P1 which encodes the capsid proteins, and the P2 and
P3 regions which encode the non-structural proteins required for viral replication. The complete
nucleic acid sequence of the three serotypes of poliovirus as well as that of Mengo virus is
known and infectious cDNAs are available that provide the opportunity to utilize molecular
biology approaches to investigate various regions of these genomes for the utility in the expression
of foreign antigens.

Strategies that have been employed for engineering poliovirus vectors include:
1. insertion of small antigenic epitopes into one of the capsid proteins,
2. fusion of foreign ORFs in frame to the N terminus of the poliovirus with a artificial

viral proteinase cleavage site in between,
3. insertion of foreign ORFs flanked by artificial viral proteinase cleavage sites into the

P1-P2 junction,
4. duplication of 5' noncoding region (internal ribosomal entry site [IRES]) so that for-

eign proteins are expressed using one IRES and the viral polyprotein is expressed using
the other IRES (dicistronic poliovirus), and

5. construction of minireplicons in which poliovirus structural protein genes are replaced
by foreign sequences, thus requiring a source of P1 proteins to produce infectious
particles. Mengo virus recombinants have been engineered by inserting a small antigenic
epitope in frame within the L protein coding sequence or as a fusion protein with L.

Polio and Mengo virus recombinants expressing antigens from HIV, SIV and HBV have
been shown to elicit humoral and cellular immune responses in mice or cynomolgus monkeys
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when administered by systemic or mucosal routes.192-197 A limited number of studies have
described the ability of polio and Mengo virus recombinants to afford protection in murine
models (Table 7.2). An attenuated Mengo virus recombinant encoding a 14 amino acid CTL
epitope of the NP protein from lymphocytic choriomeningitis virus (LCMV) was able to elicit
long lasting protective immunity against lethal intranasal LCMV challenge.198 To explore the
utility of poliovirus vectors for cancer immunotherapy, a poliovirus recombinant containing a
600-nt sequence encoding the C-terminal portion of chicken ovalbumin was used to immu-
nize poliovirus receptor transgenic mice (PVR+). Ovalbumin-specific CTL was induced and
mice were protected from local tumor growth and death after challenge with a murine tumor
cell line stably expressing ovalbumin.199 In another model, PVR+ mice immunized with a polio-
virus replicon expressing the C-fragment of tetanus toxin developed an increase in tetanus and
polio-specific antibodies and were partially protected from challenge with a lethal dose of teta-
nus toxin.200 To examine whether pre-existing immunity to poliovirus might diminish the im-
mune response to the foreign antigen expressed by the replicon, PVR+ mice were immunized
with a 1/10 human dose of inactivated poliovirus vaccine before administration of the repli-
con. All mice receiving the inactivated poliovirus vaccine developed poliovirus-specific anti-
body. After boost with replicon the response against tetanus toxin was comparable to that
obtained after two doses of replicon and also resulted in a boost in poliovirus specific titers.
Upon challenge with tetanus toxin, all mice receiving the replicon boost after polio vaccine
survived without any sign of disease, demonstrating that pre-existing immunity to poliovirus
did not prevent elicitation of a protective immune response.200

The results reviewed here suggest that vaccines based on attenuated picornavirus vectors
may provide an effective system to induce both humoral and cellular immune responses.
Because of their ability to replicate in the gastrointestinal tract they have the potential to stimulate
the mucosal immune system. Since the capacity for heterologous sequences is limited one
could envision administration of a cocktail of recombinants allowing simultaneous immunization
against multiple pathogens. In fact a cocktail of six poliovirus recombinants expressing five
different SIV proteins was able to elicit antibody responses to all of the SIV antigens after a
single immunization of mice.192 A current limitation with this technology is the observation
that most recombinants examined are impaired in viral replication and genetically unstable.192,201

Stability seems to correlate with the size of the insert, smaller inserts being more stable.
Although the minireplicon strategy seems to overcome the stability issue, the production of
encapsidated replicon particles requires a source of capsid proteins, which can be supplied in
trans by infection with a vaccinia recombinant expressing P1. This strategy has limitations in
terms of the cost to produce vaccine candidates since all lots of replicons would require a
vaccinia recombinant for generation. Furthermore, the replicons need to be purified since residual
vaccinia in the replicon preparation may cause adverse complications upon vaccination of
immunocompromised individuals. Development of packaging cell lines producing the appropriate
picornavirus structural proteins would allow the production of the replicon particles without
the need for a helper virus.

Flavivirus Vectors
The family Flaviviridae, encompassing the Pesti and the Flaviviruses, represents small,

enveloped viruses with positive-stranded RNA genomes that contain continuous long open read-
ing frames (ORFs). The genome-length ORF is translated into a polyprotein that is co- and
post-translationally processed by viral and host cellular proteases (ref. 202 for review). As pre-
viously described for Picornaviruses, the fact that the single-stranded RNA genome is infec-
tious and able to function as an mRNA directing production of all viral proteins has made their
genetic manipulation, in theory at least, relatively straightforward. In practice, some instabil-
ity problems have been encountered in the generation of bacterial vectors containing long
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Table 7.2. Examples of live RNA viral vector vaccine candidates

Virus Vectora Foreign geneb Efficacy References
Speciesc Protectiond

Alphavirus
SFV SIV-PBj14 env pigtail macaques ± 181
SFV Louping ill virus mice + 182

prME or NS1
SFV Influenza-A NP mice + 183

or HA
SFV HIV-I IIIB env cynomolgus - 184

macaques
VEE Influenza-A HA mice + 179,185
VEE Marburg virus GP guinea pigs +

or NP cynomolgus + 186

macaques
Sindbis Rift Valley Fever G2 mice ± 187
Sindbis JEV prM through NS2A mice ± 188
Sindbis Malaria CTL epitope mice ± 189

or Influenza-A NP

Picornavirus
Mengo virus LCMV CTL epitope mice ± 198
Poliovirus ovalbumin CTL epitope mice ± 199

(as a target tumor antigen)
Poliovirus Tetanus toxin C-fragment mice ± 200

Flavivirus
Dengue Langat virus mice + 215
(type 4)

Orthomyxovirus
Influenza Plasmodium yoelii mice + 241,242

CS (T and B cell epitopes)

Influenza LCMV N (CTL epitope) mice + 243

Influenza Pseudomonas aeruginosa mice + 244
outer membrane protein
epitope

Rhabdovirus
VSV Influenza HA mice + 245

a SFV Semliki Forest virus; VEE Venezuelan equine encephalitis; VSV Vesicular stomatitis
b SIV simian immunodeficiency virus; HIV human immunodeficiency virus; JEV Japanese encephalitis
virus LCMV lymphochoriomeningitis virus
c Species in which the test was performed
d Protection against challenge: + complete; ± partial; – negative
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flavivirus-specific inserts. Several flaviviruses have now been developed as infectious clones
including dengue virus type 4,203 Japanese encephalitis virus,204 dengue type 2,205 Kunjin
virus,206 classical swine fever virus,207,208 tick-borne encephalitis virus,209 yellow fever virus,201

hepatitis C virus,211 and BVDV.212-214

The major focus of the engineering of flavivirus genomes has been the creation of attenuated
vaccines either by the generation of viral chimeras in which genes associated with virulence have
been inserted into a more attenuated recipient virus or by specific mutagenesis of virulent
strains. For instance, to reduce the neurovirulence of tick-borne Langat virus the genes encoding
the structural proteins pre-membrane (preM) and envelope (E) were substituted for dengue
virus type 4 preM and E genes. The resulting chimeric virus was more attenuated in mice than
the parental Langat virus but induced full protection against virulent Langat virus challenge.215

Similarly, the replacement of the preM and E genes of the attenuated 17D strain of yellow fever
virus with the same genes from a vaccine strain of Japanese encephalitis virus resulted in a
YF/JE chimera. When tested in non-human primates, the recombinant was safe, immuno-
genic and protective against Japanese encephalitis virus challenge.216,217

Negative-Sense RNA Virus Vectors
The major block to the application of genetic engineering to negative-stranded RNA

viruses was the fact that the template for the polymerase in these viruses is not free nucleic acid.
Instead, the template consists of a ribonucleoprotein complex in which the genomic RNA is
tightly encapsulated by the nucleoprotein (N or NP). The naked genomic RNA is therefore
non-infectious. Procedures have now been developed to overcome this block and have been
applied to both the segmented Orthomyxoviridae and Bunyaviridae families and the non-
segmented order Mononegavirales, which includes the families Filoviridae, Paramyxoviridae and
Rhabdoviridae. Since excellent reviews are now available describing this productive area of
research,218-223 only a brief summary will be provided here

The first demonstration of the rescue of infectious virus from a cDNA copy of a negative-
strand genome was made with influenza virus.224,225 The procedure required the in vitro
production of a biologically active RNP complex, consisting of a cDNA-derived RNA copy of
one of the eight segments, which was incubated with purified NP and viral RNA polymerase
proteins. The RNP complex was transfected into cells that were infected with a helper influenza
virus, which could replicate and transcribe the RNP as well as supply the remaining seven viral
RNA segments. Since the resulting virus contained an RNA segment derived from cDNA, it
was now possible to introduce mutations or foreign sequences into the influenza genome.220

This approach did not prove feasible for the nonsegmented RNA viruses, but a break-
through came with the rescue of infectious rabies virus from cloned cDNA.226 A plasmid with
a full-length antigenome sense cDNA copy of the rabies virus genome linked to the T7 RNA
polymerase promoter was transfected into cells that were co-infected with a vaccinia virus
recombinant expressing the T7 polymerase. Plasmids containing the T7 promoter linked to
cDNA copies of the N protein and polymerase proteins were also cotransfected into the cells.
Infectious rabies virus was recovered.

With some modifications, this reverse genetics technique has now been applied to the
production of infectious virus from cDNA copies of both segmented and nonsegmented
negative-stranded RNA viruses.222 The list of rescued viruses includes vesicular stomatitis
virus (VSV),227,228 measles virus,229 respiratory syncytial virus (RSV),230 Sendai virus,231,232

Bunyamwera virus,233 rinderpest virus,234 human parainfluenza virus,235,236 simian virus 5,237

and Newcastle disease virus.238

Another breakthrough occurred with the development of a convenient system allowing
the rescue of influenza virus entirely from cloned cDNA.239,240 The system involved the
cotransfection of plasmids encoding each of the 8 RNA segments (under control of the pol I
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promoter and terminator) and plasmids encoding the three proteins that make up the polymerase
complex (under control of the pol II promoter). With this scheme influenza A/WSN/33 was
rescued from human embryonic kidney cells. Addition of plasmids encoding the other viral
proteins, HA, NA, M1, M2 and NS2 enhanced the efficiency of virus rescue at least ten-fold.
This work is a major step forward which should speed the development of new influenza
vaccines.

The ability to derive infectious virus from cDNA clones opened the way for site-specific
mutagenesis studies on specific genes as well as an investigation of the potential for incorporation
of foreign sequences and development of the viruses as vaccine vectors. Examples of expression
of relevant foreign proteins, which have resulted in the induction of protective immunity, are
shown in Table 7.2 and summarized below.

Several groups have demonstrated protective efficacy induced by recombinant influenza
virus vectors against viral, bacterial and parasitic diseases. Influenza recombinants expressing T
or B cell epitopes from the circumsporozoite protein of Plasmodium yoelii, a rodent malaria
parasite, induced protection against malaria infection in a prime boost strategy in combination
with vaccinia recombinants expressing circumsporozoite immunogens.241,242 Castrucci et al243

demonstrated protection against lymphocytic choriomeningitis virus (LCMV) infection in mice.
A CTL epitope from the nucleoprotein of LCMV expressed in the influenza virus neuraminidase
stalk induced full protection against LCMV-induced intracerebral challenge. An epitope of the
outer membrane protein F of Pseudomonas aeruginosa expressed in influenza virus provided
significant protection against P. aeruginosa intratracheal challenge.244 Expression of the
ectodomain of the E2 glycoprotein of classical swine fever virus246 and a neutralizing epitope
from HIV-1 gp41247 have also been described, although no protection was recorded in these
studies..

Considerable work has now also been performed with VSV. This virus may present
particular advantages as a vaccine vector because of its ability to grow to high titers in tissue
culture, its broad host range and good safety profile. In 1996, Schnell et al248 demonstrated the
production of four VSV recombinants expressing either the cellular CD4 protein, a CD4-G
hybrid containing the ectodomain of CD4 and the transmembrane and cytoplasmic tail of
VSV-G or the measles virus hemagglutinin or fusion proteins. Genes were inserted between the
G and L genes in the VSV genome. All proteins were transported to the infected cell surface
and incorporated into the virion envelope. Further work demonstrated that the production of
viruses that lack the G protein and are capable of only one round of infection was possible by
inclusion of a plasmid expressing the G protein in the original transfection mixture.249 The authors
then demonstrated that insertion of a functional HIV-1 receptor complex composed of CD4-
and CXCR4-derived proteins into the envelope of a G-deficient VSV resulted in a virus which
selectively infected HIV-1 envelope expressing cells.249 This method of targeting HIV-infected
cells was proposed as a method of reducing viral load and controlling HIV infection. Recombinant
VSV have also been used to examine host range tropism and receptor specificity of Ebola
virus250 and to determine the feasibility of expressing the attachment and fusion glycoproteins
of RSV as a potential vaccine.251 There is only one report of protection induced by a VSV
recombinant. Kretzschmar et al252 described the development of a VSV recombinant expressing
the hemagglutinin (HA) glycoprotein from influenza A virus. Inoculation of mice with this
recombinant by the intranasal route induced full protection against influenza-induced patho-
genesis and death.245

The ability to rescue infectious virus from cloned cDNA allows the possibility of forming
virus chimeras in which surface glycoproteins from virulent strains can be expressed in an
attenuated backbone with the idea that the resulting viruses may be useful as live attenuated
vaccines. This approach has been taken for RSV, subgroups A and B253 and human para-
influenza virus type 1 (hPIV1) and type 3 (hPIV3).254,255 A recombinant bearing the major
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protective antigens, F and HN, of hPIV-1 and the remainder of the viral proteins of hPIV3
induced complete protection against hPIV-1 challenge virus replication in hamsters and partial
protection against hPIV-3 challenge.255 Spielhofer et al256 also used this approach to replace
the measles virus F and H surface glycoproteins with the VSV G protein. Mice vaccinated with
the chimeric virus were protected against lethal VSV challenge. The ability of these viruses to
package additional RNA may allow them to be used as vectors to deliver heterologous genes.

It is clear from these examples that the modification of nonsegmented RNA virus genomes
is now an efficient process. The impact that these technologies will have on increasing our
understanding of virus biology will be immense. Their effect on the development of new vaccines
is harder to predict and has been well summarized.221 It seems that the major limitation may be
in establishing long-term stable expression of the non-essential foreign sequences because of
the lack of a proofreading function in the RNA polymerase.

Summary
Live viral vectors hold promise as vaccines for the treatment of infectious diseases, including

HIV, and cancer. The successful licensing of poxvirus vaccines for prevention of rabies in the
wild and for immunization against diseases of poultry and domestic animals proves that the
technology can work. The question is whether the issues of safety, efficacy, host range, genetic
stability, vector immunity, ease of use, and manufacturing costs can be addressed satisfactorily.
Compared to other vaccine modes viral vectors have some distinct advantages. Induction of both
humoral and cellular immune responses are consistently more vigorous for live viral vectors than
for inactivated viruses or subunit vaccines. The ability of the foreign protein to be synthesized,
processed, and modified in situ have advantages in terms of presentation to the immune system.
The immunological help supplied by viral vectors make them attractive compared to subunit
and DNA vaccines. The ability of some viral vectors to stably express more than one exogenous
antigen could lead to multivalent vaccines which are beneficial in terms of manufacturing cost
and ease of use. The largest drawbacks to this vaccine technology are the issues of safety and
vector immunity. Vector immunity is being addressed by combination protocols where hetero-
geneous vectors or vaccine modes prevent the development of strong immunity to the vector.
The issues of safety, particularly in immunocompromised or neonatal individuals, are being
addressed by the development of genetically defined attenuating mutations (such as NYVAC),
non-replicating vectors (such as herpes, adenovirus and alphavirus replicons), and species-specific
vectors that do not replicate in the target host (such as ALVAC). Non-replicating vectors
belonging to almost all virus families have been utilized. Many of these need to be produced in
cells that provide the missing virus function.

The success of combination protocols in broadening immune responses suggests that these
types of protocols will be utilized more in the future. The ability of combination approaches to
improve immune responses and break tolerance to poor immunogens such as TAAs hold great
promise for the future in cancer treatment and well as treatment and prevention of recalcitrant
infectious diseases such as HIV. Improvements in each type of immunization vehicle will serve
to enhance combination strategies to bring them to desired levels. Other areas that will be
developed in the next 10 years include:

1. delivery of vaccine vectors to appropriate cells,
2. regulation of expression of the foreign and vector genes,
3. modification of the foreign gene increasing its presentation to the immune system,
4. modulation of the immune responses by co-expression of immunomodulators and
5. regulatory issues associated with qualification of cell lines carrying complementing

virus genes for nonreplicating vectors.
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CHAPTER 8

Inactivated Virus Vaccines
Andrew D. Murdin, Benjamin Rovinski, Suryaprakash Sambhara

Introduction

Inactivated virus vaccines have made a significant contribution to the control of infectious
disease during the 20th century and will surely remain an important feature of vaccination
strategies in the 21st century. Inactivated vaccines are currently widely available for polio-

myelitis, influenza, rabies, hepatitis A, tick-borne encephalitis (TBE) and Japanese encephalitis
(JE), and several other products are available for limited, primarily military, use. Inactivated
vaccines have been proposed for several other viruses, most notably HIV (see below),
hantaviruses1-4 and dengue,5-7 but are not yet licensed. For comprehensive and up-to-date
reviews concerning specific products, the reader is referred to the various chapters of Plotkin
and Orenstein’s definitive work on vaccines.8

In the space available we clearly have to take a selective approach to the subject, so we have
divided this chapter into two parts. The first part provides a brief overview of the major inacti-
vated virus vaccines currently available, while the second part considers some of the issues
presently facing inactivated virus vaccines, with a particular focus on poliovirus, influenza virus
and HIV vaccines. We have chosen these vaccines because these can be considered to represent
three different stages in the lifecycle of a vaccine. Poliovirus is likely to follow smallpox as the
second human pathogen to be successfully eradicated, which influences and limits the way that
polio vaccines will be used and developed in the future. Influenza vaccine is a mature and
effective product, but one for which there is both scope and demand for improvement. HIV
vaccines have been tested in clinical trials but are still very much a developing technology and
as such provide an insight into the future of inactivated virus vaccines. All of these products
illustrate the changes which can be expected in the use of inactivated viral vaccines over the
next few years; changing patterns of use, increasing use in combination with other products
and improving methods of production and formulation.

Current Inactivated Virus Vaccines

Tick-Borne Encephalitis
Tick-borne encephalitis represents a significant public health problem in parts of Europe

and the former USSR. Vaccines are manufactured by Immuno AG, Austria and Chiron Behring,
Germany. Vaccine virus is passaged in mouse brain then cultured in primary chick embryo
cells, formaldehyde-inactivated, purified and formulated. Alternative production processes such
as additional passaging in primary chick embryo cells or culture in Vero cells are being devel-
oped and offer the prospect of higher virus titers and a purer final product.9
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Japanese Encephalitis
Historically endemic to Japan, China and Korea, Japanese encephalitis (JE) is also a sig-

nificant problem in Southeast Asia and India. Vaccination has essentially eliminated human
disease in Japan, Korea and Taiwan, although enzootic transmission continues.
Formalin-inactivated vaccines prepared from virus passaged in mouse brain are made by a
number of manufacturers in Japan, Korea, Taiwan and Southeast Asia. A mouse-brain vaccine
manufactured by Biken in Japan is distributed as JE-VAX by Aventis Pasteur in North America.
An inactivated vaccine produced on primary hamster kidney cells is manufactured in China
but is not available elsewhere, and experimental inactivated products produced on Vero cells
have been described.10

Rabies
Rabies vaccines enjoy a special place in the history of inactivated viral vaccines. The vac-

cine tested by Pasteur in 1885 was the second human vaccine to be developed (after smallpox)
and the first to be intentionally inactivated, at least partially.11,12 The vaccine was prepared by
allowing rabies-infected rabbit spinal cords to air dry for various periods of time, and immuni-
zation was achieved by successive inoculations with a suspension of dried cord material. Initial
inoculations were made with cords dried sufficiently that they contained no detectable virulent
virus, but later inoculations used only partially dried cords which still contained virulent mate-
rial. Although there was clear scope for improvement the procedure worked, and it offers an
interesting parallel to immunization schedules for polio vaccines in which use of a killed vac-
cine precedes use of a live attenuated vaccine (see below).

Vaccines containing phenol-inactivated nerve tissue-derived virus, in particular the Semple
vaccine,13 were introduced at the beginning of the 20th century, and versions of these products
remain in use as inexpensive, locally manufactured products in many developing countries.
However these products do give rise to a significant number of neurological complictions in
vaccinees. The current products of choice are the safer and more potent tissue-culture derived
rabies vaccines developed in the 1960s and 70s, in particular the human diploid cell vaccine
(HDCV) developed at the Wistar.14 To produce HDCV the Pitman-Moore strain of rabies
virus WI-38 is grown on MRC-5 cells, and the virus is inactivated by treatment with
β-propiolactone. This product is used worldwide, and is manufactured in by Aventis Pasteur
(France and Canada), Chiron Behring (Germany) and Berna (Switzerland). Comparable prod-
ucts are also produced on Vero cells by Aventis Pasteur, on primary chick embryo fibroblasts by
Chiron Behring, in embryonated duck eggs by Berna and on fetal rhesus monkey lung fibro-
blasts by the Michigan State health department and Smithkline Beecham (reviewed in refs. 12
and 15). The cost of a full intramuscular immunization schedule using these products is a
significant factor, and has led to the use of intradermal immunization with a reduced dose in
certain circumstances.16

Hepatitis A
Inactivated HAV vaccines were developed in the 1980s following the successful growth of

HAV in tissue culture.17-20 Production technology is similar to that used to produce IPV, in
that virus is grown on a substrate of MRC-5 cells, purified, inactivated with formaldehyde and
formulated.21-24 The first commercially available product (Havrix, produced by SmithKline
Beecham) was licenced in Europe in 1991. Similar products are now manufactured by Merck
(USA), Aventis Pasteur (France and Canada) and Berna (Switzerland).21-24 The Berna product
is notable in that it is adjuvanted with influenza virosomes.22,25-27 All are safe and effective; see
ref. 28 for a full review.
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Poliovirus
It is sobering to reflect that it is now more than 40 years since the introduction of inacti-

vated poliovirus vaccine (IPV) by Salk in the USA29 and by Lepine in France.30 Various forms
of IPV, in particular enhanced potency versions of the Salk product (eIPV; unless indicated
otherwise references to IPV should be taken to include eIPV), have remained in use worldwide
ever since and have been found to be safe and effective.31,32 Use of IPV on a country by country
basis since 1955 has been discussed elsewhere31 and will not be addressed in detail here. It
should be recognised that IPV is more usually administered as a multivalent combination
product containing, for example diphtheria, tetanus, pertussis and polio antigens (DTP-IPV).33

Since there is no evidence that formulation into a multivalent product affects the performance
of the IPV component, this chapter does not distinguish between IPV alone and combination
products containing IPV unless otherwise indicated. IPV is currently manufactured by Aventis
Pasteur in France and Canada, by SmithKline Beecham in Belgium, by Rijksinstitut voor
Volksgezondheid en Mileuhygiene in The Netherlands, by Statens Seruminstitut in Denmark,
and by the Swedish National Biological Laboratory in Sweden.

In conjunction with Sabin’s live, oral, attenuated poliovirus vaccine (OPV), these prod-
ucts have effectively controlled poliovirus infections in many parts of the world since the late
1950s. The concurrent use of OPV and IPV led to a vigorous and continuing debate on the
relative merits of the two products,34 some aspects of which will be addressed below. Both IPV
and OPV have made significant contributions to the imminent worldwide eradication of
poliovirus.32,35 Consequently, the present generation of IPV probably represents the final form
of the vaccine, since the foreseeable eradication of poliovirus means that it is highly unlikely
that a vaccine manufacturer would find it economical to develop, test and market a
“next-generation” IPV given the safety and efficacy of current products. Nevertheless these
vaccines will continue in use for some time to come even in a post-polio world, there will
always be scope for improvement in manufacturing processes, and the use of combination
vaccines containing IPV will evolve even though the basic product may not.

Influenza Virus
Influenza, an acute respiratory illness caused by infection with influenza viruses, is one of

the oldest and most common diseases known to mankind and potentially one of the deadli-
est.36,37 The primary method to control influenza is preventive vaccination. Inactivated vac-
cines currently licensed for use contain either killed whole virus or split (detergent-treated)
virus. Despite the availability of effective influenza vaccines only about 40-50% of the target
populations are immunized.38 Furthermore, the efficacy of current vaccines in the target groups
at greatest risk is generally lower than that observed for healthy adults and the young. Vaccinat-
ing people in target groups every year before the onset of influenza season is the most effective
way of limiting the impact of influenza epidemics. Detailed descriptions of the influenza virus,
viral proteins and pathogenesis are beyond the scope of this chapter and can be found
elsewhere.39,40

Current vaccines consist of three virus strains selected for each season during February of
each year. The strains are usually two type A (H1N1 and H3N2) and one type B that are
currently in circulation, according to the recommendations of the WHO. These recommenda-
tions are based on the analysis of data coming out of several laboratories worldwide that are
part of the influenza global surveillance program. For example, trivalent influenza vaccine pre-
pared for the 1999-2000 season will include A/Beijing/262/95-like (H1N1), A/Sydney/5/97-like
(H3N2), and B/Beijing/184/93-like hemagglutinin antigens (HA). For the B/Beijing/184/
93-like antigen, U.S. manufacturers will use the antigenically equivalent B/Yamanashi/166/98
virus because of its growth properties and because it is representative of currently circulating B
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viruses.41 Note that immunity to influenza virus is predominantly mediated by antibody
responses to HA. Although anti-HA antibodies neutralize the virus, they are usually strain-specific
and are only capable of preventing infection by virus variants within the same subtype. Anti-HA
antibodies are less effective at protecting against infection by a different subtype.

Influenza viruses are grown in the allantoic cavity of embryonated hen eggs (see below).
Egg grown viruses are highly purified by zonal cenrifugation or chromatography, then inacti-
vated with either formaldehyde or beta-propiolactone. At this stage the virus preparation can
be formulated as whole virus inactivated vaccine. The inactivated virus can be further treated,
or split, with a detergent such as Triton X-100 or Triton N-101 to disrupt the lipid membrane
thus solubilizing membrane glycoprotens. The resulting preparation contains aggregates of
monomeric HA, neuraminidase, and internal proteins such as the nucleoprotein and has the
advantage of being less reactogenic than the whole virus vaccine. In North America the major
supplier of whole virus vaccine is Aventis Pasteur, while split products are available from Aventis
Pasteur, Evans and American Home Products (Wyeth Ayherst).

Challenges to the future control of influenza include improving the immunization rates in
the target populations, obtaining further insights into the short term nature of immunity to
influenza vaccine, understanding the basic aspects of immunosenescence and developing strat-
egies to improve the efficacy from the current 30-70% level in the target populations. Poten-
tially even more important would be an expansion of the effective and low cost global surveil-
lance system for influenza viruses combined with a strategy for the use of vaccines or anti-viral
agents to contain new strains as they appear in circulation.

Human Immunodeficiency Virus Type-1 (HIV-1)
In the early stages of the AIDS epidemic, most HIV-1 vaccine approaches were focused

on the development of whole-inactivated viruses since this strategy can safely provide long-lasting
protection in humans against several viruses, including polio, influenza, hepatitis A, and rabies.
Several virus challenge studies were conducted in non-human primates immunized with vari-
ous forms of formalin-inactivated, simian immunodeficiency virus (SIV). In most cases, vacci-
nated animals were protected against pathogenic SIV challenges.42-44 However, these promis-
ing results were subsequently challenged by the demonstration that in most cases the protection
seen in the vaccinated animals was mediated, at least in part, by the immune response to
proteins of cellular origin incorporated into the vaccine and challenge virus preparations.45

Despite this initial failure to demonstrate that immune responses against viral antigens elicited
by formalin-inactivated SIV vaccines could induce protection against viral challenge, novel
approaches to develop inactivated HIV-1 vaccine candidates have recently been explored. The
advantages of these new approaches, as well as the scientific obstacles and technical challenges
that must be overcome, provide an insight into the future of inactivated virus vaccines which
will be discussed further in the next section.

Issues Affecting the Use of Inactivated Virus Vaccines
Given that there is a need for a vaccine and that a vaccine is available, what factors affect

the use of that vaccine? The most important factors are those which influence the safety of
the product (an all-important consideration for any vaccine), its cost and availability, and its
attractiveness relative to any alternative product. In the case of inactivated virus vaccines
these factors would include purity of the product, efficiency of the inactivation process, yield
on acceptable cell substrates, and advantages or disadvantages in comparison to other viral
vaccines. This section considers these factors with particular reference to the three chosen
examples, poliovirus, influenza virus and HIV.
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Purity
Purity is in many ways a product-specific concept, and is usually best determined by

methods appropriate for each vaccine.46 In the case of viruses shed or released into the cell
culture supernatant, such as rabies virus or poliovirus, an acceptable degree of purity can be
obtained using well established technologies such as filtration or chromatography to separate
the virus particles on the basis of size. The major issue is usually to retain an adequate yield
while achieving the required degree of purity. Principal contaminants are likely to be host cell
proteins or nucleic acids, materials added during the production process (e.g., antifoaming
compounds), or adventitious viruses. The size differential between the virus particles and host
cell or production process-derived contaminants is such that separation is relatively easy to
achieve. Removal of potential adventitious viruses may be less easy to achieve, but even if such
viruses were present their titer would be relatively low and it is likely that the inactivation
process would reduce the titer to the point that risk to vaccinees was minimal. The use of
defined, virus-free, cell lines for the production of vaccine virus is the simplest way to remove
the risk of contamination with adventitious agents.47,48

Residual levels of host cell proteins are usually too low to be reactogenic or immunogenic.
For example, influenza virus, which is grown in embryonated chicken eggs, can be readily
purified from contaminating egg proteins by zonal centrifugation even though there is some
overlap between the ovalbumin and virus peaks. Purity can be increased, though at the expense
of virus yield, by excluding virus-containing fractions which overlap the ovalbumin peak or by
repeating the zonal centrifugation step. It should be recognised that residual host cell proteins
might retain biological activity even when present at very low levels. The production of cytokines
and chemokines, for example, by cell substrates is not always well characterised, and the pro-
duction of these and other soluble factors in response to virus growth may deserve more atten-
tion.49 In the case of inactivated vaccines it is possible that the inactivation step may reduce or
eliminate unwanted biological activity of any contaminating proteins.

Residual levels of host cell nucleic acids are also usually very low. In the case of Hepatitis
A virus, which is not released into the culture medium but accumulates within infected cells,23,24

the purification of virus from a lysate of infected cells requires the removal of substantial quan-
tities of cell-derived contaminants including DNA. The addition of a nuclease treatment step
during the purification of hepatitis A virus for the manufacture of the Merck vaccine, VAQTA,
was found to both enhance product purity by faciliting the removal of nucleic acid and increase
virus recovery by releasing virus from virus-nucleic acid complexes.50,51 Similar processes could
facilitate the removal of residual host-derived DNA from other virus vaccines if necessary.

Although DNA content can be reduced to picogram amounts per dose,52 determining a
safe level for DNA content is not always straightforward. Total DNA content can be deter-
mined relatively easily but may not be informative. For example, fragmented DNA from
apoptotic cells may pose a much smaller risk than substantially intact DNA from viable cells.
Current technology is already adequate to measure the number of copies of specific DNA
sequences per dose, and the issue is not the measurement of contaminating DNA but the
establishment of a useful threshold for accepting a product as safe.48,53 This will likely need to
be determined on a case-by-case basis as new products are licenced.

Inactivation
Efficient inactivation is obviously critical to producing an inactivated virus vaccine. The

Cutter incident provides the best (or worst) example of the consequences of inadequate inac-
tivation. In early 1955, children immunized with IPV produced by Cutter Laboratories, as well
as family contacts, began to develop paralytic poliomyelitis. Prompt investigation determined
that several incompletely inactivated virus lots had been used to prepare the vaccine, but by the
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end of the incident 69 children and 89 family contacts with paralytic disease attributable to the
vaccine had been identified.54 The cause was determined to be non-linear inactivation of the
virus by the formaldehyde-treatment process used at the time, coupled with the presence of
virus aggregates which shielded some particles from the inactivating agent. Extended inactiva-
tion plus filtration to remove virus aggregates was sufficient to solve the problem, but at the
cost of reduced antigenicity of the product.55

Current inactivation technologies offer a greater range of choices for achieving effective
inactivation while retaining antigenicity of the product, and these are well illustrated in the
context of HIV-1 vaccines. In principle, inactivated HIV-1 virions would present the immune
system with most of the viral proteins in their native configuration. Therefore, such a vaccine
should elicit a broader spectrum of immune responses than other vaccines based on single
recombinant viral antigens. Furthermore, the use of a mixture of inactivated HIV-1 particles
could help achieve broad protection against most circulating strains of HIV-1. The demonstra-
tion of the efficacy of inactivated vaccines against retroviruses comes from studies in the field of
veterinary vaccines, where inactivated virions account for the most successful vaccines against
retroviral diseases.56-58 In addition, the observation that at least one of these vaccines elicits
protective cytotoxic T-cells (CTLs) contradicts the widely-held belief that inactivated vaccines
generate only humoral immune responses.57

Several hurdles must be overcome to achieve the development of a safe and efficacious
inactivated HIV-1 vaccine candidate. First, it is important to develop inactivating procedures
that maintain the native configuration of the antigens and do not destroy their immunogenic-
ity. Second, these procedures must result in a very high margin of safety. Third, since the
envelope glycoprotein of some HIV-1 strains is easily shed, development of inactivation and
purification procedures which prevent the loss of the viral envelope represents a major techni-
cal challenge. Finally, in order to produce large scale quantities of inactivated viruses, it is
necessary to examine different cell substrates, which must be properly characterized to satisfy
stringent safety and regulatory issues.59

Several viral inactivating methodologies have been used in the preparation of SIV and
HIV-1 vaccine candidates, including the use of formalin, β-propiolactone (BPL) alone or with
either cobalt 60-irradiation or binary ethylenimine (BEI), and psoralen exposure followed by
ultraviolet (UV) radiation.43,44,60-71 A potential problem with using formalin for viral inactiva-
tion is that this involves a series of chemical reactions that produce reactive products that can
induce cross-linking of viral proteins and aggregation of virus particles. This could hamper the
inactivating efficiency of the formalin and could also result in the partial destruction of the
immunogenicity of the vaccine.

Inactivation of HIV-1 with a combination of BPL and cobalt 60-irradiation led to the
development of a gp120 envelope-depleted HIV-1 immunogen that is presently being tested
in efficacy trials as a therapeutic vaccine.69,72 Although some encouraging results have been
obtained with this vaccine candidate, the loss of the surface envelope glycoprotein gp120 fol-
lowing this inactivating procedure might compromise the efficacy of the vaccine. Inactivation
with UV radiation and psoralen exposure, although capable of providing adequate safety mar-
gins (6.5 log10 drop in viral titers), is not really suitable for large-scale manufacturing.59

A multistep procedure for the chemical inactivation of HIV-1 developed by Race et al73,74

was used to prepare whole HIV-1 particles that retain most of the external envelope glycopro-
teins and are highly immunogenic in small animals. This procedure included treatment with
0.2% BPL followed by purification. The viral particles were then deaggregated with 0.05%
sodium cholate and further inactivated with 10 mM BEI and 0.02% formaldehyde. These
conditions resulted in a reduction of virus infectivity by at least 20 log10 (1020 TCID50/ml),
which provides a very high margin of safety.
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Another inactivation procedure that preserves the structural and functional integrity of
the viral and virion-associated cellular proteins on the viral membrane, while also providing a
wide margin of safety, was recently developed.75 The chemical compound 2, 2'-dithiodipyridine,
(Aldrithiol-2 or AT-2), which inactivates retroviral infectivity by covalently modifying the
essential nucleocapsid zinc finger motifs in the nucleocapsid proteins, was shown to com-
pletely inactivate HIV-1 at low concentrations (>5 log units of inactivation at 1 mM) without
affecting the conformational and functional integrity of viral and host cell-derived proteins
retained on the virion surface. Furthermore, it was also shown that this inactivation procedure
can be used for other viruses (SIV) and can be scaled-up to very large volumes.75 Presently,
non-human primate studies are in progress to evaluate the immunogenicity of AT-2-inactivated
SIV and HIV-1 retroviral vaccine candidates. In order to increase the margin of safety of these
inactivated immunogens, the same investigators have proposed to include a second inactiva-
tion step, such as the treatment with physical agents like some of the ones described above.
Alternatively, it might also be possible to combine the chemical inactivation step with novel
methodologies for inactivating viruses, such as a procedure in which virions are first infiltrated
with highly compressed liquids called “superfluids” and subsequently exposed to decompressed
liquids, effectively leading to the formation of virions ruptured at their weakest point but
remaining structurally intact.76

Nevertheless, there are other issues regarding viral inactivation of HIV-1 that remain to be
addressed, such as the difficulties in establishing the minimal acceptable margin of safety due
to uncertainties about the smallest quantity of HIV-1 that represents a human infectious dose.
In addition, the potential influence of viral strain on inactivation, and the extrapolation of
results on infectious titers obtained by different assays to infectivity in humans, are complex
issues that add to the uncertainties of clearly defining an acceptable margin of safety for an
inactivated HIV-1 vaccine candidate.

An alternative to the use of retroviruses inactivated by chemical and/or physical proce-
dures as vaccine immunogens is to produce recombinant, noninfectious, retrovirus-like particles.
We and others have previously demonstrated the feasibility of producing nonreplicating,
noninfectious, immunogenic HIV-1-like particles as potential inactivated candidate immuno-
gens for the development of an HIV-1 vaccine.77-84 This strategy has several advantages: 1) since
the virus-like particles are genetically engineered, genetic elements contributing to viral infec-
tivity and pathogenicity can be mutated or deleted;78 2) particles incorporating most of the
HIV-1 antigens in their native conformation can be produced in cell substrates approved for
vaccine production;79,80 and 3) it is feasible to produce HIV-1-like particles with antigenic
markers that may allow to serologically distinguish vaccinees from HIV-1 infectees.77

Several issues, however, remain to be resolved before this approach can be commercially
exploited. For example, the first generation of expression vectors that we used to establish
permanent cell lines which secrete HIV-1-like particles contain inducible promoters. A major
drawback to the use of these vectors is that production yields are suboptimal, and the inducing
agents are cytotoxic.77,79,80 Large-scale production of HIV-1-like particles in mammalian cells
will require establishment of cell lines stably transfected with expression vectors that contain
constitutive promoters to enhance production yields. Other issues to be addressed are the
potential contamination of HIV-1-like particles with nucleic acids from the producer cell lines,
as well as endogenous viruses or retroviral-like elements. Therefore, it might be necessary after
purification to further inactivate the recombinant virus-like particles with some of the proce-
dures previously described.

Yield
Yield of virus from the culture after inactivation and purification is a critically important

factor in determining whether it is feasible to produce a particular vaccine. Historically, one of
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the factors determining the preference for IPV over OPV in the United States was the difficulty
of producing sufficient IPV using the technology available in the 1950s.31 It remains true that
fewer doses of IPV than OPV can be produced per unit volume of culture, but in the 50s and
60s IPV was produced on a substrate of primary monkey kidney cells, which were to some
extent a limiting resource. Current enhanced potency products (eIPV) are produced in high
yield on a substrate of MRC-5 or Vero cells32 and production capacity is adequate to meet all
requirements for a high-potency product.

Influenza virus vaccines provide a particular example of the critical importance of obtain-
ing an adequate yield from the production process. As noted above, manufacturers have about
six months from the selection of the year’s vaccine virus strains to produce sufficient product to
meet the demands of the year’s flu season. Although influenza viruses can be grown in abun-
dance in the allantoic cavity of embryonated hen eggs, newly isolated influenza viruses do not
usually grow as well in eggs as egg-adapted strains. This could potentially cause a problem
when changing vaccine strains each year and in producing sufficient virus to meet the demand
for the vaccine. However, when chicken embryos are inoculated with a high yielding,
egg-adapted, donor virus and a low yielding circulating strain that is antigenically different
than selected in the presence of antibodies to the surface antigens of the donor virus, the
resultant re-assortant viruses have the surface antigens of the low yielding virus but retain the
growth characteristics of the donor viruses. This technique facilitates the generation and char-
acterization of re-assortants fairly quickly and permits the scale up their production for vaccine
use. Laboratory adapted strains such as A/PR/8/34 (H1N1) or its derivative X-31 (H3N2) are
typically used as donor strains.

Since the production of vaccine requires the growth of large quantities of virus in embryo-
nated chicken eggs, lack of a reliable supply of high quality eggs may limit the production of
vaccine. Furthermore, concerns about the presence of adventitious viruses in eggs used for
influenza vaccine production and about the presence of egg proteins in the vaccine which
could cause serious problems in individuals allergic to eggs have focussed attention on growing
influenza viruses in other host systems. Influenza viruses can be grown in mammalian cell lines
and cell lines such as Madin-Darby canine kidney (MDCK) cells and Vero cells have been used
to grow influenza viruses for vaccine production. In a recent clinical study a bivalent influenza
vaccine produced from MDCK cell-grown viruses was shown to be as immunogenic as
egg-derived virus vaccine.85 The tissue culture derived virus vaccine was as safe as egg derived
virus vaccine, as the overall local and systemic reactions post-immunization with tissue culture
derived vaccine were similar to or lower than those induced by conventional egg derived virus
vaccine. There were no differences between the groups immunized with either tissue
culture-derived or egg-derived vaccines in terms of anti-HA titers. In pre-clinical studies, Vero
cell derived virus vaccine has been shown to be as immunogenic as egg derived vaccines.86

Tissue culture grown virus offers the additional advantages of scaling up the manufacturing
process independently of egg supply and may obviate the need to generate re-assortants of the
wild-type virus, provided the wild type viruses can infect the chosen cell substrate efficiently.

The switch from eggs to a cell substrate may be useful for influenza vaccine production,
and illustrates some of the issues facing contemporary products which are not yet produced in
well-defined substrates. The production of HIV-1 vaccine virus-like particles illustrates issues
which may face the next generation of inactivated virus vaccines. As always, yield will be critical
in providing an affordable product, particularly as immunization in developing countries becomes
critical for disease eradication or containment. Production of higher levels of virus-like par-
ticles for use as inactivated vaccines could be achieved by taking advantage of new
biotechnological applications of recombinant DNA technologies using mammalian cells. Most
such applications make use of cell lines with stably integrated genes under the control of strong
viral or cellular promoters.87 The genes encoding the desired viral antigens are expressed from
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a DNA plasmid stably transfected into the cells, and expression levels are regulated by interac-
tions of cis- and trans-acting elements. Cis-acting elements are special DNA sequence segments
present on the plasmid construct and consist of promoters, enhancers, introns, terminators
(termination and polyadenylation signal sequences), translational control sequences, and other
DNA elements. Trans-acting elements are transcription factors and other cellular protein factors
that interact with the cis-acting elements or other protein factors to regulate expression. While
the trans-acting factors are made by the cell and are therefore difficult to regulate, much effort
has been made toward the identification and manipulation of cis-regulatory elements to achieve
high level and long-term gene expression.

The cytomegalovirus (CMV) promoter, when juxtaposed to the CMV enhancer, is prob-
ably the strongest eukaryotic promoter identified so far and has been used widely for gene
expression.87-90 The cellular elongation factor (EF1a) promoter has also been widely used for
high level expression of recombinant proteins.87 These promoters, although able to direct high
level gene expression in many cell lines, exhibit transcriptional activities that are highly depen-
dent on the cellular levels of the relevant transcription factors and on the chromatin structure
at the integration site. In most cases, the inclusion of an intron in a plasmid vector is also
beneficial for expression, although there are conflicting results.91-93 This could be attributed to
a potential functional role for introns in improving the efficiency of RNA processing and
transport to the cytoplasm, stabilizing RNA, and activating transcription. In addition, tran-
scriptional enhancers have been found in some introns, such as the immunoglobulin heavy
chain gene intron. The presence of the CMV intron A region in a vector has been shown to
increase expression significantly,87,88 as well as the inclusion of the rabbit β-globin IVS2
sequence.94 Expression levels can also be up-regulated by modifying the terminator elements.
Transcription terminators control RNA transcript processing and polyadenylation at the 3'-end
of a gene, and in turn regulate gene expression. The efficiency of this process varies between
terminators, but in general the simian virus 40 (SV40) and the bovine growth hormone (BGH)
terminators are the most widely used.95,96 Finally, control of translational efficiency is equally
important in regulating gene expression. For the most part, translational efficiency is regulated
through the control of translational initiation, and cis-acting elements required for translational
initiation have been studied in detail.97 Inclusion in plasmid constructs of the consensus sequence
for initiation of translation (Kozak sequence) can substantially improve gene expression.97

Advantages and Disadvantages in Comparison to Alternative Products
Inactivated virus vaccines have a number of features which distinguish them from other

vaccines, particularly live attenuated vaccines. The purification and inactivation processes can
provide a greater assurance of safety, not only from the presence of virulent vaccine viruses but
from substrate-derived contaminants and from virulent adventitious viruses. However, the same
processes can decrease the yield of the product resulting in limited supply or increased produc-
tion costs. Inactivated products can be highly immunogenic, eliciting strong and long lasting
antibody responses. This is advantageous to the extent that antibody-mediated immunity is
protective; in those situations where mucosal or cell-mediated immunity is important live virus
vaccines may be preferred. A final advantage of inactivated vaccines over live products may
prove to be the most significant of all. It is much easier to formulate an inactivated product
with an adjuvant or in combination with other antigens. The real need for multivalent vaccines
for pediatric use and the development of effective adjuvants for use in humans will favor the
use of inactivated virus vaccines over live attenuated equivalents.

The interplay of these factors is exemplified by the history of poliovirus vaccination in the
United States. The USA was the first country to make use of IPV, in 1955, but use of the
vaccine was essentially abandoned in favour of OPV by 1968, and OPV remained the
recommended vaccine in the USA until very recently.29,34,98 The reasons for the change to and
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preference for OPV illustrate some of the real or perceived differences between the two prod-
ucts which continue to fuel the debate on the relative merits of OPV and IPV.34 At the time of
its introduction IPV was in limited supply. To extend the available stock the required potency
of the product was reduced below that of the initial product and of similar products in use
elsewhere at the time (reviewed in 31), leading to a perception that the product was poorly
immunogenic. As noted above, production capacity is no longer an issue.

A second perceived advantage of OPV was its ability to provide superior community
protection; that is to protect unvaccinated members of a community from disease. OPV induces
strong mucosal immunity in vaccinees,99,100 greatly reducing their ability to excrete wild virus
from the intestine. Furthermore, OPV will spread from vaccinees to unvaccinated contacts,99,100

immunizing them also. However, OPV predictably reverts to a virulent form as it replicates in
the gut of vaccinees,101 and so vaccinees and infected contacts are at risk of developing
vaccine-associated paralysis (VAP) at a rate of one case for every few million doses of OPV
distributed.102,103

In contrast, IPV elicits a strong humoral antibody response which is sufficient to limit but
not prevent infection of the nasopharynx and gut, although dissemination of the virus to the
CNS and consequent paralytic disease is completely prevented (reviewed in ref. 31). Therefore
IPV was held to be relatively ineffective at preventing the circulation of wild-type poliovirus
and protecting unvaccinated members of the general population.99,100 However, IPV and eIPV
can induce a substantial degree of mucosal immunity with a demonstrable protective
effect.33,104-108 Fecal shedding, one of the major routes of transmission, was reduced in an
IPV-immunized group following challenge with a live virus in comparison to an unimmunized
group.101,104 IPV was inferior to OPV in diminishing post-challenge shedding in faeces by
vaccinees, but comparable to OPV in diminishing shedding from the pharynx.99,104,105 Over-
all, IPV-immunized individuals who experience a subsequent infection shed less virus than
infected unimmunized individuals. This must diminish the spread of a virus in an
IPV-immunized community, and reduce the risk to unimmunized community members. IPV
is proposed to have decreased community transmission of wild polioviruses in the US in the
1950s because of its ability to reduce pharyngeal shedding105,107,108 and IPV has provided
effective protection to the general population in Scandinavia, The Netherlands and Canada
following outbreaks in religious groups whose members choose to remain unimmunized
(reviewed in ref. 31).

While OPV has clearly been effective in eradicating poliovirus from the Americas,109 the
residuum of VAP cases in the USA has prompted a re-examination of the relative merits of IPV
and OPV for use in the USA. In the absence of circulating wild-type virus and in the face of
relatively rare introductions from abroad as the world-wide eradication of poliovirus progresses,
the occurrence of several cases of VAP per year in the USA has become unacceptable. The
initial response was to recommend a combined IPV/OPV schedule, in which two doses of IPV
at ages 2 and 4 months preceded the use of two doses of OPV at 12-18 months and 4-6 years,
as an alternative to the usual all-OPV schedule.110 Experience with similar schedules in Den-
mark, Israel and the Canadian province of Prince Edward Island indicate that mixed schedules
induce strong and protective immune responses and essentially eliminate the risk of VAP.31

The new schedule was well received, and was implemented without an adverse impact on
vaccine coverage.111 IPV accounted for 29% of poliovirus vaccine doses distributed in the US
in 1997 indicating that a majority of children born that year were receiving IPV for their first
two doses.112 Four cases of VAP were reported in 1997, down from about ten cases per year
seen previously, and all were associated with first or second doses of OPV in an all OPV sched-
ule.111,112 To further reduce the occurrence of VAP, in 1999 OPV was no longer recommended
for the first two doses of the immunization schedule,113 and the Advisory Committee on
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Immunisation Practices has voted to recommend that an all-IPV schedule should be adopted
in 2000.114,115

One issue not illustrated by the poliovirus example is the potential to use adjuvants to
modulate the immune response to an inactivated virus vaccine. While some inactivated vac-
cines elicit strong and durable protective immune responses (e.g., poliovirus116 and
hepatitis A117), others may be less effective. Alternatively, they may be targeted to a population
such as the elderly with a reduced capacity to mount an effective immune response. In these
cases the use of an adjuvant may offer a solution.

For example, the development of improved influenza vaccines that confer better protec-
tion against circulating strains and new strains of influenza viruses is the goal of immunolo-
gists, vaccinologists and public health professionals. The desired properties of an improved
influenza vaccine are production of increased titers of virus neutralizing antibodies against
influenza hemagglutinin in the serum (IgG) and at mucosal surfaces (sIgA) to prevent infec-
tion and induction of virus cross-reactive T lymphocytes (CD8+ and/or CD4+) and/or their
cytokines to facilitate recovery from infection. Such characteristics should increase the proportion
of vaccinated individuals who are protected against infection with homologous influenza virus.
Furthermore, the ability of a vaccine to induce cytotoxic T lymphocytes (CTLs) that recognize
highly conserved epitopes within proteins across the various influenza virus subtypes may reduce
the severity of illness and promote faster recovery when the vaccine and circulating strains are
serologically distinct.

In addition to HA and NA influenza vaccine contains significant amounts of NP and
other internal proteins that are conserved among subtypes and which could potentially induce
or re-call CTL responses. Soluble antigens are processed and the T-cell epitopes thus generated
are presented in the context of class II MHC to activate specific CD4+ T-cells, which are
predominantly T-helper cells, in order to induce or re-call CTL responses against soluble anti-
gens. To induce or re-call CTL responses against intracellular viral antigens the vaccine needs
to be formulated so that the antigens are delivered directly into the cytosol of antigen present-
ing cells, where they can be processed and presented in the context of class I MHC molecules.
So far very few delivery systems have been reported to deliver antigens successfully for presen-
tation with class I MHC, besides enhancing antibody responses. Among such systems
immunostimulatory complexes (ISCOMs), liposomes, and immunopotentiating reconstituted
influenza virosomes (IRIVs) have been extensively studied with various antigens. ISCOMs are
prepared by combining saponin, cholesterol, phospholipids and antigen and have been shown
to elicit antibody responses of both the IgG2a and IgG1 subtypes and to enhance IL-2 and
IFN-γ synthesis compared with soluble antigen. ISCOMs induce enhanced antibody titers and
CTL responses in experimental animals against a variety of immunogenic proteins.118-122 We
and others have demonstrated that influenza antigens presented as ISCOMs induce up to
10-fold higher titers of virus neutralizing antibodies and offer improved and more durable
protection compared with current influenza vaccines.123-128 In a phase 1 clinical trial there
were no statistically significant differences between groups that received vaccine or Flu-ISCOMs
or vaccine mixed with ISCOM matrix (i.e., ISCOMs made without antigen) in terms of per-
cent of vaccinees with >4-fold increase in HAI titers or individuals with protective HAI titer of
≥40 (unpublished data). Although influenza vaccine alone failed to induce CTL activity against
H1N1 and H3N2 strains, the same vaccine formulated as ISCOMs or mixed with matrix
induced CTL responses in over 50% the vaccinees.129

Influenza vaccine formulated as IRIVs has been shown to be well tolerated.130-131 Further-
more, several trivalent IRIV-formulated vaccines tested in both healthy adults and the elderly
have been shown to be more immunogenic than the conventional vaccines. The IRIV vaccine
was found to be highly immunogenic especially when the pre-vaccination titers were low, con-
sistent with the findings of other formulated influenza vaccines.
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Formulation of influenza vaccine with poly[di-carboxylatophenoxy phosphazene] (PCPP)
has been shown to enhance influenza virus-specific hemagglutination inhibition-titers over
10-fold when compared to vaccine in pre-clinical studies, and the results of Phase 1 trials are
awaited.132 Pre-clinical studies with influenza vaccines formulated with MF59 adjuvant emul-
sion have indicated that the adjuvanted vaccine was more immunogenic than the unadjuvanted
vaccine.133 Furthermore, in a Phase II trial in the elderly, vaccinees who received the
MF59-adjuvanted vaccine showed stronger and longer lasting responses than those who received
conventional vaccine.134 Although the vaccine was generally well tolerated subjects that received
the MF59-adjuvanted vaccine exhibited more frequent local reactions after the first dose but
not after subsequent immunizations. This may have been due to hypotonicity of the adjuvanted
vaccine used for the first injection.

A final problem affecting the use of all vaccines is intrinsic to the continuing success of
vaccine development activities. As more vaccines become available it becomes increasingly dif-
ficult to fit them into childhood immunization schedules. An effective solution is to combine
several vaccines into a multivalent combination product, and this is much more easily achieved
with an inactivated virus vaccine than with a live virus vaccine, for example. The future use of
a given vaccine will be heavily influenced by its availability in combination products.

As noted above IPV is more usually administered as a multivalent combination product
such as DTP-IPV. France and Canada have for several years used a pentavalent product which
contains antigens of diphtheria, tetanus, pertussis and Haemophilus influenzae B in addition to
IPV.33 More recently similar pentavalent products formulated using an acellular pertussis vac-
cine have been developed.135,136 Hexavalent combinations with hepatitis B vaccine have been
tested in clinical trials, and at least one manufacturer has plans to develop a heptavalent com-
bination with hepatitis A and B.137

This availability of a combination product will be an important factor in determining the
incorporation of a hepatitis A vaccine into a pediatric immunization schedule. A combination
hepatitis A plus hepatitis B vaccine is now available in Europe (Twinrix, produced by SmithKline
Beecham),138 and a combination of a hepatitis A vaccine with a typhoid vaccine has been
described.139 In a small study the combination was well tolerated and serological responses
were the same as those elicited by the monovalent products. A pentavalent vaccine combining
antigens of hepatitis A, hepatitis B, diphtheria, tetanus and influenza A/B has been studied but
optimization of the relative antigen contents was required to avoid suppression of the anti-HAV
response.140

While clearly attractive from a marketing perspective, and to the fortunate child who can
receive one less injection when it’s time to be immunized, combination products are techni-
cally unattractive to develop. The formulation of multiple antigens into a single product poses
a number of technical problems ranging from incompatibilities of stabilizers used for the
individual components to immunological interference between the various antigens.136,137,141

For example, even in the case of DTP-IPV, a product which has been used safely and effectively
for many years, some studies have reported diminished antibody responses to either poliovirus
or pertussis antigens (reviewed in ref. 137), and thimerosal, used as a stabilizer for some DTP
vaccines, has been reported to diminish the potency of IPV combined with thimerosal-stabilized
DTP.142 There is probably little, if any, clinical significance of these particular effects, but the
general issues will usually require that clinical trials be conducted to verify that the formulation
of novel combination products does not compromise the potency or safety of the individual
components, and the size and cost of these trials can increase dramatically as additional anti-
gens are added to a product. Nevertheless there is significant competitive pressure between
manufacturers to bring combination products to the market, and the availability of combina-
tion vaccines will be a significant factor driving the sale of IPV for the forseeable future.
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Conclusion
Inactivated virus vaccines are in widespread use for several diseases and have proven to be

safe and effective products. Changes to the use of these products can be foreseen in response to
changing patterns of disease and to satisfy demands for safer, better defined, more effective but
cheaper products. Improvements in vaccine technology make it likely that many of these de-
mands will in fact be met and that inactivated virus vaccines will continue to be an important
public health tool during the 21st century.
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Live Attenuated Bacterial Vaccines
Kevin P. Killeen and Victor J. DiRita

 Introduction

Immunization is the most effective public health tool used to control infectious disease.
Moreover, it is extremely cost effective given that treatment of disease is far more expensive
than disease prevention. The cost of vaccines and their administration from birth to age 16

is estimated by the Centers for Disease Control (CDC) to be US$500. Each US$1 spent on
vaccination saves US$16 in avoiding costly drug therapies and hospitalizations1 ultimately
saving ca. US$8,000 per vaccinated individual. Further, phenomena such as herd immunity
can provide protection to a community when only a minority of the total population has been
vaccinated. Ideally, vaccination leads to the total eradication of an infectious agent that has no
alternative hosts or environmental reservoirs, e.g., smallpox and soon for polio.2

Although commercialized vaccines are very safe, examples of adverse reactions have been
reported for each vaccine that has ever been widely used. In some cases, such as the DTP
(diphtheria, tetanus, and pertussis) vaccine, widespread fears concerning potential harmful
side-effects have resulted in declining use and a resultant resurgence of disease.3

During the past decade, recombinant DNA technology has made it possible to design an
improved generation of vaccines. Although the first recombinant non-living vaccine, hepatitis
B, has been an enormous success, we are only beginning to see the fruits of biotechnology in
the arena of live attenuated vaccines. A recent series of live attenuated recombinant vaccines
against cholera, typhoid, and shigellosis are at various stages of human clinical trials. The appli-
cation of recombinant DNA technology to these vaccines will be emphasized throughout this
chapter.

Types of Vaccines
Three types of commercialized vaccines exist: antigen subunits, inactivated organisms,

and live attenuated organisms. Vaccines composed of subunits (i.e., purified inactivated proteins/
peptides, carbohydrate capsules, or cross-linked conjugates of these) are generally considered
safest because they are used in small quantities, are chemically well defined, and do not repli-
cate and thus cannot spread to the environment and other non-vaccinated or immuno-
compromised individuals. However, subunit vaccines are often expensive to manufacture and
have a limited ability to induce immune responses, requiring adjuvants and multiple doses.
Inactivated organisms (i.e., whole bacteria/viruses killed by heat or chemical treatment), although
considered very safe, suffer from other drawbacks, such as ill-defined molecular characteristics
and poor immunogenicity (i.e., large quantities of vaccine are required to elicit protective immune
responses). Inactivated vaccines are relatively easy to manufacture and can possess inherent
immunomodulatory activity (e.g., the whole cell pertussis component of DTP), although the
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spectrum of immune response induced is usually limited to the humoral arm of the immune
system.2

In contrast, live attenuated vaccines (i.e., living viruses/bacteria that carry mutations ren-
dering them avirulent or significantly reduced in virulence) offer significant advantages in terms
of manufacture and immunogenicity. For example, a single inoculation of live vaccine at a
modest dose replicates in vivo to a very large immunogenic dose and expresses the majority of
immunogens seen during natural disease. Moreover, the processing and presentation of these
antigens more closely resembles natural infection, thereby often inducing ‘convalescent-level’
immune responses that endure and protect the vaccinee for long periods of time. Live vaccines
can induce mucosal immune responses, sometimes required for long-lived protection, which
are not elicited by systemically administered vaccines, and the mode of delivery of live vaccines
can be quite simple (e.g., ingestion). Finally, because attenuated vaccines are living organisms
they may be genetically engineered to express heterologous antigens, thus providing protection
from more than one disease.

Thirty-two commercialized vaccines were widely available and distributed in 1994
(Fig. 9.1). Seventeen were directed against viral pathogens and 15 were directed against bacte-
rial pathogens. An interesting contrast emerges when one examines the nature of these vaccines.
Of the 17 viral vaccines, 8 are subunit or inactivated (e.g., hepatitis A and B) and 9 are live
attenuated (e.g., mumps, measles, rubella (MMR) and oral polio) compared with 15 bacterial
vaccines where 13 are subunit or inactivated (e.g., DPT) and only two (tuberculosis (BCG)
and typhoid fever (Ty21a)) are live attenuated (Fig. 9.2). Thus, there are similar numbers of
subunit/inactivated and live attenuated viral vaccines; however, there are a disproportionate
number of subunit/inactivated bacterial vaccines compared to live attenuated. This disparity
continues given that a recently commercialized Lyme disease vaccine (directed against the bac-
terium Borrelia burgdorferi) is subunit-based and a new rotavirus vaccine is live attenuated.

The principle reason for this contrast lies in the timing of critical basic scientific discover-
ies and their application to the arena of vaccinology. In the 1950s, virologists and vaccinologists
began to isolate viruses from infected individuals and serially passage them in vitro in eucary-
otic cell lines. This approach yielded several live attenuated vaccines including, most notably,
polio and MMR. In the bacterial arena, the 1980s marked the dawning of cloning DNA and
the understanding of the various functions that specific genes and gene-products serve in the
complex process of pathogenesis. Only within the past decade has this technology manifested
and have recombinant bacterial strains emerged which are genetically defined and thus specifi-
cally attenuated. Given that these genetic tools of molecular biology have only recently been
applied toward the generation of live attenuated bacteria, it is predicted that the number of live
attenuated bacterial vaccines will increase sharply in the next decade paralleling what occurred
in the 1950s and 1960s with viral vaccines.

In 1996, there were 17 improved vaccine candidates and 45 novel vaccine candidates at
various stages of Research and Development at vaccine companies throughout the world.4 Of
the 62 total vaccine candidates, 28 were directed against bacterial pathogens, 24 against viral
pathogens, and 10 against fungal or parasitic pathogens. This large number of vaccines under
commercial development underscores the need to minimize the number of doses administered
to vaccinees. The technology to produce safe, effective live attenuated vaccines is available and
these vaccines often confer protection following a single dose. Therefore, live attenuated bacte-
rial vaccines that are safe and efficacious will play a central role as public health tools in the 21st
century.
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Fig. 9.1. Cumulative number of bacterial and viral vaccines as a function of time.

Fig. 9.2. Comparison of the number of viral and bacterial vaccines that are inactivated or subunit versus live-
attenuated.
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Live Attenuated Bacterial Vaccines
The most intensely investigated live attenuated bacteria include Bacille Calmette-Guérin

(BCG), Salmonella typhi, Shigella spp.., and Vibrio cholerae. Each of these attenuated bacteria
has been evaluated for safety, immunogenicity, and efficacy in humans as a vaccine against
tuberculosis, typhoid fever, shigellosis, and cholera, respectively. In this chapter, we will focus
on these live vaccines chiefly because they have been extensively studied in human clinical trials
or are licensed, commercialized vaccines. Further, each of these live attenuated vaccines have
been examined for their capacity to deliver foreign antigens as multivalent vaccine vectors in
extensive pre-clinical and Phase I human studies. This subject is discussed in detail in a separate
chapter (see Chapter 10).

Throughout this chapter we will emphasize several themes and their degree of importance
in the research and development of each live attenuated bacterial vaccine. Chronologically, the
first consideration for attenuating a bacterial pathogen is the selection of the progenitor strain.
Was the strain initially isolated from a human or another host? What was its virulence in the
original host? How does it compare to the virulence of other known strains? Second, is attenu-
ation achieved through introduction of defined or undefined mutations? A defined mutation is
specifically introduced into a strain overtly deleting a gene encoding a crucial enzyme involved
in metabolism, a toxin, or a virulence factor. If the mutation is defined there exists a rational,
molecular basis for the attenuation. Undefined mutations are induced by either chemical
mutagenesis or serial passage in vitro which often renders avirulent strains that have accumu-
lated spontaneous mutations and the nature of the DNA aberrations remain unknown. Thirdly,
what are the pre-clinical models and what is their validity for predicting safety, immunogenicity,
and protection in humans? Finally, are human challenge models available for determining the
protective capacity of a live vaccine candidate?

Live Attenuated Mycobacterium bovis (BCG Tuberculosis Vaccine)

Tuberculosis
Tuberculosis has been a frightful disease throughout history, as in its advanced stages it is

severely damaging causing a range of symptoms that include fever, a cough productive of bloody
sputum, and chest pain. However, an overwhelming majority (greater than 90%) of healthy
persons who become infected with M. tuberculosis experience only mild flu-like symptoms but
otherwise remain well for a long period of time afterward.5,6 The disease may take on one of
two distinct manifestations: primary tuberculosis and secondary tuberculosis.

In primary tuberculosis, infection of alveolar macrophages results in a large number of the
microbes being killed, but this infection nevertheless leads to limited intracellular growth of
the microbe that results in localized lesions within the lung. The host controls infection through
cell-mediated immunity, in which macrophages and lymphocytes act to form a walled off struc-
ture that contains the organisms; antibodies are thought to play little or no role in controlling
TB infection. Individuals with the primary form of tuberculosis have few symptoms although
granulomas consisting of a variety of host cell-types and bacteria may occur at this stage. These
lesions may eventually heal to become calcified and in this form will be present for the rest of
the infected person’s life. In some cases, such as children or immunocompromised patients, the
primary infection can quickly lead to a dangerous systemic form through hematogenous spread.
This can be manifested as meningitis, if the infection takes a route into the meninges or brain,
or as miliary tuberculosis, characterized by infected lesions in organs throughout the body.6

Secondary TB arises through reactivation of organisms that persist during the initially
controlled infection. This may occur in up to 10% of individuals who had primary TB and is
often the result of a compromise to cell-mediated immunity in the infected person. Infection
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in secondary TB often results in extensive lung involvement, as reactivated organisms multiply
and necrosis of both resident cells and infiltrating macrophages occurs. This process causes
necrotic (“caseous”) lesions similar to those formed in primary TB, but which can combine
with one another to form even larger areas of damage. In secondary TB, the microbe often
disseminates to other sites in the body, where similar caseating lesions may occur to debilitating
effect. In addition, persons with secondary TB who have organisms growing within damaged
lungs may cough up infectious particles and therefore pose significant threat of infection to
others with whom they are in close contact.6

Virulence Factors
The primary mode of pathogenesis of M. tuberculosis is its ability to survive and persist

within the host in the face of a cell-mediated and humoral immune response. Accordingly,
many of the factors produced by M. tuberculosis associated with pathogenesis play roles in
altering the regulation of the host immune response. These factors are often components of the
mycobacterial cell wall, which differs significantly from typical bacterial cell walls. A well-
studied factor implicated in virulence is called “cord factor”, called that for its ability to cause
cord-like growth of organisms in culture.7,6 It is a compound called trehalose 6,6'-dimycolate
(TDM) and is found in virulent M. tuberculosis strains and can cause granuloma formation
when injected by itself into tissue and also confers the ability of strains to persist in the lungs.
TDM is also a potent inducer of TNF-α and this effect may play a role in some of the clinical
features of tuberculosis.7

Other surface molecules that may be virulence factors include compounds called sulfatides,
which consist of a trehalose sugar linked through an ester bond to a sulfate and several fatty
acids. Sulfatides appear to inhibit the function of activated monocytes and to stimulate granu-
loma formation. Finally, a molecule that limits the host cell mediated immune response is
liparabinomannan (LAM), a component of the unusual cell wall of M. tuberculosis. LAM blocks
the effects of interferon-γ (IFN-γ) in activating macrophages.7 In addition, mannose-capped
LAM (ManLAM) from some virulent strains of M. tuberculosis decreases the capacity of the
strain producing it for stimulating synthesis of TNF-α, a cytokine with multiple important
affects on granuloma formation.7

Animal Models of Pathogenesis
A number of animal models are used in the study of pathogenesis by M. tuberculosis

including monkeys, rabbits, guinea pigs and mice. Granuloma formation of the type seen in
humans is particularly well-observed in rabbits and guinea pigs and can lead to necrotic lesions
that ultimately lead to the death of the animal.8 As the disease is characterized by a complex
interplay of cytokine and cellular responses, the use of gene knockout technology in mice has
recently contributed greatly to the understanding of infection, immunity and vaccinology.9,10

Unfortunately, use of animal models has had mixed utility in predicting the effectiveness
of vaccines against tuberculosis.11 There is variation in the responses to vaccines based on a
number of parameters in the models, such as age, sex, route of infection, and others12 leading
to concern about the reproducibility of data from animal studies and their ability to confirm
the efficacy of vaccine preparations.12,11

Vaccine Efforts
BCG is widely used throughout the world as a live vaccine for tuberculosis and in the

treatment of certain cancers. BCG, actually a set of strains rather than a single strain, was
originally isolated from a mastitis producing strain of M. bovis, a bovine pathogen closely
related to M. tuberculosis. Calmette and Guérin began research into use of this strain as a
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potential TB vaccine in 1908, subjecting it to passage in vitro on a medium consisting of
potato slices mixed with a mixture of glycerol and bile, the latter substance being included
partly for its ability to prevent the organisms from clumping, which inhibited infection in
guinea pigs.13,14 Disaggregation with this method also aided in the ability to separate the cul-
ture for passaging.15 Passage in this fashion continued for 13 years, culminating in 230 total
passages, with periodic testing for reduced virulence in a variety of animals including guinea
pigs, rabbits, cattle and horses.16,13

In 1921 the BCG vaccine strain was finally tested in humans. It was administered to
infants as an oral vaccine because of the thought at the time that this was the normal route of
infection.16 Several hundred inoculations of children were accomplished through 1924, and
statistical research by Calmette and Guérin provided evidence that the vaccine was providing
protection against TB among vaccinated populations.16 This led to great interest elsewhere for
vaccinating with BCG and distribution of the strain began, probably first with distribution to
Russia in 1924.14 In the ensuing years the strain was passaged over 1000 additional times and
distributed all over the world at different points during the passage history.

The molecular basis for attenuation in the BCG strains is unknown. Since the early pe-
riod of strain passage, the presence of colony morphotypes has been well-documented,14,13,11

and whether these morphotypes confer different in vivo phenotypes is controversial.11 Less
controversial is the conclusion that what is termed “BCG” represents a heterogeneous collec-
tion of genetically different strains that cluster phylogenetically in three different clades related
to the timing of their original isolation.14 Furthermore, using genome microarray technology,
Small and colleagues have shown convincingly that BCG is significantly different genetically
than current M. bovis strains. The extent of the difference is impressive, in that 38 open reading
frames that are present in M. bovis are lacking to varying degrees in all BCG strains.17 In
addition, the comparison between virulent M. tuberculosis and virulent M. bovis shows large
differences in genetic makeup, with 11 regions of the M. tuberculosis genome, accounting for
91 open reading frames, found lacking in that of M. bovis.

BCG has been used as a vaccine in more people than any other vaccine with the estimate
of over 1 billion people having been immunized.18,14 Nevetheless, it is considered a failure in
the control of tuberculosis infection throughout the world.18 Indeed, the results of numerous
trials of BCG over the years since it was first given in 1921 as a vaccine have been mixed,
demonstrating a range of efficacy from 0% to 80%.19,11 The extensive variation in results has
been attributed to many factors, perhaps the most compelling of which being heterologous
immunity from prior exposure to environmental species of Mycobacterium. There is significant
evidence, both theoretical and empirical, supporting this hypothesis.

One of the more intriguing arguments for natural variation comes from the “latitude
effect”, a term that describes the observation that the geographical latitude where vaccination
takes place appears to correlate with vaccine efficacy with less promising results found closer to
equatorial latitudes. Thus, a trial in two different places with the same strain, the BCG-
Copenhagen isolate, revealed nearly 80% protective efficacy in the UK 15 years after vaccination
and no protection in South India after the same time period.11 While there is great variation,
both genotypic and phenotypic, among BCG vaccines that have arisen during the more than
1000 passages of the original 1921 strain,17,14,13 variation such as that observed with a vaccine
preparation thought to be a single strain points to something in the population or in the way
that the strains are being handled locally. To explain this outcome and similar trends in the
literature of BCG vaccine trials, Fine hypothesized a higher level of exposure to environmental
Mycobacterium species—and a resulting higher level of immunization by cross-reactive anti-
gens—at lower latitudes.19 Experimental data show that such exposure can predispose to pro-
tection against subsequent challenge with virulent strains.20,21 This suggests that cross-reactive
epitopes from environmental isolates may confer protection against bona fide infection with
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virulent M. tuberculosis. But such exposure may also contribute to poor induction of immunity
by the BCG vaccine. Relevant to this point is that vaccine trials that have been very strict in
excluding those individuals whose tuberculin test indicates prior exposure have resulted in dem-
onstrations of very high efficacy for the vaccine.19

The great variation seen with BCG in trials around the world and the heterogeneity of the
strain itself has maintained interest in developing better versions of the vaccine. Genetic
manipulation of Mycobacterium spp has been made significantly more tenable in recent years
and development of strains with defined lesions associated with survival in the host is now
feasible. As a result of this, mutagenesis of metabolic genes is currently being investigated as a
method for virulence attenuation for developing a new generation of vaccines against Mycobac-
terium.22 Additionally, vaccine strains engineered to boost the immune response by expressing
cytokines are also currently under investigation.23

Immune Correlates of Protection
Use of mice carrying defined lesions in cell-mediated immunity should provide important

new knowledge regarding the immune response to M. tuberculosis infection. This, in turn, may
lead to a better understanding of how to define protection immunologically. Classically, pro-
tection was thought to correlate with conversion to positivity in the tuberculin skin test using
purified protein derivative (PPD). This test measures the delayed type hypersensitivity which is
thought to be a contributing factor in immunity against M. tuberculosis.24 However, data from
animal experiments points to a lack of causality between this response and immunity, calling
into question how important a positive PPD reaction is for predicting immunity. A reliable,
predictive test for the efficacy of TB vaccines in humans, of the type that has been useful in
development of vaccines for other infectious agents such as those discussed below, is still needed.

Live Attenuated Salmonella typhi (Typhoid Fever Vaccines
and Vaccine Candidates)

Typhoid (Enteric) Fever
Following oral infection with S. typhi, the bacteria pass through the lymphoid tissues of

the pharynx (tonsils) or the intestine (Peyer’s patches) into the bloodstream. Subsequently,
bacteria are removed by the cells of the reticuloendothelial system: liver, spleen, mesenteric
lymph nodes, and bone marrow. The organisms multiply, particularly in the spleen and liver
and by the tenth to fourteenth day, spill over into the bloodstream. This stage marks the end of
the incubation period and the manifestation of clinical disease, or typhoid fever. Liberation of
endotoxin from lysed bacteria causes fever and other symptoms such as headache, loss of appe-
tite, weakness, diarrhea, and rose spots on the abdomen. The disease progresses for several
weeks, and fever subsides when antibodies appear in circulation. Recovery occurs in about nine
out of ten cases.25

Animal Model of Pathogenesis
S. typhimurium, the causative agent of mouse typhoid fever, is the generally accepted and

validated model of infection for S. typhi in humans. S. typhimurium strains which possess given
deletions are injected intraperitoneally (ip) into mice and measured for LD50 compared to
progenitor strains in order to measure the degree of attenuation. Typically, the LD50 is ca. 101

colony forming units (cfu) of a wild-type strain introduced by the ip route. Appropriately
attenuated strains of S. typhimurium possess LD50s of ca. 105 cfu.26 If attenuated S. typhimurium
strains possess LD50s in the 105 range then the identical deletions in S. typhi are likely to be
viable typhoid fever vaccine candidates.
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Vaccine Efforts
In the early 1970s, a streptomycin-dependent S. typhi was proven safe, immunogenic, and

effective as a typhoid fever vaccine in preliminary human clinical studies.27,28 However, when
formulated for lyophilization, this vaccine candidate failed to reproducibly protect volunteers,
arresting its further clinical development.28 Importantly, however, proof of principle was estab-
lished that live attenuated S. typhi vaccines could be effective in combating typhoid fever.

In the mid-1970s, Germanier and Furer developed S. typhi Ty21a.29 Nitrosoguanidine
was used as a chemical mutagen to induce random genetic lesions in a S. typhi Ty2 parent strain
with selection of a galE mutation. The galE gene encodes UDP-glucose-4-epimerase that
interconverts UDP-galactose and UDP-glucose. Conceptually, Ty21a would be attenuated
because an abundance of galactose resulting in accumulation of gal-1-phosphate and UDP-
galactose would lead to autolysis.29 The process of random chemical-induced mutation caused
other dysfunctions of Ty21a including nutritional auxotrophies, reduced growth rate, an inability
to produce H2S, and no production of Vi, a capsular surface antigen. Nonetheless, the basis of
Ty21a’s attenuation was its presumed galactose sensitivity in vivo. Retrospectively, a galE mutant
of S. typhi was constructed and found to cause typhoid fever in 2 of 4 volunteers30 indicating
that the basis of Ty21a’s attenuation is associated with other aberrations caused by chemical
mutagenesis.30 Despite the lack of understanding of Ty21a’s specific attenuation, it is the sole
example of a chemically-induced mutagenic process successfully employed in a commercial-
ized bacterial vaccine product.

Ty21a’s first field trial evaluation took place in Alexandria, Egypt from 1978-1981.31,32

Approximately 32,000 6-7 year olds received either placebo or Ty21a administered in three
oral doses on alternating days. The vaccine was very well tolerated and over a three-year surveil-
lance period was associated with a 96% efficacy level. A subsequent field study in Santiago,
Chile using an enteric-coated capsule formulation of Ty21a conferred significant protection to
volunteers (67% protective efficacy). The encouraging efficacy studies of Ty21a promoted its
commerciability as a typhoid fever vaccine in the developing world as well as a traveler’s vaccine.

Ty21a vaccination activates both arms of the immune system eliciting humoral (IgG and
sIgA) and cell-mediated immunity (CMI). It is unknown whether Ty21a-induced antibodies
or CMI, or a combination of both, confer protection. However, the level of IgG against S. typhi
O-antigen increases following each dose administered and the seroconversion rate correlates
with protection. Therefore, anti-O-antigen IgG titers are considered an excellent surrogate
marker of protection.33

Defined Genetic Attenuation
In direct contrast to Ty21a, there are several live attenuated S. typhi strains in human

clinical trials that possess genetically defined attenuating mutations. Defined genetic attenua-
tion can be dissected into two functional subclasses: gene(s) disruption affecting metabolism/
regulation and gene(s) disruption affecting virulence. Each vaccine strain and its mode of genetic
attenuation is described below.

Metabolically Attenuated S. typhi Strains
The elucidation of bacterial metabolic pathways coupled with the identification of the

genes which encode enzymes in metabolic pathways enabled the concept of generating meta-
bolically attenuated live bacteria. Disruption of genes encoding essential metabolic functions
was the initial rational mode of attenuation applied to live bacteria to generate defined genetic
aberrations.

A S. typhi strain harboring aroA and purA mutations (genes which encode essential bio-
synthetic enzymes in the aromatic amino acid pathway and DNA biosynthesis pathway,
respectively), termed 541Ty, was constructed.34 541Ty was evaluated in human clinical trials
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and although well tolerated, was less immunogenic than Ty21a35 and not considered for fur-
ther clinical development. The fact that 541Ty, defective in two distinct central biochemical
pathways, was overly attenuated suggested that a S. typhi strain defective in one biochemical
pathway may generate a viable typhoid fever vaccine candidate. Two different wild-type S. typhi
parent strains, Ty2 and ISP1820, were attenuated by deleting two different genes in the bio-
chemical pathway for aromatic acid biosynthesis. CVD 906 (derivative of ISP1820) and
CVD 908 (derivative of Ty2), each possessing aroCD mutations, were constructed. The reason
for deleting two different genes which encode enzymes in the same biochemical pathway is if
reversion occurs in one gene then the remaining defective gene prevents the restoration of the
functional biochemical pathway. Each vaccine candidate was evaluated for safety and immuno-
genicity in human volunteers. Although the data were not statistically significant, the volunteer
study trends indicated that CVD 906 was more reactogenic than CVD 908.36 These results
emphasize the degree of importance in the selection of the progenitor strain. This theme is
highlighted later in this chapter in the attenuated V. cholerae vaccine section. In subsequent
CVD 908 vaccine studies it was determined that single, oral dose levels required for immuno-
genicity caused transient bacteremia impeding the vaccine candidate’s clinical development.37

Theoretically, CVD 908’s inability to produce aromatic amino acids de novo should preclude
its ability to cause bacteremia. The fact that the strain replicates in vivo to cause bacteremia
indicates that the bioavailability of essential metabolic substrates in vivo is very difficult to
predict during an attenuated live vaccines complex course of colonization in humans.

Following a different approach, Curtiss and colleagues exploited metabolic/regulatory genes
as targets for attenuation. They constructed S. typhi Chi3927, a cya-,crp- (genes encoding adeny-
late cyclase and cAMP receptor protein, respectively) typhoid fever vaccine candidate. How-
ever, Chi3927 caused unacceptable levels of high fever and bacteremia thwarting its clinical
development.38 It is interesting to note that Chi3927 is a derivative of S. typhi Ty2, as are Ty21a
and CVD 908, described above. Each vaccine candidate displayed a different clinical safety
profile in human studies. This observation emphasizes the importance of the appropriate com-
bination of the attenuating mutations in the specific bacterial progenitor strain towards the
generation of a safe, immunogenic live attenuated vaccine.

Combination Regulatory/Virulence and Metabolic/Virulence Attenuated S. typhi
The attenuated S. typhi vaccine field evolved from the largely unsuccessful metabolic- or

regulatory-attenuated candidates described above towards combinations of regulatory/viru-
lence-, metabolic/virulence-, or solely virulence-attenuated vaccine strains. Attenuated S. typhi
Chi4073(Chi3927+ cdt- (gene which participates in dissemination of S. typhi from gut-associated
lymphoid tissue to deeper organs of the reticuloendothelial system)), a combination regula-
tory- and virulence-attenuated strain, was constructed and evaluated for safety and immunoge-
nicity in human volunteers. Chi4073 was generally well tolerated and immunogenic at 107-108

cfu doses.39 The conceptual importance of this study was the demonstration that the addition
of a virulence attenuation in a regulatory-attenuated background substantially improves the
safety profile of a live attenuated vaccine candidate.

S. typhi TyLH445, a combined aroA–, phoP–/Q– (genes which encode virulence regula-
tion) strain was evaluated in Phase I/II human volunteer studies. Although the vaccine was
safe, it was ineffective at provoking significant immune responses after two oral doses.26 Thus,
in this particular case, the addition of another attenuating mutation which affected virulence
into a metabolically-attenuated background yielded a strain that was overly attenuated. Sepa-
rately, CVD 908htrA– (gene encoding a bifunctional stress protein/serine protease) was con-
structed and evaluated in human volunteers. The strain was well tolerated and immunogenic
in the dose ranges tested (107-109cfu), however compromised in immunogenicity compared to
its progenitor, CVD 908.39
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Virulence-Attenuated S. typhi Strain Ty800
Given that the combination metabolic- and virulence-attenuated S. typhi TyLH445 was

overly attenuated, a phoP–/Q– S. typhi strain, Ty800, was constructed. Ty800 is the first example
of an attenuated Salmonella strain that is metabolically intact and attenuated solely for virulence.
Ty800 was evaluated in human studies and discovered to be safe and immunogenic after single,
oral doses ranging from 107 to 1010 cfu.40 Ty800 set precedence in the live attenuated Salmo-
nella vaccine field that metabolically intact strains that are attenuated solely for virulence could
be successfully generated. Perhaps the reason for the success of Ty800 is that the majority of
virulence genes encode dispensable functions unique to the organism which do not affect rep-
lication in vivo thereby minimizing any negative impact on immunogenicity. In contrast, meta-
bolic attenuation generally compromises live bacteria’s ability to produce essential metabolites
thereby reducing replication in vivo ultimately resulting in decreased immunogenicity.

A recently discovered novel metabolic attenuation is a dam deletion in Salmonella. Methy-
lation at adenine bases by Dam (DNA adenine methylase) controls the timing and targeting of
important biological processes such as DNA replication, methyl-directed mismatch repair, and
transposition.41 In addition, Dam regulates the expression of operons such as pyelonephritis-
associated pili (pap), which are an important virulence determinant in upper respiratory tract
infections. dam deletion mutants were demonstrated to be highly attenuated (>10,000 times
the wild-type LD50) when introduced orally to mice. When mice were orally immunized with
dam- S. typhimurium, 8/8 were resistant to virulent S. typhimurium challenge compared to
0/12 unvaccinated mice. dam mutation may serve as a stand alone attenuation of S. typhi for
evaluation in humans or can be combined with other virulence or metabolic attenuations.41

Experimental challenges of human volunteers with virulent Shigella flexneri and V. cholerae
facilitated the development of shigella and cholera vaccines. Given the invasive and systemic
nature of S. typhi, a safe, validated human challenge is lacking. However studies are being
planned to develop a human challenge model for S. typhi. Thus, vaccinations with the several
live attenuated S. typhi vaccine candidates described above followed by challenge can provide an
early prediction of success in Phase III studies, expediting the commercialization of oral, single-
dose, typhoid fever vaccines.

Live Attenuated Shigella spp. (Shigellosis Vaccine Candidates)

Shigellosis (Bacillary Dysentery)
Dysentery is an acute infectious disease of the lower ileum and colon. The incubation

period following ingestion of Shigella spp. is typically about 48 hours, and the disease begins
suddenly with fever, abdominal pain, vomiting, and diarrhea. There is often ulceration and
marked inflammation of the intestinal mucosa, and the watery excreta frequently contain blood
and mucus. Prostration is due largely to loss of fluid and electrolytes resulting from the purging
diarrhea.25

Shigellae are extraordinarily adept intestinal pathogens, as evidenced by the small infec-
tious dose.42 The bacteria do not pass through the intestine wall but remain localized within
the intestine or in cells lining the intestinal mucosa. Organisms invade enterocytes through the
basolateral membrane and internalized bacteria subsequently spread within infected cells by
organizing host cell actin into a cytoskeleton-based motor spreading into contiguous epithelial
cells via membrane protrusions.43

S. dysenteriae is the most virulent of the Shigella species. It produces a highly potent viru-
lence factor termed shiga-toxin, which attacks the endothelial cells of blood vessels.44,45

S. dysenteriae is associated with the most severe cases of dysentery and the highest rates of
complications, e.g., hemolytic-uremic syndrome, hemorrhagic colitis, sepsis, and purpura.46

S. sonnei and flexneri are not as virulent as S. dysenteriae; however, these species produce and
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shed endotoxin during infection, which is responsible for intestinal hemorrhage, loss of weight
and other general symptoms associated with bacterial endotoxins. Mortality due to bacillary
dysentery varies greatly according to the species of infecting organism and the population
infected. S. dysenteriae infection can by as high as 20 percent, however most species are associ-
ated with significantly lower mortality. In fact, many cases are mild and are not recognized as
bacillary dysentery.25

Animal Models
Study of the pathogenic mechanism of shigellosis has been complicated by the innate

resistance of most animals to oral infection by shigellae.47 However, animal models can repro-
duce some aspects of human shigellosis. Oral challenge of starved, opiated guinea pigs with
S. flexneri 2a first established the invasive nature of Shigella infections and oral challenge of
rhesus monkeys, which are susceptible to naturally acquired Shigella infection, confirmed the
invasive pathogenic mechanims. Injection of shigellae into ligated rabbit ileal loops causing
active fluid secretion has been used as a model of bacterial invasion. A non-surgical rabbit
model of enteric Shigella infection was developed for studying the pathogenesis and immunol-
ogy of shigellosis and for evaluating Shigella vaccine candidates.48 Complementing these ani-
mal models of intestinal shigellosis is the Sereny test, which assesses the ability of shigellae to
invade the corneal epithelium and to elicit keratoconjunctivitis in the eyes of rabbits, guinea
pigs, or mice.47

Vaccine Efforts
A significant obstacle in the generation of vaccines against shigellae is that there exists

greater than 30 serotypes. However, a limited number of serotypes or a specific species are often
endemic in certain regions.49 For example, S. sonnei predominates in industrialized countries,
S. flexneri 2a and 3 predominate less-developed countries, and S. dysenteriae serotype 1 causes
epidemic dysentery in Central America, Africa, and the Indian subcontinent.49

A live, oral Shigella vaccine candidate was constructed by transfer of the 140-MDa inva-
siveness plasmid from S. flexneri 5 and the chromosomal genes encoding the group- and type-
specific O antigen of S. flexneri 2a to E. coli K-12, yielding EcSf2a-1. In human clinical studies,
this vaccine candidate produced a high level of adverse reactions including fever, diarrhea, or
dysentery in volunteers that received a single oral dose of 1x109 cfu. Further, vaccinees who
received more tolerable doses, 5x106 cfu or 5x107 cfu, demonstrated no statistically significant
level of protection against challenge with virulent S. flexneri 2a.50 In an attempt to reduce
reactogenicity levels an aroD mutation was created in EcSf2a-1, yielding EcSf2a-2. This strain
was also evaluated in Phase I safety and immunogenicity human studies. Three oral doses of ca.
2x109 cfu were required to elicit significant levels of seroconversion (61% developed serum
antibodies against LPS and 44% against invasiveness plasmid antigens (Ipa)). Despite this
degree of immunogenicity, the vaccine candidate regimen conferred only 36% protection against
illness induced by experimental challenge.50 In a subsequent study, EcSf2a-2 was orally admin-
istered in four doses of 7x108 cfu to 21 adults on days 1, 3, 14, and 17. There were no serious
adverse reactions although one volunteer developed fever and another developed mild diar-
rhea. All vaccinees developed a modest antibody secreting cell (ASC) against LPS and 19%
developed a serum IgG response against LPS. Despite the four dose regimen, upon challenge
with virulent S. flexneri 2a only 27% volunteers were protected against disease.51

Historically, the attenuation strategy for Shigella spp. strongly parallels that of S. typhi.
That is to say, mutation of genes which encode metabolic function were inadequate in attenu-
ating Shigella spp. and combinations of mutations of genes which encode metabolic/virulence
functions were ultimately required to generate safer vaccine candidates. Shigella flexneri SFL1 is
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a virulent strain isolated from a tourist returning to Sweden with dysentery after vacation in
Asia.52 The strain was orally administered to human volunteers at doses of 7x103 cfu. These
volunteers developed overt signs of shigellosis confirming the virulence of the strain. This study
also indicated that although SFL1 is virulent, it was less so than previously tested S. flexneri
strains.52

An aroD deletion was constructed in the S. flexneri SFL1 parent, generating strain SFL124.
In a Sereny test, it was observed that SFL1 caused keratoconjunctivitis in guinea-pigs and
SFL124 did not, indicating that the aromatic amino acid auxotrophy impairs intracellular
multiplication and attenuates the strain.52 Following pre-clinical analyses, SFL 124 was evalu-
ated in Vietnamese children. When orally administered as a single dose of 107, 108 or 109 cfu
SFL124 caused mild symptoms. Local mucosal immune responses against S. flexneri LPS and
Ipa were elicited in a dose-dependent fashion. High titers of of serum antibodies to LPS and
Ipa were found in all children before ingestion of SFL124 that elicited increases in serum
antibody titers in only a few volunteers. Thus, the immune response patterns elicited indicate
a booster rather than a primary response.53

Subsequently, an aroD deletion was constructed in a S. flexneri 2a isolate, yielding
SFL1070.54 This vaccine candidate was orally administered to adult volunteers who received
three doses of 1x105, 1x107, 1x108, or 1x109 cfu within 5 days. Volunteers who received the
107,108, or 109 cfu doses reported symptoms ranging from abdominal pain to watery diarrhea
following the initial dose. Although the 105 cfu dose was well tolerated, only 1 of 9 volunteers
mounted an immune response.54 The poor safety profile of SFL124 and SFL1070 in human
volunteers directed live attenuated Shigella vaccine development towards the concept of com-
bining metabolic- and virulence–attenuations. In vitro studies had defined many important
virulence factors of shigellae.55 Thus, S. flexneri vaccine candidates that were combination
metabolic- and virulence-attenuated were constructed.

There are two examples of combination, metabolic- and virulence-attenuated vaccine can-
didates, CVD 1203 and SC602. CVD1203 is a S. flexneri 2a strain attenuated by deletion of
aroA (encodes another gene-product in the aromatic acid biosynthesis pathway) and virG
(encodes gene-product which enhances intracellular replication and intra- and intercellular
spread to adjacent cells). In pre-clinical studies, CVD 1203 was orogastrically administered to
guinea pigs and elicited anti-IgA S. flexneri 2a antibodies and protected against conjunctival sac
challenge.56 In clinical studies, CVD 1203 was administered in two oral doses (primed with
2x108 cfu or 2x109 cfu, followed by 1x108 cfu boost) and was evaluated for safety and immuno-
genicity. A separate group of individuals received a single, oral dose of 106 cfu CVD 1203.
Briefly, objective symptoms including fever, diarrhea, dysentery, were observed following the
first dose in some volunteers in all groups. In addition, seroconversion rates were low, ranging
from 30-45%. The authors concluded that less reactogenic vaccines were needed.57

S. flexneri 2a strain SC602, a virG–/icsA– (causing intra-and intercellular migration defects)
and iuc-/iut- (causing iron acquisition defect) was constructed and tested in volunteers. Dose
escalation studies revealed that SC602 caused shigellosis in a majority of volunteers when 3x108

or 2x106 cfu were ingested.58 Even a low dose of 1x104 cfu was associated with transient fever
or mild diarrhea in 2 of 15 volunteers. Eight weeks after SC602 vaccination a subset of 7 of 15
volunteers and 7 unvaccinated volunteers were challenged with 2x103 cfu virulent S. flexneri
2a. Six of 7 control volunteers developed shigellosis with fever and sever diarrhea or dysentery,
while none of the vaccinees had fever, dysentery, or severe symptoms.58 These efficacy results
are a significant improvement over the EcSf2a-2 efficacy results and suggest that live attenu-
ated S. flexneri 2a vaccines that confer protection to humans can be generated.

Live attenuated shigellae vaccine development has been stymied by the lack of reliable
animal models and the generation of safe, immunogenic strains. Thus, immunological corre-
lates of immunity had been lacking. However, field studies have demonstrated that an injectable
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vaccine consisting of S. sonnei O-antigen conjugated to Pseudomonas aeruginosa recombinant
exoprotein A elicits high-titer anti-LPS antibodies that protect against disease.59,60 This surro-
gate marker should serve as a standard in the future for the evaluation of live attenuated Shigella
vaccines.

Live Virulence-Attenuated Vibrio cholerae (Cholera Vaccines)

Cholera
In contrast to the pathogenesis of tuberculosis, S. typhi, and Shigella spp., disease caused

by Vibrio cholerae is not associated with invasion and dissemination of bacteria within host
cells. Rather, disease is due principally to the action of cholera toxin (CT), an ADP-ribosylating
enzyme that modifies the regulatory subunit (Gsα) of a heterotrimeric G protein complex
controlling adenylate cyclase activity. Enzymatic modification of Gsα results in constitutive
adenylate cyclase activity, leading to elevated levels of cAMP in enterocytes followed by a pro-
tein kinase A-mediated modification of chloride channel function. Chloride and other ions
leave the cell, followed by water, and the intestinal lumen thus fills with the watery, isotonic
stool characteristic of cholera. Secretion of water and electrolytes is accompanied by disruption
of absorption in villus cells, which contributes to fluid loss. Diarrhea can be very profuse in this
disease leading to severe loss of electrolytes and ultimately to death in untreated individuals.61

Oral rehydration with a solution of glucose, sodium chloride, sodium bicarbonate and
potassium chloride is an effective treatment designed to maintain electrolyte balance during
the self-limiting infection with V. cholerae. Although easily administered and inexpensive, oral
rehydration therapy nevertheless requires a fairly long course of treatment with large volumes
of solution. A vaccine to prevent or control cholera in endemic areas is therefore viewed as
highly desirable. Because individuals infected with V. cholerae exhibit long term protection
against subsequent infection, there is a strong opinion in the public health community that a
live vaccine against cholera has the potential to ameliorate significant morbidity from this
disease throughout the world. Before describing the approaches taken to achieve this aim, it is
necessary to describe further the epidemic and pathogenic nature of V. cholerae.

Biotype and Serotype
Epidemic strains of V. cholerae are predominantly of the O1 serogroup. Within this

serogroup there exists two further classifications of epidemic V. cholerae, biotype and serotype.
Biotype is determined by laboratory tests including phage typing, the production of a specific
metabolic intermediate, hemolysin and hemagglutinin production and sensitivity to polymixin
B. The two major biotypes of epidemic V. cholerae are the El Tor and classical biotypes. The
current cholera pandemic, which began in 1961, is the first of the seven recorded pandemics
dating back to the early 19th century known to be caused by El Tor bacteria.

Either biotype may be one of two serotypes, Ogawa and Inaba, which are determined by
a specific modification of the lipopolysaccharide (LPS) structure. A major alteration in the LPS
of V. cholerae was identified in 1992 among isolates from outbreaks of cholera in India and
Bangladesh. Strains otherwise characterized as El Tor isolates were shown to have a non-O1
LPS structure and these were subsequently classified as O139 Bengal. Prior infection with O1
V. cholerae was not protective against subsequent O139 Bengal infection, highlighting the effi-
cacy of anti-LPS antibodies in immunizing against cholera. It is widely accepted that enduring
immunity against cholera is due to induction of antibodies of the sIgA class directed against
lipopolysaccharide and outer membrane proteins. Antibodies directed against the host-cell bind-
ing subunit of CT, CT-B, are also associated with protection.62,63
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Other Virulence Factors
Although CT production is a pre-requisite for V. cholerae to cause disease, other virulence

factors are very important for establishing successful interaction with the host. Principal among
these is the toxin-coregulated pilus (TCP), a surface organelle required for colonizing in both
animal models and human volunteer studies.64 Strains lacking TCP do not elicit an immune
response when fed to human volunteers, suggesting that colonization mediated by TCP is
required for infecting organisms to be recognized by the immune system.64 As its name sug-
gests, TCP is expressed in coordination with CT by a complex regulatory system that also
controls production of potentially immunogenic outer membrane proteins.65

Recent observations regarding the elements encoding both CT and TCP have significant
impact on understanding how virulent isolates of V. cholerae may have evolved. These are the
discoveries that both factors are encoded from the genomes of filamentous bacteriophage, CTXφ
and VPIφ, respectively, and that the former appears to use the latter as its receptor.66,67 Two
other genes, ace and zot whose products have an effect on the physiology of intestinal tissue in
vitro are also encoded by CTXφ and, based on sequence homologies with other such proteins
in the data base, these two proteins appear to be the phage coat protein.68,69,66 For VPIφ, the
major subunit of TCP, called TcpA, may be the coat protein.67

Animal Model
The infant, or suckling, mouse model of V. cholerae infection is a widely accepted measure

of reactogenicity and immunogenicity in humans. Several O1 and O139 cholera vaccine can-
didates were evaluated using this model. For example, Bang-3 and Bah-3 vaccine candidates
colonized suckling mice ca. 10-fold more than Peru-3 or Peru-5 and nearly 1000-fold more
than Peru-14. The in vivo murine model demonstrated there is a strong correlation between
colonization level in mice and reactogenicity and immunogenicity in humans, elaborated in
the next section.70

Vaccine Efforts
The knowledge of the molecular basis of cholera pathogenesis made it possible to establish

parameters for construction of live, oral vaccines against disease. The major symptoms of chol-
era are due to the enzymatically active moiety of CT (CT-A), which is encoded by a separate
gene (ctxA) from the immunogenic binding domain (CT-B; ctxB), thus enabling construction
of virulence-attenuated strains. The major premise of virulence attenuation is that virulence
determinants are often non-essential, or dispensable, functions of bacterial pathogens. Thus, in
direct contrast to metabolic attenuation, the attenuation of virulence has no direct manifesta-
tion on replication/colonization in vivo, yielding a more fit live vaccine candidate. Attenuating
V. cholerae in this fashion marked a new era for the construction of live bacterial vaccine strains
that are metabolically intact and attenuated solely for virulence. Initially, a rational process was
used, in which a deletion of ctxA was introduced as the sole attenuating mutation.71,72

In volunteer studies, these early vaccines were shown to be highly reactogenic although a
single dose could induce long-lasting immunity to experimental wild-type cholera challenge.73,64

The basis of reactogenicity, in which vaccinees may exhibit any number of symptoms ranging
from loose stools to headache, nausea or vomiting, is not well understood. Until recently, only
one recombinant strain, V. cholerae CVD 103-HgR, had been sufficiently tolerated by vaccinees
to be considered for further development.73 In experimental challenge models, volunteers
receiving CVD 103-HgR show 87% protection against challenge with homologous classical
biotype strains, but only 62% against El Tor strains.74 Thus, a need existed for the develop-
ment of vaccines that provide better protection against the El Tor biotype of V. cholerae as well
as recently emerged 0139 strains. Another potential drawback of CVD 103-HgR—from the
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standpoint of rational vaccine design—is that its progenitor is the classical Inaba strain, 569B,
which carries at least one mutation in the regulatory system governing CT and TCP and outer
membrane protein production75 and therefore behaves differently in vitro, and probably in
vivo, than other V. cholerae strains.

An attenuated El Tor derivative called CVD 111 has recently been produced and tested in
human volunteers. This strain, a derivative of the El Tor, Ogawa strain N16961, is deleted for
the ctx genes as well as for two genes encoded near ctx, called ace and zot, which have toxic
effects on intestinal tissue in vitro. CVD 111 showed significant protective efficacy in U.S.
volunteers (over 80%) but also caused mild diarrhea in an unacceptably high percentage of
them (12%).76 A bivalent vaccine preparation consisting of both CVD 103-HgR and CVD 111
fared better in volunteer studies, causing rises in anti-LPS levels against both strains with no
reactogenicity.77

A second generation of vaccine candidates has been constructed by genetically engineer-
ing geographically distinct field isolates of V. cholerae with a variety of lesions predicted to
attenuate the organism as well as to reduce the level of reactogenicity. Several examples of such
genetically defined, live El Tor strains, of both O1 and O139 serogroups have been made and
tested in humans for safety and efficacy.70,78,79

The first of these vaccine candidates extensively analyzed in vivo were strains named Peru-3,
Bang-3 and Bah-3, derived from strains isolated in Peru, Bangladesh and Bahrain, respec-
tively.70 They have deletions of CTXφ, and ctxA, as well as a deletion/insertion mutation at the
recA locus that introduces the ctxB gene under the control of a heat shock promoter. A filamen-
tous, motility-deficient derivative of Peru-3, called Peru-14, was isolated to test the hypothesis
that reactogenicity is associated with a motility-related colonization phenotype. In addition,
Peru-5 was constructed in which the recA gene was left intact and the ctxB gene was instead
introduced into the V. cholerae lacZ gene under a natural ctx promoter.

All six volunteers who ingested ca.106 cfu Bang-3 or Bah-3 experienced symptoms such as
abdominal cramping and nausea, and three of the six had diarrhea. Peru-3, in contrast, caused
no abdominal cramping in any of three volunteers and diarrhea in only one, even at doses 100
times higher than those used for Bah-3 and Bang-3. The recA+ strain Peru-5 caused abdominal
cramps in two out of three volunteers but diarrhea in only one, indicating a potential role for
RecA in reactogenicity.70

The best results in terms of reactogenicity were with Peru-14, the filamentous non-motile
strain that colonized suckling mice very poorly. This strain caused diarrhea in only one of 12
volunteers given either ~106 or ~108 cfu and no cramping at either dose. In fact, even when
given at 109 cfu, it caused no diarrhea in nine volunteers and cramping in only two of the nine.
Most promising for the potential of these strains as vaccines, particularly the low-reactogenic
strains Peru-3 and Peru-14, is that they induced strong serologic responses and protection
against challenge with wild type V. cholerae. Peru-3 induced a significant rise in vibriocidal
serum antibody, a standard measure of the effectiveness of the immune response, in two out of
three volunteers given 4 x 106 cfu and in all three volunteers given 100 times that amount.
Likewise, Peru-14 caused a vibriocidal serum response in all 21 volunteers who ingested doses
ranging from 2 x 106 to 109 cfu. Volunteers vaccinated with both the Peru-3,5 or Peru-15
strains were protected from infection with 3 x 106 cfu of an El Tor, Inaba strain (N16961) with
an efficacy of 87% and 80%, respectively. Subsequent study of an independently derived non-
motile vaccine candidate called Peru-15 displayed a similar safety profile and high levels of
immunogenicity and protection.78 Additional studies of Peru-15 formulated with different
buffers demonstrated that 30/30 volunteers that ingested a single oral dose developed high titer
vibriocidal antibodies.80

Similar mutations were engineered into V. cholerae O139 isolates shortly after the out-
break with this serogroup occurred in 1992-1993. The most promising of these, Bengal-15, is
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deleted for the CTXφ and  recA and carries a motility defect as well. Bengal-15, administered as
a 108 cfu single oral dose was well tolerated and highly immunogenic; 9 of 10 volunteers
developed vibriocidal antibodies, in human volunteers. In challenge studies with virulent O139,
Bengal-15 showed an efficacy of 83%.79

Each attenuated Vibrio strain described above is metabolically fit and therefore fully com-
petent for replication in the human host. The levels of protection they confer prove the utility
of rapidly constructing genetically defined, virulence attenuated vaccine candidates from geo-
graphical isolates of V. cholerae. The success of these live attenuated V. cholerae vaccines set a
precedent for the generation of additional bacterial vaccines attenuated specifically for virulence.

Technologies Enabling “Next-Generation” Live Attenuated Bacterial Vaccines
Three technologies have recently emerged that will enable the creation of improved live

attenuated bacterial vaccines. Those technologies include in vivo expression technology (IVET),
signature tagged mutagenesis (STM), and whole-genome random DNA sequencing (WGRS).

IVET (in vivo expression technology) is a technology that identifies genes that are induced
during a pathogen’s course of infection in vivo.81 Briefly, a gene encoding an essential DNA
biosynthetic enzyme, purA, (the same gene used to attenuate S. typhi 541Ty above) is deleted
from the genome of S. typhimurium. These purA- strains are highly attenuated and fail to
colonize the spleen of infected mice when introduced by the ip route. Separately, chromosomal
DNA from S. typhimurium is digested and randomly cloned upstream of a promoterless purA
gene on a plasmid which recombines onto the chromosome of the S. typhimurium purA mutant.
Recombinants are introduced ip into mice and those that have in vivo promoters that turn on
expression of purA survive and colonize the spleen. Bacteria from spleens are harvested and the
DNA upstream of purA is sequenced to determine the gene which is “naturally” expressed by
the in vivo promoter. Initially, 15 ivi fusions (in vivo induced genes) yielded were studied for
their in vivo induction level and a subset of three were evaluated for decreased LD50. All three
strains were greatly reduced in virulence and one (an insertion within the pheST/himA operon)
conferred protection against an oral challenge of virulent S. typhimurium.81 Since IVET’s con-
ception in 1993, >100 S. typhimurium ivis have been identified which are expressed either in
mice or in mouse cultured macrophages.82 Most of these ivis await extensive analyses to deter-
mine their protective capacity as live attenuated bacterial vaccines.

STM is a genetic selection system that identifies virulence genes which are potential knock-
out targets for attenuation of bacteria.83 STM is a negative selection method for virulence gene
identification based on random transposon induced mutation. In vitro, microbial genes are
tagged by the insertion of a transposon which contains a unique sequence of DNA. A pool of
mutant bacteria are introduced into an animal and are collected during their course of patho-
genesis. DNA hybridization techniques are applied to discern the input pool from the recov-
ered pool of bacteria. Each gene mutation that causes attenuation of the bacteria can be de-
tected by the nature of the hybridization technique and the unique DNA tag permits the
identification of the specific gene mutated. The technology was applied to S. typhimurium in
the murine model of pathogenesis and revealed three distinct subsets of genes.83 A subset of 13
S. typhimurium genes which were formerly identified as virulence genes, a second subset of 6
genes which were new sequences similar to known genes, and a subset of 9 genes which did not
correspond with any database entries. Since STM’s inception, the technology has also been
successfully applied to Staphylocococcus aureus84 and V. cholerae85 identifying important viru-
lence genes in each pathogen.

The first published report of whole-genome random sequencing (WGRS) of a bacterial
pathogen was first described in 1995 using Haemophilus influenza.86 Remarkably, within three
years 20 bacterial genomes were completed and greater than 45 bacterial genomes were in
progress (http://www.fp.mcs.gov/gaasterland/genomes.html). Examples of completed genomes
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include Mycoplasma pneumoniae, Helicobacter pylori, Borrelia burgdorferi, and Chlamydia
pneumoniae. Pertinent examples of genomes in progress include Salmonella typhi and
typhimurium, Shigella flexneri 2a, and Vibrio cholerae (http://www.tigr.org/tdb/mdb/mdb.html).
WGRS will undoubtedly identify a significant number of genes which encode virulence factors
of these pathogens. As additional genes which encode virulence factors are elucidated by IVET,
STM and WGST, safer and more effective live bacterial vaccines will continue to emerge.
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Live Attenuated Bacterial Vectors
Sims K. Kochi and Kevin P. Killeen

Introduction

It is doubtful that Louis Pasteur could have anticipated the significance in 1881 that his
discovery of bacterial attenuation would have on the use of microorganisms to protect
against infectious diseases. Now, more than a century later, live attenuated bacterial vac-

cines have been developed that elicit sustained and protective immune responses (for a review
see ref. 1). A novel application of these vaccines has been their use as vectors to deliver foreign
antigens. This type of delivery is attractive for a number of reasons. For example, a live replicat-
ing vector can express in situ both heterologous antigens and native immunomodulatory fac-
tors, potentially obviating the need to add an adjuvant in cases where one might ordinarily be
required. Another benefit is the exploitation of a vector’s natural route of entry to deliver a
foreign antigen. Presentation of an antigen in this manner often mimics natural infection and
would presumably result in a broader spectrum of both mucosal and systemic immune responses.
Finally, advances in molecular biology have enabled the genetic manipulation of most bacterial
vectors and provide an opportunity to deliver a wide variety of protective immunogens.

Advances made in producing safe and protective live vaccines have facilitated the develop-
ment of safe bacterial vectors. Live attenuated strains like Salmonella typhi Ty21a2 and Myco-
bacterium bovis BCG3 were the first vaccines to be used as vectors and are attenuated as a result
of undefined mutations. The elucidation of microbial biosynthetic pathways facilitated the
development of second-generation vectors that were rationally attenuated by the disruption of
genes encoding metabolic functions. Vectors like S. typhi CVD 9084 and Chi4073, 5 were cre-
ated based on this strategy and have 1 or more defined deletions in essential biosynthetic genes.
However, some vaccines of this type are affected in their capacity to replicate and colonize an
immunized host and therefore diminished in their utility as vectors.

To address this issue, live bacterial vectors were created by deleting virulence-associated
genes. For example, mutant strains of Salmonella and Shigella flexneri deleted in the phoP phoQ
virulence regulon and the virulence-associated virG gene, respectively, are highly attenuated
with respect to their capacity to cause disease.6-8 These recombinant strains presumably repli-
cate in vivo as well as their wild-type homologues and are more fit than a similar strain attenu-
ated by the deletion of a gene or genes involved in biosynthesis. As we will discuss below, the
nature of these types of mutations and their impact on vector fitness in vivo may contribute, at
least in part, to the capacity of a recombinant strain to elicit an immune response to vectored
foreign antigens.

In this chapter we will present live attenuated bacterial vectors that we believe show the
greatest promise for use in humans and emphasize traits that contribute to their effectiveness.
This will include the basis of a vector’s attenuation and the effect that attenuation has on the
metabolism or the virulence of the strain. In addition, we will discuss the results of studies
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evaluating the immunogenicity and efficacy of live attenuated vectors delivering heterologous
antigens in preclinical animal models and the utility of such models in predicting safety, immu-
nogenicity and protection in humans.

Salmonella Vectors
Enteric diseases like typhoid fever are a major cause of morbidity and mortality world-

wide, particularly in developing countries where sanitation conditions are poor. The live
attenuated S. typhi strain Ty21a was created to vaccinate against typhoid fever and has since
become the most intensely studied typhoid fever vaccine.2 While it is approved for use in
humans, the three-dose immunization regimen makes it impractical as a bacterial vector. More
recent live S. typhi–based typhoid fever vaccines have been developed based on the results of
studies of S. typhimurium conducted in animal models.9 S. typhimurium infection in mice, for
example, produces symptoms similar to typhoid fever in humans and is widely accepted as a
model for typhoid fever. The availability of this model has facilitated the identification of genes
in S. typhimurium involved in virulence and cell metabolism and has resulted in the creation of
strains that are highly attenuated and capable of protecting mice against lethal Salmonella chal-
lenge. The development of S. typhi strains with similar mutations has resulted in safe, attenu-
ated vectors for delivering foreign antigens to humans.

Live attenuated S. typhimurium strains have been used to deliver more than 50 different
bacterial, viral and parasite antigens in animals. Many of these studies showed that mice
immunized with Salmonella expressing a heterologous antigen developed immune responses
that protected against challenge (for a review see ref. 10). These promising preclinical results
catalyzed the development of several live attenuated strains of S. typhi expressing foreign anti-
gens: the malarial circumsporozoite protein (CSP;11), a modified hepatitis B virus (HBV)
surface antigen,5 the Helicobacter pylori urease A and B subunits.12,13 An attenuated
S. typhimurium strain expressing CSP was shown to colonize the liver, induce antigen-specific
cell-mediated immunity (CMI) and protect mice against sporozoite challenge in the absence of
anti-sporozoite antibodies.14 These results prompted a similar study in humans with the vac-
cine candidate, CVD 908, an attenuated strain of S. typhi deleted of the aroC and aroD genes
that encode enzymes involved in the biosynthesis of aromatic amino acids. For this study,
CVD 908 was further modified to express a fragment of the Plasmodium falciparum CSP from
a single gene copy on its chromosome. Volunteers fed a single, oral dose tolerated the immuni-
zation with no serious adverse events and 7 of 10 vaccines shed the vector over a period of
several days, indicating prolonged colonization.11 As anticipated, all of the volunteers
seroconverted against the vector; however, only 20% of the vaccinees developed a significant
anti-sporozoite antibody response and only 10% developed CSP-specific CD8+ cytotoxic T
lymphocyte (CTL) activity. In spite of its modest clinical success, the results of this study are
significant because they were the first to show that an attenuated strain of S. typhi delivering a
heterologous antigen in humans is capable of inducing an antibody or CMI response to that
antigen (Table 10.1).

The inability of CVD 908 to deliver a single gene copy of CSP effectively in humans
renewed efforts to improve S. typhi as a vector. One approach taken was the use of multi-copy
plasmids to increase the level of foreign antigen expression. An increased level of antigen
expression should induce an immune response that is more prominent than that elicited by a
bacterial vector expressing the same antigen from a single-copy gene on its chromosome. For
vaccines intended for humans, the balanced-lethal plasmid system shows promise, as it allows
the maintenance and high-level expression of plasmid-borne foreign antigens in the absence of
antibiotic selection: the vector has a lethal mutation that is rescued by a bifunctional plasmid
that both complements the mutation and encodes the heterologous antigen. Balanced-lethal
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systems have been used with some success in Salmonella and have been constructed by the
introduction of deletions in the chromosomal genes involved in cell wall biosynthesis (e.g., asd;
15) and purine biosynthesis (purB; 16). One of the first balanced-lethal vectors that yielded
positive results in animals was Chi4064 (pNS27-53PS2), a recombinant strain of S. typhimurium
deleted of the cAMP receptor protein (crp), adenylate cyclase (cya), and asd genes and trans-
formed with a plasmid expressing Asd and an HBV nucleocapsid (HBc)-envelope protein (preS1)
fusion protein.17 Mice immunized with Chi4064 (pNS27-53PS2) developed anti-preS1 and
anti-LPS serum IgG antibodies after a single, oral dose. These promising preclinical results
provided an impetus to test an analogous strain of S. typhi for its capacity to elicit an immune
response in humans. In this study, volunteers were fed multiple doses of S. typhi Chi4632

(pYA3167), a ∆cya∆(crp-cdt)∆asd strain transformed with a balanced-lethal plasmid encoding
the genes for Asd and the HBc-preS1 fusion protein described above.18 Six of the 7 volunteers
immunized orally and 1 of 6 volunteers vaccinated rectally seroconverted against S. typhi LPS;
several volunteers also developed anti-LPS sIgA responses. However, only 1 vaccinated
LPS-seropositive volunteer developed a serum anti-preS1 antibody response. In a subsequent
study, S. typhi Chi4632(pYA3167) was given orally to 10 human volunteers. While most of the
volunteers developed S. typhi-specific serum antibody responses and produced anti-S.
typhi-specific antibody-secreting cells, none of the vaccinees developed serum antibody to the
HBV preS1 envelope protein.5 The investigators in these studies suggested that a more fit
vector might better express the foreign antigen and induce an immune response.

One approach to address the issue of vector fitness was the development of live Salmonella
vectors that were attenuated by the deletion of virulence-associated genes rather than genes
involved in vector biosynthesis. Ty800, for example, was produced by the deletion of the S. typhi
phoP/Q virulence regulon.6 The immunogenicity of Ty800 delivering a foreign antigen was
evaluated in four volunteers who were fed a ∆asd strain of S. typhi Ty800 carrying plasmid
pYA3167, the same balanced-lethal plasmid described above that encodes asd and the gene for
the HBc-preS1 fusion protein. The results of this study showed that three of four volunteers
seroconverted against the carrier, but none developed an anti-HBV immune response (K. Killeen,
unpublished observations). The outcome of this study and those evaluating S. typhi Chi4632

suggest that the failure of vaccinees to develop specific immune responses to the foreign anti-
gen is probably not related to the nature of the attenuating mutation in the vector. Rather,
these results may be more related to issues of poor expression of the fusion gene in situ, degra-
dation of the cloned gene products in vivo before immune priming can occur,5 or an inaccessi-
bility of the antigen for immune processing due to improper cellular localization.

Table 10.1. Characteristics of live vectors used to deliver heterologous antigens in
human clinical studies

Vector Attenuating Foreign Immune response
strain mutations antigen(s) to vectored antigen
S. typhi CVD 908 ∆aroCD CSP antibody, CTL
S. typhi Chi4632 ∆cya ∆crp ∆cdt ∆asd HBc-preS1 none detected
S. typhi Ty1033 ∆phoPQ ∆purB UreA/B none detected
S. typhimurium LH1160 ∆phoPQ ∆purB UreA/B antibody
M. bovis BCG undefined OspA none detected
V. cholerae CH22CP ∆ctxA O-antigen antibody
V. cholerae JRB-10 ∆attRS1∆irgA StxB1 none detected
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More recently, ∆phoP/Q-attenuated Salmonella strains were used to deliver an antigen
from H. pylori. These studies were designed in part to exploit the vector’s natural route of entry
to mimic infection. In a preclinical study, the immunogenicity of S. typhimurium LH961
(∆phoP/Q ∆purB) transformed with a plasmid encoding PurB and the H. pylori UreA and UreB
protein subunits was tested in mice. Animals immunized with three oral doses of LH961 shed
UreA/B-positive S. typhimurium recombinants for 2 weeks, demonstrating the stability of the
balanced-lethal plasmid-complemented strain.16 Immunized mice also developed strong serum
and mucosal anti-UreA/B antibody responses. These results prompted the development of a
∆phoP/Q strain of S. typhi for use in humans. Ty1033 is the S. typhi equivalent of LH961 that
was modified for use in a balanced-lethal expression system. Ty1033 (∆phoP/Q∆purB ) carries
a plasmid that complements the ∆purB mutation and directs the expression of UreA and UreB.16

The immunogenicity of S. typhi Ty1033 was evaluated in eight adult volunteers, each of whom
received a single, oral dose. The vaccine was safe, and immunized volunteers developed strong
immune responses against S. typhi antigens, as expected. However, none of the volunteers
developed a detectable mucosal or humoral antibody response to either UreA or UreB. To
determine if a booster immunization could generate an immune response to the vectored anti-
gens, three of the volunteers received an oral booster vaccination consisting of purified UreA/B
protein with an adjuvant (E. coli heat-labile toxin). The results of the study showed no evidence
of an immunological boost as none of the volunteers developed a detectable anti-UreA/B humoral
or mucosal antibody response.

The inability of existing attenuated strains of S. typhi to elicit antibody responses to foreign
antigens in humans suggested that novel strategies may be required to express and deliver
antigens using Salmonella. One approach is the use of S. typhimurium to vector foreign anti-
gens in humans. Recently, S. typhimurium LH1160 was used in humans to induce an antibody
response to H. pylori UreA/B.19 S. typhimurium LH1160 is a ∆phoP/Q attenuated strain that
harbors a balanced-lethal plasmid complementing the strain’s PurB auxotrophy and coexpresses
recombinant H. pylori UreA/B. The amount of UreA/B protein produced in vitro by
S. typhimurium LH1160 is equivalent to that produced by S. typhi Ty1033. S. typhimurium
LH1160 was relatively well tolerated by the six volunteers who received a single, oral dose and
most developed S. typhimurium–specific anti-LPS and anti-flagella mucosal and humoral
immune responses. More importantly, half of the volunteers developed a detectable antibody
response to UreA/B. The results of this study are significant because they were the first to show
that an attenuated strain of S. typhimurium can be used in humans to elicit an immune response
to a vectored foreign antigen. While the number of volunteers in this study was limited, it is
interesting to note the differences between Salmonella vectors with regard to their capacity to
deliver UreA/B. The balanced-lethal plasmid expressing the UreA/B protein, for example, was
more stable in a S. typhimurium genetic background and resulted in volunteers who were
colonized longer than those immunized with a similarly modified strain of S. typhi. This
presumably resulted in S. typhimurium–vaccinated volunteers receiving a larger in vivo “dose”
of the UreA/B antigen. Remarkably, LH1160 elicited an immune response after a single
immunization and at a dose 1/100th of that used in the S. typhi Ty1033 study. These results
demonstrate that the delivery of some foreign antigens is dependent not only upon the antigen
in question but also the manner in which the antigen is presented by the vector to the immune
system. It remains to be determined whether the increased capacity of S. typhimurium to deliver
foreign antigens relative to that of S. typhi is due to the characteristics discussed above or some
other factor or factors intrinsic to the biology of S. typhimurium in the human host. Additional
testing of disease relevant antigens delivered by S. typhimurium needs to be performed to deter-
mine its suitability as a generalized vector.
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Bacille Calmette-Guérin
Live, attenuated M. bovis bacille Calmette-Guérin (BCG) is used to immunize humans

against tuberculosis. The BCG vaccine has a number of features that make it an attractive
vector for delivering foreign antigens in humans. First, the vaccine has an excellent safety record,
having been used to immunize more than 3 billion people worldwide. Second, BCG persists in
the macrophages of an infected host in spite of a vigorous host immune response, a trait that
may be beneficial in vectoring foreign antigens for therapeutic immunization purposes. A third
consideration is that recombinant strains of BCG (rBCG) expressing various antigens have
been shown in preclinical studies to elicit humoral as well as CTL immune responses by several
routes of immunization, including oral, parenteral, rectal, and vaginal administration.20 Finally,
the BCG vaccine is inexpensive to produce, making any recombinant strain suitable for use in
developing world countries.

Recombinant BCG strains vectoring various viral antigens have been shown to be effec-
tive in eliciting both antibody and CTL responses in animal models.21 For example, a rBCG
strain expressing a simian immunodeficiency virus (SIV) nucleoprotein (NP) epitope was shown
to induce a CTL response in macaques, although the response was not protective.22 However,
parenteral immunization with a rBCG strain expressing an epitope from the V3 loop of HIV-1
gp120 was shown to elicit both CMI as well as antibody responses that were protective against
viral infection in a severe combined immunodeficiency (SCID) mouse model.23 Immuniza-
tion of mice with a cocktail of three different rBCG strains each expressing either the SIV nef,
env, or gag genes was found to induce both neutralizing antibodies and a CTL response.20

Specifically, mucosal vaccination with the rBCG strain cocktail resulted in a local IgA response
and systemic IgG and CTL immune responses against the expressed SIV antigens. The re-
sponses from mucosal vaccination were biased toward the IgG1 isotype suggestive of a T helper
cell type 1 (Th1) immune response.

More recently, preclinical results were reported evaluating a Lyme disease vaccine based on
BCG expression of the Borrelia burgdorferi outer surface protein OspA. These studies used a
rBCG strain that expresses ospA genetically fused to a mycobacterial lipoprotein signal peptide
to direct the export and localization of the chimeric lipoprotein to the cell membrane. Mice
immunized with the OspA-lipoprotein expressing BCG strain developed a high-titered
anti-vector and anti-OspA serum antibody response that was protective upon subsequent chal-
lenge with B. burgdorferi.24 The encouraging preclinical profile of this study hastened the clini-
cal testing of BCG as a vector to deliver OspA in humans. In a phase I study exploring the
safety and immunogenicity of rBCG-OspA, 24 volunteers were given a single, intradermal
injection of the vaccine. While many of the volunteers developed an immune response to
BCG, the results of the study were generally disappointing since none of the volunteers devel-
oped detectable anti-OspA antibody responses.25

One of the limitations of using BCG as a vector is that it does not effectively stimulate a
host CD8+ T-cell response in humans.26,27 To address this issue, rBCG strains have been cre-
ated that facilitate the entry of a vectored antigen into the cytosol of an infected host cell. For
example, a rBCG strain was constructed that secretes biologically active listeriolysin O (LLO),
a cytolysin normally secreted by Listeria monocytogenes that is essential for the escape of Listeria
from the phagosomal vacuole into the cytoplasm of the host cell.26 It was reasoned that better
access of both BCG and vectored antigens to the host cell cytoplasm would lead to better
MHC class I presentation. A chimeric protein composed of LLO fused to a BCG-specific
signal peptide was secreted by rBCG and localized in the cytoplasmic vacuoles of infected
cultured macrophages. The rBCG/LLO strain was unable to escape from the macrophage pha-
gosome but nevertheless facilitated the presentation of a model antigen, ovalbumin (OVA), to
the MHC class I processing pathway. This was manifest in the capacity of rBCG/LLO-infected
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macrophages that had cophagocytosed OVA to stimulate an OVA-specific CD8+ T-cell hybridoma.
These results and others show the promise of using rBCG systems expressing foreign antigens to
induce strong CTL as well as neutralizing antibody responses and reveal a potential strategy for
overcoming the intrinsic inability of rBCG to stimulate an effective CD8+ T-cell response.

Vibrio Vectors
The use of Vibrio cholerae as a live, attenuated vector is attractive because the bacterium is

noninvasive but still elicits a prominent and long-lasting systemic and mucosal anti-vector
immune response after a single, oral dose. If this potential can be transferred to foreign anti-
gens it might be possible to construct vectors that can confer protective immunity by oral
immunization against both mucosally- and parenterally-transmitted pathogens. Unlike the
pathogenesis of other organisms discussed in this chapter, disease caused by V. cholerae is not
associated with invasion of host cells but is due principally to the presence of cholera toxin
(CT). For this reason, the most effective strategy to date for attenuating V. cholerae has been to
engineer mutant strains in which the CT gene (ctx) or the CT genetic element28 has been either
partially or completely deleted. The live-vector strains CVD 103-HgR29 and Peru-230 do not
produce CT and have been shown to be effective in animals at eliciting significant levels of
specific mucosal sIgA directed against both the vector and a heterologous antigen. For example,
the Peru-2 derivative, JBR10, was created by inserting a single copy of the Escherichia coli
Shiga-like toxin B-subunit (stxB1) into the Vibrio chromosome by in vivo marker exchange.31

In a preclinical study, JRB10 colonized the gastrointestinal mucosa of orally immunized rab-
bits, inducing serum IgG and biliary IgA immune responses. These results prompted a small
clinical trial in which volunteers were fed a single dose of live attenuated V. cholerae. The vector
was found to be safe and immunogenic and vaccinees developed a serological immune response
to vibrial antigens. However, none of the immunized volunteers seroconverted against StxB1

(K. Killeen, unpublished observations).
Prompted in part by the results of the study above, Peru-2 was modified for use in

balanced-lethal plasmid expression systems.32 Peru-2∆glnA carries a lethal deletion in glnA
(glutamine synthesis) that can be rescued by transformation with a plasmid expressing a
functional copy of the gene.33 Mice immunized with Peru-2∆glnA carrying a complementing
plasmid expressing the CT B-subunit (CTB) fused to the dodecapeptide repeat of the serine-rich
Entamoeba histolytica protein (SREHP) elicited a stronger serum and mucosal anti-CTB anti-
body response than mice immunized with Peru-2 expressing a chromosomal copy of the same
gene. These results confirm the notion that higher-level antigen expression in vivo can lead to
an increased immune response and support the continued development of balanced-lethal
plasmid systems in V. cholerae.

Cholera toxin and the structurally related E. coli heat-labile toxin (LT) are potent mucosal
adjuvants that elicit a vigorous systemic immune response, and their use to boost the immuno-
logical response to vectored antigens may be beneficial. However, the oral ingestion of even
minute quantities of CT or LT is sufficient to induce severe diarrheal disease in humans,34

precluding their use in native form. To address this problem, a recombinant strain of Peru-2
expressing a mutant form of LT was recently evaluated. Mice were fed Peru-2 expressing LT
(R192G), a nonenterotoxic LT mutant that contains an arginine to glycine substitution at the
toxin’s active site yet retains adjuvant activity.35 Animals immunized with Peru-2 expressing LT
(R192G) developed an increased anti-vector antibody response compared to animals that received
the vaccine strain alone. The benefit of coexpressing this adjuvant with a V. cholerae-vectored
foreign protein was minima; however, in germ-free mice immunized with JRB-14/LT(R192G),
a modified form of JRB-10 expressing 2 immunogens, StxB1 and an outer membrane protein,
EaeA, from enteropathogenic strains of E. coli. That is to say, none of the immunized mice
developed an increased serum antibody response to either foreign antigen.36
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Live, attenuated V. cholerae CVD 103-HgR also protects humans against cholera after a
single oral dose,29 and it has considerable potential as a bacterial vector. In preclinical studies,
rabbits fed two oral doses of CVD 103-HgR expressing E. coli StxB1 developed serum anti-StxB1

antibody that neutralized holotoxin activity in an in vitro cytotoxicity assay.37 In another study,
the immunogenicity of CVD 103-HgR expressing an O-antigen moiety of Shigella sonnei LPS
was evaluated in rabbits.38 Animals were given multiple injections of heat-inactivated CVD
103-HgR transformed with a plasmid expressing rfb and rfc, genes encoding the heterologous
O-antigen moiety. Animals immunized in this manner mounted significant antibody responses
to S. sonnei and V. cholerae LPS. However, a number of the plasmid constructs expressing
heterologous O-antigen in this study were unstable in the CVD 103-HgR genetic background.
This prompted the construction of a recombinant form of CVD 103-HgR in which the rfb/rfc
locus was cloned and genetically recombined into the chromosome. This recombinant strain,
CH22CP, was subsequently evaluated in a small clinical study, in which 11 volunteers received
a single, oral dose of CH22CP and 10 volunteers received a priming dose followed by two
booster immunizations. In the single-dose group, 3 of 11 volunteers developed a moderate
anti-S. sonnei LPS IgG immune response. In the multiple dose group, however, 7 of 10 volun-
teers mounted a LPS-specific IgG and sIgA response, demonstrating the potential of CH22CP
as a vaccine in humans (D. Favre, personal communication).

In a follow-up study, the immunogenicity of CH22CP was compared to that of the Peru-2
variant, Peru-15,39 that had been modified to express the S. sonnei rfb/rfc genes.40 Rabbits
orogastrically fed a single dose of CH22CP developed only a weak anti-O-antigen immune
response. However, animals fed Peru-15 expressing S. sonnei O-antigen developed an immune
response that was superior to that elicited by CVD103-HgR. The ability of Peru-15 to colonize
the host better than CVD 103-HgR and its derivatives could account for the difference in
immune responses, and suggests that recombinant Peru-15 expressing S. sonnei O-antigen may
be a potential single dose vaccine against shigellosis in humans.

The results of preclinical and clinical studies with CVD 103-HgR and others like BCG
demonstrate the difficulty of predicting a clinical outcome based on preclinical data. Further-
more, these studies show that caution is in order when expressing heterologous antigens in
bacterial vectors. That is, different stains may express the same antigen but vary in their capac-
ity to elicit an immune response.

Shigella Vectors
The development of live, attenuated Shigella vectors for the delivery of heterologous anti-

gens has been hampered by the lack of reliable animal models and the existence of safe immu-
nogenic vaccine strains. The first generation of live S. flexneri vectors was attenuated by the
deletion of the aroA and aroD biosynthetic genes. These attenuated strains lyse in situ due to
the lack of complementing metabolites and are particularly well suited for use as vectors for
DNA vaccines (see below). More recently, studies have focused on designing live Shigella vac-
cine vectors that retain the bacterium’s normal invasiveness but prevent intercellular spreading.
Attenuated Shigella strains carrying deletions in the virulence-associated gene, virG, were
constructed and show promise as vectors for delivering heterologous antigens in humans.

The S. flexneri 2a vaccine strain candidate, SC602, a virG/iuc (aerobactin) double mutant,
was recently tested in humans but found to be reactogenic at a relatively low dose.41 Neverthe-
less, immunization of volunteers with SC602 protected them completely against homologous
wild-type Shigella challenge. S. flexneri SC602 has been evaluated only for its capacity to deliver
foreign antigens in preclinical studies. For example, chimeric proteins composed of the Shigella
antigen, IpaC, genetically fused to multiple copies of a neutralizing B-cell epitope (C3) of the
VP1 protein from poliovirus have been vectored in SC602.42 However, mice immunized with
this strain developed only moderate serum IgG and mucosal IgA anti-C3 antibody responses.
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The investigators in this study concluded that an improvement in antigen expression by SC602
is required to induce a more efficient immune response, suggesting that the use of a
balanced-lethal plasmid expression system may be useful.

The S. flexneri 2a vaccine strain CVD 1203 has deletions in the aroA and virG genes. Oral
administration of CVD 1203 to guinea pigs stimulates a mucosal IgA response and protects
against Shigella–induced keratoconjuctivitis.43 The utility of CVD 1203 as a vaccine vector has
been shown in preclinical studies where it was used to deliver fimbrial surface antigens that are
required for colonization by enterotoxigenic E. coli (ETEC; 44). CVD 1203 was transformed
with the genes encoding E. coli LT-B and the most prevalent ETEC colonization factor anti-
gens, CFA/1 and CS3. Immunization elicited serum IgG and IgA and mucosal IgA responses
to CFA/1, CS3, and Shigella. While the protective capacity of the anti-CFA/1 and CS3 immune
responses was not determined, this study hints at the possibility of creating a multivalent vac-
cine that could provide broad-spectrum protection against Shigella and ETEC.

One factor that has hindered the development of CVD 1203 as a vector is its residual
diarrheal reactogenicity in humans.45 To address this problem, S. flexneri CVD 1207 was con-
structed with deletions in the virG, sen (Shigella enterotoxin 2), set (Shigella enterotoxin 1), and
guaBA (purine biosynthesis) loci.46 CVD 1207 has been tested in human volunteers and was
well tolerated at doses of up to 108 organisms. Associated with the increased attenuation, how-
ever, was a decrease in the volunteers’ anti-LPS IgA response compared to CVD 1203. The
significance of this decrease and its impact on protection await additional clinical evaluation.

Listeria Vectors
Listeria monocytogenes has served for many years as a model organism to study aspects of

cellular immunity. After invasion of the host through the gut, Listeria may be found in large
numbers in the cytosol of splenic antigen-presenting cells (APC) and particularly in macro-
phages where the bacteria actively replicate. It is this ability to propagate in the host cell cytosol
that makes L. monocytogenes an attractive live vector candidate for inducing cell-mediated
immunity to vectored foreign antigens.

Acquired immunity to listeriosis is multifactorial and includes the participation of phago-
cytes, several T-cell subpopulations, and a number of cytokines.47-49 Antigens produced by
L. monocytogenes during infection and released extracellularly, for example, may be taken up by
APC, degraded in lysosomal vacuoles, and the resulting peptides loaded onto MHC class II
molecules for subsequent presentation by APC. Processing in this manner leads to the produc-
tion of antigen-specific MHC class-II-restricted CD4+ T-helper cells that are primarily of the
Th1 subclass.50 Alternatively, antigens that are secreted by intracellular forms of L. monocytogenes
into the host cell cytoplasm may enter the pathway for MHC class I processing and presenta-
tion51 and induce a specific protective CD8+ T-cell response. Finally, listeriosis in mice induces
cytokine production that increases the expression of cell surface molecules and stimulates the
expansion of MHC class-I and class-II-restricted effector cell populations.52

The ability of L. monocytogenes to provoke a protective CD8+ T-cell immune response has
been evaluated as a vaccine against viral infection. For example, recombinant listerial strains
expressing the entire lymphocytic choriomeningitis virus (LCMV) NP or an immunoprotective
H-2Ld–restricted CTL epitope (NP118-126) were constructed and injected into naïve mice.
Immunized animals were protected against subsequent challenge with virulent strains of LCMV
that establish chronic infection in unvaccinated mice. Protection corresponded to the presence
of NP118-126-specific CD8+ T cells, and in vivo depletion of CD8+ T cells from vaccinated mice
abrogated their ability to clear viral infection.49 These results demonstrate that recombinant
listerial vaccines can induce immunity to a viral antigen that effectively protects against infec-
tion in vivo.
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The ability of L. monocytogenes to stimulate a vigorous CD8+ T-cell response may also
have potential as a therapy against some forms of cancer, since experimental evidence suggests
that T cells, and especially MHC class-I-restricted CD8+ lymphocytes, are a critical mediator
of an effective anti-tumor response.52 A recent study showed that a recombinant strain of
L. monocytogenes inhibited tumor growth in a murine cancer model. Tumorigenic cells trans-
duced with the influenza virus NP antigen were injected into mice to generate visible, subcuta-
neous tumors. Immunization of these mice with L. monocytogenes expressing NP inhibited
tumor growth and ultimately stimulated the regression of macroscopic tumors.53 Interestingly,
this NP-expressing listerial vector was also capable of conferring CD8+T-cell protection against
a lethal challenge of renal carcinoma cells expressing the NP antigen.

There are relatively few published applications of live, attenuated, listerial vaccine vectors
in animal models and none on their use to deliver foreign antigens in humans. In light of the
recognized capacity of tumor cells to escape immune surveillance by down-regulating expres-
sion of MHC class I molecules, the therapeutic use of recombinant L. monocytogenes to treat
cancer or other diseases or infections where immune suppression is a factor merits evaluation in
human clinical trials.

Next Generation Bacterial Vectors
Many of the live attenuated vector systems discussed throughout this chapter employ

high-level expression systems like balanced-lethal plasmids as a means to augment immune
responses to vectored foreign antigens. However, increased antigen expression does not univer-
sally result in an enhanced host immune response. This may be the result of an inaccessibility
of the antigen for processing, the elimination of critical epitopes due to improper protein
folding, or toxicity of the expressed protein to the cell. Novel expression systems have therefore
been developed that overcome these limitations by secreting antigens into the extracellular
environment.54 In its most simple form, this type of delivery system uses live vectors to express
foreign peptide epitopes that are genetically fused to the nonenzymatic B-subunit of naturally
secreted bacterial toxins like CT or LT.55,56 Preclinical studies evaluating the immunogenicity
of these vectors demonstrated that they could induce anti-fusion protein immune responses in
animals. In one study, however, the immune response to the B-subunit carrier was several
orders of magnitude higher than that to the foreign epitope, suggesting that presentation of the
epitope was suboptimal.55 The further use of this type of delivery system may also be limited in
the size of the epitopes that can be fused to the toxin B-subunit without affecting functions
such as receptor binding, translocation and antigen processing.

A vector system based on E. coli α-hemolysin (HlyA), a bacterial cytolysin, is being evalu-
ated to deliver foreign antigens by secretion to the host immune system. HlyA is secreted by a
multicomponent export system that includes HlyB, HlyD and TolC, proteins that are localized
in the periplasm and cell membrane.54 Secretion of HlyA is dependent on the carboxy-terminal
27 amino acids of the protein that are recognized by the HlyB-HlyD-TolC secretion machin-
ery. Fusion of the 27-amino-acid “tag” (HlyAs) to a somatic protein is sufficient for targeting to
the extracellular milieu, when coexpressed on a plasmid encoding HlyB and HlyD.57 HlyAs is
capable of mediating protein export from bacterial species other than E. coli,58 suggesting that
in some cases other components of the system, like TolC, are also functionally conserved. For
example, HlyAs fusion proteins have been expressed in attenuated strains of Salmonella and
examined for antigen processing by APC. In one study, a Salmonella strain secreting a LLO-HlyAs

fusion protein was superior to native LLO (which normally remains in the cytoplasm) at
conferring protection to mice against challenge with a virulent strain of L. monocytogenes.59 In
a separate study, HlyAs was genetically fused to L. monocytogenes superoxide dismutase (SOD),
a somatic antigen that is not normally protective. Remarkably, mice that were orally immunized
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with the SOD-HlyAs-secreting Salmonella strain were subsequently protected against lethal
challenge with L. monocytogenes.60 These results illustrate that the manner in which antigens are
presented to the host immune system by live vectors can have a dramatic impact on the nature
of the immune response.

The HlyA secretion system has also been adapted for use in attenuated strains of V. cholerae.
The attenuated V. cholerae classical biotype strain O395-NT was used to express a Clostridium
difficile toxoid A-HlyAs fusion.61 Orogastric immunization of rabbits produced a significant
serum and mucosal anti-Vibrio and anti-toxoid A antibody response that protected against
Clostridium difficile toxin A in an ileal loop challenge assay. However, the toxoid A-HlyAs

fusion protein was secreted poorly or not at all by several V. cholerae El Tor or non-O1 biotype
vaccine strains. A large difference in levels of antigen secretion was also observed when a
UreB-HlyAs fusion was expressed in the same Vibrio biotypes (S. Kochi, unpublished observa-
tions). This contrast may be attributed to functional differences in proteins like, TolC, which
are required for secretion and are encoded by the vector.62 Salmonella, for example, has a ho-
mologue of the E. coli tolC gene,63 and efficiently secretes a HlyAs-UreB fusion protein
(L. Hohmann, personal communication). In contrast, a putative V. cholerae tolC homologue
can only partially complement a tolC– strain of E. coli,64 suggesting functional dissimilarities
between these genes. These results demonstrate the difficulties in developing a universal
expression system and stress the empirical nature of delivering heterologous antigens in live,
attenuated vectors.

The attenuation of some wild-type S. typhi strains has resulted in the creation of mutants
like Ty800 that are deficient in their ability to escape from phagocytic vacuoles and enter the
cytosol of APC. This defect could hinder attenuated Salmonella vectors from effectively deliv-
ering heterologous antigens for MHC class-I processing and inducing a cell-mediated immune
response. One approach to addressing this potential problem has been the modification of a
Salmonella secretion system that normally participates in Salmonella invasion of host cells.
During infection, Salmonella binds to host cells and activates a specialized protein secretion
system. This secretion system, classified as a type III secretion system, delivers a set of bacterial
effector proteins to the host cell cytosol. Entry of these components into the cell activates
cellular transcription factors and induces the reorganization of the cell’s cytoskeleton. One of
these effector proteins, SptP, was modified by fusing it to a murine-restricted CTL epitope
from the influenza virus NP.65 The chimeric SptP-NP epitope fusion was efficiently secreted in
vitro by a ∆aroA∆sptP attenuated strain of S. typhimurium and was delivered into the cytosol of
Salmonella infected epithelial cells. Mice that were fed the recombinant S. typhimurium strain
expressing the fusion protein developed MHC class-I-restricted CTL that were epitope-specific
and recognized endogenously processed antigen. In separate experiments, the same vector was
used to deliver SptB genetically fused to a LCMV MHC class I epitope. Mice immunized with
the recombinant vector expressing the SpB-LCMV fusion protein developed LCMV-specific
CTL that correlated with protection against lethal LCMV challenge, supporting the notion
that S. typhimurium can effectively elicit a MHC class-I-restricted immune response to heter-
ologous antigens. In addition, both the α-hemolysin and Salmonella type III secretion system
show promise as effective means to elicit protective immune responses. Additional studies of
these and other bacterial secretion systems are ongoing.

DNA Delivery
Stimulating the immune system using genetic immunization is a promising new vaccine

approach. The injection of purified plasmid DNA into muscle or skin cells leads to antigen
expression if transcription is regulated by a eukaryotic promoter. Proper presentation of an
expressed foreign antigen can lead to B- and T-cell stimulation and protective immune



181Live Attentuated Bacterial Vectors

responses.66 It has recently been demonstrated that live, attenuated bacteria are also capable of
delivering DNA.67 This type of delivery takes advantage of the natural ability of many organ-
isms to enter and grow intracellularly or to be phagocytosed by APC such as macrophages.
Inside the host cell, the bacterial vector may reside in an endocytic or phagocytic vacuole or
may escape from a vacuole and reside in the host cell cytosol. In either case, the escape or
subsequent breakdown of the vector in the vacuole has been shown to be a viable method to
deliver plasmid DNA to the cell cytoplasm.67

The use of a live attenuated bacterium as a delivery vehicle has several advantages over the
direct injection of naked DNA. For example, all of the bacterial vectors that have been dis-
cussed in this chapter can be administered orally and, in some cases, induce long-lived protec-
tion after a single dose. The use of live vectors for DNA delivery may also exploit a vector’s
natural tropism for M cells, APC, or other cell types or compartments targeting them to key
inductive sites of the immune system.66,68 In contrast, it remains unclear which cells function
as APC when plasmid DNA is injected, and the number of APC at the site of injection that can
be transformed with naked DNA may be limited. Finally, an added benefit of a live bacterial
carrier is the presence of vector-associated immunomodulatory components like LPS that may
enhance the host’s immune response to the plasmid-encoded foreign antigen.66

The natural ability of S. flexneri to enter intestinal epithelial cells or to be phagocytosed by
APC makes it a logical choice to deliver plasmid DNA. Live attenuated strains of S. flexneri
have been developed that are capable of delivering antigen-encoding plasmid DNA to cultured
mammalian cells and in vivo.69,70 S. flexneri 2a strain 15D has an asd deletion that impairs
bacterial cell wall synthesis.70 As a consequence, S. flexneri 15D lyses in situ due to the lack of
diaminopamilic acid, releasing plasmid DNA into the host cell cytosol. Cultured mammalian
cells that had been infected with 15D harboring a eukaryotic expression plasmid encoding
β-galactosidase under the control of a cytomegalovirus (CMV) promoter (15D/pCMVb) effi-
ciently expressed the marker enzyme. Immunization of mice with twp intranasal doses of
15D/pCMVb at a 4-week internal resulted in strong CMI and antibody responses against
β-galactosidase.71 However, the utility of this system, awaits the development of DNA vectors
expressing virulence-associated genes that stimulate immune responses in animal models where
protection from virulent challenge can be assessed.

Like Shigella, the ability of L. monocytogenes to enter the cytosol after phagocytosis and
deliver plasmid DNA directly to the cytoplasm makes it an equally attractive DNA delivery
candidate to induce CMI to foreign antigens. An attenuated strain of L. monocytogenes, ∆2, was
constructed by deleting the lecithinase operon that is required for cell-to-cell spreading after
escape from the phagosome.68 Delta2 is able to escape from the phagosome into the cytosol
and then autolyses due to the expression of an intracellularly activated listerial bacteriophage
cytolysin. Cell lysis results in the release of the foreign antigen-encoding plasmid DNA into the
host cell cytosol. Cultured mouse macrophages infected with ∆2 expressing a fluorescent marker
were evident in cultures at 3 days postinfection. Bone marrow-derived macrophages infected
with ∆2 harboring an expression vector encoding the OVA epitope were able to stimulate an
OVA257-264-specific CTL clone to secrete Interleukin-2. This demonstrated the ability of ∆2 to
present an epitope to target cells in the context of MHC class I.

S. typhimurium remains in the phagosomal compartment of the host cell (unlike Shigella
and Listeria which readily escape) and has been used to deliver eukaryotic expression vectors to
cultured cells and in vivo. For example, a mutant S. typhimurium strain was constructed that
harbored a plasmid encoding the marker enzyme β-galactosidase under the control of a CMV
promoter (pCMVβ;66). Experiments showed that in vitro cultures of peritoneal macrophages
infected with S. typhimurium (pCMVβ) expressed functional β-galactosidase. An attenuated
strain of S. typhimurium vectoring listerial virulence factors was tested for its ability to elicit an
immune response against the foreign antigens. Mice were fed a S. typhimurium recombinant
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harboring a plasmid encoding the gene for either ActA or LLO, 2 proteins required for the
virulence of L. monocytogenes. Immunized animals developed strong IgG2a antibody-biased
responses against both ActA and LLO, following either single or multiple immunizations. The
antibody response corresponded with the appearance of specific CTL to murine-restricted ActA
and LLO epitopes. Immunized mice were subsequently challenged with a virulent strain of
L. monocytogenes at 10 times the murine LD50. Animals immunized with multiple doses of
S. typhimurium delivering LLO were completely protected, while 60% of those immunized
with one dose survived the challenge. Interestingly, mice immunized with S. typhimurium vector-
ing ActA were not protected against lethal challenge at any dose, in spite of vigorous antibody
and CMI responses to ActA. These promising preclinical data support the merit of using live,
attenuated strains of Salmonella to deliver plasmid DNA in humans.

Summary
A great deal of data in animal models supports the utility of live attenuated bacterial

vectors for generating immune responses against assorted viral, bacterial, and parasite antigens.
A number of studies have demonstrated that oral administration of a vector like Salmonella
delivering a foreign antigen can immunize at the level of the gut mucosa and induce the pro-
duction of serological as well as mucosal antibody responses. Likewise, the expression of a
heterologous gene on a eukaryotic expression plasmid in the same vector can induce a potent
CD8+ T-cell response. However, despite these promising preclinical results, the use of animal
models to predict the clinical outcomes of these vaccines in humans remains elusive. Yet, pre-
liminary results from human studies evaluating recombinant strains like CH22CP and CVD
908 or employing S. typhimurium expressing UreA/B show considerable promise and suggest
that the next generation of live attenuated vectors for clinical use will be a result of novel
approaches to vaccine design.

References
1. Killeen K, DiRita V. Live attenuated bacterial vaccines. In: Ellis R, ed. New Vaccine Technologies.

Georgetown, TX: Landes Bioscience 2000:171.
2. Germanier R, Furer E. Isolation and characterization of GalE mutant Ty21a of Salmonella typhi: A

candidate strain for a live, oral typhoid vaccine. J Infect Dis 1975; 131:553-558.
3. Guleria I, Teitelbaum R, McAdam RA et al. Auxotrophic vaccines for tuberculosis. Nat Med 1996;

2:334-337.
4. Hone DM, Harris AM, Chatfield S et al. Construction of genetically defined double aro mutants

of Salmonella typhi. Vaccine 1991; 9:810-816.
5. Tacket, CO, Kelly SM, Schodel F et al. Safety and immunogenicity in humans of an attenuated

Salmonella typhi vaccine vector strain expressing plasmid-encoded hepatitis B antigens stabilized by
the Asd-balanced lethal vector system. Infect Immun 1997; 65:3381-3385.

6. Hohmann EL, Oletta CA, Killeen KP et al. PhoP/phoQ-deleted Salmonella typhi (TY800) is a safe
and immunogenic single-dose typhoid fever vaccine in volunteers. J Infect Dis  1996; 173:1408-1414.

7. Sansonetti PJ, Arondel J, Fontaine A et al. OmpB (osmo-regulation) and icsA (cell-to-cell spread)
mutants of Shigella flexneri: Vaccine candidates and probes to study the pathogenesis of shigellosis.
Vaccine 1991; 9:416-422.

8. Miller SI, Kukral AM, Mekalanos JJ. A two-component regulatory system (phoP phoQ) controls
Salmonella typhimurium virulence. Proc Natl Acad Sci USA 1989; 86:5054-5058.

9. Sirard JC, Niedergang F, Kraehenbuhl JP. Live attenuated Salmonella: A paradigm of mucosal
vaccines. Immunol Rev 1999; 171:5-26.

10. Kaufmann SHE. Concepts in vaccine development. In: Kaufmann SHE ed. Berlin: Walter de Gruyter
1996.



183Live Attentuated Bacterial Vectors

11. Gonzalez C, Hone D, Noriega FR et al. Salmonella typhi vaccine strain CVD 908 expressing
circumsporozoite protein of Plasmodium falciparum: Strain construction and safety and immunoge-
nicity in humans. J Infect Dis 1994; 169:927-931.

12. Corthesy-Theulaz IE, Hopkins S, Bachmann D et al. Mice are protected from Helicobacter pylori
infection by nasal immunization with attenuated Salmonella typhimurium phoPc expressing urease A
and B subunits. Infect Immun 1998; 66:581-586.

13. Gomez-Duarte OG, Lucas B, Yan ZX et al. Protection of mice against gastric colonization by
Helicobacter pylori by single oral dose immunization with attenuated Salmonella typhimurium pro-
ducing urease subunits A and B. Vaccine 1998; 16:460-471.

14. Sadoff JC, Ballou WR, Baron LS et al. Oral Salmonella typhimurium vaccine expressing
circumsporozoite protein protects against malaria. Science 1988; 240:336-338.

15. Nakayama K, Kelly SM, Curtiss III R. Construction of an asd+ expression-cloning vector: stable
maintenance and high level expression of cloned genes in a Salmonella vaccine strain. Nat Biotechnol
1988; 6:693-697.

16. DiPetrillo MD, Tibbetts T, Kleanthous H et al. Safety and immunogenicity of phoP/phoQ-deleted
Salmonella typhi expressing Helicobacter pylori urease in adult volunteers. Vaccine 2000; 18:449-459.

17. Schodel F, Kelly SM, Peterson DL et al. Hybrid hepatitis B virus core-preS proteins synthesized in
avirulent Salmonella typhimurium and Salmonella typhi for oral vaccination. Infect Immun 1994;
62:1669-1676.

18. Nardelli-Haefliger D, Kraehenbuhl JP, Curtiss III R et al. Oral and rectal immunization of adult
female volunteers with a recombinant attenuated Salmonella typhi vaccine strain. Infect Immun
1996; 64:5219-5224.

19. Angelakopoulos H, Hohmann EL. Pilot study of phoP/phoQ-deleted Salmonella enterica serovar
typhimurium expressing Helicobacter pylori urease in adult volunteers. Infect Immun 2000;
68:2135-2141.

20. Lagranderie M, Winter N, Balazuc AM et al. A cocktail of Mycobacterium bovis BCG recombi-
nants expressing the SIV Nef, Env, Gag antigens induces antibody and cytotoxic responses in mice
vaccinated by different mucosal routes. AIDS Res Hum Retroviruses 1998; 14:1625-1633.

21. Stover CK, de la Cruz VF, Fuerst TR et al. New use of BCG for recombinant vaccines. Nature
1991; 351:456-460.

22. Yasutomi Y, Koenig S, Woods RM et al. A vaccine-elicited, single viral epitope-specific cytotoxic T
lymphocyte response does not protect against intravenous cell-free simian immunodeficiency virus
challenge. J Virol 1995; 69:2279-2284.

23. Honda M, Matsuo K, Nakasone T et al. Protective immune responses induced by secretion of a
chimeric soluble protein from a recombinant Mycobacterium bovis bacillus Calmetete-Guerin vector
candidate vaccine for human immunodeficiency virus type I in small animals. Proc Natl Acad Sci
USA 1995; 92:10693-10697.

24. Stover CK, Bansal GP, Hanson MS et al. Protective immunity elicited by recombinant Bacille
Calmette-Guerin (BCG) expressing outer surface protein A (OspA) lipoprotein: A candidate Lyme
disease vaccine. J Exp Med 1993; 178:197-209.

25. Edelman R, Palmer K, Russ KG et al. Safety and immunogenicity of recombinant Bacille
Calmette-Guerin (rBCG) expressing Borrelia burgdorferi outer surface protein A (OspA) lipoprotein
in adult volunteers: a candidate Lyme disease vaccine. Vaccine 1998; 17:904-914.

26. Hess J, Miko D, Catic A et al. Mycobacterium bovis bacille Calmette-Guerin strains secreting
listeriolysin of Listeria monocytogenes. Proc Natl Acad Sci USA 1998; 95:5299-5304.

27. Kaufmann SHE. In:Paul WE ed.  Fundamental Immunology. New York: Raven 1997.
28. Pearson GD, Woods A, Chiang SL et al. CTX genetic element encodes a site-specific recombina-

tion system and an intestinal colonization factor. Proc Natl Acad Sci USA 1993,90:3750-3754.
29. Levine MM, Kaper JB, Herrington D et al. Safety, immunogenicity, and efficacy of recombinant

live oral cholera vaccines, CVD 103 and CVD 103-HgR. Lancet 1988; 2:467-470.
30. Taylor DN, Killeen KP, Hack DC et al. Development of a live, oral, attenuated vaccine against El

Tor cholera. J Infect Dis 1994; 170:1518-1523.
31. Butterton JR, Beattie DT, Gardel CL et al. Heterologous antigen expression in Vibrio cholerae

vector strains. Infect Immun 1995; 63:2689-2696.



New Vaccine Technologies184

32. Klose KE, Novik V, Mekalanos JJ. Identification of multiple sigma54-dependent transcriptional
activators in Vibrio cholerae. J Bacteriol 1998; 180:5256-5259.

33. Ryan ET, Crean TI, Kochi SK et al. Development of a ∆glnA balanced lethal plasmid system for
expression of heterologous antigens by attenuated vaccine vector strains of Vibrio cholerae. Infect
Immun 2000; 68:221-226.

34. Levine MM, Kaper JB, Black RE et al. New knowledge on pathogenesis of bacterial enteric infec-
tions as applied to vaccine development. Microbiol Rev 1983; 47:510-550.

35. Ryan ET, Crean TI, John M et al. In vivo expression and immunoadjuvancy of a mutant of
heat-labile enterotoxin of Escherichia coli in vaccine and vector strains of Vibrio cholerae. Infect
Immun 1999; 67:1694-1701.

36. Butterton JR, Ryan ET, Acheson DWK et al. Coexpression of the B subunit of Shiga toxin 1 and
EaeA from enterohemorrhagic Escherichia coli in Vibrio cholerae vaccine strains. Infect Immun 1997;
65:2127-2135.

37. Acheson DWK, Levine MM, Kaper JB et al. Protective immunity to Shiga-like toxin I following
oral immunization with Shiga-like toxin I B-subunit-producing Vibrio cholerae CVD 103-HgR.
Infect Immun 1996; 64:355-357.

38. Viret J-F, Cryz Jr SJ, Lang AB et al. Molecular cloning and characterization of the genetic deter-
minants that express the complete Shigella serotype D (Shigella sonnei) lipopolysaccharide in heter-
ologous live attenuated vaccine strains. Mol Microbiol 1993; 7:239-252.

39. Kenner JR, Coster TS, Taylor DN et al. Peru-15, an improved live attenuated oral vaccine for
Vibrio cholerae O1. J Infect Dis 1995; 172:1126-1129.

40. Favre D, Que JU, Haider K et al. Expression of Shigella sonnei O-antigen in Classical and El Tor
Vibrio cholerae vaccine strains and comparison of their immunogenicity in rabbits following mu-
cosal immunization. Submitted for publication.

41. Coster TS, Hoge CW, VanDeVerg LL et al. Vaccination against shigellosis with attenuated Shi-
gella flexneri 2a strain SC602. Infect Immun 1999; 67:3437-3443.

42. Barzu S, Arondel J, Guillot S et al. Immunogenicity of IpaC-hybrid proteins expressed in the
Shigella flexneri 2a vaccine candidate SC602. Infect Immun 1998; 66:77-82.

43. Noriega FR, Wang JY, Losonsky G et al. Construction and characterization of attenuated ∆aroA
∆virG Shigella flexneri 2a strain CVD 1203, a prototype live oral vaccine. Infect Immun 1994;
62:5168-5172.

44. Noriega FR, Losonsky G, Wang JY et al. Further characterization of ∆aroA and ∆virG Shigella
flexneri 2a strain CVD 1203 as a mucosal Shigella vaccine and as a live-vector vaccine for deliver-
ing antigens of enterotoxigenic Escherichia coli. Infect Immun 1996; 64:23-27.

45. Kotloff KL, Noriega F, Losonsky GA et al. Safety, Immunogneicity, and transmissibility in hu-
mans of CVD 1203, a live oral Shigella flexneri 2a vaccine candidate attenuated by deletions in
aroA and virG. Infect Immun 1996; 64:4542-4548.

46. Kotloff KL, Noriega FR, Samandari T et al. Shigella flexneri 2a strain CVD 1207, with specific
deletions in virG, sen, set, and guaBA, is highly attenuated in humans. Infect Immun 2000;
68:1034-1039.

47. Kaufmann SH. Immunity against intracellular bacteria. Annu Rev Immunol 1993; 11:129-163.
48. Czuprynski CJ, Brown JF. Effects of purified anti-Lyt-2 mAb treatment on murine listeriosis: com-

parative roles of Lyt-2+ and L3T4+ cells in resistance to primary and secondary infection,
delayed-type hypersensitivity and adoptive transfer of resistance. Immunology 1990; 71:107-112.

49. Shen H, Slifka MK, Matloubian M et al. Recombinant Listeria monocytogenes as a live vaccine
vehicle for the induction of protective anti-viral cell-mediated immunity. Proc Natl Acad Sci USA
1995; 92:3987-3991.

50. Maggee, DM, Wing EJ. Cloned L3T4+ T lymphocytes protect mice against Listeria monocytogenes
by secreting IFN-gamma. J Immunol 1988; 141:3203-3207.

51. Ikonomidis G, Paterson Y, Kos F et al. Delivery of a viral antigen to the class I processing and
presentation pathway by Listeria monocytogenes. J Exp Med 1994; 180:2209-2218.

52. Paterson Y, Ikonomidis G. Recombinant Listeria monocytogenes cancer vaccines. Curr Opin Immunol
1996; 8:664-669.



185Live Attentuated Bacterial Vectors

53. Pan ZK, Ikonomidis G, Lazenby A et al. A recombinant Listeria monocytogenes vaccine expressing a
model tumor antigen protects mice against lethal tumor challenge and causes regression of estab-
lished tumors. Nat Med 1995; 1:471-477.

54. Blight MA, Holland IB. Heterologous protein secretion and the versatile Escherichia coli haemolysin
translocator. Trends Biotechnol 1994; 12:450-453.

55. Schodel F, Hans W, Johansson S et al. Synthesis in Vibrio cholerae and secretion of hepatitis B
virus antigens fused to Escherichia coli heat-labile enterotoxin subunit B. Gene1991; 99:255-259.

56. Backstrom M, Lebens M, Schodel F et al. Insertion of a HIV-1-neutralizing epitope in a
surface-exposed internal region of the cholera toxin B-subunit. Gene 1994; 149:211-217.

57. Gentschev I, Hess J, Goebel W. Change in the cellular localization of alkaline phosphatase by
alteration of its carboxy-terminal sequence. Mol Gen Genet 1990; 222:211-216.

58. Tzschaschel BD, Guzman CA, Timmis KN et al. An Escherichia coli hemolysin transport
system-based vector for the export of polypeptides: export of Shiga-like toxin IIeB subunit by Sal-
monella typhimurium aroA. Nat Biotechnol 1996; 14:765-769.

59. Hess K, Gentschev I, Miko D et al. Superior efficacy of secreted over somatic antigen display in
recombinant salmonella vaccine induced protection against listeriosis. Proc Natl Acad Sci USA
1996; 93:1458-1463.

60. Hess J, Dietrich G, Gentschev I et al. Protection against murine listeriosis by an attenuated recom-
binant Salmonella typhimurium vaccine strain that secretes the naturally somatic antigen superoxide
dismutase. Infect Immun 1997; 65:1286-1292.

61. Ryan ET, Butterton JR, Smith RN et al. Protective immunity against Clostridium difficile toxin A
induced by oral immunization with a live, attenuated Vibrio cholerae vector strain. Infect Immun
1997; 65:2941-2949.

62. Wandersman C, Delepelaire P. TolC, an Escherichia coli outer membrane protein required for
hemolysin secretion. Proc Natl Acad Sci USA 1990; 87:4776-4780.

63. Stone BJ, Miller VL. Salmonella enteritidis has a homologue of tolC that is required for virulence
in BALB/c mice. Mol Microbiol 1995; 17:701-712.

64. Colmer JA, Fralick JA, Hamood AN. Isolation and characterization of a putative multidrug resis-
tance pump from Vibrio cholerae. Mol Microbiol 1998; 27:63-72.

65. Russmann H,. Shams H, Poblete F, Fu Y, Galan JE, Donis RO. Delivery of epitopes by the
Salmonella type III secretion system for vaccine development. Science 1998; 281:565-568.

66. Darji A, Guzman CA, Gerstel B et al. Oral somatic transgene vaccination using attenuated S.
typhimurium. Cell 1997; 91:765-775.

67. Dietrich G, Gentschev I, Hess J et al. Delivery of DNA vaccines by attenuated intracellular bacte-
ria. Immunol Today 1999; 20:251-253.

68. Dietrich G, Bubert A, Gentschev I et al. Delivery of antigen-encoding plasmid DNA into the
cytosol of macrophages by attentuated suicide Listeria monocytogenes. Nat Biotechnol 1998;
16:181-185.

69. Courvalin P, Goussard S, Grillot-Courvalin C. Gene transfer from bacteria to mammalian cells. C
R Acad Sci III 1995; 318:1207-1212.

70. Sizemore DR, Branstrom A, Sadoff JC. Attenuated Shigella as a DNA delivery vehicle for
DNA-mediated immunization. Science 1995; 270: 299-302.

71. Sizemore DR, Branstrom A, Sadoff JC. Attenuated bacteria as a DNA delivery vehicle for
DNA-mediated immunization. Vaccine 1997; 15:804-807.



CHAPTER 11

New Vaccine Technologies, edited by Ronald W. Ellis. ©2001 Eurekah.com.

Protein-Based Vaccines
Sheena M. Loosmore, Gavin R. Zealey, and Raafat E.F. Fahim

Introduction

The introduction of inactivated vaccines for viral or bacterial diseases such as smallpox,
polio, pertussis, tuberculosis, measles, mumps and rubella has led to the eradication or
control of these diseases. The early vaccines, though effective, were often crude and

poorly characterized. The advent of purified subunit vaccines using native or recombinant
proteins has led to the development of modern well-characterized vaccines for diseases such as
hepatitis B and pertussis. There are still many infectious diseases for which new or improved
vaccines are needed, e.g., AIDS, diarrheal diseases, hemorrhagic fevers, malaria and other para-
sitic diseases, tuberculosis and other respiratory diseases, and prion diseases. Immunotherapy
for, or prevention of, cancer and autoimmune diseases is a new and exciting application of
vaccinology. This chapter has been organized into the following topics: pediatric vaccines, adult
vaccines, vaccines against nosocomial infections, cancer vaccines, vaccines against autoimmune
diseases, current technologies, and emerging technologies.

Pediatric Vaccines
Neonates are susceptible to a variety of infectious diseases due to the immaturity of their

immune systems. Maternal immunization with tetanus toxoid or influenza vaccines has dem-
onstrated that it is feasible to protect a newborn through passive transfer of maternal antibodies
in utero. Several other inactivated, attenuated, polysaccharide, conjugate or subunit vaccines
are being tested or considered as vaccines for pregnant women.1

The main cause of life-threatening bacterial infections in neonates is Group B Streptococci
(GBS). There are nine serotypes of GBS capsular polysaccharide, and it has been shown that
the capsule confers protective immunity. Conjugate vaccines, including a maternally adminis-
tered multivalent vaccine, have proven efficacious in animal models.2 A bivalent alum-adjuvanted
protein vaccine, based upon purified cell surface proteins Rib and a, has also been shown to be
protective in animal models.3

Group A Streptococci (GAS) are responsible for a wide spectrum of diseases including
pharyngitis, strep throat, rheumatic fever, bacteremia, toxic shock syndrome, necrotizing fasciitis,
and even death. The M protein is the major protective antigen, and each of the approximately
80 serotypes of GAS expresses a unique subtype of M. The development of a vaccine based
upon the M protein is further complicated by the presence of epitopes that cross-react with
human tissues, especially the myocardium. A multivalent vaccine in which immunogenic frag-
ments of the M protein, derived from multiple serotypes, are arranged in tandem in a recombi-
nant protein, was protective in animal models.4 Recently, a new streptococcal protective anti-
gen (Spa) was identified that elicits protective antibodies that are cross-reactive in an opsonization
assay.5 The major cause of GAS toxic shock syndrome is the toxic shock syndrome toxin
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(TSST-1), which is related to the superantigenic staphylococcal enterotoxins (SEA, SEB, SEC,
SED, and SEE). All of these toxins can induce high fever and lethal shock. Using molecular
modeling and site-directed mutagenesis, nontoxic SEA and SEB mutants were generated that
were protective in animals.6 The SEB vaccine was also partially protective against TSST.

Bordetella pertussis is the main cause of whooping cough, a serious, potentially life-threatening
disease of young children. Although effective whole-cell vaccines were developed in the 1940s,
fears of reactogenicity led to a decline in their use, with a concomitant increase in epidemic
pertussis. Thus, there are still ca. 100,000 deaths per year worldwide from whooping cough,
mainly in the developing world. Acellular or component pertussis vaccines have been devel-
oped that comprise one to five purified antigens: pertussis toxin (PT), filamentous hemagglutinin
(FHA), pertactin (69 kDa or P69) and agglutinogens 2 and 3, with chemical detoxification of
some components to ensure safety. A detailed description of the technologies used to produce
subunit pertussis vaccine is found below. Subunit vaccines have substantially reduced local and
systemic adverse events relative to the whole-cell pertussis vaccines and are highly efficacious.7

In recent years it has been shown that adolescents and adults may be carriers of Bordetella, in
which case a safe and effective vaccine for this age group would be beneficial. An adult pertussis
vaccine based upon the five component pertussis vaccine (PT, FHA, 69 kDa, agglutinogens 2
and 3), has recently been licensed. Recombinant pertussis vaccines have also been developed,
based upon the genetic detoxification of the pertussis toxin (PT) gene.8 An acellular pertussis
vaccine that utilizes purified subunits from a recombinant strain expressing the S1 K9G129

mutant of PT is in use in Italy.9

Bacterial meningitis is a serious disease in children and adolescents. The advent of the
Haemophilus influenzae type b (Hib) conjugate vaccines has resulted in a dramatic decrease in
Hib-related meningitis, mainly due to a decrease in carriage.10 A second major cause of menin-
gitis is Neisseria meningitidis. Effective polysaccharide and/or conjugate vaccines have been
developed against N. meningitidis serotypes A, C, Y and W135, but the polysaccharide of
serotype B is not immunogenic, presumably due to its similarity to glycoproteins found in
normal human tissues. Clinical trial results suggest that intranasal delivery of a vaccine pre-
pared from serotype B outer membrane vesicles (OMV) may be effective.11 A new OMV
vaccine that includes six PorA proteins derived from two recombinant N. meningitidis strains is
also under development.12 Other promising protein antigens include the lactoferrin binding
protein B (LbpB)13 and the transferrin binding protein B (TbpB),14 both of which are utilized
for iron acquisition. The variability of the N. meningitidis TbpB and LbpB proteins makes it
difficult to produce a broadly protective vaccine, but the use of truncated and chimeric TbpB
proteins may improve the cross-protection afforded by this antigen.15,16 The highly conserved
surface protein NspA has been shown to elicit protective antibody responses against serogroups
A, B and C in mice.17 Another potential vaccine antigen is the recently discovered T-cell stimu-
lating protein A (TspA).18

Seventy to eighty percent of all children will have at least one occurrence of middle ear
infection or acute otitis media (AOM) by the time they are six years of age. AOM is caused by
bacterial and/or viral pathogens. The three major bacterial organisms19 are Streptococcus
pneumoniae, nontypable H. influenzae, and Moraxella catarrhali. The major viral causes20 are
respiratory syncytial virus (RSV), parainfluenza virus (PIV), influenza virus, rhinovirus,
adenovirus and enterovirus. Of particular concern is the high and increasing incidence of
antibiotic-resistant causative bacteria. There are ca. 90 serotypes of S. pneumoniae, and currently
licensed vaccines contain 23 capsular polysaccharides. However, since polysaccharide vaccines
are known to be poorly immunogenic in young children, a new generation of conjugate vaccines
has been developed. These contain 4-11 capsular polysaccharides conjugated to diphtheria
toxoid, CRM197, meningococcal protein complex (OMPC), or tetanus toxoid and are cur-
rently in efficacy trials. Preliminary data suggest that vaccination may result in substitution of
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colonizing serotypes,21 thus S. pneumoniae protein-based subunit vaccines are being reevaluated.
Native or recombinant versions of S. pneumoniae neuraminidase,22 pneumolysin,23 pneumococcal
surface adhesin A (PsaA),24 pneumococcal surface protein A (PspA),25 and combinations26

have all shown potential as vaccine antigens in animal models. A novel S. pneumoniae secretory
IgA binding protein (SpsA) has also been identified as a possible vaccine candidate.27 One of
the emerging concerns for conjugate vaccines is the issue of carrier overload, but the use of
genetically detoxified pneumolysin as a carrier protein for S. pneumoniae capsular polysaccha-
ride may enable the development of autologous conjugate vaccines with reduced antigen
content.28 Pneumococcal pneumonia is the leading cause of childhood mortality in most parts
of the developing world29 and invasive pneumococcal diseases include meningitis and endocardi-
tis. Thus, any pneumococcal vaccines should protect against multiple disease states.

A number of protein subunits have been studied for protection against H. influenzae
disease, including otitis media. OMP D15,30 fimbriae,31 Hap/IgA protease,32 Hia,33 Hsf,34

high molecular weight (HMW) proteins,35 HtrA,36 OapA,37 OMP26,38 P2,39 P4,40 P6,41 PCP,42

Protein D,43 TbpB,44 and combinations of antigens45 have all been studied as possible vaccine
candidates. The variability of many of these proteins has made the development of a
cross-protective vaccine difficult. Several promising M. catarrhalis adhesins or OMPs have been
identified, including CopB,46 CD,47 E and G,48,49 LbpB,50 TbpB,51 and UspA.52 A
200-kilodalton (kDa) adhesin that is involved in hemagglutination has also been identified
recently.53 A final vaccine to protect against bacterial otitis media caused by the three principal
pathogens will probably be quite complex; however, if effective, it should reduce the use of
antibiotics for this common complaint and hopefully reduce the increase of antibiotic resistant
organisms.

Respiratory syncytial virus (RSV) is a major cause of AOM and of serious lower respira-
tory tract disease, particularly in infants under the age of 3 months and in the elderly. World-
wide, RSV causes 5 million deaths annually, and young children may develop severe disease
even in the presence of maternal antibodies. A formalin-inactivated vaccine was developed in
the 1960s, but immunization resulted in potentiation of disease following natural exposure.54

This approach has been abandoned, and new strategies include live-attenuated strains of RSV,55

vaccinia MVA-based vaccines,56 protein subunits and synthetic peptides.57 Vaccines contain-
ing purified fusion (F) protein have been shown to be immunogenic and nonreactogenic in
seropositive children.58 In animal studies, the immune response to a recombinant chimeric
F-G protein, derived from the F protein and the attachment glycoprotein G, could be altered
depending upon the adjuvant used.59 Another chimeric protein between the streptococcal G
protein and a 100-amino acid polypeptide derived from the RSV G protein was also protective
in animal models.60 Immunization with chimeric proteins based upon the RSV F protein and
the PIV3 hemagglutinin-neuraminidase (HN) protein was found to afford protection against
both diseases in animal models.61

Rotavirus infection is the leading cause of viral gastroenteritis in young children world-
wide, leading to more than 500,000 deaths each year in developing countries. The worldwide
morbidity and mortality associated with rotaviral infections has led to a global initiative to
develop a vaccine. Although an oral live-attenuated reassortant rotavirus vaccine was devel-
oped62 and recommended for routine use, it has now been withdrawn from use, pending inves-
tigation of unanticipated adverse events. Cross-protective recombinant virus-like particle (VLP)
subunit vaccines have been developed for parenteral delivery.63 Intranasal immunization with
recombinant subunit vaccines fused to maltose binding protein also afforded some protection
in animal models.64

Cytomegalovirus (CMV) is the leading infectious cause of congenital central nervous system
disease and is also a serious problem for the immunocompromised, such as AIDS patients or
organ transplant recipients. Live-attenuated vaccines have been developed, but more defined
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subunit vaccines are deemed safer for the target populations. Glycoprotein B (gB) is involved
in cell-surface attachment, virion penetration, and intercellular spread of infection and is the
major protein that induces virus neutralizing antibodies during infection. A subunit vaccine
based upon recombinant gB, produced in CHO cells, has been shown to be safe and immuno-
genic in Phase I human clinical trials.65

Adult Vaccines

Respiratory Tract Diseases
It is estimated that one-third of the world’s population is infected with Mycobacterium

tuberculosis, the causative agent of tuberculosis. Thirty million people suffer from active TB,
with 8 million new cases per year, and 3 million deaths. There is also an alarming increase in
multi-drug-resistant bacteria and patients suffering from both HIV and tuberculosis.66 The
only TB vaccine currently available is the attenuated strain of M. bovis, Bacille Calmette-Guérin
(BCG), which although efficacious in animal models, has shown 0-80% efficacy in human
field trials. Approaches under investigation to develop an improved TB vaccine include DNA
immunization,67 recombinant BCG expressing cytokines,68 recombinant Salmonella express-
ing M. tuberculosis antigen Ag85B,69 and subunit vaccines.70

Enteric Diseases
Vaccines against enteric diseases such as cholera, enterotoxigenic E. coli, shigellosis, and

rotavirus are needed in endemic regions and also as travelers’ vaccines. Cholera is an important
cause of disease in developing countries, responsible for more than 120,000 deaths per year. A
parenteral whole-cell vaccine was found to have limited efficacy and was supplanted by a highly
effective whole-cell vaccine containing added cholera toxin B (CTB) subunit.71 To improve the
yield of vaccine, the CTB component can be produced from a genetically-engineered strain of
Vibrio cholerae that does not contain the cholera toxin A gene.72 Recently, it was found that
transcutaneous immunization of mice with native cholera toxin (CT) could protect against a
lethal challenge with toxin and was not toxic.73 Enterotoxigenic Escherichia coli (ETEC) is
responsible for 800,000 deaths annually. The toxins produced by Vibrio cholerae and ETEC are
structurally and genetically related and are their main virulence factors. Hybrid toxins have
been engineered by mutating regions of the CT gene and replacing sequence with that of the
E. coli heat-labile enterotoxin (LT) gene.74 The resultant hybrid toxins were cross-neutralizing
and show potential for development of a cross-reactive multi-potent vaccine.

Shigella species cause epidemic bacillary dysentery or shigellosis, that affects an estimated
200 million people worldwide, with 650,000 deaths annually. There are several species of Shi-
gella and an effective vaccine would need to protect against S. dysenteriae, S. sonnei, and
S. flexneri.75 Most efforts have focused on a live attenuated approach and recently a S. flexneri
candidate vaccine was developed that showed some efficacy in a human challenge trial.76 Another
approach has been O-specific polysaccharide conjugate vaccines, which have also shown some
efficacy in human trials.77 Shiga toxins (STX) and Shiga-like toxins (SLT) are related cytotox-
ins elaborated by Shigella and/or enterohemorrhagic strains of Escherichia coli (EHEC).
Immunization with the nontoxic B subunit of Shiga toxin elicited toxin-neutralizing antibod-
ies,78 and a conjugate of E. coli O-specific polysaccharide and Shiga toxin B subunit was shown
to also elicit bactericidal antibodies to EHEC strain O157.79

Parasitic and Vector-Borne Diseases
Vaccines against parasitic and vector-borne diseases such as malaria, schistosomiasis, leish-

mania, and Dengue fever are desperately needed in many parts of the world and as travelers’
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vaccines. There are an estimated 500 million cases of malaria each year, with 2.5 million deaths,
mostly in children under the age of five. Most malaria is caused by Plasmodium falciparum, and
drug-resistant parasites are widespread. Because of the complex multistage life cycle of
P. falciparum, the development of an effective vaccine has been very difficult and many approaches
have been tried. Vaccines based on live attenuated parasites delivered by mosquito bite are
effective but not practical, while vaccines derived from whole killed organisms were not com-
pletely effective. Single-component subunit vaccines incorporating the circumsporozoite (CS)
gp190 precursor (or fragments thereof ),80 the Pfs25 antigen,81 the N-terminal fragment of the
serine repeat antigen (SERA),82 or the C-terminal 19-kDa fragment of the merozoite surface
protein-1 (MSP-119)83 have all shown some protection in animal models. A synthetic peptide
polymer vaccine (Spf66) containing four different peptides based upon the circumsporozoite
protein, the merozoite surface protein, and two blood-stage antigens, has shown mixed efficacy
in clinical trials.84 A recombinant polyepitope vaccine encoding multiple B- and T-cell epitopes
from nine stage-specific antigens has shown promise in small animals and in vitro.85 A poxvirus
vaccine expressing seven stage-specific antigens showed a low rate of efficacy in clinical trials.86

A DNA vaccine encoding the CS protein afforded partial protection in an animal model.87 A
vaccine based upon self-replicating hepatitis B virus core particles carrying CS epitopes was
effective in animals.88 A series of vaccines based upon self-replicating hepatitis B virus surface
antigen (HbsAg) particles in different adjuvants showed some efficacy in humans.89 Despite
these efforts, the final composition of an effective malaria vaccine remains uncertain.

Shistosomiasis is caused by infection with the helminth Schistosoma mansoni and affects
several hundred million people in tropical areas. The morbidity of the disease is associated with
the inflammatory response at the site of deposition of the parasite eggs. Immunization with
attenuated parasites or protein antigens such as Sm28GST,90 Sm97,91 and a 74 kDa antigen92

have proved partially effective. Intranasal administration of a conjugate Sm28GST-cholera
toxoid vaccine has been shown to protect infected mice from disease-associated immunopa-
thology, suggesting the possibility of a therapeutic vaccine.93

There are an estimated 12 million cases of leishmaniasis worldwide caused by members of
the protozoan Leishmania family. The disease ranges from a self-curing cutaneous infection to
a severe and potentially fatal visceral leishmaniasis, and organisms are becoming increasingly
drug-resistant. There is evidence in animal models that some antigens or immunization proto-
cols may exacerbate disease.94 A mixture of the L. mexicana mexicana promastigote surface
antigen gp63 plus the promastigote lipophosphoglycan was protective in mouse models when
encapsulated in liposomes.95 The M-2 glycoprotein (gp46) of L. amazonensis promastigotes,
mixed with various adjuvants, was partially protective in mouse models.96 A recombinant
L. major promastigote-derived protein with homology to receptors for activated protein kinase
C (LACK), was quite protective in mouse models when administered with IL-12.97 Similarly,
a recombinant L. major promastigote-derived protein with homology to eukaryotic
thiol-specific-antioxidant (TSA) proteins was highly protective in animal models when
administered with IL-12.98 The L. major promastigote-derived surface antigen (PSA-2) was
found to be partially protective against challenge when the native protein or a recombinant
protein produced from a Leishmania host was administered.99 The recombinant L. braziliensis
promastigote-derived protein (LeIF) was found to induce an IL-12 cytokine profile and to
partially protect mice against challenge.100 The p4 and p8 antigens purified from the amastigote
stage of L. pifanoi were partially protective in mouse models when adjuvanted with Corynebac-
terium parvum.101

There are four serotypes of Dengue viruses, DEN 1-4. They are mosquito-borne and
cause ca. 50 million infections annually, with disease symptoms ranging from mild dengue
fever (DF) to severe dengue hemorrhagic fever (DHF) and fatal dengue shock syndrome (DSS).
Although effective vaccines against other flaviviruses such as yellow fever virus, Japaneses



191Protein-Based Vaccines

encephalitis virus and tick-borne encephalitis virus have been produced, it has been much
more difficult to develop a vaccine against DEN. During disease, patients develop protective
immunity against the infecting serotype but can be infected later by a different DEN serotype.
An antibody-dependent immunopotentiation of disease has been observed in patients upon
secondary infection, leading to increased incidence of DHF and DSS, the more severe forms of
disease. It is thought that disease during a secondary infection is enhanced by the presence of
nonneutralizing cross-reactive antibodies acquired during the primary infection. An effective
vaccine thus should be able to protect against multiple serotypes without inducing cross-reactive
antibodies. The viral envelope E protein induces virus-neutralizing antibodies and has been the
focus of studies for subunit vaccines. A recombinant subunit vaccine based upon the E protein
from DEN-2 was partially protective in animals.102 A vaccine derived from the B-binding
domain of the E protein was also partially protective in animals and did not induce cross-reactive
antibodies.103 Immunization of animals with a hybrid DEN-2/DEN-3 E protein-based vac-
cine elicited antibodies to both serotypes, and these antibodies were also able to inhibit virus
binding to human cells.104

AIDS and other Sexually-Transmitted Diseases
One of the major challenges of the last 15 years has been to develop a vaccine against

AIDS. The human immunodeficiency virus (HIV) is expected to infect 1% of the world popu-
lation by the year 2000. Although significant progress has been made in the treatment of
AIDS,105 especially the use of combination therapy with reverse transcriptase and protease
inhibitors, these treatments are lifelong, costly, and not without side-effects. Inactivated HIV
vaccines have been studied, but concerns about safety have made this approach unlikely. A
therapeutic gp120-deleted, inactivated HIV-1 vaccine (REMUNE) has been tested in clinical
trials and shows some promise.106 Live attenuated SIV vaccines showed promise in macaques107

and the discovery of a group of long-term disease-nonprogressers that had all received a
nef-deleted HIV strain from contaminated blood,108 led to research into live attenuated HIV
vaccines, but this approach is also unlikely due to safety concerns. Envelope subunits of gp120
or gp160 have been extensively studied with generally disappointing results,109,110 although
they have protected in some cases.111 The failures are probably due to a requirement for a
native oligomeric structure of the envelop glycoproteins for protection. The recently solved
crystal structure of HIV-1 gp120 interacting with CD4 and a neutralizing antibody should
advance the rational development of env-based subunit vaccines.112 Modification of gp120 by
epitope insertion has recently been shown to improve its immunogenicity.113 Another way to
overcome conformational limitations of surface glycoproteins is by the use of VLPs.114 A p24
VLP has recently been shown to be safe and immunogenic in asymptomatic HIV patients.115

Recombinant Tat toxoid has been proposed as a component of a preventive vaccine based upon
the hypothesis that anti-Tat antibodies could prevent Tat-induced immune suppression, lead-
ing to protection.116 A novel approach to HIV vaccination is the use of a heat shock protein
(hsp70)-p24 fusion protein which gave rise to both humoral and cellular responses.117 Live
vectors such as poxvirus,118 adenovirus,119 poliovirus,120 alphavirus,121 BCG,122 or Listeria 123

have great promise because of their ability to direct the immune response. DNA immunization
was found to be safe and immunogenic, but probably insufficient for protection.124 Peptides125

and polyepitopes126 have also shown some promise. However, the best approaches seem to be
prime/boost protocols combining different strategies such as DNA prime/DNA + protein
boost,127 DNA prime/canarypoxvirus boost,128 DNA prime/vaccinia virus boost/protein
boost,129 canarypoxvirus prime/protein boost,130 canarypoxvirus prime/peptide boost,131 or
adenovirus prime/protein boost.132 Although HIV-2 has not been as extensively studied as
HIV-1, the canarypoxvirus prime/protein boost approach also looks promising for this disease.133
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Thus, while protein-based HIV vaccines may not be effective on their own, they do comprise
an important part of the AIDS therapeutic and preventive vaccine repertoire as components of
prime/boost protocols.

For 1995, the WHO estimated the global incidence of sexually-transmitted diseases (STDs)
such as chlamydia, gonorrhea, syphilis, and trichomoniasis at >300 million new cases.134 Hepa-
titis B virus (HBV), HIV, human papilloma virus (HPV), and herpes simplex virus (HSV) also
cause STDs, yet an effective vaccine exists for only one of these viruses, HBV. A hepatitis B
vaccine produced in yeast was the first licensed recombinant protein vaccine.135 This HBsAg
vaccine has been widely used and is very effective.136

Infection with Chlamydia trachomatis is a major cause of sexually transmitted genital tract
disease throughout the world and of ocular disease in the developing world. Although genital
tract disease can be asymptomatic or mild, in up to 40% of infected women the bacteria spreads
to the upper genital tract and is a major cause of pelvic inflammatory disease which is associ-
ated with infertility and ectopic pregnancy. Natural infection does not provide protection against
subsequent infection, and there is evidence that the generation of an inappropriate immune
response by vaccination may result in more severe disease upon subsequent infection. An acel-
lular vaccine, based upon the outer membrane complex, was protective in animal models.137

The major outer membrane protein (MOMP) is the immunodominant Chlamydia antigen
and has been the focus of defined vaccine development. Animals immunized with adjuvanted
MOMP or its peptides were partially protected, suggesting that additional or alternative im-
munogens may be required to provide an efficacious preparation.138 The elucidation of the
sequence of the genome of C. trachomatis may assist in the identification of additional protec-
tive antigens against Chlamydia infection.139 A novel approach for vaccine development has
been the use of hybrid polioviruses expressing MOMP epitopes. These constructs were able to
induce neutralizing antibodies against multiple serovars.140

Infection with Neisseria gonorrhoeae is a global problem, with ca. 800,000 cases per year in
the US alone and an increase in antibiotic resistant strains. Several N. gonorrhoeae surface proteins
have been identified as potential vaccine components but an effective vaccine has not been
developed, in large part due to the phase and antigenic variability of N. gonorrhoeae species.
Pilus-based vaccines have been tested in males and provided some protection against homolo-
gous, but not heterologous, challenge strains. The major OMP, Por or PI, is a stable protein
that has two main structural subclasses, PIA and PIB. Anti-PI antibodies elicited during infec-
tion may confer some protection, making it an attractive vaccine candidate.141 The opacity
protein (Opa) or PII, is a variable protein that is important for colonization; however, it has
multiple gene loci and a strain may express none or several versions of this protein. Human
challenge studies have shown that there is no preferred form of Opa expressed during early
colonization, which would have simplified the use of this antigen as a vaccine component.142

Like N. meningitidis, N. gonorrhoeae utilizes transferrin and lactoferrin binding proteins to
acquire nutrient iron. It has been demonstrated that in order to infect humans, the transferrin
receptor must be expressed, suggesting that it is a virulence factor.143 Recently, the genes encoding
the lactoferrin binding proteins have been cloned and sequenced.144,145 The Neisserial surface
protein (NspA) is a protective antigen first identified in N. meningitidis and recently identified
in N. gonorrhoeae.146 Production of immunoglobulin A is a major host defense mechanism for
mucosal pathogens. N. gonorrhoeae produces an IgA1 protease which enhances intracellular
survival of the organism.147 Some patients produce antibodies to IgA protease, indicating that
it may be useful as a vaccine antigen. Thus, there are a number of promising antigens that may
form part of a subunit vaccine against N. gonorrhoeae.

By the 19th century, syphilis was one of the most common diseases in Europe and the US,
and as recently as 1990, there were 134,000 cases of syphilis reported during an outbreak in the
US. Syphilis is caused by infection with the spirochete Treponema pallidum. In adults, primary



193Protein-Based Vaccines

infection is localized and resolves without antibiotic treatment. Similarly, secondary infection
can resolve without treatment; however there may be widespread dissemination of the organ-
isms, which become latent. Tertiary syphilis, although rare, is a multi-organ, potentially fatal
disease. Congenital syphilis results in a high incidence of still births and neonatal deaths.
T. pallidum cannot be cultured continuously in vitro, which has hampered the development of
a vaccine. The membrane proteins TpN17 and TpN47, as well as the endoflagellar sheath
protein TpN37 all induced strong proliferative T-cell responses during infection, making them
potential vaccine candidates.148 The complete genome sequence of T. pallidum has recently
been determined, and these data may aid in the development of a vaccine.149

Herpes simplex virus types-1 and -2 (HSV-1, HSV-2) are responsible for a variety of
illnesses, including oral, facial, ocular, and genital infections as well as herpes encephalitis and
neonatal herpes. Most genital herpes infections are caused by HSV-2. There are several major
envelope glycoproteins expressed on herpes viruses, including glycoproteins B and D (gB and
gD), both of which induce virus-neutralizing antibodies. Both gB and gD have protein sequences
that are highly conserved between HSV-1 and HSV-2 and induce antibodies that recognize
both viral types. Immunization with recombinant HSV-1 gB or gD protected guinea pigs from
intravaginal challenge with HSV-2.150 Parenteral immunization with recombinant HSV-1 gD
protected mice from lethal intraperitoneal challenge with HSV-1 or HSV-2.151 Intranasal
immunization of guinea pigs with recombinant HSV-2 gD and a genetically-detoxified
heat-labile enterotoxin (LTK63) as adjuvant, resulted in a reduction of disease severity, but
only intramuscular immunization in the presence of the MF59 adjuvant afforded protection
against disease incidence.152 Despite the promising results in animals, Phase III clinical trials of
a combination of recombinant gB2 and gD2 showed the vaccine to be safe and immunogenic,
but not protective.153

Contraceptive Vaccines
The WHO recently announced the estimated birth of the 6 billionth human on the planet.

At current rates, the world population is predicted to reach 10 billion by 2050, a number that
may not be sustainable. Although effective barrier and hormonal birth control methods are
available, issues of compliance and side effects have spurred the search for immunocontraceptive
methods. Unlike vaccines against infectious disease, a human contraceptive vaccine should be
reversible. The first contraceptive vaccine tested in humans was based upon human chorionic
gonadotrophin (HCG), an early hormone necessary to establish and maintain pregnancy. HCG
is a heterodimeric glycoprotein composed of alpha and beta subunits (CGα and CGβ). CGα
is nearly identical to the α-subunit of other hormones of pituitary origin such as
follicle-stimulating hormone (FSH), luteinizing hormone (LH), and thyroid stimulating hor-
mone (TSH). CGβ is very similar to the beta chain of LH, except that it contains an additional
carboxy-terminal peptide of 30 residues. A vaccine was developed that contained a heterospecies
dimer (HSD) of hCGb and the a subunit of ovine LH coupled to tetanus toxoid or diphtheria
toxoid.154 The vaccine was found to be safe in women and to prevent pregnancy if anti-HCG
antibody levels were > 50 ng/mL. The anti-fertility effect was also reversible, resulting in healthy
babies.155 This vaccine was manufactured by combining native hCGβ, purified from the urine
of pregnant women, with native LH, purified from the pituitary glands of sheep. A recombi-
nant CGβ protein has been shown to be safe and immunogenic in animals and offers the
possibility of consistent large-scale manufacture of a HCGβ-based contraceptive vaccine.156

The first contraceptive vaccine tested in males was based upon FSH, a hormone that is impor-
tant for the development of sperm. The vaccine was derived from lyophilized sheep pituitary
glands and was shown to be safe in men and to cause sterility in monkeys.157 The effect does
not appear to be due to a lack of sperm but to production of poor quality sperm, which may
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not be adequate or desirable for a human vaccine. Antibody raised to the ovine FSH beta
subunit (FSHβ) binds to and neutralizes primate FSH, making it a viable alternative to the
full-length protein. A recombinant ovine FSHβ vaccine is being developed as a consistent and
safe source of large amounts of immunogen. Other approaches based upon sperm or zona
pellucida antigens or peptides are being evaluated in animals.

Vaccines Against Nosocomial Infections
The immunocompromised patients with chronic disease or hospitalized patients are espe-

cially susceptible to infections. Pseudomonas aeruginosa is an opportunistic pathogen that can
cause fatal lung infections in cystic fibrosis patients and systemic infections in burn patients. A
Phase III trial of a flagella-based vaccine is currently underway.158 A P. aeruginosa purified
OMP vaccine has recently been tested in humans and found to be safe and immunogenic, with
immune sera affording protection in a passive model.159 A recombinant vaccine using the
outer membrane protein OprI was tested in humans and found to be safe and immunogenic.160

The OprF protein was also found to be effective in mice.161 Recent studies have shown that
immunization with recombinant PcrV resulted in protection in a mouse model.162 A novel
P. aeruginosa vaccine containing a hybrid protein consisting of the N-terminus of the mature
OprI protein fused to the C-terminus of OprF was shown to be protective in mice 163 and safe
and immunogenic in humans.164

Staphylococcus aureus causes a variety of diseases ranging from mild skin infections, to
pneumonia, meningitis, bacterial arthritis, endocarditis, toxic shock syndrome and death. It is
a significant cause of nosocomial infections, particularly in patients having heart valve surgery,
hip or knee replacement, or kidney dialysis, and the incidence of multidrug resistant organisms
is increasing. Whole-cell vaccines have been tested in human clinical trials, but were not very
effective.165 Vaccines based upon capsular polysaccharide or conjugates are under develop-
ment.166,167 S. aureus elaborates a number of adhesion factors that bind to extracellular matrix
components such as collagen, fibronectin, and fibrinogen.168 A subunit vaccine based upon a
recombinant fragment of the collagen adhesin protects animals against septic death.169 S. aureus
also produces a family of enterotoxins termed SEA, SEB, SEC, SED and toxic shock syndrome
toxin-1 (TSST-1), of which SEA and TSST-1 are known to function as superantigens. Vacci-
nation of mice with recombinant SEA that had been mutated to delete its superantigen activity
protected them from septicemia.170 A novel approach to vaccine development has been to
study the protective effect of a protein called RAP (RNA III activating protein) that regulates
the production of virulence factors such as the toxins. Mice immunized with purified RAP
were protected from S. aureus pathology.171

Cancer Vaccines
Until recently, chemotherapy, radiation therapy, surgery, and combinations of these have

been the only treatments for malignancies. The potential use of vaccines in cancer therapy and
in special instances as prophylaxis is an exciting development. A few cancers are viral in origin,
such as hepatic cancer caused by HBV, cervical cancer caused by HPV, and adult T-cell leuke-
mia caused by HTLV-1. At least one cancer has a bacterial origin: gastric cancer caused by
Helicobacter pylori. These cancers caused by microorganisms have the greatest potential for
development of prophylactic vaccines.

Hepatocellular carcinoma (HCC) is one of the most common cancers, especially in some
parts of Asia, where it ranks first or second in incidence. It can be caused by viral infection with
hepatitis B or C viruses. Worldwide, there are 350 million carriers of HBV, with an annual
death rate of about 1 million. The advent of HBV vaccines and increasingly universal vaccina-
tion has led to a dramatic decrease in carriage rates and a concomitant decrease in HCC.172
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Cervical cancer is the second most common cancer among women worldwide, with an
estimated 450,000 new cases diagnosed per year and 200,000 deaths. There are over 80 differ-
ent HPV genotypes, of which types 16, 18, 31 and 45 can be detected in nearly 80% of cervical
carcinomas. In animals, HPV VLPs comprised of the late proteins L1 and L2 induce virus
neutralizing antibodies and a protective immune response.173 This approach is favored for
prophylaxis, as the vaccine does not incorporate any oncogenic material. Expression of the
early proteins E6 and E7 appears to be necessary for the neoplastic state,174 and they are thus
good vaccine targets for a therapeutic vaccine. Chimeric VLPs comprised of L1 plus E7 fused
to L2 were protective in a challenge model.175 Immunization with recombinant E7 protein in
incomplete Freund’s adjuvant also induced protection in an animal model.176 Thus, the pros-
pects for safe and effective prophylactic and therapeutic vaccines against cervical cancer are
very high.

Adult T-cell leukemia (ATL) is one of the many diseases caused by infection with the
human retrovirus HTLV-1. The virus tends to be geographically localized and is most preva-
lent in Japan, where 1-2 million people are infected. Only a small proportion of HTLV-1-positive
patients develop ATL, and that occurs after a long latency.177 There is no effective therapy
against HTLV-1-induced leukemia. Recombinant vaccinia viruses expressing HTLV-1 env178

can induce a neutralizing antibody response, but a better response is observed using a prime-boost
protocol whereby the vaccinia virus constructs are boosted with recombinant protein.179 Pep-
tide vaccines are being developed based upon the gp46 protein.180 The HTLV-1 Tax gene
product is thought to transactivate cellular genes, resulting in proliferation and development of
leukemia. It is a major target of CTLs and a number of epitopes have been identified that have
potential for development of peptide vaccines.181

H. pylori is a spiral-shaped Gram-negative bacterium that colonizes human gastric epithe-
lial cell surfaces and the overlying mucous layer. Approximately 50% of the world population
is infected by H. pylori, with rates of >90% occurring in some developing countries. Disease
ranges from asymptomatic gastric inflammation, to gastric or duodenal ulcers, and antral
adenocarcinoma or mucosa-associated lymphoid tissue (MALT) lymphoma. Although therapies
involving combinations of antibiotics, proton-pump inhibitors and bismuth compounds are
somewhat efficacious, they do not prevent recurrence and are expensive. Animal models have
demonstrated that mucosal immunization with protein antigens such as urease,182 catalase,183

and the heat shock proteins HspA and HspB184 can be effective in prophylactic vaccines. In
addition, therapeutic vaccination with recombinant VacA or CagA with a mucosal adjuvant
eradicated chronic infection in mice.185 Recently, immunodominant antigens were identified
using patient sera and proteomic technology, although pathology-specific antigens were not
found.186

For cancers that are not caused by microorganisms, complex vaccination protocols are
being tried in which patients may receive autologous tumor-infiltrating lymphocytes (TILs) or
dendritic cells, poxvirus, plasmid DNA, or recombinant BCG, Listeria or Salmonella vaccines
expressing tumor associated antigens (TAAs), with or without immunostimulatory molecules.
In addition to these specialized delivery platforms, patients are also being immunized with
recombinant antigens, peptides, modified peptides, carbohydrate antigens, anti-idiotypic anti-
bodies, and monoclonal antibodies (Mabs).187 Immunotoxins, composed of a tumor targeting
moiety and an effector molecule, are also important components of the anti-cancer arsenal.
Novel anti-angiogenesis or apoptosis-inducing strategies may lead to generic cancer therapies.

In the US, there are an estimated 134,000 new cases of colorectal cancer each year. The
most advanced immunotherapies for colorectal cancer involve the use of carcinoembryonic
antigen (CEA) or the KSA antigen (also called EpCAM, GA733-2 or CO17-1A). CEA belongs
to a family of heavily glycosylated 175-200 kDa proteins found in normal fetal tissues and in
colorectal, breast and lung carcinomas. Patients immunized with recombinant CEA mount a
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weak immune response, which is enhanced by coimmunization with GM-CSF.188 When CEA
is expressed in vaccinia vectors, its immunogenicity is improved and it elicits CEA-specific
CTLs.189 Another approach has been to immunize patients with an anti-idiotype MAb mim-
icking CEA.190 This vaccine elicited potent anti-CEA humoral and cellular immune responses,
resulting in clinical responses. KSA is an epithelium-specific cell-cell adhesion molecule, expressed
on the majority of colorectal carcinoma cells. In animal studies, recombinant KSA was shown to
elicit humoral and cellular immune responses.191 Monoclonal antibody and anti-idiotype anti-
body therapies are also being explored.192 A novel approach using an anti-KSA Fab-SEA
superantigen fusion was shown to be effective against established, disseminated and heterogenic
tumors in a transgenic animal model, and the effectiveness of this vaccine was further improved
when coadministered with a Fab-IL-2 fusion.193

There are an estimated 42,000 new cases of melanoma diagnosed in the US each year, and
the incidence is increasing. If treated at an early stage, this cancer has a 95% survival rate, but
at later stages there is a 50-90% mortality rate. Melanoma patients have been immunized with
semi-purified polyvalent vaccines prepared from antigens shed into the culture medium by a
pool of melanoma cell lines. These vaccines contain MAGE-1, MAGE-3, Melan-A/MART-1,
tyrosinase, gp100, and other melanoma-associated antigens, and have proven efficacious.194

Current vaccination strategies against melanoma are focused on peptides, viral vectors, or
cell-based approaches, with little or no protein-based vaccine development.195 An
immunoconjugate has been created by linking an scFv, specific for melanoma chondroitin
sulfate proteoglycan, and the Fc effector domain of human IgG1.196 An in vitro cytotoxicity
assay demonstrated that it was able to target melanoma cells for lysis by NK cells and complement.

Without a family history of disease, a woman’s lifetime risk of developing breast cancer is
about 1 in 8, and for ovarian cancer it is 1 in 70. One of the most promising vaccine candidates
appears to be HER-2/neu, which is a proto-oncogene encoding a 185 kDa transmembrane
glycoprotein with tyrosine kinase activity and structural similarity to the epidermal growth
factor receptor. It is amplified and overexpressed in approximately 30-40% of breast and ovarian
cancers and is present in primary and metastatic lesions. Rats immunized with the homologous,
but not identical, human HER-2/neu protein, were able to overcome tolerance and generate
humoral and cell mediated responses.197 This strategy of immunization with highly homolo-
gous foreign proteins may be an effective vaccine strategy for “self” tumor antigens. In an
animal model, immunization with a recombinant protein representing the extracellular domain
of HER-2/neu, was partially effective at preventing tumor development.198 HER-2/neu
peptide-based vaccines have also showed promise in clinical trials.199 Passive immunization
with anti-Her-2/neu specific antibodies was effective in animal models200 and showed some
promise in human clinical trials.201 A vaccine based upon the sialyl-Tn carbohydrate antigen
(STn-KLH, Theratope) is also showing promise in clinical trials.202 An immunotoxin com-
prised of the Pseudomonas aeruginosa exotoxin A enzymatic fragment fused to a Ley

antigen-specific MAb was shown to cure human breast carcinoma xenografts in animal mod-
els.203 Diphtheria toxin (DT) is a potent killer of cells, but it is nonspecific and most people
have circulating antibodies. DT was protected from circulating antibodies and targeted to
tumor cells by encapsulation in immunoliposomes. In vitro assays indicated that the
DT-immunoliposomes were able to kill ovarian tumor cells, even in the presence of anti-DT
antibodies.204

Prostate cancer is the most common type of cancer in men and the second leading cause of
cancer deaths in men after lung cancer. In the US, there are an estimated 317,000 new cases of
prostate cancer diagnosed per year and >40,000 deaths. Chemotherapy, surgery and/or radia-
tion therapy are effective for early-stage disease, but the average survival is only 2-3 years after
diagnosis of metastatic disease. Several TAAs have been identified that may be useful for subunit
vaccine development.205 Elevated expression of prostate-specific antigen (PSA) is widely used
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as a clinical marker of prostatic disease, including prostate cancer. At least two different vac-
cines based upon this antigen, have entered clinical trials. OncoVax-P is a vaccine consisting of
liposome-encapsulated rPSA and lipid A, which has been shown to be safe and immunogenic
in clinical trials.206 A vaccinia-PSA vaccine has also been found to be safe in clinical trials.207

Unlike PSA, which is a secreted protein, prostate-specific membrane antigen (PSMA) is an
integral membrane protein, making it useful for targeted therapy. A vaccine based upon dendritic
cells pulsed with two PSMA peptides showed promise in Phase II trials,208 and recombinant
PSMA has recently been produced in baculovirus.209 Prostate stem cell antigen (PSCA) has
been identified as another prostate-specific cell surface antigen that is strongly expressed in a
tumor cell line and may have vaccine potential.210 Prostatic acid phosphatase (PAP) is a secreted
prostate antigen. Immunization of rats with recombinant human or rat prostatic acid phos-
phatase (PAP), resulted in a specific antibody response, but no CTL response. Immunization
with recombinant vaccinia expressing human PAP, but not rat PAP, elicited CTLs, but no
detectable antibody response.211 Prostatic steroid binding protein (PSBP) is the major protein
produced and secreted into seminal fluid by the ventral prostate. Immunization with purified
PSBP has been shown to induce experimental autoimmune prostatitis in rats, which may indi-
cate its potential as a vaccine antigen for prostate cancer patients.212

Angiogenesis is a critical requirement for tumor survival and anti-angiogenic therapies
offer a new approach to cancer treatment.213 Angiostatin is an internal fragment of plasmino-
gen, initially isolated from mice bearing Lewis lung carcinoma. Immunization with recombi-
nant angiostatin inhibited establishment of experimental primary and metastatic tumors.214

Endostatin is a C-terminal fragment of collagen 18a and in animal models, immunization with
recombinant endostatin led to regression of primary tumors to dormant microscopic lesions.215

The Apo2 ligand (Apo2L) is one of several molecules involved in cellular apoptosis. Apo2L was
cytostatic or cytotoxic in vitro for 32/39 cell lines from colon, lung, breast, kidney, brain and
skin cancer. Treatment of tumor-bearing animals with recombinant Apo2L resulted in tumor
cell apoptosis, suppressed tumor progression and improved survival.216

Vaccines Against Autoimmune Diseases
Treatment or prevention of autoimmune diseases such as arthritis, diabetes, and multiple

sclerosis is a promising new application of vaccine technology. Oral administration of antigens
has long been recognized as a method to induce systemic immunologic tolerance and this
approach is being actively pursued for vaccines against these three diseases.217

Type I diabetes or insulin-dependent diabetes mellitus (IDDM) is a multifactorial
autoimmune disease for which susceptibility is determined by both genetic and environmental
factors. The disease is caused by T-cell-mediated destruction of the insulin-producing beta cells
of the pancreatic islets of Langerhans. The nonobese diabetic (NOD) mouse spontaneously
develops IDDM with many of the same immunological and pathological characteristics as the
human disease, making this model widely used as a research tool. When milligram quantities
of insulin were delivered orally to NOD mice, it was found that there was reduced incidence of
IDDM and a delayed onset of disease.218 When insulin was conjugated to cholera toxin B
(CTB), a mucosal adjuvant, oral administration of microgram quantities of the insulin-CTB
conjugate protected mice against spontaneous autoimmune diabetes.219 As the research to
develop edible vaccines progresses, recombinant potatoes that express insulin-cholera toxin B
fusion protein have been developed and the results of animal studies are promising.220

Multiple sclerosis (MS) is a chronic neurological disease that affects young adults, with
onset usually occurring between 20 and 40 years of age. There are two types of disease,
relapsing-remitting MS and chronic progressive MS. Although there appears to be a genetic
predisposition toward development of disease, there are also environmental factors involved.221
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MS is believed to be an autoimmune disease caused by reaction against myelin proteins.
Experimentally induced allergic encephalomyelitis (EAE) is a model of MS in which mice are
immunized with myelin basic protein (MBP) in complete Freund’s adjuvant to induce disease.
Oral administration of milligram quantities of MBP has been shown to suppress chronic
relapsing EAE.222 In a small clinical trial involving patients with relapsing-remitting MS, given
daily oral doses of 300 mg bovine MBP for a year, the treated group was found to have less
severe disease than a control group, offering hope that this approach may be feasible.223 Oral
administration of microgram quantities of MBP conjugated to CTB has been shown to protect
animals in an EAE model.224 Most importantly, it not only prevented disease but it amelio-
rated existing disease, making it a candidate therapeutic approach.

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic inflamma-
tion of the synovial joints. It occurs in about 1% of the population, with a higher frequency in
women. The autoantigen is thought to be collagen and an animal model of collagen-induced
arthritis (CIA) is used to investigate disease and develop treatments. Intragastric administra-
tion of 500 mg of type II collagen has been shown to suppress the onset and severity of CIA in
mice.225 Nasal administration of microgram quantities of a type II collagen-CTB conjugate
significantly reduced the prevalence and severity of CIA in mice, even when given after onset of
disease.226 In human clinical trials involving patients with severe active RA given daily oral
doses of solubilized chicken type II collagen for three months, the treated group was found to
have a decrease in the number of swollen and tender joints, relative to the control group.227

Four of 30 treated patients experienced a complete remission of disease, demonstrating efficacy
for this approach.

Current Technologies
In the 1970s and 1980s there was a global initiative to develop acellular and component

pertussis vaccines. An early extract pertussis vaccine called Tri-Solgen was produced by Eli Lilly
and was used extensively in the U.S.A. in the 1970s. It was in Japan however, that acellular
pertussis vaccines were first adopted for routine immunization. These vaccines vary in specific
composition, but the predominant pertussis antigens are pertussis toxin (PT) and filamentous
hemagglutinin (FHA). The production of one of these vaccines is described by Sato et al.228

Briefly, phase I B. pertussis is cultivated in defined Stainer Scholte medium and the PT and
FHA are released into the growth medium. These secreted proteins are first concentrated by
fractional ammonium sulphate precipitation. This crude extract, although high in hemaggluti-
nating activity, still contains large quantities of bacterial endotoxin. The endotoxin has a
molecular weight of about one million Daltons and can be readily separated from the PT and
FHA components by sucrose density gradient centrifugation. Following separation, the frac-
tions that contain HA activity but no endotoxin activity are pooled. Following detoxification,
the pertussis vaccine is typically combined with other antigens, such as diphtheria and tetanus
toxoids, and adjuvanted with alum. These vaccines have high potency in the mouse intracere-
bral challenge assay, show reduced local and general side-effects compared to the whole-cell
vaccine and have demonstrated efficacy in humans. There are essentially two types of these
acellular vaccines. The Takeda-type vaccines have a ratio of FHA:PT of about 90:10 and con-
tain small amounts of agglutinogen 2 and the 69-kDa protein. The Biken-type vaccines con-
tain only FHA and PT in an equal weight ratio. Each of these types of acellular pertussis
vaccines has been licensed in the U.S.A. Thus, ACEL-IMUNE contains the acellular pertussis
manufactured by Takeda Chemical Laboratories (Osaka, Japan) and diphtheria and tetanus
toxoids manufactured by Lederle Laboratories. Tripedia is produced by Aventis Pasteur (U.S.)
and combines the acellular pertussis vaccine of Biken and Tanabe Corporation (Osaka, Japan)
with the diphtheria and tetanus toxoids manufactured by Aventis Pasteur.
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Component pertussis vaccines are prepared by the separate isolation and purification of
protective antigens and their formulation in defined ratios. Certiva is the simplest component
pertussis DT vaccine containing only detoxified PT. The PT is isolated by fetuin affinity
chromatography and is detoxified using hydrogen peroxide. The D and T components are
produced by Statens Seruminstitut, Copenhagen, Denmark and the PT production and vac-
cine formulation are performed by North American Vaccine Inc. A 2-component pertussis
vaccine is produced by Aventis Pasteur in Lyon, France and contains the pertussis antigens PT
and FHA. When combined with DT, it is sold as Triavax. Tetravac further contains a Hib
conjugate vaccine and Pentavac adds inactivated polio vaccine. Infanrix, produced by SmithKline
Beecham Biologicals in Belgium, contains three pertussis antigens, PT, FHA and 69-kDa. PT
and FHA are isolated from the B. pertussis culture by adsorption onto hydroxylapatite, fol-
lowed by hydrophobic, affinity and size exclusion chromatographies. The PT is detoxified
using formaldehyde and glutaraldehyde. The 69-kDa protein is isolated from the cells by heat
treatment, flocculation with barium chloride, followed by ion-exchange, hydrophobic and
size-exclusion chromatographies. The purified FHA and 69-kDa proteins are treated with form-
aldehyde. The acellular pertussis components are produced by SmithKline Beecham Biologicals
and are combined with diphtheria and tetanus toxoids produced by Chiron Behring (Marburg,
Germany). Acelluvax is produced by Chiron Vaccine (Siena, Italy). It contains FHA, 69-kDa,
and genetically detoxified PT. Aventis Pasteur Canada produces a 5-component (PT, FHA,
69-kDa and fimbrial agglutinogens 2 and 3) vaccine. The PT and FHA are produced by
sequential chromatography on perlite and hydroxylapatite.229 The PT is detoxified with glut-
araldehyde and the FHA is detoxified with formaldehyde. The 69-kDa protein is precipitated
with ammonium sulphate from culture supernatants, after the PT and FHA have been removed,
then purified by chromatography on hydroxylapatite and Q-Sepharose. The agglutinogens are
isolated from cells by extraction with 4M urea, heat treatment of the cell lysate and precipita-
tion with PEG-8000. Further purification is achieved by passage over PEI silica. The acellular
pertussis components are combined with diphtheria and tetanus toxoids to produce Tripacel.
The further addition of a Hib conjugate vaccine produces Quadracel, and when inactivated
polio vaccine is also added, the product is Pentacel. Details of many of the licensed acellular
pertussis and component vaccines230 are shown in Table 11.1.

Emerging Technologies
Emerging technologies for protein-based vaccines include epitope display on self-assembling

viral particles or bacterial toxins, making use of toxin or transferrin transport for delivery of
epitopes, and using heat shock proteins to deliver epitopes.

The expression of epitopes on self-assembling particles has been explored as a novel way to
present antigens or generate cross-protective vaccines. One of the earliest examples is a
HbsAg-HSV-1 gD chimera expressed in yeast.231 The ability of the hepatitis B core (HBc)
protein to accept foreign epitopes at diverse locations and still form functional particles, has
made it a very good scaffold for epitope display.232 Poliovirus has been used to express epitopes
from C. trachomatis MOMP,140 H. pylori urease,233 or HIV-1 gag and env.120 Plant viruses have
also been explored as carriers for epitopes. The tobacco mosaic virus (TMV) has been used to
present epitopes from poliovirus,234 the murine zona pellucida ZP3 protein,235 malaria,236

influenza virus and HIV env.237 Cowpea mosaic virus (CPMV) was used to express epitopes
from HIV-1 gp41,238 mink enteritis virus,239 S. aureus fibronectin-binding protein,240 and
P. aeruginosa OprF.241 A chimeric alfalfa mosaic virus conferred protection against rabies.242

The crystal structures of many bacterial toxins have been determined, leading to the
development of chimeric toxins that can express foreign epitopes. Chimeric pertussis toxins
that incorporate CTL epitopes from lymphocytic choriomeningitis virus (LCMV) or Plasmo-
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dium yoelii 243 have been generated from recombinant B. pertussis strains. The purified chimers
were found to lyse target cells in an MHC class I restricted manner. The B. pertussis adenylate
cyclase toxin (CyaA) has a unique mechanism of entry into cells, by which the catalytic domain
is directly translocated across the plasma membrane of the target cell, independent of an endocytic
pathway.244 When animals were immunized with a nontoxic CyaA carrying a CTL epitope
from LCMV, they were protected from challenge.245 Similarly, a chimeric CyaA toxin carrying
a CTL epitope from OVA protected mice from challenge with tumor cells expressing OVA.246

These studies demonstrate the utility of CyaA chimeric toxins to induce protective antiviral
and antitumor immunity. The anthrax toxin protective antigen has been combined with
recombinant lethal factor containing epitopes from the Listeria monocytogenes lysteriolysin O
antigen or the nucleoprotein of LCMV. When mice were immunized with the chimeric toxin
proteins, they raised CTLs to both organisms.247 Shiga-like toxin 1 (SLT1) is a member of a
family of cytotoxic proteins that are endocytosed from the cell surface to the endoplasmic
reticulum, before being transported to the cytoplasm.248 This phenomenon of retrograde trans-
port has been utilized to deliver an epitope from the influenza virus matrix protein to the
MHC class I presentation pathway.249 A fusion between the nontoxic B subunit of Shiga toxin
and an epitope from the MAGE-1 tumor antigen, also presented the epitope to the MHC class
I pathway.250 Fusion proteins based upon bacterial toxin subunits have led to cross-protective
vaccines. A fusion between diphtheria toxin A and the C180 N-terminal fragment of pertussis
toxin S1 subunit resulted in a nontoxic protein that was able to elicit neutralizing antibodies
against both DT and PT.251 Similarly, a fusion between a fragment of pertussis toxin S1 and
the protective fragment C of tetanus toxin was protective against both pertussis and tetanus in
animal models.252 The CTB subunit has been used extensively as a fusion partner with epitopes
linked at the N- or C-termini or at permissive internal sites.253 As part of a fusion protein, the
E. coli heat labile enterotoxin B subunit (LTB) has been used to target an epitope of HSV 1
DNA polymerase to the nucleus of an infected cell.254

Human serum transferrin (Tf ) regulates the transport and uptake of iron into cells. The
Tf receptor binds Tf, which is internalized to deliver the iron to the cell. The Tf receptor is
expressed on most cells, but is overexpressed in tumor cells. Recently, recombinant Tf proteins
were produced that contained an epitope cleavable by the HIV-1 protease.255 The chimeric
proteins were found to retain their Tf function and to express the epitope on the surface where
it could be cleaved by the protease. It is hoped that this technology can be developed into a
means to deliver therapeutic agents to tumor cells.

The discovery that heat shock proteins (HSPs) can carry noncovalently linked peptides
derived from tumor antigens, has led to their investigation as cancer vaccines. The protective
effect of HSP-peptide complexes derived from experimental tumors suggests the possible
development of autologous tumor vaccines.256 In animal models, immunization with a
HSP70-OVA fusion protein was shown to protect against challenge with tumor cells express-
ing OVA.257 This HSP fusion protein technology can be also applied to infectious diseases as
demonstrated when immunization with a fusion of hsp71-HIV p24117 or HSP65-influenza
virus nucleoprotein258 elicited specific CTLs. These results indicate the general utility of heat
shock proteins as peptide carriers or fusion partners in vaccine development.

Summary
Today, protein antigens are key components of prophylactic vaccines against infectious

diseases and in the future they will continue to be major constituents of therapeutic vaccines
against infectious, autoimmune, and malignant diseases. While most protein antigens are cur-
rently produced from native or recombinant organisms, future vaccines may be produced from
transgenic plants or animals, then combined with immunostimulatory molecules and deliv-
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ered mucosally. Current combination vaccines may be supplanted in part by multipotent vac-
cines prepared from chimeric proteins, multi-epitope expression or epitope display. Such advances
will require an improved understanding of host-pathogen interactions and the protective immune
response associated with specific diseases.
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Peptide Vaccines
Damu Yang, Gregory E. Holt, Michael P. Rudolf, Markwin P. Velders,
Remco M. P. Brandt, Eugene D. Kwon, and W. Martin Kast

Introduction

For most of the history of vaccine production, the development of a new vaccine involved
producing inactivated organisms or crude components of the pathogen. There is now
generally a need to develop more precisely defined and novel vaccines against cancers

and some pathogens (e.g., HIV), for which traditional approaches are unavailable or do not
work well. With developments in recombinant DNA technology and cell biology, it is possible
to dissect out the epitopes from the tumor cells and pathogens recognized by B- and T-cell
receptors. These regions may be essential and effective for eliciting protective responses through
neutralizing antibodies and T cell mediated immunity. This chapter will deal with the different
peptide-based immunization strategies and their characteristics.

Molecular Basis for the Development of Peptide Vaccines
Epitopes recognized by B cells or neutralizing antibodies are usually classified as either

continuous, consisting of a short linear fragment of an antigen, or discontinuous, comprising
an assembly of amino acid residues brought together by folding of the protein chain. Most
B-cell epitopes are discontinuous or conformational, which means that such epitopes require
the full folded polypeptide for their presentation. In contrast, other epitopes are linear, being
fully antigenic as short linear sequences in the range of 6- to 20-amino acid oligopeptides. A
variety of techniques have been used to identify B-cell epitopes. The linear B-cell epitopes can
be mapped with synthetic peptides or direct sequencing of fragmented peptides recognized by
the antibodies. Although discontinuous B-cell epitopes cannot be constructed within a short
peptide, it is possible to identify small reactive peptides (mimotopes) that antigenically mimic
the conformational immunogens by screening recombinant-based peptide libraries with anti-
sera.1-5 These linear epitopes and mimotopes are candidate vaccines for eliciting production of
protective neutralizing antibodies by B cells.

While B cells recognize conformational or sequential epitopes on the surface of native
proteins, T cells recognize only peptides derived from the processing of antigens in association
with major histocompatibility complex (MHC) molecules.6 However, there are major differ-
ences between the recognition of antigen by CD 4+ and CD8+ T cells, both in terms of the
cellular site where the peptides are generated and the nature of MHC molecules required for
their recognition.

CD4+ T cells recognize peptides bound to MHC class II molecules on the surface of cells.
Proteins derived from pathogens residing in intracellular vesicles are degraded by vesicular
proteases into peptide fragments that bind to MHC II molecules for delivery to cell surface.7,8
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CD4+ T cells also recognize peptide fragments derived from exogenous pathogens and proteins
that are internalized into similar intracellular vesicles.9 It has been recently reported that exog-
enous proteins can be degraded into antigenic peptides extracellularly by proteases secreted by
dentritic cells (DCs) and loaded onto empty or peptide-receptive class II MHC molecules on
the surface of DCs.10

CD8+ T cells recognize peptides associated with MHC class I molecules. These peptides
are derived from cytosolic proteins,11 which are cleaved by proteasomes and translocated to the
endoplasmic reticulum (ER) by peptide transporters associated with antigen processing (TAP)
before final association with MHC class I molecules. The peptide-MHC class I complexes are
then transported to the cell membrane where they can be recognized by CD8+ T cells.12 Cer-
tain professional antigen presenting cells (APCs) can also take up and present exogenous anti-
gens through the MHC class I pathway to CD8+ cells.13,14

On the basis of this knowledge of peptide processing and presentation, vaccines contain-
ing peptide epitopes recognized by CD4+ and CD8+ T cells have been developed.

Advantages and Disadvantages of Peptide-Based Vaccines
The peptide-based vaccine has a number of advantages, which include: Peptides can be

chemically defined products and are relatively stable. They are relatively easy to manufacture
and store. No infectious agent is involved in its manufacture. Any potential oncogenic or del-
eterious biological activity associated with whole pathogens or recombinant vaccines is avoided.
Different molecules can be linked with peptides to enhance their immunogenicity.

The limitations of the peptide vaccines are: Many B cell epitopes are discontinuous, and
adjacent molecules contribute to the epitopes. The conformation of a B-cell epitope in a pro-
tein may differ markedly from its shape as a free peptide. For a T-cell vaccine, this agent will
need to contain multiple epitopes to cover the HLA diversity of target population and to
generate immunity for different epitope variants.

Adjuvants and Delivery Systems
Adjuvants have been used to increase the peptide-induced immune responses to the corre-

sponding antigens. Although a number of adjuvants have been evaluated, only few, including
incomplete Freund’s adjuvant (IFA) and Montanide ISA, have been used in peptide-based
clinical trials. Recently, molecularly defined agents have been shown to be promising adjuvants
for peptide vaccines. Mouse models were used to evaluate large panels of molecularly defined
adjuvants. These studies revealed that cytokines, IL-2 and IL-12,15-17 are very potent in the
ability to increase the efficacy of vaccines. GM-CSF also plays an important role in the induc-
tion and magnitude of cellular immune responses.18 But in clinical trials, only peptide plus
IL-2 was associated with an increase in clinical efficacy.19,20 No enhancement in clinical effi-
cacy was observed using GM-CSF or IL-12.20

Other non-cytokine immunomodulators involved in costimulation of T cells could be
considered as candidate adjuvants. One of these, CD40 and its ligand (CD40L), has been
shown to be important in DCs and B-cell activation, production of type 1 cytokines by T-helper
cells, and generation of cytotoxic memory responses. The addition of CD40L to DNA vacci-
nation was found to increase the antitumor efficacy.21 The FLTs (tyrosine kinase receptor fam-
ily) ligand can induce the apparent growth and differentiation of functional dendritic cells and
has been reported to have antitumor effects.22,23

The B7-1 and B7-2 molecules expressed on the APCs play a critical role in controlling the
activation or anergy of T cells. The engagement of B7 ligand, CD28, is associated with prolif-
eration and differentiation, whereas an encounter with another B7 ligand, cytotoxic T-lym-
phocyte antigen-4 (CTLA-4), may trigger functional unresponsiveness.24 In a recent report,
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soluble B7-IgG fusion proteins were shown to be effective in therapy of established tumors and
as a vaccine adjuvant in four mouse tumor models.25 The blockade of the engagement of
CTLA-4 has also been reported to potentiate immune responses to tumor cells.26

The delivery system that might lead to prolonged or pulsatile release of the peptides will
reduce the frequency of immunization and elicit comparable or greater immune responses.
Keyhole limpet hemocyanin (KLH), which has been shown to recruit T helper cells and pro-
mote a memory cytotoxic T cell (CTL) response, has been used as a carrier in clinical trials.
Liposomes that enable the introduction of lipid-soluble molecules or peptides to the immune
system have been shown to induce both humoral and cell-mediated immune responses to a
wide spectrum of antigens.27 Poly-L-lactide co-glycolide (PLGA) is another suitable carrier to
deliver peptides.28 Immunostimulating complexes (ISCOMs) elicit humoral and cellular
immunity, as well as CTL responses. Peptides incorporated into preformed ISCOMs-contain-
ing influenza virus-derived protein could stimulate specific immune responses.29,30 Intact viruses,
virus like particles (VLP), and recombinant plasmids also serve as carriers, which will be dis-
cussed in a later part of this chapter.

Design of Peptide Vaccines: Synthetic Peptides as B-Cell Vaccines
Initially, the development of peptides as possible vaccines was entirely directed to the

production of neutralizing antibodies by the production of an epitope that would be recog-
nized by B cells.31,32 The concept was to identify and synthesize the epitope sequences of
pathogen proteins that could form the candidate vaccines. In many cases, it has been possible
to identify B-cell epitopes against which neutralizing antibodies are directed. The techniques
of recombinant DNA combined with serological studies have enabled some epitopes to be
mapped to precise amino acid residues. Linear B-cell epitopes of this type have been defined for
the malarial circumsporozoite protein33 and HIV-1 gp120.34 Both of these polypeptides con-
tain linear epitopes that are recognized by antibodies that neutralize the respective pathogens.
However, some linear epitopes are only weakly immunogenic when presented in the context of
full polypeptides. Such peptides would still be effective antigens if they were rendered more
immunogenic.

The peptide can be conjugated to a carrier protein to increase its immunogenicity. The
most commonly used carrier proteins in conjugates are bacterial proteins that humans com-
monly encounter, such as tetanus toxoid (TT), for which a conjugate with the malarial
circumsporozoite epitope has been tested clinically.35

Increasing the number of the peptide groups in a conjugate can substantially increase
immunogenicity particularly if the peptide epitopes are presented as a tandem array. A com-
mon approach is to form multiple antigenic peptides (MAP). A multimer of peptides from
HIV gp120 having this structure was highly immunogenic.36

The immunogenicity of linear epitopes can also be increased by fusing the defined epitopes
to a carrier protein that forms a large particle to improve the presentation of the peptide to cells
of the immune system. The commonly used protein fusion partners of this type include HBsAg37

and hepatitis B core antigen.38

The recombinant-based peptide libraries have been used to create the mimotopes for con-
formational B-cell epitopes that cannot be readily produced by recombinant or synthetic meth-
ods.1-5 Peptide sequences were identified from the peptide library by the IgG antibodies (from
patients with Graves’ disease) that recognized the thyroid-stimulating-hormone receptor
(TSHR).39 These peptides were able to inhibit the cAMP synthesis that was induced by the
IgGs from the same patient. Interestingly, these peptides do not resemble the linear sequence of
TSHR and thus may mimic a spatial arrangement of the key antigenic residues. It has been
recently reported that mimotopes can act as structural mimics of non-protein antigens and
induce the production of anti-DNA antibodies.40
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Peptide-Based T-Cell Vaccines. Identification of Peptide Epitopes
Recognized by T Cells

The antigens recognized by T cells have been identified by the transfection of genomic
DNA or cDNA library pools into cells expressing the appropriate MHC molecule and screened
with antigen-specific T cells.41,42 The candidate peptides from the antigens can be selected by
computer programs43,44 based on known MHC-binding motifs or synthesized as overlapping
peptides if their MHC-binding motifs are unknown. Subsequently the peptides can be screened
for their binding to MHC molecules.45-47 The antigenic peptides are then determined by test-
ing the ability of the binding peptides from the antigen to stimulate the cytokine secretion by
the antigen-specific T cells. The drawback of this commonly used approach involves the
requirement for determining the MHC restriction element for the antigen-specific T cells.

Antigenic peptides can be eluted with acid from either the antigen-expressing cell surface
or purified peptide-MHC complexes, and subsequently separated by high-pressure liquid chro-
matography (HPLC). After pulsing onto APCs the eluted peptide fractions are tested for their
ability to stimulate the antigen-specific T cells. The sequence of the peptide is then determined
by Edman degradation or tandem mass spectrometry. A naturally processed epitope recognized
by five melanoma-specific T-cell lines was identified by this method.48 This approach has been
limited by the need for highly specialized equipment and the requirement that peptides be
present in sufficient quantity to enable their identification by these physical techniques.

Synthetic peptide libraries based on the MHC-binding motifs have been used for identi-
fication of antigenic peptides recognized by T cells.49 However, the identified peptide may be
a cross-reactive peptide, rather than a naturally processed peptide derived from an antigen.

Each of the three techniques mentioned above is dependent on the prior availability of T
cells capable of recognizing the antigens, a requirement that often cannot be met. A new approach
to the identification of antigenic peptides is involved in attempts to develop in vitro sensitiza-
tion techniques.50 Genes encoding candidate antigens can be transfected or transduced into
APCs or synthesized peptides from candidate antigens based on known MHC-binding motifs
can be pulsed onto APCs and used for in vitro sensitizations. If the generated T cells recognize
the antigen-expressing cells, they can be used to identify the antigenic peptides. The peptides
identified by this technique must have the ability to sensitize the T cells recognizing both the
peptides themselves and the antigen-expressing cells.

A new possibility to identify T-cell epitopes is created by the use of HLA transgenic mice.51

This approach involves screening the candidate peptides in the HLA transgenic mice, and
subsequently testing these peptides in humans. Antigenic peptides have been identified by this
techniques and results indicate that the immunogenicity of peptides in transgenic mice resembles
the immune responses against these peptides in humans bearing the same HLA haplotypes.52-54

However, the peptides which are immunogenic in transgenic mice are not always immuno-
genic in humans.

Synthetic Peptides as T-Cell Vaccines
Synthetic peptides corresponding to epitopes recognized by T cells represent an ideal safe

vaccine. Protective CTL responses induced by vaccination with MHC class I binding peptides
were first reported by Schulz et al55 for lymphocytic choriomeningitis virus (LCMV) and inde-
pendently by Kast et al56 for Sendai virus. In these studies, vaccination with peptides in IFA
elicited substantial antiviral immune responses. Adjuvants were used to create a depot after
injection for a slow release of peptides in vivo in these approaches. Much of the literature
emphasizes the requirement for T-cell help for generating antipeptide immune reactivity. Con-
versely, some peptides appeared to induce CTL reactivity in the absence of obvious CD4+

T cell help.57 If a helper T-cell response is required to obtain an efficient CTL response, the
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inclusion of general T-cell help agents (e.g., tetanus toxoid) or helper T cell epitopes (e.g.,
PADRE)58,59 in peptide vaccines should be considered.

In hopes of improving the potency of free peptide vaccinations, many alterations of the
original immunization protocols have been tested. It has been found that modification of cer-
tain residues of a peptide can enhance the immunogenicity of peptide through increasing its
ability to bind MHC class I molecule without compromising the interaction of this complex
with T-cell receptor.60 Indeed, three groups have shown that such a modification enhanced the
peptide’s capacity for eliciting a CTL response.61-63 In contrast, Clay et al64 found that although
the peptide analogues induced a greater CTL response, they were unable to cross react with the
antigen-expressing cells. These results indicate that the use of modified peptide may only be
beneficial if the resultant CTLs recognize not only the peptide analogue but also the cells
expressing the authentic antigen.

Another advance in peptide vaccination involves the use of activated DCs to deliver the
peptides. The DCs, expressing all costimulatory molecules necessary to efficiently initiate a
cellular immune response, are by far the most potent antigen presenting cells.65 DCs can be
obtained by culturing either peripheral blood mononuclear cells or bone marrow cells with
GM-CSF and IL-4. After the appropriate activation and loading of the DCs with peptides,
they are infused back into the patient where the activated DCs home towards secondary lym-
phoid organs, interact with CD8+ cells, and cause the subsequent induction of peptide reactive
CTLs. The successful induction of protective immune responses by peptide loaded DCs have
been shown in a number of studies.66-70 In a recent clinical trial, 16 patients with metastatic
melanoma were immunized with DCs pulsed either with immunodominant melanoma pep-
tides or with melanoma lysates, and objective tumor regression was reported in five patients.71

Heat shock proteins (HSPs), which can bind the peptides and induce effective immune
responses, have been used as chaperones to directly target the peptides to professional APCs.72,73

CyaA, a detoxified cellular invasive Bordetella pertussis adenylate cyclase, has also been shown to
have similar function.74 These methods increase the efficacy of peptide vaccines probably through
the direct targeting of peptides to the class I processing pathway. Other promising novel strat-
egies may include the use of toxin-linked peptides,75 T-helper sequence linked peptides,76 and
peptides attached to endoplasmic insertion signal sequences.77

It is important to realize that peptide vaccines do not always protect. Vaccination with
certain peptides is associated with protective immunity in regimens78-80 that can lead to toler-
ance in the case of other peptides81-83 due to yet unknown mechanisms. When dealing with the
peptides that are prone to induce tolerance, novel strategies (e.g., peptide-loaded DCs)68 need
to be considered.

Recombinant Vaccines Expressing T-Cell Epitopes
Minigenes encoding immunodominant peptide epitopes from the pathogens and tumor

antigens can be engineered into recombinant virus and DNA. The injection of such recombi-
nant constructs containing minigenes makes up a new way of epitope-based vaccination.

The recombinant viruses are engineered through the replacement of normal genes neces-
sary for viral replication with minigenes encoding epitopes alone or in combination with endo-
plasmic reticulum insertion signals and immunomodulatory molecule sequences (such as
cytokines and costimulatory molecules).15,84-87 Thomson et al88 created a recombinant vac-
cinia virus containing epitopes from different viruses, one parasite and the immunodominant
peptide from ovalbumin. Vaccination with this recombinant virus showed potent CTL responses
to each peptide and induced protective responses against challenges of viruses and tumor cells
expressing corresponding epitopes encoded by inserted minigenes. As all viruses have the potential
to cause problems, the safety of the recombinant viruses should be considered and might be
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ensured in a number of ways. For example, some of the recombinant vaccines contain the
viruses that are incapable of replicating in mammalian cells because of their host range89 or
removal of their viral genes critical for viral replication,90 and some are highly attenuated viruses.91

Another problem is that recombinant vaccines based on vaccinia and adenoviruses are likely to
suffer from the pre-existing immunity. In data from both mouse92 and human93 studies, a
preexisting immunity to vaccinia reduced the magnitude of the induced immune responses
after revaccination with the recombinant vaccinia vectors. This limiting effect of a pre-existing
immunity was overcome through an alteration in the route of immunization performed with
the recombinant viral vaccine.94 Another way of circumventing the problem is the use of viruses
whose natural hosts are non-mammalian, such as the avian poxviruses.95 It has also been possible
to use similar viruses from different species to deliver the included peptides without suffering
from the neutralizing antibody response of a previously used viral vector (Kast et al,unpublished).

The T-cell epitopes can be delivered by recombinant plasmids containing the corresponding
minigenes. Vaccination with recombinant plasmids coding for multiple T-cell epitopes have
resulted in effective immune responses.96,97 However, recombinant DNA is generally not as
potent as recombinant viruses at eliciting effective immune responses. Important innovations
concerning the design of these vectors include promoter optimization, enhancement of
polyadenylation sequences, the removal of untranslated regions from the minigenes, and the
use of intronic sequences to improve nuclear export. Other variations to augment the vaccine
efficacy include the insertion of genes for IL-2, IL-12, IL-15, IFN-γ, and GM-CSF,98-100 inte-
gration of DNA for B7.1 and B7.2,101 inclusions of ubiquitin signals,102 and incorporation of
the “danger signal” sequence, unmethylated cytosine-guanine oligodinucleotides (CpG
ODN).103 Also DCs have been used to enhance the vaccination efficacy through directly trans-
fecting DCs with epitope-containing plasmids.104 Although no obvious adverse effects have
been reported, these epitope-based DNA vaccines like all other DNA vaccines have the poten-
tial to induce anti-DNA autoimmune responses and integrate their DNA to the host genomes.

Adoptive Cellular Therapy
The immunogenic peptides can be used to stimulate the peripheral blood lymphocytes in

vitro to induce disease-specific CTLs. Once induced, the specific population can be expanded
and then reinfused into the patient. This therapeutic approach may be beneficial to the patient
who is immunosuppressed. This therapeutic approach is relatively costly since it must be indi-
vidualized and because lymphocyte expansion is labor-intensive. Clinical trials in humans using
CTLs that are specific for CMV have been conducted.105,106 The CTLs utilized in these trials
were induced using virus-infected fibroblasts as APCs. Early results showed that these treatments
are safe and efficacious in preventing CMV infection. Clinical trials of adoptive immuno-
therapy have been reported for prevention and treatment of Epstein-Barr virus, HIV and human
cancers.107-111 In these studies, the expanded cell population tends to be heterogeneous, and
the specific CTL population varies from treatment to treatment. This inconsistency in CTL
generation may account for the relatively low success rate of previous adoptive T-cell therapy
approach.

New strategies in the peptide-based adoptive immunotherapy of cancers and infective
diseases are now being explored. Lymphocytes from cancer or chronic virus-infected patients
are stimulated in vitro with APCs that have been optimally loaded with the antigenic peptides
of choice. Among APCs, the DCs have been shown to be effective in presenting the selected
peptides to the CTL precursors.66,67,70 The addition of cytokines such as IL-7 and IL-12 at the
early stage of the culture might facilitate the expansion of the CTL precursors. Several cycles of
antigen restimulation in the presence of IL-2 may be required to obtain the appropriate num-
ber of antigen-specific CTLs necessary for the adoptive transfer into the patients.
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Another strategy is the use of modified peptides to sensitize CTLs for adoptive immuno-
therapy. The peptides, modified to increase their affinity for the MHC molecules, may have
enhanced ability to stimulate the CTL precursor and preferably induce the CTLs with high
avidity to antigens of pathogens and tumor cells. Indeed, the peripheral blood lymphocytes
from melanoma patients stimulated with the modified gp100 peptide:g209-2M grow faster
and have greater antitumor reactivity than T cells grown with the native g209 peptide.60 A
modified antigenic peptide derived from cyclophilin B was found to have increased ability in
the induction of CTLs compared to the native peptides.112

The use of a clonal population of CTLs represents another new strategy. From the bulk
population of induced CTLs, individual clonal populations of CTLs can be derived and assayed
for their antigen activity. The T-cell clones with the highest apparent avidity can be expanded
for adoptive transfer. This approach may have the advantage of generating a nearly uniform
capacity to recognize the pathogens and tumor cells.

In addition to the use of a population of CD8+ CTLs for adoptive transfer, CD4+T cells
can also be included in this therapy to enhance its efficacy. In studies using T cells specific for
CMV, Waltel et al113 have reported that the cytotoxic activity of adoptively transferred CD8+

clones declined in patients deficient in helper CD4+T cells specific for CMV. These results
suggested the CD4+T cell help is needed for the persistence of transferred CD8+T cells. For
this aim, epitopes from pathogens and tumor cells recognized by CD4+T cells are required.
Attempts to clone the molecular targets of CD4+T cells have already met with considerable
success.114-118

Summary and Perspectives
It has been shown in animal studies that peptide-based vaccines are capable of affording

protection against infectious disease and cancer, as well as in control of these diseases once they
have been established. The following challenge is to translate these results into prophylactic
and therapeutic agents applicable to human diseases. We think that the use of selected anti-
genic peptides to elicit neutralizing antibodies and specific CTL responses will play an impor-
tant role in vaccine development in certain fields.

For some infectious diseases and cancers, peptide-based preparations seem to offer the
best hope for vaccination development. Some pathogens and tumor cells contain the epitopes
recognized by neutralizing antibodies and T cells. But in many cases, it is very difficult to
isolate the proteins containing the epitopes to use as immunogens for immunotherapy. In
addition, peptides are relatively safe molecules. Administration of a short amino acid fragment
derived from a pathogen or tumor cell offers fewer safety risks than the use of attenuated
pathogens, full-length nucleic acids, or recombinant proteins, which are more likely to retain
inherent biological activities.

The use of antigenic peptides also has a capacity to specifically manipulate the immune
system. There are only a few potential epitopes within an antigen, and the capacity to deliver
selected antigenic peptides at relatively high concentrations in immunogenic formulations is
likely to be important in initiating and boosting an immune response where disease already
exists. The peptide approach may also be useful for targeting immune responses to epitopes
that are underrepresented or non-existent in the responses normally induced during infection
or oncogenesis.

It is very important to test immunotherapy in combination with other therapeutic
approaches in the management of human diseases. For instance, in the chronic viral disease
settings, it may be important to use antigen-specific immunotherapy along with antiviral drugs
that are capable of reducing the viral replication. Similarly, combining forms of immunotherapy
may be important in certain disease settings. For example, in cancer therapy, the patients may
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first be primed with the antigenic peptides using suitable formations, their lymphocytes will be
expanded to tumor-specific CTLs in vitro, delivered back, and finally be boosted periodically
with peptide to maintain high level of anti-tumor immune responses. Distinct strategies may
have unique potentials for satisfying the different requirements for induction of protective
immunity. In a recent study, Schneider et al119 were able to show the increased efficacy of
protecting mice against malaria through the initial vaccination with a naked DNA construct
followed by a boost with a recombinant vaccinia virus containing the malaria antigens. Rever-
sal of the order of vaccination actually revoked the CTL induction potential. This suggested
that optimization of the combination and the method of vaccination may enhance protective
immune responses.

For peptide vaccines, more studies are required to define the ideal combination of pep-
tides and the best antigenic formulation, as well as a more appropriate selection of the patients
and optimization of the immune monitoring. In addition, active vaccination should be tried as
early as possible in patients with cancers and some infectious diseases. Indeed, most of the
preclinical studies in animal models and the results of preliminary clinical trials have demon-
strated that active immunotherapy has more chance of success when patients bear minimal
tumor or infection burden.
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CHAPTER 13

Polysaccharide Vaccines
Stephen Freese

Polysaccharide Immunity

The immune response to polysaccharide antigens is qualitatively different from that to
protein antigens. Considering only those aspects that bear upon immunity to polysac-
charides, the differences may be roughly described as follows. Immune cells take up

and digest foreign proteins, and the resulting peptide fragments are presented by MHC II
molecules at the cell surface for recognition by T cells. Upon recognition of the bound peptide
by a T cell it stimulates the B cell to multiply, to switch to the production of soluble immuno-
globulins and causes memory B cells to be produced. Memory B cells are long lived and are
able to undergo an additional round of genetic rearrangement resulting in an ability to produce
antibodies of higher affinity than those produced initially. Because these responses are depen-
dent upon stimulation by T cells, proteins are “T-dependent antigens”. Their salient features
are a memory response (i.e., priming), class switching, and affinity maturation.1

In contrast to T-dependent antigens, polysaccharides may be taken up by B cells, but can
not be loaded into MHC II molecules and can not recruit T cell help. “T-independent anti-
gens” do not produce a memory response, are largely IgM, and affinity of the antibodies does
not increase with time.2

An additional feature of T-independent antigens, which is of primary importance for
vaccine development, is the failure of children younger than about 18 months to mount an
effective response to polysaccharide antigens. Although polysaccharide vaccines are efficacious
in older people, they do not protect young children. It is primarily for this reason that conju-
gate vaccines were developed.3

Since the pioneering work of Goebel and Avery4 it has been appreciated that covalently
linking a saccharide to a protein carrier resulted in an immunogen which combined an
antisaccharide response with the memory response characteristic of a protein. Essentially a
polysaccharide-specific B cell is stimulated and simultaneously provided with a foreign T-cell
epitope to garner the benefits T-cell stimulation.

Issues in Designing a Conjugate
There are several structural features which may be involved in conjugate immunogenicity.

Among these are identity of carrier, molecular weight of saccharide, chemistry of the covalent
bond between saccharide and protein, presence of a linker, attachment at a terminal position of
the saccharide or at many points along the chain, and extent of cross-linking of polysaccha-
rides. This is a long list and not surprisingly there are some answers for some constructs, but
comprehensive answers are not available.
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Carrier Considerations
Although new carriers are continuously evaluated, those in common use are a rather small

set. The carriers used in humans are usually one of the following, diphtheria toxoid (DT), a
nontoxic DT mutant (cross reacting material, CRM197), tetanus toxoid (TT), and a outer mem-
brane protein complex from Neisseria meningitidis. An appealing possibility is to use a carrier
which is a functional antigen in its own right, such as pneumolysin toxin from pneumococcus.5,6

For human use immunogenicity is not the only issue involved in choosing a carrier. Because
the three most common carriers (CRM197, TT and DT) are identical to or cross-reactive with
the components in DTP vaccine there is a possibility of vaccine interference. Experience with
Haemophilus influenza, type B polysaccharide (Hib) conjugate vaccines has shown that prior
exposure to the carrier allows an enhanced response.7,8 In one case simultaneous injection of
carrier with a conjugate results in decreased anti-polysaccharide response.9 However, when
CRM197 was the carrier a combination of Hib conjugate and DTP gave higher titers for all
the antigens.10 As the number of coadministered conjugates built on the same carrier increases,
the possibility of epitopic suppression becomes somewhat greater.11

One potentially useful approach to this problem is the use of peptide carriers.12 If the
immunological requirement for use as a carrier is the presence of T cell epitopes and if these
epitopes can be known or predicted then it becomes possible to eliminate most of the protein
and use a small peptide as the carrier. Bixler and coworkers did this and determined a minimal,
18 amino acid epitope from CRM197 required to stimulate T cells and showed that a Hib
conjugate prepared from it could give an antibody response similar to the full Hib-CRM197
conjugate.13 Also a peptide which contains both B and T cell epitopes was shown to be a good
carrier while a peptide from the same protein which contained only B cell epitopes was inactive
as a carrier.14

Effect of Chain Length on Immunogenicity
This aspect of conjugate design has attracted more effort than any other, but the answer

seems to depend on the identity of the polysaccharide and upon other features of the design.
Seppala and Makela examined the effect of chain length on immunogenicity of dextran

conjugates.15 In order to eliminate the effect of cross-linking and multipoint attachment they
conjugated by reductive amination through the reducing terminus either with or without linker.
In either case they found that conjugates made from low MW dextran, either 1 or 4 kDa, gave
Ab concentrations in mice several-fold higher than those of 40 kDa dextran. Both classes of
conjugates boosted equally well, with the smaller preserving their higher response. When a
linker was incorporated, the secondary IgG response was generally lower than without linker,
but Seppala and Makela showed there was a clear trend of falling Ab concentration with rising
saccharide MW.15

Working with Hib conjugates in which the saccharide varied from 4-12 RU Anderson et
al found essentially no dependence on saccharide size when injected in infants.16

Finally, the most important data on saccharide size versus immunogenicity may be found
among the clinical data for Hib vaccines. Several studies have shown that a 20 RU conjugate
and polysaccharide conjugates all provide protective levels of antibody after three vaccinations
although the exact values varied between studies.17-19

An important twist on the question of how immunogenicity varies with saccharide length
is the possibility of conformational epitopes in a polysaccharide. For the most part the possibil-
ity of polysaccharides adopting preferred conformations has been assumed to be unimportant
because of ready interconversion of hypothetical ordered structure with a “random” structure.
Because the antibody combining site can accommodate about six monosaccharide residues in
an extended conformation,20 then oligosaccharides longer than this should have similar binding
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strengths in the absence of secondary structure. But Jennings et al observed that in order to
inhibit binding of antibody to N. meningitidis group B polysaccharide at least 10 residues were
required and inhibition continued to improve beyond 17 residues.21 The authors argue that a
conformational epitope is recognized. NMR and molecular modeling studies have supported
the view that in solution this polysaccharide can exist as a stretched helix.22,23 The requirement
for an anomalously large oligosaccharide to inhibit binding is explained by the need for a
minimum number of repeats to form a stable secondary structure.

This phenomenon is especially important in the case of group B polysaccharide because
short oligomers of the same primary structure are found on the surface of certain cells of the
nervous system, especially that of the fetus. This presumably accounts for the poor immunoge-
nicity of this polysaccharide,24,25 whereas the closely related group C polysaccharide is immu-
nogenic.26

Inhibition of binding of antibody to polysaccharide only by similarly large oligosaccha-
rides is also found in the case of type III group B streptococcus. In this case inhibition of
antibody binding was increasingly inhibited by oligosaccharides up to and beyond 25 repeat
units (RU).27 Conjugates prepared from these oligosaccharides showed a trend toward higher
antibody responses with increasing molecular weight. More striking, opsonophagocytic titers
and passive protection were greatest with the antisera derived from conjugates made with the
intermediate size oligosaccharide.27 The authors speculated that the larger saccharide may bet-
ter display the biologically relevant conformation, while smaller size favored a more T-depen-
dent response with the attendant difference in isotype. These opposing trends could result in
the medium size saccharide conjugates producing the most appropriate immune response.

Studies looking at other possible structural factors which influence conjugate efficacy are
relatively scarce. Wessels et al examined the effect of polysaccharide size, conjugate size and
degree of derivatization for group B streptococcal polysaccharides (GBS) type III conjugates
made by random reductive amination. Antibody titers were highest for an intermediate size
conjugate. Titers also increased strongly with increasing cross-linking, although at the highest
degree of derivatization (89%) it seems that a nonnative epitope was primarily recognized.28

Issues in Making a Conjugate

Molecular Weight
Production of size-fractionated polysaccharide can be accomplished by several methods.

Separation of native material by anion exchange columns is appropriate for oligosaccharides,
but the resolution of adjacent N-mers fails after about 40 repeat units. Resolution of N-mers
on a preparative scale has an even lower limit.

In order to reduce the size of native polysaccharide, hydrolysis is commonly employed
when the backbone contains acid-labile groups such as phosphate or sialic acid ( e.g., Hib or
N. meningitidis groups B and C). Also periodate oxidation will cleave some polysaccharides
(e.g., Hib and N. meningitidis group C).

Shearing by ultrasonication is a general technique which has been used for the Vi polysac-
charide antigen of Salmonella typhi, Hib polysaccharide, dextran and pneumococcal polysac-
charides. Based on mechanical rupturing of bonds, this technique is generally applicable. Also
rupture tends to occur in the center of larger polysaccharides resulting in a fairly narrow distri-
bution of molecular weight. Its primary drawback is an apparent lower limit on the size of
polysaccharide that can be produced of about 50 kDa.29

Exceptionally, a glycosidase can be found to specifically cleave the polysaccharide back-
bone. Paoletti and coworkers generated oligosaccharides from type III GBS.30
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Zou et al developed a chemical method to cleave glucosamine-containing polysaccha-
rides. In this technique N-acetylglucosamines in the backbone are partially deacetylated, then
reacted with nitrous acid. This results in an unstable diazonium intermediate which rearranges
to eliminate the aglycon portion. The reducing end becomes an unnatural anhydro-
mannofuranose bearing a free aldehyde.31 They have used this to prepare oligosaccharides from
one to over 200 repeat units. This technique should be applicable to samples in which
aminosugars are present only in the backbone. Because the mechanism requires backside attack
of the ring oxygen on the diazonium-bearing carbon and competing reactions are possible, the
outcome is probably sensitive to conformation. For these reasons it may be restricted to par-
ticular glucosamine-containing polysaccharides, although galactosamine cleavage is also possible.

It has been shown that beta-D-aldosidic linkages can be oxidized to esters by ozone.
Hydrolysis in mild base results in cleavage of the backbone without affecting acid sensitive
sialic acid groups on the side chain. A great deal of specificity was obtained, apparently due to
conformationally dependent differences in reactivity. This has been applied to Group B strep-
tococcal polysaccharide but should be more generally applicable. It requires the preparation of
per-acetyl polysaccharides and use of organic solvent which necessarily lengthen the procedure.32

Role of Labile Polysaccharide Epitopes
Preservation of immunologically important, labile epitopes is an essential goal during the

isolation and conjugation of polysaccharides. Variable extents of O-acetylation are commonly
encountered and these base-labile groups may or may not be immunologically important. Szu
et al found that partial de-O-acetylation of Vi polysaccharide from Salmonella typhi had little
effect on the antigenicity of the polysaccharide, presumably because a high concentration of
O-acetyls are not critical for immunogenicity, but complete de-O-acetylation eliminated the
response.33

In the case of type 9V pneumococcal polysaccharide, O-acetate response was present fol-
lowing vaccination with polysaccharide, but this specificity was not required for functional
antibodies.34 Konadu et al found that in order to obtain bactericidal antibodies from S. paratyphi
O-specific polysaccharide O-acetyl groups were essential.35

Conjugation Chemistry
A large body of chemistry has been developed to achieve the conjugation of two macro-

molecules and is accordingly the subject of several reviews. An excellent and comprehensive
review of the subject has been given by Dick et al,36 so I will merely discuss certain aspects of
some of the chemistry used commonly in the current literature. Several factors influence the
choice of coupling chemistry. The linkage site should not induce antibodies specific for the
linker. It must use groups available on the polysaccharide or that can be introduced. Reaction
conditions must not destroy important epitopes.

Cyanogen bromide activation is still popular because it is quick, applicable to every polysac-
charide, and has a long history of providing immunogenic conjugates. This reagent is attacked
by hydroxyl groups in the polysaccharide to form a reactive cyanate ester which can then couple
to amine groups on the protein leaving an isourea linkage.37,38 Drawbacks are the noxious
nature of the reagent and the high pH (~11) at which the initial step is performed. Both of
these are addressed by use of the cyanylating reagent introduced by Kohn and Wilchek,39 and
later applied by Lees et al40 This reagent, cyanodimethylaminopyridinium tetrafluoroborate
(CDAP), is essentially analogous to the acylpridinium formed in pyridine-catalyzed acylation
reactions. Because the cyanate ester intermediate is unstable it generally is not feasible to assay
the intermediate. Also in some cases a linker is desirable to provide a better immune response.
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For these reasons it is common to react the activated polysaccharide with adipic dihydrazide.41-43

The hydrazide is easily assayed and very reactive.
Direct reductive amination was used in the first licensed conjugate,44-46 and remains one

of the best techniques. It does not introduce extraneous atoms and can be used on most polysac-
charides and especially oligosaccharides. In this technique unstable Schiff bases formed be-
tween aldehydes and primary amines are specifically reduced by sodium cyanoborohydride.47

This reagent has the appropriate activity to reduce the transiently formed Schiff base while
leaving the less reactive aldehyde untouched. The Achilles’ heel of the approach is the forma-
tion of aldehydes. In principle each polysaccharide molecule has one aldehyde at the reducing
end of the chain. However, not only is the concentration of the free aldehyde vanishingly low,
but the concentration of end groups in a polysaccharide is tiny. Taken together this means that
even in a concentrated polysaccharide solution the aldehyde concentration is a few micromo-
lar. This explains why reaction times can be very long. In one case, modest size dextrans required
as much as 70 days to react.15 This limitation of aldehyde concentration is commonly circum-
vented by periodate oxidation which may be used to introduce free aldehydes.16

Jennings and Lugowski used reductive amination to conjugate group A meningitidis
polysaccharide.26 Internal saccharides are resistant to oxidation because of the presence of
O-acetates, but unlike group B the ends are also resistant. They circumvented this by first
reducing the reducing end to destroy the pyranose ring structure leaving a straight chain diol.
This could be oxidized to produce the free terminal aldehyde.

Ethyl(Dimethylaminopropyl)Carbodiimide (EDC) selectively activates carboxylic acids
for nucleophillic attack by amines or hydrazides.48 Most commonly, EDC is used with polysac-
charide and an excess of ADH.49 After removal of unbound ADH the polysaccharide is conju-
gated to carrier using more EDC. There are many variations possible on this theme. An active
ester of N-hydroxysuccinimide (NHS) may be formed and promptly displaced by an amine on
the other macromolecule.50 The only limitations are the need for a carboxylic acid and the
possibility of intramolecular cross-linking competing with intermolecular. This is especially
the case when using sialic acid-containing polysaccharides. It has been shown that these will
readily form lactones.51

Thioether bonds are introduced in two steps. Amines are converted to bromoacetamido
groups by reaction with the corresponding reactive ester. Thiol groups can be introduced by EDC
mediated reaction with cystamine followed by reduction. Thiol is an excellent nucleophile espe-
cially when bromide is the leaving group and mixing the components effects conjugation.52,53

A similar approach is the bigeneric linker approach of Marburg et al.54 It is a general, if
rather challenging method. Hydroxyl groups of the polysaccharide were derivatized by
carbonyldiimidazole and used to attach amine groups. These were bromoacetylated by an active
ester. Thiol groups were introduced in the protein and combination of the two components
resulted in conjugation via a stable thioether bond.

In performing a coupling reaction many workers use linkers. There are several reasons, in
principle, for doing so. From an immunological point of view it may be thought that separat-
ing the polysaccharide from the protein surface will give a more immunogenic construct. This
sometimes is the case,55 however, the excellent success of reductively aminated Hib, which does
not use a linker, shows that this is not generally true.45 Use of a linker may allow a reaction to
proceed faster because of relief of the steric interaction attendant upon linking one macromol-
ecule to another. Set against this is the possibility that the linker region itself will be
immunodominant.26
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Applications

Haemophilus Influenzae, Type b (Hib)
Haemophilus influenzae type b conjugates, first commercialized by Praxis Biologics (now

part of Wyeth Lederle Vaccines), proved to be a splendid success and established the clinical
importance of conjugates.56 These vaccines have led to the virtual eradication of invasive Hib
among vaccinated children.57-59 Not only were these vaccines effective in preventing meningitis
among toddlers, but they reduced carriage of the bacteria in the nasopharynx60,61 and produced
a high degree of herd immunity among the unvaccinated as well.62

The Hib conjugate vaccines introduced separately by Robbins38 and Anderson45 were
different in construction, but similar in effect. Robbins’ Hib conjugates were made by attaching
adipic acid dihydrazide (ADH) to various proteins and then reacting with cyanogen bromide-
activated polysaccharide. These were immunogenic, regardless of the carrier, and had the traits of
t-dependent antigens. Anderson’s conjugates were made from oligosaccharides of various sizes
which were coupled to a diphtheria toxin derivative (cross-reacting material, CRM197) by reduc-
tive amination. They were well immunogenic and boostable as found for Robbins preparations.63

Among licensed Hib conjugates the chemistry varies, but all are protective after three
doses. Note should be made of the Merck vaccine made by the Marburg method. In this
instance there is a primary antibody response not seen in other vaccines.19 A discussion of the
conjugation chemistry used in licensed Hib vaccines has been published.64

Streptococcus Pneumoniae
Their are many capsule types associated with this species, but fortunately a few serotypes

account for most disease.65 In a large clinical trial, it recently was found that the mulitvalent
conjugate vaccine developed by Wyeth Lederle Vaccines was 100% efficacious in preventing
meningitis due to the vaccine serotypes.

Group B Streptococcus (GBS)
Five serotypes of GBS are important causes of neonatal meningitis.66 It has been shown

that conjugates against several of the GBS serotypes are immunogenic in humans and protec-
tive in animal models.67

Staphylococcus Aureus
Polysaccharide from the only major pathogenic serotypes, types 5 and 8,68 have been

conjugated and shown to be highly immunogenic.69 Antibodies were opsonophagocytic and
protective in a mouse i.p. challenge model.70 The efficacy of anticapsular response in protec-
tion in an endocarditis model has been disputed. It has been argued that capsule was irrelevant
to virulence,71-73 or actually antivirulent.74 Recently a consensus has developed that anticapsular
antibodies are protective, at least in some models.75-77 A trial in humans has not shown protec-
tion.78 It may prove that a recently reported polysaccharide common antigen may be devel-
oped into a useful vaccine.79

Neisseria Meningitidis, Group B
Short oligosaccharides chemically identical to the group B polysaccharide of Neisseria

meningitidis have been found in some human tissue.24 Tolerance to these saccharides may ex-
plain the poor immunogenicity of group B meningococcal polysaccharide,80 even as a conju-
gate.26 A possible way around this difficulty is N-propionylated group B meningococcal polysac-
charide in which the N-acetyl groups were removed and replaced with propionyl groups to
obtain a novel material.81,82 Conjugates of this new polysaccharide could induce antibodies,
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some of which cross-react with the native polysaccharide, but not with short oligosaccharides.83,84

The explanation given for this is that the N-propionylated polysaccharide mimicked a confor-
mational epitope found only in long stretches of native polysaccharide.

More recently some success has been achieved in raising antibodies using conventional
conjugates of group B meningococcus polysaccharide.85-87

Neisseria Meningitidis, Other Groups
Tetravalent meningococcal polysaccharide (groups A, C, Y, W-135) has been available for

use in adults and are natural targets of conjugate vaccine development. Conjugates of groups A
and C polysaccharide have been reported.88,89 Group C conjugates have been very successful in
clinical trials has been in Great Britain soon. Recently there has been a notable increase in the
incidence of group Y disease,90 such that this and perhaps W-135 are now also promising
targets.

LOS and LPS Conjugates
Gram negative bacteria produce, in addition to capsule, lipopolysaccharide (LPS, or if the

repeating O saccharide is absent, LOS). These materials are attractive as vaccine candidates for
two reasons. Much of the pathogenesis of gram negative infection is due not to the bacteria
itself, but, released LPS.91 Antibodies able to bind LPS and prevent its toxic effect might re-
duce the morbidity of the disease.92 Also, because of the surface location of LPS, anti-LPS
antibodies could be functional in clearing an infection. Caution is warranted because LPS is a
subcapsular antigen; it is common that LPS is serologically invisible until a capsule is removed.93

The attractiveness of LPS-based vaccines is especially great in the case of nonencapsulated
bacteria (e.g., nontypeable H. influenzae) and bacteria for which the capsule is poorly immu-
nogenic (e.g., N. meningitidis, group B).

The O-specific polysaccharide is heterogeneous within a strain; there are over 160 sero-
types of E. coli.93 Furthermore, within a strain there is considerable variation of substituents in
the core.94-96 Many different structures may be present in LOS isolated from a single culture.
This raises the question of which if any of these molecules are present during an infection and
which may be protective antigens. Sialidation, which results in poorly immunogenic struc-
tures, can occur.97 Taken together this suggests caution in assuming that a vaccine derived from
media-grown bacteria will contain the same epitopes as those present during infection.98

For the purpose of vaccine design, once the lipid A is removed from LPS the remaining
polysaccharide can be dealt with using the same techniques as with capsular polysaccharides
and conjugates of this nature are mentioned in separate sections above.

Lipid A is highly toxic; although conjugation reduces this to some extent, it is generally
necessary to detoxify it. It has been found that removal of some of the O-linked lipid groups
from lipid A substantially detoxify LPS. This has been accomplished by treatment with sodium
hydroxide or with hydrazine.99 An alternative to removing the lipid groups is to remove the
lipid A altogether. This may be accomplished by mild acid hydrolysis taking advantage of the
lability of the glycosidic bond of the adjacent KDO.

Gu and coworkers prepared conjugates from the LOS of nontypeable H. influenzae,99 and
Moraxella catarrhalis100 by first detoxifying with hydrazine, then coupling through the car-
boxylic acid group of KDO. This provided vaccines which proved to be antigenic and in-
duce opsonophagocytosis-promoting antibodies. In the case of NTHi it was also shown that
the vaccines were significantly protective in the chinchilla model of otitis media.101

Pozsgay synthesized antigens corresponding to an O-specific polysaccharide of Shigella
dysenteria in which 1-4 tetrasaccharide repeat units were single end coupled to albumin. Because
the size of each saccharide was homogenous and relatively small, it was possible to use mass
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spectrometry to exactly characterize the number and size of saccharides on the resulting conju-
gates.102 Using these conjugates Pozsgay et al demonstrated an optimal length of saccharide
and optimal loading of saccharide molecules/protein molecule.103

Anti-Cancer Conjugate Vaccines
Several carbohydrate antigens are over-expressed on the surface of some types of cancerous

cells. Although cell-mediated immunity is thought to be crucial for cancer immunity, higher
antibody titers to these oligosaccharides tend to be correlated with an improved prognosis.104

Therefore they have attracted attention as vaccine candidates. The target population would
generally be adults, but the oligosaccharides under consideration are too small to be antigenic in
their own right, so conjugation is being used.

In one case, GM3 ganglioside was “conjugated” by hydrophobic interaction to an outer
membrane complex of proteins and lipids from Neisseria meningitidis.105 This unusual vaccine
construct was shown to have some efficacy in animal models, but its status as a T-dependent
antigen was not established.

In a substantial body of work, several oligosaccharides, corresponding to gangliosides,104

sialyl-TN,106 Lewis-y,107 globo H108 and related saccharides from 2-7 residues in length have
been chemically synthesized. They take advantage of the luxury synthetic chemists enjoy in
designing linkage sites to order. Ceramides contain a carbon-carbon double bond which these
authors echo by introducing a double bond-containing spacer in their synthetic product. This
double bond is specifically cleaved with ozone and the resulting aldehyde coupled by reductive
amination or to a maleimide-containing linker. Several of these vaccines are in clinical trials
and are the only clinical applications of synthetic saccharide conjugates.

Abbreviations: KDO, ketodeoxyoctulosonic acid; RU, repeat unit; GBS, group B strepto-
coccus; Hib, Haemophilus influenzae type b; CRM197, diphtheria toxin cross-reacting mate-
rial; ADH, adipic acid dihydrazide; Ab, antibody
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Introduction

Research into the use of DNA vaccines has shown that this mode of immunization has
much potential for widescale application. The ability to elicit an immune response by
injection of DNA encoding the gene for the protein-antigen of interest has been dem-

onstrated by a variety of methods. The genes may be introduced into eukaryotic cells by viral or
bacterial vectors or through uptake of naked or complexed plasmid DNA. All allow an exog-
enous gene to be transcribed inside the host (vaccinee’s) cell and allow the presentation of the
expressed protein to the immune system in a manner that will generate a potentially protective
response. This review will describe the methods by which DNA vaccines are delivered to the
cells and how the genes are expressed and presented to the immune system. Other important
issues such as the safety and manufacturing of DNA vaccines will also be addressed.

Vaccination with DNA is a recent technology possessing distinct advantages over traditional
vaccines (killed or attenuated organisms) and the more recently-derived subunit vaccines. DNA
vaccines, like attenuated vaccines, are able to induce both cellular and humoral responses,
while subunit vaccines typically elicit only humoral responses. The risk of revertants that is
present with attenuated viral or bacterial vaccines are not an issue with DNA vaccines. In
addition, plasmid DNA vaccines also may have advantageous stability properties and should
be able to withstand worldwide transport to a greater extent as compared to their traditional
counterparts. Plasmid DNA can also be easily manipulated using standard laboratory tech-
niques, allowing for the creation of a “backbone” plasmid that can incorporate a potentially
limitless number of different genes. The resulting plasmids can be readily scaled up to produce
large quantities of vaccine stocks.

The ability of genes encoded on bacterially-derived plasmid DNA to express their prod-
ucts following injection into a live animal was demonstrated when beta-galactosidase activity
was shown in mice injected intramuscularly with plasmid DNA containing the corresponding
gene.1 Elicitation of an immune response in mice to a foreign protein using this technique was
shown a short time later.2 At this point, the utility of this technique in producing potential
vaccines against pathogenic organisms was apparent in the reports being published.3,4 A wide
variety of microorganisms (viral, bacterial, protozoal) have now been investigated as targets for
the development of potential DNA vaccines. Several DNA vaccines have now progressed to the
point of being approved for phase I clinical trials.5,6 The potential for the use of DNA vaccines
against cancer and for autoimmune conditions is also being studied.7-9 While there have been
no FDA-approved DNA vaccine products on the market as yet, and while the optimal DNA
vaccine preparation or delivery method may not have been elucidated yet, the scale and scope
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by which this technology is being investigated increases the likelihood that DNA vaccines will
become an approved alternative to standard forms of immunization.

Gene Expression

Transcription of DNA Vaccine Genes
Unless DNA vaccines make use of cytoplasmically-replicating viruses (such as

alphaviruses,10,11 or are expressed following direct injection of RNA, all DNA vaccines must
gain entrance to the nucleus of the cell for transcription of the relevant gene by RNA poly-
merase II. Most existing DNA vaccines of this type use the human cytomegalovirus (CMV)
immediate-early enhancer/promoter12 to drive expression of the relevant gene. Muscle-specific
promoters have been investigated but have not shown any enhancement of the immune response
generated as compared to vectors containing the CMV promoter.13,14 Intradermal immuniza-
tion may benefit from the use of dendritic cell-specific promoters. However, the use of
tissue-specific promoters offers uncertain prospects at this point, due to gaps in our knowledge
regarding precise mechanisms and cell types involved in DNA vaccination. Many groups have
chosen to include an intron in their expression cassette, either just 5' to the open reading frame
(ORF) of their gene of interest or inserted into the gene itself. Inclusion of an intron has been
shown to sometimes enhance the transcription of genes.15,16 Transport of mRNA from the
nucleus to the cytoplasm is critical for subsequent expression of antigen. Certain mRNAs, such
as the env mRNA from the human immunodeficiency virus (HIV), contain unspliced introns
and are precluded from leaving the nucleus unless transported by auxiliary proteins. Cis-acting
sequences (the rev response element [RRE]) in the env message are recognized by the HIV rev
protein and allow transport of this mRNA from the nucleus to the cytoplasm. Therefore, plas-
mid vaccines encoding certain mRNAs, like HIV env mRNA must contain the cis-acting
sequences that allow for transport, along with the auxiliary genes or proteins (if they are not
normally expressed by the host cell) that interact with them. Alternatively, the constitutive
transport element (CTE) from the Mason-Pfizer Monkey Virus can be used to achieve
Rev-independent expression.17 The vector must also include a polyadenylation (polyA) site
(such as the SV40 polyA sequence) necessary for proper 3’ cleavage and polyadenylation of the
mRNA.18 Due to inefficiencies in transcription termination and the resulting phenomenon of
promoter occlusion, it would appear advantageous to include a transcriptional termination
sequence such as the alpha-globin pause site termination sequence.19 This should enable higher
expression from the plasmid promoter driving expression of the gene of interest. Some mRNAs
are targets for nuclear editing enzymes.20 The resultant edited mRNAs are different in primary
sequence from those originally transcribed from the encoded gene. As the signals for RNA
editing are not clearly defined, it is not possible to predict which sequences may be at risk.
However, as RNA editing may prevent or alter antigen expression, it is important to consider
this possibility if problems with expression arise.

Translation of the DNA Vaccine Message
Most mRNA transcribed from plasmid DNA will travel from the nucleus to the cyto-

plasm and will be translated in the same manner as host mRNA. For efficient translation, these
messages need to be capped by host capping enzymes prior to exiting the nucleus (reviewed in
ref. 21). Established rules of eukaryotic translation initiation dictate the optimal nucleotide
sequence that is minimally required for acceptable levels of protein production.22 Deviation
from any of these sequence requirements can significantly decrease the amount of translation
initiation from the message. However, problems with translation can still occur when all of the
established rules are followed.
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It is often desired to express more than one protein-antigen from a DNA vaccine. This can
be accomplished by the use of either a multi-cistronic vector or through the incorporation of
an internal ribosome entry site (IRES) into the mRNA. Multi-cistronic plasmid DNAs can be
engineered through the addition of multiple expression cassettes (promoter, polyA site) into
the vector. The genes for HIV rev and env, as well as the two genes for human interleukin-12
(p35 and p40) chains have been expressed from a single plasmid in our lab and have been used
to generate immune responses in mice. IRES elements are highly structured RNA sequences
present in certain viral and mammalian mRNAs that act in conjunction with other trans acting
factors, allowing translation initiation to occur on uncapped mRNAs.23,24 The recognition of
IRES elements (as currently employed in plasmid systems) by the translational machinery is
extremely inefficient, however, presumably due to the need for auxiliary viral or host cell fac-
tors. Nonetheless, these sequences have been used to direct the ribosome to initiate translation
to a second ORF located 3' to an upstream ORF in both retroviral25 and plasmid26 DNA
vectors.

One strategy for increasing the expression of heterologous proteins in mammalian cells is
to alter the codon usage of the original mRNA such that codons specifying abundant tRNAs
are used in place of codons specifying less frequently found tRNAs.27,28 Codon changes affect
not only mRNA translation but also the sequence and structure of the mRNA as well, poten-
tially leading to changes in the stability and regulation of the RNA. For example, it has been
demonstrated that alteration of the mRNA sequence and subsequent codon usage renders HIV
env mRNA expression rev-independent.27

Mechanisms of Immunostimulation

Use of Immunomodulatory Genes as Adjuvants
The mammalian immune response has been found to be under the control of a number of

different molecules that can direct or alter the type of response seen following infection or
vaccination. These include cytokines and chemokines secreted by immune system cells, as well
as adhesion molecules and costimulatory factors found on T-cells and antigen presenting cells
(APCs). The presence or absence of these molecules can dramatically alter the magnitude and
level of the immune response. A number of these have been examined with the intent of increasing
or directing the immune response following injection of plasmid DNA containing the gene for
a protein-antigen.

Due to the mechanism by which DNA vaccines are assumed to act – that is, by entering a
cell, expressing the desired protein, and having it either processed by that cell or transferred to
an APC—viral or intracellular bacterial pathogens are an attractive target for potential DNA
vaccines. Protective immune responses to many viruses are dependent on a Th1-type immune
response, characterized by elevated interferon-gamma (IFN-γ) levels and the presence of Th1-type
CD4+ (helper) and CD8+ (cytotoxic) T cells. Therefore, augmenting the immune response to
DNA vaccines by coimmunization with Th-1-inducing cytokines appears to be a logical avenue
of investigation. The genes for interleukin-12 (IL-12) have been used in plasmid DNA form by
a number of laboratories to induce IFN-γ production and specific cytotoxic T lymphocytes
(CTL) production to desired antigens. This has often resulted in higher levels of immunity as
compared to immunization with the plasmid containing the gene of interest alone29-31 and has
been shown to increase the level of protection in a mouse challenge model.32 In some cases,
injection of the IL-12 genes alone had beneficial effect. Mice infected with
M. tuberculosis had decreased numbers of bacteria in the lung and spleen following injection of
an IL-12-expressing plasmid as compared to vector controls,33 although the possibility that
CpG-induced nonspecific immune mechanisms were responsible for this decrease cannot be
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ruled out (see below). Plasmid expressing IL-12 was able to protect mice against a challenge
with influenza A.34 Injection of an IL-12 plasmid was able to prevent chronic graft-versus-host
disease by suppressing a Th2 response, thought to be the cause of this phenomenon.35 There-
fore, plasmid-produced IL-12 may serve both to increase the Th1 response while simulta-
neously inhibiting the Th2 response. Coinjection of antigen-expressing plasmids with plas-
mids encoding the IFN-γ protein have shown either immune-enhancing36 or inhibitory37,38

effects depending on the antigen examined and promoters driving antigen expression. Specific
T-cell proliferative responses were seen following coinjection with plasmids expressing IL-2 or
tumor necrosis factor-α.39 Levels of Th1 indicators were increased following coinjection of
plasmids containing IL-15 and the gene for HIV envelope,40 but these responses were not
synergized with concurrent administration of plasmids containing the genes for IL-2 or IL-12.

Increases in specific humoral responses, indicative of a Th2 response, were seen when IL-436,39

or IL-1039 were coinjected with the antigen-expressing plasmid. Administration of a plasmid
expressing IL-10 was able to diminish antigen-induced delayed type hypersensitivity (DTH)
responses in animals primed with an infection with herpes simplex virus,41 implying that the
immune response can be biased towards a Th2 response and away from a Th1 response.

Granulocyte-macrophage colony stimulating factor (GM-CSF) expressed from
coinjected plasmids was able to enhance specific B- and T-helper cell responses to a rabies
virus glycoprotein37 and to increase CTL activity to a previously nonimmunogenic influ-
enza nucleoprotein.30 Coinjection of GM-CSF plasmids with plasmids containing HIV genes
resulted in increases in specific antibody production and stimulation of T cell proliferation.31

While coinjection of GM-CSF plasmids with plasmids expressing secreted proteins from
M. tuberculosis led to enhanced IFN-γ levels, there was no decrease in the number of bacteria in
the lung following challenge as compared to animals not receiving the GM-CSF plasmid.42

Data from experiments involving the coadministration of cytokine genes must be inter-
preted carefully, as many cytokines are potent regulators of the HCMV IE promoter (the most
commonly used promoter to drive expression of an antigen in a DNA vaccine) and will lead to
increases or decreases in antigen expression, depending on the coexpressed cytokine. Levels of
antigen expression most likely also play a role in the nature of the immune response, and these
effects must be distinguished from the immunoregulatory effects of cytokines.

Chemokines are modulators that activate and/or attract various immune system cells.
Plasmids containing the genes for a number of chemokines were investigated for the ability to
affect the immune response following coinjection with plasmids expressing HIV env or gag/pol
proteins.43 The various chemokines were able to influence the type of immune response gener-
ated, particularly the chemokines MIP-1a and RANTES that are strong CTL stimulators.

In addition to the binding of the T cell receptor to peptides presented on the surface of
APCs, specific T-cell activation requires that APCs and T cells make intimate contact in a
number of ways. Both T cells and APCs possess interacting receptors and ligands that facilitate
engagement between the two cell types and costimulation of the T cell. Either expressing adhe-
sion or costimulatory molecules on myocytes or increasing the number of these molecules
present on APCs may assist in bringing specific T cells into contact with cells presenting the
antigens expressed following DNA injection. Coimmunization of a plasmid containing the
APC adhesion molecule ICAM-1 with an antigen-expressing plasmid increased specific CD4+

and CD8+ T-cell responses.44 The APC costimulatory molecule B7-2 (CD86) expressed from
a plasmid enhanced antigen-specific CTL levels in mice coinjected with an HIV env-expressing
plasmid45,46 or with a plasmid expressing an influenza nucleoprotein.30 Expression of B7-2
protein was demonstrated in plasmid-injected mouse muscle cells,29 indicating that this proce-
dure may be used to allow muscle to potentially present antigen. While B7-2 has shown to be
effective in these studies, B7-1 (CD80) was not able to induce CTLs.
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The number of different molecules that have been shown to enhance the immune
response to desired antigens following DNA vaccination makes a systematic comparison
important. While it is fairly obvious which cytokines or chemokines will induce a Th1 or Th2
response, the optimal one(s) to choose is not yet known. Both arms of the immune system may
be important in generating a protective response to a certain pathogen, therefore different
immunomodulatory signals may be needed at priming and boosting. It may also be possible, if
not likely, that the optimal immunoenhancer may be antigen-specific and may require empirical
testing when developing each individual vaccine.

 Immunostimulatory Activity of Bacterial DNA
While the specific immune response to encoded antigens on plasmid DNA is of obvious

importance in vaccination, it has become increasingly apparent that bacterial DNA, in itself,
possesses nonspecific, immunostimulatory activity. This activity is mediated by CpG motifs
that are present in bacterial DNA with a frequency approximately 20-times greater than in
mammalian DNA. In addition, the less abundant CpG motifs of mammalian DNA contain
methylated cytosines, whereas the bacterial versions are unmethylated. This lack of methyla-
tion and the relative abundance of CpGs in bacterial DNA are responsible for the
immunostimulatory activity.47 It should be noted, however, that methylation of CpG motifs in
mammals varies from 30-80% depending on species, cell type and level of cell differentiation.
Optimal immunostimulatory activity of bacterial DNA was found when the CpGs were flanked
by two 5' purines and two 3' pyrimidines. Synthetic oligodeoxynucleotides (ODNs) contain-
ing these immunostimulatory sequences (ISSs) were found to possess the same or greater
immunostimulatory properties than bacterial DNA.48 Other CpG motifs, found in “unfavor-
able” contexts, are actually able to downregulate the immune response.49 Therefore, both immune
stimulatory as well as immune suppressing CpGs must be taken into account when designing
DNA vaccines.

The role of CpG motifs in DNA vaccination was demonstrated following the observation
that plasmid vaccines containing an ampicillin-resistance gene with two ISS enhanced a Th1
response as compared to an equivalent vector which instead possessed a kanamycin resistance
gene with no ISS.50 The Th1 enhancing effect, measured by an increase in specific antibody
and IFN-γ production, was replicated by insertion of two ISS elements to the flanking regions
of the kanamycin-resistance gene. Further results have since corroborated the beneficial effects
of CpG effects during DNA vaccination. The immunogenicity of a DNA vaccine containing
the gene for the malarial circumsporozoite protein was greatly reduced by methylation of the
plasmid CpG residues. However, immunization with suboptimal amounts of this DNA vac-
cine was significantly enhanced (as measured by specific antibody titers) by addition of DNA
(plasmid or ODNs) containing ISSs.51 While utilization of ISS may prove to be a powerful
component of DNA vaccines, the observation that mice and fish recognize CpG motifs in
different contexts indicates that the exact parameters necessary for human immunostimulation
may need further investigation.52

The mechanism by which ISS enhance the immune response has been examined by the
stimulation of cytokine production in various cell types using ISS-containing bacterial (chro-
mosomal or plasmid) DNA or ODNs. In general, it has been found that ISS induce a Th1
response.53-55 Bacterial DNA or ODNs containing ISSs can either directly or indirectly influ-
ence a number of cell types to respond. DNA containing these sequences have been shown to
stimulate B-cell proliferation,48 IL-6 production from B cells and CD4+ T cells,56 IL-12 pro-
duction from dendritic cells57 and IFN-γ from NK cells.57,58 While macrophages are stimu-
lated by bacterial DNA,59 evidence has been provided that antigen processing may actually be
downregulated by ISS-containing ODN.60 The responses of immune cells to ISS appear to be
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an additional, possibly necessary, component of DNA vaccination. Nevertheless the extent to
which ISS are required for a protective immune response in human vaccinees following DNA
injection has yet to be determined. In addition, the precise mechanism by which these ele-
ments work remains to be elucidated.

Routes of Administration
The relative ease by which both humoral and cellular immune responses are generated in

mice following DNA vaccination belies the fact that the actual mechanism by which these
responses are being generated is still unknown. Furthermore, different modes of immune stimu-
lation may be followed depending on the route or method of DNA delivery. Cell types taking
up the DNA may vary depending on whether the DNA is injected intramuscularly, intrader-
mally or delivered through a mucosal route such as the intranasal route. In addition, different
methods of injection such as with a needle or with the use of a biolistic device such as a “gene
gun” will probably expose the plasmid to different cell types even though both methods can be
used to deliver DNA intradermally. A number of methods to deliver DNA to mucosal sites are
being explored, many requiring different formulations. These will undoubtedly influence the
trafficking of plasmid DNA and the cell types involved with DNA uptake. Therefore the search
for any mechanism for the immune response generated by DNA vaccines must be tempered by
the realization that more than one may actually be taking place in vivo.

Intramuscular Immunization
Most of the initial studies describing DNA vaccines were done using intramuscular injec-

tions. As described above, myocytes near the site of injection are able to take up plasmid and
express the encoded protein.1 However, the ability of myocytes to act as APCs is hampered by
the relative lack of expression of costimulatory factors, such as B7-2 on these cells, which are
essential for a successful T-cell response.29 Immune responses following IM injection could
result from direct uptake of plasmid DNA by resident APCs such as macrophages or dendritic
cells or by migrating APCs. Alternatively, the myocytes containing the plasmid could express
the protein and act as a reservoir releasing the protein, which could subsequently be taken up
by nearby APCs. To address these questions, F1 (H-2βξδ) chimeric mice were either reconsti-
tuted with parental spleen or bone marrow-derived cells61 or served as donors of these cells to
H-2βξδ recipients.62,63 Immunization with plasmid DNA encoding proteins containing
MHC-specific epitopes showed that the APC of the donor haplotype was responsible for pre-
senting antigen to T cells. These data ruled out the somewhat unlikely possibility that myocytes
of the injected mice were serving as APCs. In addition, removal of tissue at the site of injection
in as little as 10 minutes following the injection did not decrease specific antibody responses64

also indicating that myocytes are not critical for the subsequent immune response. Evidence
has been presented that dendritic cells may be the APC following IM DNA immunization.65

However, questions still remain as to how these APCs come to present the relevant antigens.
These cells may have been directly transfected with injected plasmid DNA or may have taken
up protein that had been expressed by transfected myocytes. If the APCs do take up protein
expressed from other cells then the phenomenon of crosspriming, in which APCs are able to
process exogenously produced proteins and then express these peptides with class I antigens to
the appropriate T cells, must occur.66 However, one series of experiments using a protein which
does not appear to be released from cells suggests that, even during IM DNA immunization,
the proteins must be expressed by the APC67 for the elicitation of a specific immune response.
The direct transfection of macrophages following IM injection of plasmid DNA has been
suggested.68 These transfected macrophages were found in the blood lymphocyte pool and in
lymph nodes, indicating that they may serve as the APCs necessary for eliciting T-cell
responses following IM DNA injection.
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The ability to mount an antibody response to proteins expressed from DNA vaccines may
follow a similar course. Foreign proteins must first bind to antigen-specific B cells through
surface immunoglobulin. These proteins are also usually ingested by APCs that then process the
proteins and present the peptides on class II receptors to MHC-compatible T cells. Proteins
produced endogenously following uptake of plasmid DNA (either by myocytes, APCs or other
cell types) must exit the cell and be taken up by APCs for proper presentation of the peptides.
Some proteins not normally secreted by eukaryotic cells are still able to induce an immune
response following DNA vaccination. The method by which these proteins are being released
from the cell is still unknown, but perhaps they are released through apoptosis or through
secretion via a nonclassical pathway. The possibility that CTLs, through a perforin-mediated
phenomenon, lyse antigen expressing cells was investigated and found to be negative.69

Cutaneous Immunization
Tissue architecture as well as resident cell types makes delivery of DNA vaccines into or

through the skin markedly different from IM injection. The increased presence of Langerhans
and dendritic cells in this area makes intradermal (ID) immunization a potentially more effica-
cious method of eliciting a specific immune response. Following uptake of antigen in the der-
mal or epidermal region, these cells travel to the draining lymph nodes where antigen is then
presented to T cells.70 Biolistic delivery appears to be an efficient method of getting DNA
directly into cells. Plasmid DNA is usually coated onto gold beads (< 1 mm) and then delivered
through the skin using a “gene gun,” although a recent report showed that specific immune
responses could be elicited following a simple topical application of DNA to the skin.71 In a
study comparing different routes of immunization, it was found that gene gun-delivered DNA
was superior to DNA given IM, intravenously, or intranasally (IN) as measured by specific
antibody response.72 Indeed, the amount of DNA required to generate an equivalent response
was much less with gene gun immunization. Transfection of dendritic cells and generation of a
specific anti-tumor response was shown following gene gun immunization, directly implicat-
ing this cell type as the probable APC following ID administration of DNA.73 This study could
not rule out the possibility that non-APCs were being transfected and transferring protein to
resident dendritic cells. Removal of the skin at the site of the injection less than 24 hours
following injection decreases the antibody and CTL responses, indicating that, in contrast in
IM injection, cells at the site of injection are important in protein production and/or antigen
presentation.64 Transplantation of vaccinated skin to naive recipients generated a specific im-
mune response in recipients.74 However, in order for a memory response to be elicited, the cells
had to be transferred within 12 hours of the injection, implying that migratory dendritic cells
were responsible for immunologic memory. Both of these latter reports also indicate that the
presence of nonmigratory keratinocytes enhance the specific immune response possibly due
to cytokine production following transfection by plasmid DNA as an ISS-mediated phenom-
enon. In support of these findings, no cross-priming of dendritic cells by protein derived from
keratinocytes was seen following immunization with a nonsecreted protein,75 despite the pro-
duction of a vigorous dendritic cell-mediated immune response.

Evidence has been presented that delivery of plasmid DNA in saline induces a Th1
response, while gene gun delivery induces a Th2 response.76 This has given rise to the impres-
sion that IM and gene gun immunizations elicit Th1 or Th2 responses respectively. While this
phenomenon may be true in a general sense, specific CTL responses have been induced follow-
ing gene gun delivery of nanogram amounts of DNA.77 It is possible that different antigens
and their location following expression can have an influence on the type of immune response
generated. The efficiency with which gene gun delivery of DNA allows for access to the interior
of the cell makes it possible to use very small quantities of DNA. The increased amounts of
DNA needed during IM injection may steer the immune response in the Th1 direction due to
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the nonspecific response to ISS sequences present in plasmid DNA,78 although this hypothesis
has been questioned.76 The Th2 bias of gene gun delivery can be overcome by coimmunizing
with plasmid containing the genes for IL-12 or IFN-α.79 As more information is gathered
regarding immune responses following IM or gene gun administration, it will become possible
to tailor the response in a particular direction.

Mucosal Immunization
Because many of the pathogens infecting mammals enter the body through mucosal routes,

it has been a goal of many laboratories to enhance the immune response at these sites. An
increase in the humoral and/or cellular response in these areas may act as a formidable barrier
preventing colonization by bacteria or viruses. However, selectively activating secretory immu-
noglobulin A (sIgA) in mucosal areas or generating CTLs in regional lymph nodes has not
been an easy task. Delivery of plasmid vaccines to areas that will generate specific immune
responses at mucosal sites has led researchers to explore different methods of administering the
DNA. These include IN, oral and intravaginal (IVAG) delivery. The effects of complexing the
DNA with various substances has usually been assessed in these experiments. In addition to the
stimulation of mucosal immunity, it is hoped that these routes of delivery will be less traumatic
than administration of the DNA through a gene gun or traditional needle and syringe. IN
delivery of plasmid vaccines has been the most common route of delivery in these experiments.
Administration of plasmids containing reporter genes showed expression of the
reporter protein in nasal tissue,80 lungs72 as well as the spleen and draining lymph nodes.81

Increases in intestinal IgA production as measured by levels of this antibody in feces have
usually been observed following IN delivery of DNA vaccines. These levels have usually been
increased by complexing the DNA with various lipidic substances or adjuvants. Increases in the
levels of specific CTLs in the spleen and lymph nodes have also been seen in these studies as
well as following IN administration of plasmids containing the genes for HIV env and rev.82

Administration of plasmid DNA alone appears to stimulate a Th2 response,82 although this
can be skewed toward a Th1 response by complexing the DNA with monophosphoryl lipid
A,83 the lipid DMRIE/DOPE,81 or by coimmunization (IN) with plasmids expressing IL-12
or GM-CSF.82 Challenge studies following IN immunization have shown some protection
following DNA in saline administration72 or little to no protection, depending on the chal-
lenge dose84 following coadministration with the adjuvant cholera toxin (CT). The addition of
CT to the DNA vaccine induced a Th2 response (including vaginal IgA), which may have been
inappropriate for successful protection following a vaginal challenge.

Oral delivery of DNA vaccines, while possessing certain obvious advantages, remains prob-
lematic due to the acidic environment of the stomach. Therefore, it has been necessary to find
methods of protecting the DNA during its traversal through this organ. Plasmid DNA has
been encapsulated into poly(DL-lactide-coglycolide) (PLG) microparticles which are absorbed
into gut-associated lymphoid tissue following uptake by M cells. This technique has been shown
to induce specific serum antibodies as well as mucosal IgA.85 Plasmids containing the genes for
rotavirus VP6 antigen given orally following PLG encapsidation induced specific serum anti-
bodies and intestinal IgA. These animals were protected to some degree following rotavirus
challenge, although not to the level of IM-immunized animals.86 Later experiments demon-
strated that similar results could be achieved following oral immunization with PLG-encapsidated
plasmids containing the genes for rotavirus VP4 and VP7 genes.87 It is possible that greater
protection may be achieved following delivery of a combination of the rotavirus vaccine candi-
dates. Other formulations of DNA have been tested in oral delivery of plasmid vaccines. Oral
delivery of a plasmid complexed with chitosan (a biodegradable polymer) and which contained
the gene for a peanut allergen was able to induce the production of specific IgA and reduce the
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severity of anaphylaxis.88 While oral delivery of DNA vaccines have not yet given the same
protective results in mice as have been seen with IM and gene gun delivery, the hurdles which
need to be overcome with this technology are greater.89 However, the projected benefits that
oral DNA vaccines will bring imply that much more research in this area will undoubtedly be
pursued.

Another potential site of immunization which would be especially important for early
defense against sexually transmitted diseases is the vagina. IVAG administration of DNA con-
taining genes for HIV env and rev elicited both IgG and IgA antibodies in vaginal washes.90

Antibodies from vagina washes possessed some neutralizing activity, although the neutralizing
isotype could not be determined. Using a plasmid encoding the gene for human growth hor-
mone, rats immunized IVAG were shown to possess specific IgG and IgA in serum and the
vagina.91 A pregnant chimpanzee, immunized IVAG with plasmids containing genes from
HIV, was able to produce specific IgA in the saliva and serum as well as specific IgG in the
saliva and serum but not from vaginal washes.92 Delivery and expression of plasmid DNA in
genital mucosa is relatively unexplored territory, and optimal conditions remain to be deter-
mined. The development of a protective immune response in mucosal tissues is an important
goal, but may only result from delivery of plasmid through multiple sites.

Intracellular Delivery of DNA Vaccines
DNA vaccines require entrance to the vaccinee’s cells, where the relevant genes are tran-

scribed and translated by endogenous enzymes. Therefore, a great effort has been put forth into
understanding and increasing the efficiency by which plasmid DNA is taken up by host cells.
Although naked DNA appears to be taken up by cells in vivo, the efficiency of the process is
poor. No greater than 106 molecules are taken up by approximately as many cells following
intramuscular inoculation of ~1014 molecules.93Increasing bioavailability, either by increasing
the volume of inoculation or by injecting at multiple sites, has not resulted in the predicted
increases in expression (unpublished results). Naked DNA is vulnerable to attack by nucleases,
but this problem can be diminished by decreasing the time during which the DNA would
potentially be in contact with serum or other extracellular enzymes. The use of gold beads to
rapidly deliver DNA using a gene gun results in direct intracellular deposition of the transfect-
ing molecule,94 and ionotophoresis and electroporation use an electric current to transiently
disrupt the cellular membrane and the electromotive force (emf) to cause inward migration of
the DNA molecule.95 All of these procedures result in increased uptake of DNA. In addition,
treatment of mouse muscle with certain agents such as bupivacaine has allowed for the enhanced
uptake of DNA following IM injection.96 As an alternative to injection of naked DNA, the
DNA can first be protected through condensation with different facilitating agents or through
incorporation of the nucleic acid into viral or bacterial carriers. Some of these methods also
allow for increased affinity of the DNA (or its carrier) for the host cell.

Synthetic Delivery Vehicles
The use of facilitators has been shown to increase the uptake of naked DNA, as monitored

by the expression of the transgene or the immune response to the encoded antigen.96 Passive
transfection processes are predicted to require the administration of large amounts of plasmid
molecules and/or plasmid molecules with increased stability. DNA molecules have been stabi-
lized through entrapment in complexes that minimize interactions with nucleases97 or through
the formation of DNA salts that are not substrates for nuclease activity and that can be exchanged
for cellular cations. Increasing stability by methods that use ionic interactions to form com-
plexes with the nucleic acid is dependent on secondary interactions among the complexing
molecules themselves, as it is the differences in the secondary interactions that afford various
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degrees of strength to these complexes. Stability can also be conferred to the nucleic acid by
entrapment in microspheres.98 The effectiveness of such delivery agents appears to be depen-
dent on the size of the complexes or microspheres.99

Active transfection processes involve rapid interactions between the cells and the complexed
nucleic acid, and therefore the stability of the DNA may not be as critical for cellular uptake.
Active transfection can be achieved by directing interactions among nucleic acid molecules and
the cellular membrane through the use of complexing agents containing ligands that interact
with molecules on the cellular membranes. Mannosylated poly-lysine complexes of DNA
appear to be efficiently targeted to peritoneal macrophages.100 Complexes containing cholesteryl
spermine-modified antibodies target the DNA molecule to cells containing the cognate anti-
gen receptor on the cell surface.101 Unfortunately, the endosomal location of the majority of
the internalized DNA molecules renders the DNA useless in the acidic environment of the
mature endosome. Utilization of endosomal-disrupting agents, such as certain viral-derived
proteins and peptides102 or synthetic zwitterionic lipids, appears to increase expression of
internalized DNA, by allowing DNA release into the cytoplasm. A fraction of the released
molecules localize to the nucleus where they are transcribed. Enhancement of nuclear localization
may be achieved through the use of peptide sequences derived from proteins that localize to the
nucleus.103 These proteins, which contain positively-charged domains have been shown to be
effective in transporting oligonucleotides and chimeric polypeptides into the nucleus. The use
of cytoplasmic expression systems is predicted to obviate the need for nuclear targeting. The
ultimate creation of synthetic virus-like particles that incorporate multiple abilities to target
cell-surface receptors and to then exit endosomes and target the nucleus requires precise design
features. Since the mechanics of viral entry and the biochemical features of the viral architec-
ture are themselves poorly understood, the design of synthetic agents that simulate and mimic
viral entry are somewhat empirical for the present time.

While IM injection results in the transfection of muscle and skin cells, plasmid molecules
also track to distal sites in the animal. For nearly 24 hours following inoculation, a large major-
ity of the plasmid molecules are found in the blood, most of which were degraded. However,
plasmid molecules have been detected 30 days following injection, (presumably internalized),
in gut tissues and in cells of the lymphoid tissues. It is not clear if plasmid molecules were trans-
ported to these distal sites by cells that were transfected at the inoculation sites or if intact
plasmid DNA molecules migrated to these sites.104

Viral Delivery Vehicles
Virus expression vectors have been used to construct novel vaccines. The first systems to

be developed were based on large DNA viruses such as baculoviruses and vaccinia virus, where
foreign genes could be inserted into the viral genome and expressed along with viral genes.105,106

Later, other DNA viruses such as adenovirus and herpesvirus were studied as vaccine vec-
tors.107,108 In addition, retroviruses and adeno-associated viruses have been used for gene therapy
studies. Recently, much attention has been given to the development of alphavirus-based gene
delivery systems for the cytoplasmic expression of transgenes.109

The alphavirus genome consists of a single-stranded, approximately 12-kilobase RNA
(49S RNA) of positive polarity, which is capped at the 5'-end and polyadenylated at the 3'-end.
The 5' two-thirds of the genome encodes the viral nonstructural protein replicases while the
last one-third encodes the viral structural proteins.110 Upon infection, the alphavirus 49S
genomic RNA functions as a mRNA for the translation of the subsequently transcribed nega-
tive strand RNAs from the genomic RNA templates. The negative-strand RNAs then serve as
templates for the synthesis of the 49S viral genomic RNAs and the shorter subgenomic 26S
mRNAs, which encode the structural proteins. Robust transcription from the internal
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subgenomic promoter in the negative-strand results in the production of large amounts of
subgenomic mRNAs. Replication of alphavirus RNAs occurs entirely in the cytoplasm of
infected cells. (Fig. 14.1).

Full length cDNA clones of many alphaviruses have been constructed, of which the clones
of Semliki Forest virus, Sindbis virus and Venezuelan equine encephalitis virus have been fur-
ther developed into general expression vectors.111 In these expression vectors, the region encoding
the viral structural proteins is replaced with the transgene, while the viral replicase-coding
region and all sequences required in cis for replication and packaging of the full-length recom-
binant RNA (replicon) are maintained. Transcription of the full-length replicon RNA can be
achieved within a transfected cell by placing an RNA polymerase II-dependent promoter, such
as the HCMV IE promoter, immediately upstream from the replicase genes and the alphavirus
regulatory sequences. The replicon RNA is then transported to the cytoplasm, where it acts
both as mRNA for the translation of the viral replicases and as template for replication. Transgene
sequences are subsequently synthesized as subgenomic mRNA molecules from which the
transgenes are translated. Alternatively, the RNA replicon can be made in vitro from a T7 or
SP6 promoter and then directly transfected into cells or injected into animals.112 In mice,
intramuscular injection of replicon RNA has been shown to elicit both humoral and cellular
immune responses to the encoded transgene antigen. In addition, immunization with the rep-
licon RNA has been shown to protect mice from tumor challenge and to prolong the survival
of mice with established tumors. When expressed in the presence of the structural proteins, the

Fig. 14.1. Three strategies for genetic vaccines using alphavirus vectors. 1) Alphavirus replicons can be
packaged by cotransfection of helper vector RNAs expressing the structural proteins. The packaged replicon
particles are then used to infect cells for expression of the heterologous sequences. 2) Infectious RNA made
from in vitro transfection and capping is used directly to transfect cells. 3) The alphavirus replicon is placed
behind a polI promoter; the plasmid can directly be transfected into the cell where transcription occurs in
the nucleus and further replication in the cell cytoplasm. In all three cases, the viral replicase uses the
subgenomic promoter on the minus-strand RNA for the transcription of the subgenomic RNA that encodes
the heterologous genome.
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RNA replicon is packaged into virus particles.113 These particles can be harvested from cells
and used to deliver the replicon to cells in vivo. The particles have a broad host range and can
infect nondividing cells and thus may increase the in vivo delivery of the replicon relative to the
delivery achieved when DNA or RNA is the delivery vehicle.

The self-replicating nature of the alphavirus genome has made alphavirus vectors useful
tools for vaccine delivery. In a number of animal studies, strong immune responses have been
elicited with low doses of alphavirus vectors, delivered either as packaged replicons, naked
RNA, or DNA.113 Alphavirus expression systems typically generate greater immune responses
as compared to those elicited by traditional DNA vaccines. One mechanism underlying the
enhanced immunogenicity may be the uptake by dendritic cells of transgene-encoded antigens
that are released from cells that die apoptotically as a direct result of alphavirus RNA replica-
tion.3 In addition, immunostimulatory signals may also be elicited by the presence of
double-stranded RNA intermediates that are formed as a result of RNA replication.114 Continued
efforts in alphavirus vector development will illuminate the mechanism for cytoplasmic gene
expression and the optimization of immune responses after vaccination.

Bacterial Delivery Vehicles
Recently, live bacteria have been used to deliver plasmid DNA for vaccination. In general,

researchers have taken advantage of the ability of intracellular bacteria to gain entrance to the
cytoplasm of eukaryotic cells. Transformation of these bacteria with plasmids containing a
eukaryotic promoter driving the expression of the antigenic protein of interest appears to allow
cellular expression of the antigen and efficient stimulation of a specific immune response. An
added feature of this technique is that many of these bacterial species infect cells at mucosal
sites. Thus, it may be possible to elicit a protective mucosal immune response. Due to the
pathogenic nature of these bacteria however, it has been necessary to use attenuated mutants of
these organisms. Attenuated versions of Shigella, Salmonella and Listeria have been used to
deliver genes for reporter proteins and bacterial or viral virulence factors115-119 with subsequent
development of specific cellular and humoral immune responses. Direct expression of proteins
from macrophages117,118 and dendritic cells119 following oral delivery has been shown. Protec-
tion against lethal bacterial117 or tumor119 challenge also has been demonstrated. While this
method of plasmid delivery has certain advantages over administration of naked DNA, rela-
tively high levels of plasmid DNA integration into the host cell chromosome117 or host immune
responses against the bacterial delivery vehicle will need to be addressed.

Safety of Nucleic Acid Vaccines
Several safety concerns exist with the use of DNA vaccines. Some concerns are related to

the manufacturing process and formulation, while some are directly associated with the
introduction of DNA molecules into a cell, including sequence-specific effects. The following
section describes some of the safety issues involved in the use of DNA vaccines and potential
strategies to address them.

Process Derived
The manufacturing process can affect the physical state of the plasmid DNA. At physi-

ologic pH, DNA exists as a salt of a cation. Therefore, the potential for the introduction of
cations to this strongly anionic molecule is fairly high. The periodicity of the anionic charge in
DNA molecules can induce secondary cooperative interactions that have the potential to pre-
clude desired interactions with carrier molecules, thus affecting consistency in formulations. In
addition, strong secondary interactions between cationic species, such as triethyl amine and
tetrabutyl amine, used in process development and formulation may result in the formation of
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stable complexes with DNA. Appropriate analytical methods will have to be developed to
confirm the removal of residual substances.

Integration
Insertion of DNA into the host chromosome, often referred to as “integration,” is presumed

to be a random process, since illegitimate or random recombination is about 100-10000 times
more frequent than homologous recombination in eukaryotic cells.120 However, integration is
dependent on several biochemical reactions, and it is predicted that certain sequences may be
more preferred than others. The frequency of random integration of nonreplicating plasmid
molecules into genomic sequences is >10-4in cell-culture models. Replicating plasmids appear
to integrate at ~10 fold greater frequency than nonreplicating plasmids.121 It is believed that
the intermediates generated during plasmid replication are similar to those generated in the
reaction pathways that lead to random insertion. In addition, random insertion of internalized
DNA molecules has also been shown to invoke the host cell DNA repair reactions.122,123 Open
circular (OC) DNA invokes repair enzymes, and the plasmid DNA is therefore predicted to be
replicated. However, it is not known if OC DNA integrates at a higher frequency than super-
coiled DNA; this remains an important question to be answered. Also, since plasmid DNA
isolated from E.coli contains methylated adenines (in the context of GATC sequences), and
eukaryotic DNA contains no methylated adenines, the plasmid alkylated adenines are treated
as mutagenic events which invoke cellular repair activities, at least after the methylated DNA
has been integrated into the chromosome.124,125

The direct safety concern associated with random insertion of DNA is the permanent
alteration of the host genome, particularly if germ cells are involved. Integration has been
shown to disrupt cellular genes (resulting in altered metabolism), activate oncogenes and inac-
tivate tumor suppressor genes in cell culture and in animal models. Invoking immunologic
tolerance through the continued expression of the encoded genes from an integrated plasmid
molecule is also a potential problem. However, several laboratories have been unable to detect
the integration of administered plasmid DNA. The methods to evaluate inserted plasmid DNA
have taken advantage of physical or chemical differences between free and integrated plasmid
DNA sequences. We have used an assay that takes advantage of differences in methylation
between inserted and free plasmid sequences and which detects one integration event in 105-107

genomes. Using this assay, no integration has been detected in several tissues (including lym-
phoid, muscle, skin, and gonads) in more than 60 injected animals.

Although theoretical considerations suggest that plasmid DNA sequences can integrate
either as whole plasmids or as plasmid fragments, experimental evidence suggests that the inte-
gration frequency of plasmid fragments is at least two orders of magnitude lower.122 Because
integration is difficult to detect in animal models, extrapolation from cell culture experiments
may be necessary. The integration frequency in cell lines is at least three logs greater than the
frequency observed in animals following DNA administration (unpublished data). This is likely
to be a reflection of the differences in the amounts of DNA taken up in tissue culture versus the
amount of DNA taken up by cells in a living animal. As DNA delivery becomes more efficient,
the frequency of DNA integration is predicted to also rise and approach the frequency observed in
tissue culture. Nucleic acid vaccines that are RNA-derived are predicted to have no insertional
abilities and therefore might be the ideal genetic vaccines.

Generation of Anti-Nucleic Acid and Anti-Chromatin Antibodies
Administration of large amounts of nucleic acid has been predicted to generate immune

responses against nucleic acid. Coadministration of nucleic acids with certain adjuvants and
DNA-protein complexes appear to elicit anti-nucleic acid (anti-chromatin) antibodies, similar
to those observed in systemic lupus erythematosis. However, in preclinical animal models and
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in human clinical trials, administration of large amounts of purified DNA has not elicited a
detectable anti-nucleic acid (anti-chromatin) response. Nevertheless, it must be noted that a
DNA vaccine expressing the SV40 large-T antigen appeared to induce an anti-chromatin
response in mice.126 It is not clear if that result is a general finding related to DNA vaccines
encoding nucleic acid-binding proteins or is an event uniquely associated with the expression
of T antigen.

Oncogenesis and Biochemical Activities of the Encoded Gene Product
There does not exist any sequence-based analytical method to determine the oncogenic

potential of an encoded expression cassette in a genetic vaccine. Given the complexity of the
process and the poor understanding of precise biochemical events involved, the oncogenic
potential of the encoded sequence can only be analyzed empirically.

Analysis of sequences for DNA binding motifs, for potential substrates of known protein
kinases and for genes encoding proteins that participate in signal transduction pathways may
be warranted. The protein products of these genes engage in reaction pathways that can poten-
tially lead to oncogenesis. However, an accurate assessment of oncogenic potential of the
encoded gene product will require careful observation of the growth characteristics of trans-
fected cell types, and binding assays to determine if these proteins can interact with other
cellular proteins and DNA.

Transfer of Plasmid Sequences to Endogenous Bacterial Flora
Another safety issue associated with the use of plasmid DNA vaccines, particularly follow-

ing oral administration, is the potential for transformation of endogenous bacterial flora with
plasmid DNA. Although analyses of fecal flora from animals, following oral administration of
large quantities of plasmid DNA, have not yielded transformed bacteria, the risk of plasmid
transfer will need to be further analyzed. The ColE1 replication origin used in current genera-
tions of DNA vaccines can autonomously replicate in bacteria that utilize gram-negative
transcriptional elements. However, gram-negative bacteria require specialized mechanisms, such
as F factors, to transfer nucleic acids internally. On the other hand, Gram-positive bacteria
produce competence factors that allow easy assimilation of DNA and subsequent transformation.
It is also possible that the fragments of plasmid DNA generated in the gut127,128 can be recom-
bined into existing chromosomal and extrachromosomal DNA molecules following cellular
internalization. These recombined molecules have the potential to become stabilized under
selective microenvironmental conditions. Of particular theoretical concern is the transfer of an
antibiotic-resistance gene to endogenous microflora.

Future Directions of DNA Vaccines
The use of DNA to elicit an immune response to antigens encoded on that DNA has been

a relatively recent area of exploration. Methods of increasing the immune response or specifi-
cally targeting certain types of immune responses are now being tested. There is little doubt
that numerous other approaches will be undertaken in the near future to further exploit DNA
vaccination.

Intracellular Trafficking and Presentation of Expressed Antigen
The intracellular production of antigen following the administration of DNA vaccines is the

hallmark of DNA vaccination. Intracellular antigen synthesis allows MHC class I presentation of
antigen-derived peptides that can prime cellular immune responses. The generation of peptides
for MHC class I presentation is mediated in part through the ubiquitination of
endogenously-produced proteins. Once bound to the substrate protein, ubiquitin itself becomes
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a target for ubiqiuitination, resulting in the polyubiquitination of the substrate protein. The
polyubiquitinated substrate protein is then degraded by the 26S proteosome complex. A subset
of the degradation products is comprised of peptides that can associate with MHC class I
molecules.

The magnitude of a cellular response may be heightened, by increasing the efficiency with
which an antigen is targeted for ubiqitination. Our knowledge of ubiquitination signals is
limited however, and there appear to be multiple signals. In addition, ubiqutination is catalyzed
by a myriad of ubiquitin carrier proteins that are specific for certain proteins. Since the expres-
sion of these carrier proteins is also regulated according to cell type and cell cycle, it does not
seem likely that there is a universal signal for ubiquitination of all proteins in all cell types nor
at all points in the cell cycle. Nonetheless, there have been some reported successes at targeting
DNA vaccine-encoded antigens into the ubiquitin pathway. Rodriguez et al129,130 demon-
strated enhanced cytotoxic T-lymphocyte induction in mice immunized with DNA constructs
encoding an N-terminal ubiquitin fusion protein. Enhanced responses were seen when ubiquitin
was fused to either a lymphocytic choriomeningitis viral gene or minigene. The universality of
this strategy will undoubtedly be tested over the next few years.

Another strategy for the increasing cellular immune responses involves the removal of
signal peptides from antigens destined for secretion. This forces the cytosolic localization and
the increased intracellular accumulation of these antigen proteins, which may allow for increased
MHC class 1 presentation of antigen peptides.

The intracellular production of antigen that occurs following DNA vaccination results in
a population of antigen molecules that become localized within antigen-presenting cells (APCs).
It is unclear whether the antigen found in APCs merely reflects antigen taken up by an APC or
whether some antigen is actually synthesized in an APC: most likely it is combination of these
two events. Localization of antigen within an APC allows for the MHC class II presentation of
antigenic peptides. The production of these peptides is achieved by antigen degradation in a
lysosome-dependent pathway.

There has been much innovation in the design of DNA vaccines in an attempt to enable
more efficient class II presentation of antigen. These modifications have included alterations to
the design of the antigen molecule, expression of accessory molecules, and changes in regula-
tory elements such as the promoter.

In general, changes to the antigen are designed to result in the increased availability of
antigen to APCs. These changes most often involve modifications that allow the antigen to be
exported out of the cell. Comparisons of immune responses following DNA vaccination with
plasmids expressing secreted or cell-associated antigen have demonstrated that it is possible to
increase the magnitude of the immune response by targeting the antigen for secretion. For
example, both Geissler and Inchauspe have reported higher seroconversion rates and higher
antibody titers in BALB/c mice immunized with plasmid constructs expressing various forms
of secreted Hepatitis C (HCV) core protein, as compared with those mice immunized with
constructs expressing cell-associated core.131,132

As an alternative to secreting antigen from a cell via the use of secretory signals, the
coexpression of proteins or peptides that induce cellular apoptosis may have merit. Not all
proteins can be secreted from a cell due to the presence of domains that interact with intracel-
lular membranes. In these instances, induced apoptosis following antigen synthesis would
allow spillage of antigen from the cell, resulting in increased antigen availability to APCs. In
addition, cells undergoing apoptosis may recruit inflammatory cells to the site and thereby
increase antigen delivery to APCs. Consistent with this, a self-replicating RNA vaccine was
recently demonstrated to be more efficacious than a traditional plasmid-based vaccine. The
increased efficacy was postulated to be due to apoptosis of cells harboring the self-replicating RNA.
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It has recently been demonstrated that secreted antigen can be targeted directly to APCs
by a further modification of the antigen. Boyle et al have made C-terminal antigen fusions to
CTLA4.133 CTLA4, a ligand present on activated T cells, binds to B7 molecules expressed on
the surface of APCs. The presence of CTLA4 on the antigen fusion protein should allow
targeting of the antigen to B7-expressing cells, thereby increasing the efficiency with which
antigen is taken up by APCs. Experimental data suggest that in fact was achieved. Mice immu-
nized with plasmids expressing the B7 targeted antigen had much higher antibody levels than
those mice immunized with the nontargeted antigen: at two weeks post-immunization, mice
receiving the CTLA4 fusion protein plasmid had antigen-specific antibody titers 10,000-fold
higher than those mice immunized with the native antigen plasmid. In addition, a 7000-fold
increase in IgG1 levels was seen in mice immunized with the CTLA4 fusion construct as
compared to mice immunized with the plasmid expressing the nontargeted antigen.

In addition to antigen modifications that allow targeting of antigen to specific cell types,
modifications have also been incorporated that allow intracellular targeting of antigen.
Expression of antigen as a fusion protein to lysosome-associated membrane protein (LAMP-1)
has been shown to result in endosomal/lysosomal localization of antigen. LAMP-1 contains a
localization signal that reroutes antigen into the lysosomal compartment and therefore into the
MHC class II processing pathway. Immunization with constructs expressing LAMP-1-antigen
fusion proteins has been shown to result in enhanced CD4+ presentation of antigen. In addi-
tion, immunization of mice with a vector expressing a LAMP-1/tumor-antigen fusion protein
was found to protect mice from tumor challenge, whereas mice vaccinated with a vector
expressing the unmodified tumor antigen were not protected.134 However, the use of LAMP-1
fusion proteins does not always result in increased immune response, and more research must
be done in this area before the utility of this approach can be assessed.135

Other modifications can be made at the level of promoter choice. The use of dendritic cell
and macrophage specific promoters would allow for the production of antigen in these APCs
following uptake of plasmid DNA into these cells. It will be interesting to see if expression of
antigen within APCs results in enhanced immune responses.

Prime-Boost Strategies
While injection of plasmid DNA has been shown to elicit immune responses in animals,

the magnitude of these responses has not always been considered adequate for protection. As a
remedy for this situation, researchers have explored methods to increase and broaden the immune
responses seen in conjunction with DNA immunization. One way of increasing the antibody
response has been to give a primary injection with plasmid DNA containing the gene of interest,
followed by a boost with the recombinant protein itself. This has been particularly useful in
cases where the protein has been poorly immunogenic when delivered by DNA. Plasmids
containing the gene for HIV env, when given alone, do not usually generate high antibody
levels, although CMI responses are better. When animals are subsequently boosted with
recombinant env protein (as compared to boosting with DNA), the specific antibody titers are
significantly heightened.136 Protein boosting also increased the neutralizing activity and avidity of
these antibodies. Boosting with a multicomponent peptide after DNA priming also increased
a poor anti-env antibody response which complemented the CMI response generated
following the initial DNA injection137 A combination of DNA vaccine priming with a
plasmid containing the HIV env gene followed by boosting with HIV env protein was able to
induce both specific CTLs and antibodies in rhesus macaques and was able to protect these
animals from a challenge with SIV containing the HIV env protein.138 Similar increases in the
antibody response were seen in mice primed with a DNA vaccine containing the gene for a
Plasmodium falciparum antigen, followed by boosting with the analogous recombinant pro-
tein.139 DNA priming followed by protein boosting may be an effective technique to generate
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both CMI (DNA) and humoral (protein) responses. An alternative method is to boost with a
live virus containing the gene of interest. Mice primed with plasmid DNA containing the HIV
env gene and boosted with a recombinant fowlpox virus also containing the HIV env gene
protected mice from challenge with vaccinia virus expressing the HIV env gene.140 This same
immunization regimen also protected macaques from an intravenous HIV-1 challenge. Use of
a multicomponent141,142 (HIV and SIV) epitope-based sequence in both plasmid DNA and
modified Ankara virus (MVA) constructs elicited specific CTLs in macaques primed with DNA
and boosted with the MVA construct. Macaques immunized in this manner showed little
protection (one out of three animals) following a challenge with live SIV, however.143 Protec-
tion of mice from challenge with Plasmodium sporozoites was achieved by priming with DNA
vaccines containing the genes for sporozoite antigens and boosting with vaccinia or MVA ex-
pressing the same protein.144,145 Clearly, the DNA prime followed by recombinant protein or
recombinant viral boost method possesses advantages over DNA priming and boosting. Extensive
trials comparing the two methods in nonhuman primates or ideally human clinical trials will
shed light on their respective effectiveness and safety.

Summary
While the age of DNA vaccines may not yet be upon us, the amount of research currently

being done in this area, as well as the clinical trials which are in progress, imply that these types
of vaccines may some day become part of the armamentarium by which mankind defends itself
against infectious disease. Although the data that has emerged from these studies during the
past decade is voluminous, many questions remain to be answered. The optimal route of deliv-
ery and type of formulation are just two of these areas that need further exploration. DNA
vaccines may be less effective than preexisting vaccines unless accompanied by the
coadministration of immune-enhancing genes or molecules. Additional safety studies may be
needed before the general public feels secure in accepting these vaccines. It is possible that only
through human clinical trials will many of these areas be adequately addressed. However, the
potential attributes of DNA vaccines, as compared to existing vaccines, provides much reason
for hope among the scientists researching them.
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CHAPTER 15

Plant-Derived Vaccines
Amanda M. Walmsely and Charles J. Arntzen

Introduction

Vaccination has traveled a long road since the contents of smallpox pustules were used to
inoculate individuals.1 Whilst vaccines consisting of attenuated or inactivated whole
organisms are still in use, advances in recombinant DNA technology have unleashed

the potential of subunit vaccines. Subunit vaccines contain specific antigenic substances that
have been expressed and purified using recombinant DNA technology. The production and
purification of recombinant antigens may be time consuming and relatively expensive; how-
ever the reduced exposure to the pathogen decreases the patient complication rate. This aspect
has persuaded health administrations and product manufacturers to favor the subunit approach
over other vaccine strategies.2

It is thought humans have used medicinal plants since the beginning of civilization. The
low cost and availability of medicinal plants ensure their continued use worldwide, particularly
in developing countries. During the past decade, advances in plant molecular biology have
provided another avenue through which plants can be used for medicinal purposes: use of
transgenic plants for production of pharmaceutical proteins. Transgenic plants are arguably the
ideal means for production and delivery of subunit vaccines. Like traditional medicinal plants,
transgenic plants expressing subunit vaccines are low capital means for large-scale production
of therapeutic proteins. Simple technology is involved in the growth and harvest of transgenic
plants and increase in production merely requires more area put to seed. Plant-derived subunit
vaccines lack contamination with animal pathogens; may be delivered orally; may be engi-
neered to contain multiple antigens; and require minimal processing to produce a stable, heat
tolerant formulation. These qualities combine to decrease cost and simplify dispersal of the
vaccine, hence increasing the chance of success of a vaccination program, particularly in the
resource-limited health systems of developing countries.

Mucosal Vaccines
Many human and animal pathogens initiate infection at the mucosal surfaces lining the

digestive tract, respiratory tract and urino-reproductive tract. The primary defense of these
tissues is the mucosal immune system (MIS). Whilst parenteral vaccines are effective at elicit-
ing the systemic immune system, they are not effective at eliciting the MIS. Instead the MIS is
best induced by mucosal immunization via oral or nasal delivery. The oral and nasal routes
evoke less pain and discomfort; have high patient acceptance and compliance; and low costs of
administration. Unlike systemic immunity, mucosal immunity does not appear to be subject to
age-associated dysfunction and develops earlier than systemic immunity.3
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Induction of a Mucosal Immune Response
Induction of the MIS begins with antigen recognition and capture by specialized epithe-

lial cells, called M cells, located within the mucus membranes. The antigens are channeled
through the epithelial layer to antigen presenting cells that process and present the antigen to
B-cells. The now activated B-cells migrate to the mesenteric lymph nodes where they mature
into plasma cells before moving into circulation. Upon arrival at a mucosal tissue the mature
B-cells, named plasma cells, produce immunoglobulin A (IgA). In moving through the epithe-
lial layer towards the lumen, IgA complexes with membrane bound secretary components to
form secretary IgA (sIgA). Upon transportation of the sIgA into the lumen, it interacts with
specific antigenic epitopes and neutralizes the invading pathogen.

Production of Plant-Derived Vaccines
Transformation can be classed as stable or transient depending upon the fate of the foreign

gene. If the foreign gene is integrated into a genome and passed on to the following cell genera-
tions, stable transformation has occurred. If the foreign gene is not incorporated into the tar-
geted genome it is not maintained in following cell generations and is said to be transiently
expressed in the recipient cell. Both transformation types are used for production of plant-derived
vaccines.

Production and Delivery of Vaccines by Plants
This strategy principally uses stable transformation of plants. Transgenic plants for deliv-

ery of subunit vaccines are cost efficient, easy to deliver and do not require the degree of refrig-
eration that purified recombinant proteins require. However the process of stable plant trans-
formation is time consuming, labor intensive and typically gives rise to erratic expression of the
recombinant protein. Although many techniques have been developed and used for stable
plant transformation, only Agrobacterium-mediated gene transfer has been used for stable
expression of subunit vaccines in plants.

Agrobacterium-mediated transformation uses a plant pathogen to transfer and integrate a
specific segment of the bacterium’s DNA (the transfer- or T-DNA) into the genome of the host
plant. After insertion of the candidate gene into the T-DNA, the Agrobacterium is incubated
with plant tissues. Plant wound-associated compounds produced by either the plant tissue or
added to the media, induce the transfer of T-DNA into the plant cells. Transgenic plants are
produced through selection and regeneration of transformed cells in tissue culture.

It has been demonstrated that expression and stability of a foreign protein may be increased
by directing protein expression to a specific compartment in the plant cell.4 This is usually
achieved through fusing an appropriate signal or transit peptide to the amino terminus of the
candidate protein. It may also be advantageous to use promoter elements to express the candi-
date protein in a specific tissue or stage of development. For example the candidate antigen
could be expressed in most tissues all the time; localized in fruit or seeds; or induced at a
convenient point in production.

Plants as Bioreactors of Vaccines
Plants are classified as bioreactors when a plant-derived recombinant protein is purified to

some degree before use. The protein purification may be due to the plant tissues being unpal-
atable, not practical for delivery (for example cell suspensions), or containing toxins. Transient
expression of recombinant proteins using plant viruses often involves plants as bioreactors.
Disadvantages of using recombinant plant viruses for expression of candidate proteins include
the possible loss of genetic stability after several passages and the chance of the recombinant
virus escaping. However the ease of genetic manipulation and ability to quickly produce large
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amounts of recombinant protein (up to 2 g/kg of plant tissue in less than two weeks)5 make
plant viruses attractive alternatives for vaccine production.

There are a number of ways to use recombinant plant viruses for over-expression of candi-
date proteins including viral gene replacement, gene insertion, epitope presentation and comple-
mentation.6 To date however, only epitope presentation has been used to express a plant-derived
vaccine. Epitope presentation involves the translational fusion of a small peptide to a viral
protein so that it is presented on the exterior of the virus particle. This may be achieved via a
fusion within the coat protein or by a “leaky” stop codon at 3’ end of the coat protein.

Plant-Derived Vaccines
Plant-derived pharmaceuticals may elicit active immunization (vaccination), passive immu-

nization or auto-tolerance. Plant-derived pharmaceuticals for passive immunization and
auto-tolerance have proven immunologically active7-9 and effective in animals10-13 and humans14

but the majority of studies have investigated plant-derived vaccines.

Human Vaccine Antigens

Escherichia coli Heat-Labile Enterotoxin/Cholera Toxin
At present there is no available vaccine for diarrhea, the highest cause of death in children

under five in the developing world.15 Enterotoxigenic Escherichia coli (ETEC) and Vibrio cholerae
are two causal agents of bacterial diarrhea. These organisms enter the body through contami-
nated food or water and initiate disease by adhering to the surface of the gut epithelial cells and
secreting enterotoxins. Two examples of enterotoxins are the ETEC heat labile toxin (LT) and
the V. cholerae cholera toxin (CT). LT and CT consist of two subunits, the A subunit (LTA or
CTA) and the B subunit (LTB or CTB). The B subunit autonomously forms a doughnut-shaped
pentamer that has binding affinity with GM1 gangliosides, the sugar moieties present on the
epithelial cells of the gut. This affinity targets the B subunit and therefore the holotoxin to the
gut wall. Diarrhea ensues when the A subunit traverses the gut epithelial cells and causes the
loss of electrolytes and water.16

The expression of LTB in plants provided proof of concept that plant-derived oral vac-
cines could be effective in humans.17 Expression and correct assembly of LTB by tobacco and
potato tissues was demonstrated before use of the plant tissues in animal feed trials.4 After
ingestion of the plant-derived recombinant LTB (rLTB) mice produced LTB specific serum
IgG and mucosal IgA.4

Assembly of a synthetic LTB gene substantially increased rLTB expression in plant tis-
sues.18 The synthetic LTB gene was designed to use amino acid codons best processed by plants
and remove signals that might cause premature termination of gene processing or the degrada-
tion of its products. Mason et al18 demonstrated that mice fed potato tissues expressing the
synthetic “plant friendly” rLTB gene developed appropriate IgG and IgA responses sufficient to
provide significant protective immunity when challenged with the LT holotoxin.

In 1997, the first human clinical trial with a transgenic, plant-derived, antigen was planned,
approved (US Food and Drug Administration) and performed.17 Eleven “test” participants
consumed three doses of 50-100 g of raw, transgenic potato and three “control” participants
consumed three doses of 50 g of raw, untransformed potato. Serum and fecal samples were
collected and analyzed for LTB-specific antibodies at multiple time points before, during and
after the trial. A significant rise (minimum 4-fold increase) in LTB antibodies was displayed by
10 of the 11 test participants while no LTB specific antibodies were detected in the control
participants. The serum responses after consumption of transgenic potatoes were comparable
to those measured when volunteers were challenged with 106 virulent ETEC organisms.19
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Although expression of CTA and CTB was demonstrated in separate tobacco lines in
1995,20 report of retention of its native structure and immunological properties did not occur
until 1997.21 Potato-derived CTB was subsequently shown to induce both mucosal and sys-
temic CTB-specific antibodies in orally immunized mice.22 When challenged by intraileal
injection with native CT, the plant-immunized mice showed up to a 60% reduction in diar-
rheal fluid accumulation. The transgenic plant delivered CTB was therefore able to generate
partial protective immunity in mice against the bacterial enterotoxin.

Hepatitis B Virus Surface Antigen
Hepatitis B virus (HBV) is a highly contagious, blood borne virus capable of causing

chronic liver disease. It is the leading cause of liver cancer and persistent viremia in humans.
Current estimates establish that there are approximately 300 million carriers of HBV world-wide
with approximately 1.25 million chronic HBV carriers in the United States.15 Hepatitis B
vaccines were first introduced in the early 1980s as either heat or chemically inactivated par-
ticles comprised of the hepatitis B surface antigen (HBsAg) derived from the plasma of chronic
hepatitis B patients. Due to the risks involved with the use of serum-derived products, several
subunit vaccines were produced in recombinant yeast and are now licensed for clinical use.
However the cost of the resulting vaccine is prohibitive for immunization programs in develop-
ing countries.23 Research programs have therefore been initiated to express a hepatitis vaccine
in transgenic plants.

In 1992 Mason et al23 expressed the HBsAg in tobacco and demonstrated the plant-derived
antigen formed virus-like particles (VLPs). The particles were physically similar to those derived
from human serum and retained antigenicity. Mice immunized with partially purified,
tobacco-derived hepatitis B VLPs responded in a manner similar to those immunized with
yeast-derived rHBsAg (commercial vaccine).24 Potato-derived HBsAg is currently being tested
in human clinical trials using the orally delivered antigen as a booster for the commercial
vaccine. Three additional groups have reported expression of hepatitis B antigens in plant
tissues but formation of VLPs or antigenicity have not been described.25-27

Norwalk Virus Capsid Protein
Studies have indicated that Norwalk virus (NV) and Norwalk-like viruses are very important

causes of diarrhea in the US causing an estimated 42% of severe gastroenteritis outbreaks.28

Recent advances in Norwalk molecular biology have facilitated the expression of the Norwalk
virus capsid protein (NVCP) in an insect expression system. The recombinant particles have
proven morphologically and antigenically similar to authentic virus particles; stable upon stor-
age at 4oC and after lyophilization; resistant to pH 3.0 treatment; and capable of inducing the
production of serum and mucosal antibodies against NVCP.29,30 Investigation into the feasibil-
ity of the insect-derived recombinant NV particles as a vaccine against Norwalk virus is currently
in progress (Mary Estes, Baylor College of Medicine, Houston, TX: personal communication).

Mason et al demonstrated tobacco-expressed NV capsid proteins formed virus-like par-
ticles indistinguishable from the insect recombinant VLPs.31 When gavaged or fed to mice, the
plant-derived Norwalk VLPs proved orally immunogenic, inducing both systemic and mucosal
immune responses. Recent human clinical trials investigating oral delivery of NV VLPs in
transgenic potato tubers resulted in 19 of 20 volunteers developing an immune response against
NV.31a Although rises in serum antibody levels were modest, 95% of the volunteers who ingested
the transgenic potato experienced significant rise in number of specific IgA antibody secreting
cells.
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Human Rhinovirus 14 Epitope
Cowpea Mosaic Virus has been modified to express an epitope from the human rhinovi-

rus 14 (HRV) in black-eyed bean.32,33 Large quantities of purified virus particles (1.2-1.5 mg
of virus per gram of fresh tissue) expressing the HRV epitope were extracted from leaf tissues
and injected intramuscularly and subcutaneously into rabbits. Immunogenicity of the inserted
epitope was demonstrated when the sera collected from rCPMV treated rabbits detected dena-
tured HRV-14 virus in Western analysis.

Human Immunodeficiency Virus Type 1 Epitopes
Thousands of people continue to be infected with human immunodeficiency virus (HIV)

everyday. In 1996, an estimated 8500 new HIV infections occurred worldwide per day.15 To
date several recombinant HIV antigens expressed by yeast, insect or mammal cells have proven
safe and immunogenic in human trials. The antigens include the envelope proteins gp120 and
160, a transmembrane protein gp41, and protease genes.15

Plant cell expression of an epitope of the HIV-1 virus was first demonstrated in 1995.34 A
translational fusion of a gp120 epitope to the CP of Tobacco Mosaic Virus (TMV) resulted in
expression of virus particles consisting of the CP and CP fusion protein. Immunogenicity of
plant-expressed HIV-1 epitopes was later demonstrated in mice using parenteral injections of
the purified rCPMV-expressed gp41,5,33,35 rAIMV-expressed V3 loop of gp120,36 and recom-
binant tomato bushy stunt virus-expressed V3 loop.37 Durrani et al38 induced the mucosal
immune system with a black-eyed bean-expressed, recombinant gp41 CPMV. Purified rCPMV
combined with the mucosal adjuvant CT was administered intranasally or through gastric
gavage. Two intranasal doses were sufficient to induce both gp41-specific and CPMV-specific
IgG in serum and IgA in feces. Oral immunization was less effective than intranasal immuniza-
tion. Although anti-CPMV antibodies were detected in the serum, feces and intestine, the
levels were much lower in comparison to titers received after intranasal immunization. No
gp41-specific IgA could be detected in either the feces or intestine of orally immunized ani-
mals, and only two mice produced low levels of gp41-specific serum antibodies. The lack of
responsiveness was believed to be due to degradation of the HIV-1 peptide or the recombinant
virus within the stomach or intestine.

Epitopes from Opportunistic Pathogens
Pseudomonas aeruginosa and Staphylococcus aureus are opportunistic pathogens that cause

disease in the immunosuppressed, burn victims and chronic pulmonary infections in children
with cystic fibrosis. Immunization with the outer membrane F protein has provided protection
from P. aeruginosa in a number of animal models39-41 while the D2 domain of the
fibronectin-binding protein B (FnBP) has proven effective with S. aureus.42,43

In 1999, black-eyed bean plants expressed a synthetic peptide containing two epitopes in
tandem from the outer membrane F protein from P. aeruginosa.44 The coding region for the
synthetic peptide was inserted into two coat proteins of CPMV (S and L) and the rCPMV used
to inoculate black-eyed bean plants. Purified rCPMV was subcutaneously injected into mice in
Freund’s or QuilA adjuvant. Both S and L fusions induced F protein-specific antibodies but
were found to induce antibodies predominantly or exclusively against one epitope of the syn-
thetic peptide. It was concluded that the site of peptide expression on CPMV influences its
immune recognition.

Black-eyed bean also expressed the D2 domain of the fibronectin-binding protein B (FnBP)
of S. aureus.45 The D2 domain was inserted within the coding region of the S coat protein of
CPMV and the recombinant virus used to over-express the epitope of interest in plants. Puri-
fied recombinant virus was administered intranasally or by gavage to mice either alone or in the
presence of the mucosal adjuvant ISCOM matrix. All intranasal treatments (with and without
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adjuvant) generated high titers for CPMV- and FnBP-specific IgG in sera and IgA and IgG of
bronchial, intestinal and vaginal lavage fluids. This confirmed the ability of recombinant plant
viruses to induce immune responses at distant mucosal sites and without the presence of a
mucosal adjuvant. Assays also demonstrated the sera to completely inhibit the binding of human
serum fibronectin to S. aureus FnBP.

As found in the studies performed by Durrani et al,38 oral immunization with recombi-
nant plant viruses was not as successful as intranasal administration. Although oral immuniza-
tion resulted in production of CPMV- and FnBP-specific serum IgG, the titers were signifi-
cantly lower and more variable than those generated by the intranasal treatments. FnBP-specific
intestinal IgA was not detected.

Animal Vaccine Antigens

Rabies Virus Glycoprotein and Nucleoprotein
Rabies continues to be a significant international health problem. Approximately 12 human

fatalities occur annually in the United States and the number of postexposure treatments is
rapidly increasing.15 Unfortunately postexposure treatment is not anticipated in developing
countries; instead mass immunization is the most feasible course. This goal however is ham-
pered by the relatively high cost of vaccine production and distribution. The currently available
vaccine is recombinant, using the rabies virus glycoprotein (G protein) derived from an insect
expression system.

McGarvey et al46 used stable transformation to demonstrate the ability of plants to express
the G protein. However demonstration of immunological activity of a plant-derived rabies anti-
gen employed a plant virus expression system.36 Yusibov et al36 expressed a B-cell epitope from
the G protein and a T-cell epitope from the nucleoprotein through fusion to the coat protein
(CP) of the alfalfa mosaic virus (AIMV) and subsequent inoculation of tobacco. Injection of
mice with isolated recombinant virus particles induced virus-neutralizing antibodies. The abil-
ity of the recombinant AIMV to be delivered orally was tested through gastric intubation of
plant extracts or feeding on virus-infected spinach leaves.47 Both treatments induced local and
systemic immune responses that proved sufficient to improve the clinical signs of the virus
upon challenge with an attenuated rabies strain. These results were the first indication that an
orally delivered, modified virus could induce a mucosal immune reponse.

Foot and Mouth Virus VP1 Coat Protein
Foot and Mouth Disease Virus (FMDV) affects all cloven-hoofed animals producing vesicles

in the mouth, on the teats, and on the skin between and above the hoofs. Since foot and mouth
disease is extremely infectious an outbreak quickly closes export markets of livestock and live-
stock products. The basis of eradication of the disease is destruction of afflicted animals and
vaccination of susceptible hosts using inactivated virus.48 Recent studies have demonstrated
the structural protein VP1 to carry critical epitopes responsible for the induction of neutraliz-
ing antibodies.49-52 These epitopes have been expressed within a diverse range of prokaryotic
and eukaryotic systems.

A plant virus expression system was the first reported means of expressing the VP1 epitope
in plants.32 Black-eyed bean protoplasts were inoculated with a recombinant Cowpea Mosaic
Virus (CPMV) containing a sequence from VP1 cloned into the coding region of the S coat
protein. Immunosorbent electron microscopy and Western analysis demonstrated the presence
of recombinant virions in the plant cell extracts. In 1999 Wigdorovitz et al reported the use of
transgenic alfalfa to express and deliver the FMDV VP1 epitope.53 Immunization of mice
through injection of leaf extracts or feeding freshly harvested leaves induced virus-specific
immune responses sufficient for protection upon FMDV challenge. After 36 hours, 77-80% of
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the parenteral immunizations and 66-75% of the oral immunizations exhibited absence of
viremia.

Murine Zona Pellucida 3 Protein
A novel use of plant-derived vaccines is the delivery of immunocontraceptive vaccines for

the control of problem animal populations. For many years, methods such as shooting, poison-
ing or trapping have been used to control problem animal populations. However, changing
social beliefs and increasing urbanization have prompted many to advocate the use of more
humane, contraceptive approaches to control these populations. Several investigations have
found peptides of zona pellucida 3 (ZP3), a protein involved in the docking of sperm to eggs,
capable of inducing antibody-mediated contraception. However, these vaccines have proven
difficult and expensive to deliver parenterally to free-ranging animals. Delivery of
immunocontraceptive vaccines through baiting with edible plant tissues expressing an appro-
priate immunogen would decrease the cost of production and labor and increase the ease of
delivery.

A plant virus expression system was used by Fitchen et al54 to express an epitope from the
murine ZP3 within the coat protein of tobacco mosaic virus (TMV). The recombinant coat
protein was found to accumulate to high concentrations and form particles in inoculated tobacco
plants. Parenteral immunization of mice with tobacco extracts containing the recombinant CP
resulted in the production of serum antibodies recognizing the ZP3 epitope and the recruitment
in vivo of antibodies to the ZP in female mice. Unfortunately the effect of the murine ZP3
epitope on fertility was not reported.

VP2 Epitope from the Mink Enteritis Virus
Mink enteritis virus (MEV) is characterized by severe inflammation of the intestine, result-

ing in profuse diarrhea. Existing vaccines are either chemically inactivated or live attenuated
viruses propagated from cell cultures.55 VP2 is the major structural protein required for MEV
particle formation and is capable of self-assembling into virus-like particles when expressed in an
insect cell expression system. Peptide vaccines based on VP2 sequences have been shown to
induce neutralizing antibodies in guinea pigs and rabbits as well as solid protection against disease
in the natural hosts after heavy challenge.56

Upon insertion of a VP2 epitope into the S protein of CPMV Dalsgaard et al55 demon-
strated the ability of black-eyed bean plants to express the VP2 epitope on the surface of CPMV.
The immunogenicity of the rCPMV was demonstrated after one subcutaneous injection of the
purified recombinant virus into mink conferred protection against clinical disease and virtually
abolished shedding of virus after challenge with virulent MEV. This was the first demonstra-
tion of a plant virus expressed vaccine providing full protection against a pathogen.

Murine Hepatitis Virus Epitope
Murine hepatitis virus (MHV) is responsible for a variety of acute and chronic diseases in

mice. MHV contains at least three dominant structural proteins, the membrane glycoprotein
(M protein), the nucleocapsid protein (N protein) and the spike glycoprotein (S protein).57 Many
studies have focused upon the S protein since it is a critical determinant of viral pathogenicity and
contains major immunodominant neutralization domains. Protective neutralizing antibodies have
been induced in mice by immunization with purified S protein and synthetic peptides.58-60

The epitope from the S protein was expressed in inoculated tobacco plants after insertion
within the coding region of the TMV CP.61 The purified recombinant virus was administered
subcutaneously with an adjuvant or intranasally. Intranasal treatments developed serum IgG
and IgA specific for the S protein epitope and for the TMV coat protein. Subcutaneous treatment
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only induced S epitope- and TMV CP-specific serum IgG. Both treatments induced antibody
levels that enabled survival when challenged with a lethal dose of MHV.

Antigens that have been expressed by plants but not tested for immunogenicity include
epitopes from malaria expressed on the surface of TMV62 and the immunodominant glycopro-
tein B complex (gB, UL55) of human cytomegalovirus (HCMV) in seeds of transgenic to-
bacco.63

Summary
Evidence has quickly accumulated in support of plant-derived antigens as effective, safe

and inexpensive means of acquiring or delivering a vaccine. The success of human trials with
edible transgenic plant vaccines17,31a and successful challenge in animal studies53,56,61 have
demonstrated the potential of plant-derived vaccines to expand the armament of preventative
medicine. Vaccines produced using plants as bioreactors have been successful when parenter-
ally or intranasally administered. However oral immunization has only been successful when
the vaccine was delivered in planta. This suggests the additional protection afforded by plant
tissues permits successful oral immunization.

Future Use of Plant-Delivered Vaccines
Before global distribution of plant-delivered vaccines, several issues need to be considered.

These include dosage of antigens delivered through edible vaccines and analysis of the possible
development of oral tolerance to edible vaccines. Batch processing of edible transgenic tissues
expressing a candidate antigen circumvents the anticipated problem of variable expression lev-
els within and between transgenic plants. In accordance with traditional vaccines the distribu-
tion of edible vaccines to humans is envisioned to be regulated by a health-care system. The
vaccine would hence not be delivered as normal constituents of food but allocated in pre-
scribed amounts.

Although the picture of the development of oral tolerance is incomplete, known factors
include solubility of the antigen, frequent exposure and extreme doses. Extreme doses would
be prevented through the health-care system employing an appropriate vaccination regime. In
addition, candidate antigens for oral vaccines likely mimic disease-causing agents, for example
virus like particles, pathogen surface antigens and toxin analogs. It is therefore unlikely that
these antigens would induce tolerance but careful testing would be required on a case by case
basis.

As with any area of study, progress requires overcoming challenging obstacles. The dem-
onstrated potential of plants for production and/or delivery of vaccines and the rapid advance
in the related technologies lend promise to swift response and solution of difficulties. The
prospect of developing effective plant-derived vaccines is real.
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Biological Aspects and Prospects
for Adjuvants and Delivery Systems
Bror Morein and Ke-Fei Hu

Introduction

There is no all-encompassing definition for an adjuvant, but an old definition is: a
substance that enhances the immunogenicity of coadministered antigens without 
inducing an immune response to itself. Allison and Byars1 introduced functional struc-

tures into the terminology by defining an adjuvant as an agent that augments specific immune
stimulation to antigens, a vehicle as the substance used for the delivery of antigen, and an
adjuvant formulation as the combination of an adjuvant with a suitable vehicle. An even
broader definition was advanced by Cox and Coulter2 who defined adjuvants as “any substance
or procedure that results in a specific increase in the immunogenicity of a vaccine component”.
Recently Morein and Lövgren-Bengtsson3 defined three major functionally important areas
for adjuvant, without claiming to be all-encompassing: 1) Physical presentation in the form of
particles with multimeric antigens on the surface. This form mimics a microorganism, which
the host evolutionarily considers dangerous if the antigens on the surface are not self. Examples
of such particulate vehicles are protein micelles, liposomes, immune stimulating complexes
(ISCOMs), or virus-like particles (VLPs). 2) Targeting properties are required to guide the
vaccines to the antigen-presenting cells (APC) as well as into cellular compartments of the
APC, i.e., to the endosomal pathway for MHC class II presentation, while MHC class I responses
require delivery of antigen to the cytosol. Targeting to the lymphatic organs and cells for fur-
ther tissue distribution is important. 3) Immune modulation encompasses the type of immu-
nity including both T- and B-cell responses as well as the level of immune response.

For an adjuvant to succeed in guiding an immune response, we have to intervene in the
development of the immune response along the lines shaped by nature. Thus, a main target for
adjuvants is the innate immune system which recognizes molecules with structures divergent
from those in the host, thereby leading to inflammatory responses and eventually acquired
immune responses. Some vaccine antigens from microorganisms have immunomodulating
activity, e.g., in respiratory syncytial virus (RSV) the G envelope protein promotes a Th2 type
of response that may exacerbate disease, while the F envelope protein promotes a Th1 type of
response.4 Therefore the G antigen in its native form should be avoided as an immunogen;
despite harboring protective properties, it may enhance disease or subsequent natural infec-
tion.5 Likewise experimental vaccination of mice with Trypanosoma cruzi whole-cell antigens
exacerbated disease following subsequent challenge of mice, while deletion of one antigen resulted
in a protective experimental vaccine.6 Thus the parasite has learned evolutionarily to use the
reaction of the host to evade a protective immune response. Adjuvants are often of bacterial
origin; well-known examples are lipopolysaccharide (LPS), muramyldipeptide (MDP), various
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bacterial cell wall components, and CpG motifs of prokaryotic DNA. Virus components such
as double-stranded RNA may act as adjuvants by inducing interferon (IFN)-α/β. Adjuvant-active
substances also are found in plants (e.g., among saponins and oils), among minerals (alumi-
num hydroxide and phosphate or calcium phosphate) and can be synthetic (e.g., block poly-
mers and polyacryls in various formations) (ref. 7, Table 16.2). All these molecules harbor
structures divergent from those intrinsic to the host, as is the case with most vaccine antigens.
It is therefore obvious that adjuvant activity has to be evaluated in the total formulation of
antigen, carbohydrates, lipids and delivery system. Any adjuvant, from the point of view of
immune protection, may influence the immune response negatively or positively depending
on the biological properties of the pathogen that are targeted for the vaccine. Several excellent
articles dealing with adjuvants have been published recently. Thus, we are using a complemen-
tary approach for covering biological aspects and the prospects for adjuvants to intervene in the
immune response.

Table 16.1. Recognition and activation of the innate immune system for initiating
acquired immune responses

 Features Characterized by  Examples of inducer
        (adjuvant)

 Cognitive Recognition of The particulate form of VLPs, micelles, ISCOMs,
 phase physical forms viruses and microorganism liposomes, SAF-1,

with multimeric nanoparticles, PLGA
formation of antigens microspheres, emulsions

Recognition of Microbial carbohydrate, LPS (and derivatives),
biochemical glycolipids, polypeptides, carbohydrates, polymers
compositions DNA (e.g., mannose), cell

wall skeleton and CpG
motifs

Effector Inflammation Production of chemokines LPS, saponins, Freund’s
phase and cytokines, e.g., complete adjuvant, block

β-chemokines, IL-1, IL-6, polymers
IL-8, GM-CSF, TNF-α

Costimulation The requirement of ISCOMs
B7.1 (CD80) and
B7.2 (CD86) and
their common
receptors CD28
and CTLA-4

Immune regulation Mainly regulatory cytokines See Table 16.4
over MHC class II, IL-12, IL-15,
IL-18, IFN-γ (Th1) or IL-4 and
IL-10 (Th2)
or over MHC class I mainly See Table 16.5
by delivery of Ag to the cytosol
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Table 16.2. Main adjuvant sources and their key properties

 Origin Properties

 Microbial LPS and derivatives such as  Induction of co-stimulatory signals
MPL and Lipid A-detoxified  on APCs and favors Th1 response
derivatives of lipopolysaccharide
derived from bacteria

CT (B) and LT (B) Mucosal targeting with a Th2
profile

Non-replicative vectors, e.g., Deliver Ag to cytosol inducting CTL
recombinant adenylate cyclase response
toxins of B. pertussis and
recombinant parvovirus-like particles

Mycobacteria whole cells (FCA) Th1 response
and derivatives such as MDP, MTP
and GMDP and TDM

CWS (cell wall skeleton) Th1 response
Prokaryotic DNA CpG motifs Th1 response

Plants Saponins Th1 and Th2 responses and IgA via
mucosal administration

Vegetable oil in emulsion degradable
Vitamin D3 Th2, secretory IgA
γ-Inulin Th1 response and complement

activation

 Mineral Calcium salts Depot
Aluminum salts Depot and Th2 response
Mineral oil (IFA) Th2

 Synthetic Block co-polymers Th1
Microspheres Depot and Th2 response
Stearyl tyrosine Th1 and Th2 responses

 Combined w/o   M. tuberculosis Th1
 sources + mineral oil (FCA)

o/w  Block polymers, MDP (SAF-1) Th1 response
CWS, TDM, MPL Th1
LPS derivatives with Al(OH)3 Th1/Th2
ISCOMs formulated with any Strong Th1 and Th2 with good
hydrophobic antigens, various s antigen presentation, targeting and
saponins and lipids CTL induction

Liposomes as for ISCOMs Moderate antigen presentation,
targeting and also CTL induction
properties
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Innate Immunity: The Gateway to an Acquired Immune Response
Innate immunity has been considered to provide fast and nonspecific protection against

infections or tumors in a surveillance action. Acquired immunity evolved about 400 million
years ago from a phylogenetically very old system, i.e., innate immunity which provides an
instructive role for the ensuing acquired immune response. However, it should not be forgot-
ten that the innate immune system still is of primary importance, e.g., in protection against
infections or tumor development. For example, the expectant mother has a partially suppressed
immune status, particularly with respect to Th1 responses, but in compensation there is an
upregulation of the innate system.9

Innate immunity is a primary target for adjuvants and delivery systems and includes at
least four phases: recognition, inflammation, costimulation and immunomodulation
(Table 16.1). All these phases should be considered for tailor-making vaccines with defined
immunological properties. The primary event for activation of the innate system against an
infection is the recognition of divergent foreign physical forms of antigens. This particulate
form of foreign intruder has been mimicked in a number of vaccines or experimental vaccine
formulations. Examples of delivery systems encompassing antigens and various adjuvant func-
tions such as targeting and immune modulation include micelles, VLPs, liposomes, SAF-1,
biodegradable microspheres10 and ISCOMs.7,11

Prokaryotic microbes (Table 16.2) are a rich source of substances that act as host recogni-
tion signals. Many types of bacterial molecules have been used as adjuvants, among which the
most common for recognition are microbial carbohydrate structures in the form of outer mem-
brane glycolipids and cell wall carbohydrates. Carbohydrate structures activate complement
(C´) through the classical pathway by binding to collectin (a molecule having both lectin and
collagen domains)12 or through the alternative pathway by interacting with sialic acid-free
carbohydrates. Carbohydrates often cover bacterial surfaces, thus presenting a wide range of
molecular structures and patterns serving as fingerprints for host recognition. The host’s soluble
mannose-binding protein (MBP) and the cell surface mannose-binding receptor (MR, not
limited to mannose) are able to recognize these patterns to discern self from nonself and to
activate innate immunity accordingly.

The MBP is synthesized by liver cells as a monomer that has a carboxy-terminal carbohy-
drate recognition (lectin) domain (CRD), a neck region, and a collagen region; these qualify
MBP as a collectin.13 The helical collagen structure provides increased flexibility to MBP, thus
contributing to a broadening of the freedom of ligand binding. MBP is also classified as an
acute-phase protein. Multimer forms of MBP can substitute C1q in the classical and alterna-
tive C´ cascade. More important is the activation mechanism of the C´ cascade by
MBP-associated serine proteases (MASP-1 and MASP-2) discovered in man and mouse.14,15

These proteins can be traced evolutionarily (together with lectin-like proteins) to tunicates,
suggesting an evolution for C´ activation. In view of the link between C´ activation and its
major role in generating an antibody response,16 it is of interest to look for adjuvant-activating
C´ in early life forms. The opsonin activity of MBP17 suggests a role as a broad-spectrum
“antibody” and a promoter for antigen uptake by APCs.

Explanations for the selective binding of MBP to carbohydrate structures of pathogens are
given in the review of Frazer et al18 and the pioneering work of Weis et al.19 The latter showed,
by cocrystallization of the carbohydrate domain of rat MBP with a defined oligomannose
ligand-binding site, that an equatorial orientation of the C3 and C4-OH groups of the hexoses
is required for the binding. This orientation of hydroxyl groups is found not only in mannose
but also in glucose, N-acetylglucosamine and fucose19 in the cell walls of Gram+ and Gram-

bacteria, yeasts, and certain parasites. These structures in O-linked polysaccharides of Gram-

bacteria and in lipoteichoic acid of Gram+ bacteria are certainly important for activation of the
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innate immune response. The analyses of key amino acids in the rat MBP-binding region also
clarifies the requirements for galactose binding to the C-type lectin-binding domains. In contrast,
the ultimate and penultimate sialic acid and galactose sugars of mammalian cells, probably
constituting a marker of self for the innate immune system, are not bound to the MBP-binding
site. Thus, the MBP is a target for adjuvant molecules with its recognition and opsonin functions.
Carbohydrates that bind to MBP have prospects for use in complex adjuvant and delivery
systems. Viral carbohydrates also are bound to MBP, as exemplified by herpesviruses and HIV-1.
Conceptually, innate immunity recognizing adjuvants is similar to its recognizing microorgan-
isms; this event initiates the danger signal20 or mimics the pathogen-associated molecular pattern
(PAMP) to target the corresponding pattern recognition receptors (PRR) and to provoke a cascade
of events eventually leading to protective immunity.

The cellular MR, a 180-kilodalton (kD) molecule, is probably the most important PRR
found on resident macrophages and dendritic cells (DC). MR has a unique capacity to bind
and mediate the internalization both of soluble ligands by endocytosis and of particulate ligands
by phagocytosis. The MR has five domains* that appear to recognize different PAMPs. The
receptor originally was named after mannose; its binding properties are mediated by a CRD
tandem repeat that also binds fucose, N-acetylglucosamine and glucose (but not galactose) in a
calcium-dependent manner. The individual CRDs of the receptor contribute differently to
overall avidity19,21 This CRD-mediated pattern contributes to differentiating self from patho-
gen surface carbohydrates that are not found on mammalian glycoconjugates and cells. Addi-
tional motifs are recognized by the cysteine-rich MR region that is upregulated after
immunization of mice. Oligosaccharides terminating with GalNac4-SO4 independently bind
calcium to a site different from that of mannosylated ligands. This motif is present on glyco-
protein hormones and may be involved in determining serum half-life. Sulfate-derivitized
polysaccharide adjuvants used for animals and proposed for humans7,28-30 may be active through
a similar mechanism. High-molecular-weight sulfated dextran was used in water/oil (w/o)
emulsions; its mechanism of action is probably complex.30 The ability to bind and internalize
microorganisms via the MR in the absence of opsonizing antibodies is highly interesting for
protection against infection and also represents an adjuvant concept for vaccine delivery to
target APC.

The endocytic and phagocytic activities mediated by the MR are independently regu-
lated. IFNγ enhances MR-mediated phagocytic activity while inhibiting MR expression and
IL-4-induced endocytosis is leading to a Th2 response as demonstrated by microbes and their
products.31,32

MR expression is regulated in vivo by immunoglobulins, corticosteroids and prostaglan-
dins.33 Direct evidence for the potential of adjuvants to target the MRs through carbohydrates
is that mannosylation of antigens enhances the MHC class II-restricted T-cell response over
DCs34,35 for targeting captured antigens to the MHC class II loading compartment.33 Poly-
mers of mannose and (1-3 glucose have been proposed as adjuvants for human vaccines, either
mixed2,7 or conjugated to an immunogen in order to target the MR or DEC receptor on
macrophages or DCs; such formulations upregulate Th1 responses.

In the last few years, it has been revealed that lipid antigens could induce immune responses
by antigen presentation to lymphocytes by members of the CD1 family of molecules.36,37 The
CD1 pathway of antigen presentation, which functions similarly to that of MHC class II

*The five domains are 1, amino-terminal, extracellular, cysteine-rich region; 2, a fibronectin type-II repeat-
containing domain; 3, eight tandem lectin-like carbohydrate recognition domains (CRD); 4, a transmembrane
domain; and 5. an intracellular carboxy-terminal tail.22-24 This domain-structure defines a family of multilectin
mannose receptors having 8-10 CRDs with other members including phopholipase A2 receptor (PLA2),25 DEC-
205, and an unnamed lectin.26
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molecules, opens a new channel for the presentation of a novel chemical universe of lipids.
Studies suggest that CD1 might not be primarily involved with presenting foreign ligands, but
rather would function by triggering regulatory cells to respond to danger signals (stress or
damage) through exerting or recruiting appropriate protective responses (reviewed in ref. 38).
It also is well established that mycolic acids and ceramides, which can be presented by CD1, are
strong adjuvants of adaptive immune responses39,40 implicating their importance in glycolipid
vaccine formulations (e.g., Mycobacterium tuberculosis vaccine).

LPS of Gram- bacteria (reviewed in 41) has long been used as an adjuvant. During the last
10 years, substantial understanding has been gained in the mechanisms controlling cellular
responses to LPS. The biologically-active endotoxic structure within this complex glycolipid is
the lipid A moiety (a phosphorylated glucosamine), with multiple fatty acids anchoring the
structure in the outer membrane of the Gram- bacteria. LPS binds to soluble LPS-binding
serum proteins (LBP)42 or the homologous bacterial/permeability-increasing protein (BPI).43

Binding by LBP promotes delivery of LPS to the CD14 receptor of monocytes, which consti-
tutes a LBP/CD14 pathway leading to cellular activation and TNF-α production. No other
serum proteins are able to replace LBP as an opsonin for LPS that promotes transfer to CD14
and subsequent phagocytosis. However, CD14 only increases the sensitivity of macrophages to
LPS, because it does not have a cytoplasmic signaling domain. Recent studies by Janeway’s
group revealed a mammalian homologue of a Drosophila protein known as toll.44 More than
five such proteins have been identified in humans and are called toll-like receptors (TLRs). All
these are transmembrane proteins containing repeated leucine-rich motifs in their extracellular
portions, similar to such motifs in other pattern-recognition proteins. TLRs contain a cyto-
plasmic portion that is homologous to the interleukin-1 receptor (IL1R) and hence could
trigger signaling pathways. Evidence suggests that CD14 recruits LPS to TLR proteins, thereby
facilitating signal transduction and leading to 1. the release of cytokines and expression of
costimulatory molecules from macrophages; 2. the recruitment of IL1R-associated kinase-2
and TNF receptor-associated factor-6; 3. activation of nuclear factor-kB; and 4. subsequent
gene transcription.45,46 Agonists of TLRs in the form of vaccines could prove useful as adju-
vants for stimulating innate immunity, thereby enhancing adaptive immune responses.47 This
pathway is down-regulated by the BPI-LPS complex and may control LPS aggregation and
delivery to monocytes. The inflammatory reaction follows this recognition, as seen with Gram-

bacteria and the production of chemokines and proinflammatory cytokines like IL-1, IL-6,
IL-8 GM-CSF and TNF-α. Subsequent to inflammation, regulatory cytokines are produced,
with IL-12 (synergistically with IL-15 and IL-18) and IL-4 as the main actors for Th1 and Th2
responses, respectively.

Besides carbohydrate structures of microorganisms, the innate immune system recognizes
lipids (e.g., in LPS) and prokaryote peptides or their derivatives (e.g., MDP, GMDP and MTP),
bacterial cell walls components (e.g., trehalose dimycolate from M. tuberculosis), and prokary-
otic DNA (e.g., nonmethylated DNA). Such recognition events activate the innate system.
These products, found in various delivery systems and formulations, also provoke cells other
than DCs and macrophages in the innate immune system, e.g., NK cells, γ/δ T cells and
neutrophils.8 Cellular elements that evoke Th2 responses include “natural” T cells producing
IL-4.8 Mast cells and basophils also produce IL-4 and therefore have a regulatory role in pro-
moting a Th2 response. Freund’s complete adjuvant (FCA), containing whole mycobacterial
cells, promotes a Th1 response, while incomplete Freund’s adjuvant (IFA) favors a Th2 type
response. MDP, a mycobacterial peptide, is the source of various derivatives. Lipophilic deriva-
tives (MDP, MTP, GMDP) generally induce a Th1 response, hydrophilic derivatives a Th2
response (Table 16.4), and DNA CpG motifs a Th1 response as recently shown by the pathway
of a TLR, all being used as adjuvants and in adjuvant formulations. Effector cells of the innate
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immune system being recruited by activated Th1 cells are macrophages and neutrophils pro-
ducing several inflammatory products and respiratory burst.

Saponins and γ-inulin are examples of plant-derived adjuvants. The saponin from the tree
Quillaja saponia Molina, in the form of ISCOMs, is efficiently taken up by macrophages, DCs
and B cells. Many fold-higher uptakes were observed in these APCs when glycosylated influ-
enza virus envelope proteins were incorporated into ISCOMs. Macrophages, DCs, and B cells
incubated with ISCOMs stimulated committed and naive T cells in vitro to proliferation and
cytokine production.48 A major advantage of ISCOMs, in contrast to emulsions and alumi-
num, is their suitability for in vitro studies.

APCs Instruct the Acquired Immune System
There are no distinct boundaries between the innate and acquired immunities. The APCs

include members of the innate system (i.e., DCs and macrophages), while B cells belong to the
acquired immune system. Adjuvants often interact with both systems, with initial recognition
at one end and immune memory at the other end, but with effector functions distributed in
both systems.

APCs have a key role in inducting and controlling T- and B-cell responses as well as
immunity as a whole (Table 16.3). DCs are involved in optimizing the clonal selection of
low-frequency CD4+ and CD8+ T cells and recruiting and activating quiescent naive and memory
B and T cells. An essential sequence for antigen presentation is the development of immature
DCs into mature DCs. Immature DCs have a prominent capacity for antigen uptake by
pinocytosis or phagocytosis, but lack CD86 and CD80 required for interaction with CD28
and CTLA-4 on T cells. With maturation comes a loss of capacity for antigen uptake but
increased capacity to process and present antigens to T cells. The maturation is induced, e.g.,
by infectious agents and their products (LPS) and mediated by GM-CSF and IL-4. These
processes give DCs the role of mobile sentinels bringing antigens to T cells after expression of

Table 16.3. Cells and cytokines of the innate immune system which modulate the
acquired immune responses

 Cell type Cytokine T-helper  B-cell
produced response response

APC# Macrophages  TGF-β  IgA
Macrophages  IL-4  Th2  IgG1, IgE
Macrophages,  IL-10  Th2  IgG1, IgA , IgE
dentritic cells

Macrophages,  IL-12, IL-15  Th1 IgG2a
dentritic cells

Macrophages  IL-18  Th1  IgG2a
Accessory NK cells  IFN-γ  Th1  IgG2a
cells Mast cells, Basophils  IL-4  Th2  IgG1, IgE

Eosinophils  IL-5  Th2  IgE
Epithelial cells  TGF-β  IgA
NK T cells  IL-4  Th2  IgG1, IgE

# B cells have about 1000 times stronger antigen presenting capacity. But with little or no
immunomodulating capacity, they do not belong to the innate immune system.
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T-cell ligands (CD40 and CD56) and costimulators (CD80 and CD86). DCs upregulated
during infection also respond to signals for trafficking that are guided by expression of adhesion
molecules (e.g., LFA-3, ICAM-1 and -3, and CD24), chemokine receptors, and chemokine
secretion (e.g., IL-8, MIP-1α, β and IL-12) (reviewed in ref. 49). This process is a target for
adjuvant action but is biologically very complex, which explains why many adjuvant-active
molecules are found in microorganisms (Table 16.2) or their products (e.g., LPS, MDP, and
other bacterial cell wall components containing a multitude of carbohydrates). Adjuvants interact
with various receptors on the DCs, MRs, and receptors for LPS, TLRs and DEC-205.50 This
interaction probably occurs in the case of delivery systems (e.g., ISCOMs containing a com-
plex carbohydrate structure), SAF-1 or liposomes formulated with proper immunomodulators.
The production of IL-12 leads to Th1 responses and of IL-4 and IL-10 to Th2 responses.51

Cytokines such as TGF-β and IL-10 will inhibit maturation to Th1 responses, while IFN-γ
will down-regulate Th2 responses (Fig. 16.1). However, DCs might not be readily manipulat-
able with adjuvants, in particular the steering of maturation and migration to the lymphatics
and the T- and B-cell areas. Importantly, we have adjuvants with the capacity to induce im-
mune modulatory secretory products like IL-12 (e.g., by LPS derivatives ISCOMs and CpG
driving the Th1 response and IFN-γ production48,52,53), which in most cases are likely regu-
lated through DCs. It is becoming more evident that DCs have an important role for antigen
presentation toward CTL induction. Macrophages are also important targets for
immunomodulators (Table 16.3) and particularly for Th1 responses8 that involve phagocyto-
sis and intracellular killing of microorganisms. There appears also to be a synergistic effect
between macrophages and DCs as APCs.48,52,53 Adjuvants that promote macrophage presenta-
tion are often of bacterial origin and are partly recognized through the MR. Adjuvants in the
form of sulfated polymers are endocytosed (soluble antigen) or phagocytosed (particulate anti-
gens) by macrophages54-56 and DCs, possibly through the MR. It has been suggested that such
molecules reduce the scavenger activity of macrophages, thus promoting APC activity. Par-
ticles generally drive macrophages to phagocytosis and Th1 responses. There are several par-
ticulate formulations with and without carbohydrate moieties that target macrophages (e.g.,
microspheres, liposomes, VLPs and ISCOMs). Th2 responses have been considered indepen-
dent of macrophages and are mediated by noncytotoxic antibodies, mast cells, eosinophils and
“natural” T cells. However, subsets of macrophages also mediate Th2 responses (Table 16.3).
Soluble antigens incorporated by endocytosis tend to induce Th2 responses.

Immune Modulation Is Based on Cross-Talk Between Innate
Immunity and Helper T Cells

Immune modulation towards Th1 and Th2 responses, often set as a goal for adjuvants, is
highly dependent on APC activities. As discussed above, the Th1 response requires IL-12 and
is enhanced by IL-1557 and IL-18,58 which are products of innate immunity. IL-2 and IFN-γ
(regulatory Th1 cytokines) are produced by both innate and acquired systems, as are IL-4,
IL-10 and TGF-β (regulatory Th2 cytokines). Since Th1 cells express the Fas ligand, they are
targets for contact-apoptosis by Fas+ cells.59 These cytokines maintain immune responses in
autocrine cycles and lack the down-regulation seen in hormone systems. Therefore, these cycles
depend on cross-regulation of respective T-helper responses preventing exaggerated immune
reactions (Fig. 16.1). Nature often formulates a balanced response, but under pathological
conditions this balance is upset, which also may be an issue for the use of adjuvants. The
regulatory mechanism of IL-10 and TGF-β is physiological, to avoid overproduction of IL-12
and to down-regulate Th1 leading to pathological problems (e.g., toxic shock syndrome).60

Hepatitis B infection may induce strong reactions and tissue destruction due to a strong CTL
activity enhanced by IL-12 and IFN-γ.61 Adjuvants inducing IL-10 are suitable for
down-regulation of DCs by preventing such maturation;62 this is also a tool for the persistence
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of microorganisms by evading the immune system (as suggested for Epstein-Barr virus).63 Thus,
cross-talk between innate and acquired immunity and cross-regulation between Th1 and Th2
are important for avoiding either tissue damage by a Th1 response64 or allergy and autoim-
mune disorders by a Th2 response. Consequently, adjuvants promoting Th2 responses are of
interest for regulating Th1 responses; they also provide for protective activities against parasites
in which mast cells and eosinophils are involved. IFN-γ can down-regulate the Th2 response,
as can adjuvants.60 Examples of inducers or adjuvants and their cellular targets promoting Th1
or Th2 responses or both are listed in Table 16.4. Despite these numerous examples, there is a
limited choice of such adjuvants for vaccine use.

The Collaboration Between the Complement System and B Cells:
Roles for Adjuvants

The C´ system is the major humoral effector mechanism for innate immunity. Its recruit-
ment is based on recognition of microbial carbohydrates along two pathways. The classical
pathway is initiated by binding of collectin to certain carbohydrates,12 while the alternative
pathway is induced by carbohydrates lacking sialic acid.65 Thus, carbohydrates (such as gly-
colipids) activating the C´ system have strong enhancing effects on the immunogenicity of the
antigens to which they are attached (reviewed in 66), including instruction towards an immune
response. Well-known adjuvants of microbial origin that enhance C´ cooperation are LPS and
its derivatives, various cell wall elements and outer membrane molecules, synthetic molecules
such as block polymers,67 γ-inulin, or plant-derived adjuvants.68 The delivery system SAF-1
was designed to activate the C´ system by incorporation of MTP,69 which contains cell wall
elements.7(Table 16.2)

The involvement of C´ in stimulating B-cell responses is becoming increasingly recog-
nized as important. C3d components of C´ attach covalently to microbial antigens and bind to
the CR2 C’ receptor (CD21) on follicular DCs. This binding results in an enhanced immune
response to the linked antigen (reviewed in ref. 70). The complex of CR2-CD19 linked to IgM
activates the B lymphocyte to proceed along one of two pathways. Development of B-cell

Fig. 16.1. Regulations and interactions between the innate and acquired immune systems and their cytokine
profiles.
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memory and its localization to a germinal center is mediated by IL-4 and by the interaction
between CD40 on B cells and the CD40 ligand on activated T cells. The development of
plasma cells is facilitated by the cytokines IL-3, IL-6 and IL-10 and the expression of the OX40
ligand on B cells and of OX40 on activated T cells. Two down-regulating systems are involved
in C´-dependent B-cell activation (i.e., CD22 and Fcγ RIIB), the latter providing memory for
a previous immune response.70 Basically this knowledge should facilitate the creation of adju-
vants and vaccines inducing B-cell memory and/or plasma-cell responses.

Immune Modulation For CTL
The MHC class I-restricted immune response, in connection with vaccine development,

is today mainly focused on CTL, although CD8+ cells with other functions may be important
for protection against infection, in particular viral. For example, protection against HIV infec-
tion has been associated with the production of the β-chemokines MIP-1α and β and RANTES,
produced by CD8+ cells and which block the second receptor essential for infection by facili-
tating the fusion of the virion to host cells.71 It was shown recently that ISCOMs with HIV-1
antigens induced macaque CD8+ cells to produce these β-chemokines;72 the immunized
macaques were protected from infection by a chimeric HIV-SIV. Other functions of CD8+

cells may be of future vaccine interest, e.g., for down-regulation of the immune response.
Until recently it was thought that the MHC class I-restricted CTL response was only

efficiently evoked by endogeneously produced antigens, e.g., after virus infection or as tumor
antigens. However, intranasal immunization with low doses of influenza virus antigens in
ISCOMs elicited CTL.73 Takahashi et al74 showed that parenteral immunization with ISCOMs
containing influenza virus envelope antigens and ISCOMs with HIV-1 gp160 induced CTL
in a mouse model. Deres et al75 showed that lipopeptides with tripalmitic acid linked via serine
to influenza virus peptides induced CTL. Other systems that efficiently induce CTL are
acid-sensitive liposomes76 and fusogenic liposomes (e.g., Sendai virus F protein of ).77 Various
adjuvant formulations that evoke CTL are listed in Table 16.5. In the case of ISCOMs, the
incorporation of the particle into the cell membranes exposes the antigens to cytosolic pro-
teases and delivers the antigens to the cytosol. The antigens are evenly delivered to the cytosol
and to cellular vesicles.78 The lipophilic center of lipopeptides similarly may incorporate them
in the membrane, then proteases clip the peptide into the cytosol. Liposomes can integrate into

Table 16.4. Principal actions of immunomodulatory compounds

 Th1 induction hydrophobic MDP and derivatives (e.g., MTP-PE),
LPS-lipid A and derivatives (e.g., MPL)
avridine, DDA (amines toxic)
TDM (from M. tuberculosis used in emulsions)
CWS (cell wall skeletons)
DHEA (dehydroepi-androsterone)

Th2 induction hydrophilic MDP (e.g., GMDP)
vitamin D3
poly A:U
aluminum salts
vitamin D3

Th1/Th2 induction saponins
poly I:C and poly ICLC
stearyl tyrosine
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cell membranes by means of fusion in the acidic compartment of endolysosomes or by means
of fusion proteins, thereby exposing the antigens to cytosolic proteases for processing and trans-
port to the ER. Thus, the key for CTL induction is delivery of antigens to the cytosol and
up-regulation of IL-2 and IFN-γ,79-81 which is the case with ISCOMs and with certain lipo-
somes discussed above.82 It has been convincingly demonstrated that CTL immunity can be
induced naturally by exogenously delivered antigens;83 this required professional APC and
especially DCs. In the case of viruses, when APCs are not infected (i.e., no endogenous virus
antigen is produced), the DCs efficiently take up exogenous viral antigens for processing and
presentation from other cells in the infected mouse, resulting in the development of CTL
responses. This information points to more ways for manipulating MHC class I responses,
which is especially required under conditions whereby the APCs are not being infected by
nonreplicating delivery systems.

Delivery Systems
It can be argued whether the term delivery system should include adjuvants that influ-

ence the delivery of antigen over a period of time {Al(OH)3 and gel emulsions such as CFA or
IFA). Their effect is mainly the release of antigen from a depot. The benefit of that effect can be
questioned, since surgical removal of the injection site after three days did not hamper the
antibody response.84 A recent concept of such a depot is slow sustained-release and
controlled-release formulations, with the objective of giving two or more doses in one injec-
tion. There are several formulations that continuously release antigens, e.g. synthetic polymers
and nonionic block copolymers surfactants85 composed of hydrophilic polyoxyethylene (POE)
and hydrophobic polyoxypropylene (POP). Certain proportions of POE and POP correlate
with high adjuvant activity and are more efficient in emulsions than by themselves.
Methylmethacrylate polymers with entrapped antigens formed into spheres of < 1 µm diameter
are named nanoparticles.86 Microencapsulation exists in several forms. Perhaps most successful

Table 16.5. Adjuvants that induce CTL responses

   Property  Adjuvant examples  Remarks

Surfactants Saponins and ISCOM-matrix Low to moderate
Block co-polymers Low

Lipophilic compounds Synthetic lipopeptide Efficient
Emulsions MF59 Low

SAF-1 with MTP-PE o/w emulsion Efficient only
with short peptides

Combination of emulsion  o/w emulsion + MPL + QS21 Low
and lipiphilic properties

Delivery systems Liposomes (fusogenic or acid sensitive) Efficient
ISCOMs Efficient after both

mucosal and parenteral
administrations

Receptor mediated Nonreplicative vectors for CTL Efficient
activation (e.g., recombinant adeylate
cyclase toxins of B. pertussis103,104

and recombinant parvovirus-like105,106
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is the biodegradable polyester poly-D,L-lactide-coglycolide (PLGA). Formulation of antigens
into 1- to 10-µm PLGA microspheres87 enhances antibody- and cell-mediated immune responses
following parenteral or mucosal administration.88 However, polymerization by organic sol-
vents may create practical problems, and acid degradation products may compromise antigenicity.
In contrast, crosslinking of water-soluble polyphosphorus and alginate polymers exclude the
use of organic solvents. By crosslinking of the carboxyl groups of the polyphosphorus polymers
with divalent cations, hydrogel microspheres are formed with properties for mucosal
administration. Antigens in these polymers generally enhance antibody responses compared to
corresponding aqueous solutions of the antigen. Some block copolymers in emulsion (e.g., in
SAF-1) have strong immunomodulatory effects towards a Th1 response. To analyze the effect
of sustained antigen release from polymers, we have studied the effect of ISCOMs released
from alginate gel and from w/o emulsions and also mimicked pulsatile release by weekly injec-
tion of ISCOMs. In all formulations or procedures where ISCOMs were released repeatedly or
release was protracted, the antibody response was lower and the proportion of IgG2a was
significantly lower than after two injections of ISCOMs given six weeks apart. It should be
noted that ISCOMs are rapidly removed from the site of injection. Thus, it can be discussed
how the release should be effected in order to give optimal priming and boost (Johansson et al,
in press).

Delivery systems for vaccine antigens generally are not immunomodulating,7 and the
targeting is limited by the particulate form, with improved uptake by macrophages. Externally
exposed carbohydrates as antigens may contribute to uptake by macrophages and DCs. Con-
ceptually, delivery systems for vaccine antigens should contain antigen, target delivery to the
lymphatic system, and preferably include an immunomodulator. Examples of such delivery
systems are liposomes, SAF-1 and ISCOMs. Liposomes and ISCOMs are versatile, allowing
the incorporation of target molecules and immunomodulators. These delivery systems can be
formulated to induce prominent Th1 responses; liposomes and ISCOMs also have been for-
mulated for mucosal administrations.

Vaccines for Newborns and Elderly Require Suitable Strong
Adjuvants

We lack some vaccines for both newborns and the elderly due to difficulties in eliciting
protective immunity. Here cease the similarities between the two age groups. While the immature
immune system has components for mounting a long-lasting response, the aged immune sys-
tem has decreased capacity and the induced immune response is of shorter duration.89 After
the pioneering work of Medawar,90 it was generally accepted that neonates are difficult to
immunize and may be tolerized. More recent work has shown that the immaturity of the
neonate immune system is quantitative to a great extent, due to few T cells and few APCs
compared to the antigen dose given,91,92 which promotes high-dose tolerance.93 Sarzotti and
colleagues94 showed that the immune system of newborns contains a >100-fold lower number
of immune cells than that of adults. High doses of virus promoted a Th2 response, while
decreasing the virus dose promoted a Th1 response. It is becoming clearer that adjuvants may
enable the development of some vaccines for newborns.95 The Th2 bias of neonates may be
overcome with strong Th1 adjuvants92 or a delivery system such as ISCOMs containing Sendai
virus (SV) membrane proteins, which induced a Th1 response in 2-day-old mice compared to
an alum-adjuvanted vaccine that induced a Th2 response (submitted). Interestingly the ISCOMs
seem to boost and convert a Th2 response primed by alum-adjuvanted SV vaccine to a Th1
response (Blomquist et al., manuscript in preparation). The presence of maternal-derived block-
ing antibodies may cause problems for vaccinating newborns. Osterhaus’ group has shown in
primates97 that passively-transferred antibodies to measles virus blocked the commercial measles
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vaccine from inducing antibody- and cell-mediated responses, but ISCOMs containing the H
and F proteins overcome the effect of blocking antibodies and induced potent antibody and
cell-mediated immune responses. ISCOMs containing equine herpes virus II envelope anti-
gens induced protective immunity by a vaccination protocol with priming at 10 days of age
followed by a boost at 1 month.98

While early work claimed that human neonates produce IgM but do not switch efficiently
to the production of other immunoglobulin isotypes, recent work has shown that when T-cell
help is provided in vitro99 or in vivo100 in an adoptive host, there is a B-cell switch to other
classes. Neonate mice, in contrast to humans, respond with a switch to the various isotypes and
IgG subclasses, i.e., alum promotes Th2 responses, while ISCOMs, block polymers or DNA
vaccines promote Th1 responses.91,92,101

Aging is associated with the decline of various immunological functions. Vaccination is
still carried out against certain infection in elderly (e.g., influenza), although they are less
responsive and often develop antibodies with low affinity and of shorter duration. Suboptimal
costimulation is a distinct factor for the decreased responsiveness of the elderly, which was
overcome by an experimental ISCOM influenza virus vaccine in an aged mouse model. Sambhara
et al102 showed that the enhanced immune response and protection to challenge infection in
the elderly compared to current influenza vaccine was correlated with a restored capacity of
APCs to express CD86 and to a lesser extent CD80.

The Present Situation and Future Aspects of Adjuvants
and Delivery Systems

There is no universal adjuvant because different antigens require different adjuvant activi-
ties for inducing protective immunity against the target pathogen. Aluminum hydroxide, which
induces Th2 responses, is effective at adjuvanting some antigens, e.g., bacterial toxoids. It is
used in several viral and bacterial vaccines despite being suboptimal for inducing the inappro-
priate type of immune response in some cases. Even closely related microorganisms may require
different type of adjuvants, e.g., protective immunity against the South American Trypanosoma
cruzi requires Th1 responses, while that against African trypanosomes require Th2 responses. If
inappropriate immune responses are induced, then disease might be enhanced. Classical w/o
emulsions often cause strong local reactions. However, o/w or double emulsions cause fewer
side effects and have stronger immune modulatory effects. Liposomes may be versatile. They
are produced by a number of different protocols that may be complicated, and they may also
be fragile. In contrast, ISCOMs, which also are versatile, are very stable and are used in animal
vaccines. The use of adjuvants is generally empirical. The selected antigen and the pathogenesis
of the microorganisms for which the antigen is intended should be factors for determining the
choice of adjuvant. However, the big problem is that, at least for human vaccines, there are few
approved adjuvants.

Slow-release systems often require organic solvents for preparing formulations. They con-
tinuously release antigens after administration in a way which may be suboptimal. Further-
more, some of them produce polymer breakdown products in the form of organic acids which
may negatively influence the structural stability of antigens.

During the next decade, we may anticipate that adjuvants would be constructed with
defined natural properties, starting with signals of recognition including a particulate format
for activating the innate immune system. This step is followed by selected enhanced recruit-
ment of the proinflammatory response and stimulation for expression of the costimulatory
molecules and their receptors. Eventually the adjuvant activity would have an immuno-
modulating action. This may involve a delivery system where the components driving the
described actions can be exchanged for tailor-made activities. The delivery system also would
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include targeting properties for organs, cells and intracellular distribution of antigens and other
components. Particular considerations for targeting properties are required for mucosal
administration. For that purpose devices addressing local as well as remote mucosal sites will be
constructed using mechanisms of adhesions, integrins and homing. Such devices also are of
great interest for drug delivery. WHO has long called for one injection delivering two or more
doses. Such a delivery system awaits the development of controlled pulsed-release formulations
for replacing continuous release.
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CHAPTER 17

Transcutaneous Immunization
Gregory M. Glenn

Introduction

The skin is a highly complex yet well-orchestrated system committed to its protective
barrier function. Human integument not only keeps moisture in and foreign material
out, but is also designed for protection against the hostile microbial world which

frequently gains entry through micro-trauma or other barrier disruptive events. Scientists in
the past few decades have begun to more thoroughly describe skin immunobiology and
vaccinologists have subsequently appreciated that the skin immune system is a desirable and
potent target for immunization.1-4 Topical applications and immune responses have tradition-
ally been associated by clinicians only with immunopathologies of the skin. Intradermal
immunization has been appreciated for the potency of subsequent immune responses, but
until recently has not been appreciated for its connection with the skin immune system. The
premise of transcutaneous immunization (TCI) is that vaccinologists can capitalize on the
potency and accessiblity of the skin immune system and utilize this refined protective system
for immunoprotection and immunotherapy by topical application of the immunizing
formulation.

TCI is based on an elegant but simple amalgam of established scientific insights, each
with an extensive background of literature that can be utilized for development of topical
immunization techniques: skin penetration techniques, the presence and activities of antigen
presenting cells in the epidermis, and adjuvants as enhancers and modulators of the immune
response. Thus, although TCI is a relatively new observation, the understanding of skin pen-
etration, skin immunobiology and adjuvant use underlying this technique provides an enor-
mous fund of knowledge for realization of this technique in the clinic. This chapter reviews the
working hypothesis of TCI, surveys the relevant literature and current data, and outlines potential
future directions for research that aims at stimulating further research and development for this
and related vaccine technologies.

Barriers and Targets for TCI
The skin is composed of three principal layers: the stratum corneum, the epidermis and

the dermis. The stratum corneum, the outer protective layer of the epidermis, is composed
principally of quiescent, keratin-filled epidermal cells encased in a mortar of surrounding lipids
that were secreted by maturing keratinocytes. The stratum corneum is widely accepted as the
principle barrier to penetration.5 The living epidermis that underlies the stratum corneum
(SC) is composed primarily (95%) of epidermal keratinocytes. However, 25% of the total skin
surface area in humans is undergirded by antigen presenting cells (Langerhans cells) distributed
among the viable keratinocytes6 and thus represents an extensive, highly superficial network
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barrier of immune system elements. In contrast to transdermal drug delivery, which presumes
transport of a drug through the epidermis into the vasculature found in the deeper layers of the
skin (dermis), TCI appears to target only these superficial layers of the skin, the epidermis,
where Langerhans cells (LCs) can initiate systemic immune responses.7 The extensive dedica-
tion of biological resources in the form of antigen presenting cells to immunoprotection in the
superficial layers of the skin indicates that the stratum corneum is often penetrated by microbes
and suggests that it can be penetrated for purposes of immunization. The fact that TCI has
been used in mice, rabbits, guinea pigs, cats, dogs, sheep and humans supports this premise.8,9

The transit pathways utilized by antigens to traverse the stratum corneum are unknown at
this time. The stratum corneum is the principal barrier to delivery of drugs and antigens through
the skin. Transdermal drug delivery of polar drugs is widely held to occur through aqueous
intercellular channels formed between the keratinocytes.10 Although the SC is the limiting
barrier for penetration, it is breached by hair follicles and sweat ducts. Whether antigens penetrate
directly through the SC or via the epidermal appendages may depend on a host of factors.
These appendages are thought to play only a minor role in transdermal drug delivery.11 Despite
some evidence in mice that topical immunization using DNA may utilize hair follicles as the
pathway for skin penetration,12 it is more likely that robust immune responses will require
utilization of more of the skin surface area. Disruption of the SC barrier can be accomplished
by simple interventions such as hydration of the skin which is considered to be the most effec-
tive skin penetration enhancer technique.5 Hydration of the SC induced by occlusion is widely
used for enabling penetration of drugs with transdermal patches and has been the principle
technique employed to date for TCI.13

LCs are bone marrow derived antigen presenting cells that reside in the epidermis where
they sample antigen and have a baseline level of traffic to the draining lymph nodes. LCs are
known to increase their rate of migration out of the skin in response to activating stimuli, such
as contact sensitizers or intradermally injected LPS or TNF-α and travel to the lymph node
where antigen presentation occurs to T-cells.14 In immune pathologies such as topically induced
delayed-type hypersensitivity (DTH), sensitized T-cells generated from previous antigen expo-
sure migrate back to the skin and produce local inflammation.15 We have hypothesized that
LCs phagocytose antigen, are activated by adjuvants, and the activation enhances migration
out of the skin and to the draining lymph nodes, where antigen presentation and activation of
T-cells occurs (Fig. 17.1). The efferent of contact sensitization which involves T-cell migration
back to the skin is not required for TCI.

The role of LCs and mechanisms engaged for TCI are undoubtedly complex yet early
observations are intriguing. Observations of activated LCs in response to topical administra-
tion of CT or CTB, as indicated by morphological changes, have proven to be reproducible.
This is illustrated in Figure 17.2. Split epidermis from mouse ears immunized with cholera
toxin (CT), harvested at 26 hours post-immunization, and FITC stained for class II demon-
strate rounding of the cells and loss of dendritic processes typical of LC activation by contact
sensitizers and intradermal injection of LPS or TNF-α.16,17 TNF-α and IL-1β are the primary
cytokines responsible for LC migration out of the skin16 and the role of these cytokines in TCI
is under study.

In TCI, inflammation of the skin in human trials is notably absent and histologic sections
taken from the site of immunization are devoid of lymphocytic infiltration.18 Thus, although
TCI may share some cellular pathways with DTH responses, TCI is not DTH. Furthermore,
the absence of skin inflammation and the induction of robust immune responses is highly
suggestive of the involvement of LCs in TCI as they are the only antigen presenting cells found
in uninflamed skin.19 Further studies are clearly needed to clarify the role of LCs in topical
immunization and elucidate the mechanisms underlying TCI. Clearly, the targeting of dendritic
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cells such as LCs has great potential for immunotherapies and thus elucidation of the mecha-
nisms underlying TCI will be of general interest.

Adjuvants and TCI
Adjuvants are used to augment both the immune response to vaccine antigens as well as

direct the qualitative response, and are amply discussed elsewhere.20 The induction of robust
immune responses following TCI appears to be dependent on the presence of an adjuvant in
the formulation.13 The use of adjuvants targeting potent APCs opens a host of possibilities for
manipulation of the immune response and enhancing efficacy through augmentation of the
immune response.

The greatest experience using adjuvants for TCI has been with the bacterial ADP-
ribosylating exotoxins (bAREs) which include CT, heat labile enterotoxin from E. coli (LT)21

and their mutants.22 bAREs have had extensive use as adjuvants via intranasal and oral routes
which has provided a wealth of applicable experience for their use on the skin.21 TCI is similar
to intranasal or oral immunization as the simple admixture of CT or LT with a coadministered
antigen such as tetanus toxoid or influenza hemagluttinin results in far higher antibody levels
compared to the administration of antigen alone.13 Similarly, use of bAREs either by intranasal
or by TCI can induce cell-mediated immunity to the coadministered antigens such as CD4+7,23

or CD8+ T cells.24

Among the bAREs, there are several adjuvant choices for TCI. Point mutations and other
techniques have resulted in mutant toxins that appear to have adjuvant activities similar to the
native toxins but are less prone to induce potential gastrointestinal side effects. The use of these
mutant toxins as TCI adjuvants may allay the possible concern regarding toxicity that is associ-
ated with the use of native toxins22 which cause diarrhea upon ingestion in fasting subjects in
which the gastric acid has been neutralized.25 Purified cholera toxin B-subunit has also been

Fig. 17.1. Illustration of the operating hypothesis for transcutaneous immunization. Antigen and adjuvant
placed on the skin penetrate into the superficial layers of the epidermis through simple hydration. Langer-
hans cells phagocytose antigen (DT) and are activated by CT. Activated Langerhans cells migrate out of the
skin and into the draining lymph nodes, where antigen presentation of DT to T-cells occurs, resulting in
a subsequent systemic immune response to DT. Reprinted with permission from: Glenn GM, Scharton-
Kersten T, Alving CR. Exp Opin Invest Drugs 1999;8(6):797-805. ©1999 Ashley Publications LTD.
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found to be a potent adjuvant on the skin in contrast to rCTB which is less potent but readily
induces anti-CTB antibodies.26 Other adjuvants including mutant toxins, bacterial DNA,
cytokines and LPS have been shown to act as adjuvants but their potency and qualitative effects
compared to the bAREs remains to be determined.26

Immune Responses to Transcutaneous Immunization
Initial work has shown that CT acts as an adjuvant when applied to the skin, resulting in

classic priming and secondary antibody responses to coadministered antigens.13 Mice immu-

Fig. 17.2. After wetting the skin with water, the ventral ear surfaces of C57BL/6 mice ears were treated with
CT (250 mg) on one ear and PBS on the contralateral ear. Mice were sacrificed 26 hours after treatment.
Epidermal sheets were prepared as described17 and stained for the murine epidermal LC marker MHC class
II using hybridoma supernatant (top panel: Y3P, mouse IgG2a, ATCC, Manassas, VA), or irrelevant isotype
control supernatant (lower panel) and FITC-labeled goat anti-mouse Ig secondary Ab (Biosource Interna-
tional, Camarillo, CA).



New Vaccine Technologies296

nized with CT or LT alone and subsequently boosted demonstrate both strong priming and a
typical secondary antibody response to the toxins. By contrast, when CT is coadministered
with the vaccine antigens tetanus or diphtheria toxoid (DT), minimal priming antibody responses
to the coadministered antigen are seen, yet after boosting immunizations, classic secondary
antibody responses are observed.13 Antigens given without adjuvant can, after several doses,
induce a measurable antibody response which is consistently several log10 titers below the response
induced using an adjuvant.26,27

Most vaccines acquire their protective levels of antibodies through boosting regimens;
similarly, it appears that TCI elicits immune responses that can be readily boosted.13 Importantly,
the humoral response to the adjuvant has been shown not to interfere with the response to the
coadministered antigen, and multiple immunizations with different antigens using the same
adjuvant may be conducted.13 Additionally, the anti-toxin response to LT or CT as adjuvants,
which also shows secondary antibody response kinetics, may also have a protective effect to
prevent toxin-mediated diarrheas.28-30

In general, antigen-specific T-cells underlie the secondary antibody responses seen in
response to vaccination and would be expected to be induced using TCI. Consistent with this
concept, mice immunized on the skin with DT using CT as adjuvant have been found to have
DT-specific proliferative responses in the spleen and draining lymph nodes and the proliferative
responses to DT induced using TCI are due to CD4+ cells.7 T-cell responses to several antigens
have been seen and may represent the most sensitive immunological marker for detecting a
response to TCI. While the induction of secondary antibody and T-cell responses in spleen and
draining lymph nodes may seem in retrospect to be an obvious expectation of TCI, the unique
nature of this topical response and the historical association of topical applications almost
exclusively with immunopathologies of the skin made demonstration of secondary systemic
immune responses an essential task.

Mucosal Responses
Intramuscular and mucosal immunization appear to induce immune responses in different

immune compartments. Mucosal immune responses are desirable for their ability to block
pathogens at the point of entry at the mucosal lining. Intramuscular and subcutaneous
immunization generally result in systemic immune responses with little or no mucosal com-
ponent, although this may depend on a host of factors including the nature of the antigen or
adjuvant.31 Intramuscular immunization, however, can be effective against ‘mucosal’ pathogens
such as Hemophilus influenzae B that has nearly been eradicated by the use of an intramuscularly
injected vaccine.32 Clearly, the divisions between systemic and mucosal immune responses to
immunization are not simple. Similarly, mucosal responses are diverse and extend well be-
yond locally produced secretory IgA.35

We have postulated that skin immune system elements may be predisposed to mucosal
responses. The mucosa and skin share common elements including Langerhans cells and
secretory organs and the presence of immunoglobulins. More specifically, the sweat glands are
known to secrete IgA34 and immunohistochemical staining reveals both IgA and secretory
chain in the glandular lumina.35 Furthermore, microorganisms found on the skin demonstrate
coating with immunoglobulins, including IgA and secretory chain.36,37 Thus, it appears that
the skin immune system has inherent mechanisms for responding to microbes with mucosal-
like immune responses.38 It may also be possible that immune responses in lymph nodes that
drain to nodes receiving lymph from mucosal sites result in mucosal responses.39,40

The topical application of bAREs such as CT and coadministered antigens induces anti-
bodies that can be detected at the mucosa13,28 as well as mucosal cellular responses (unpub-
lished observations). In Figure 17.3, mice immunized transcutaneously with cholera toxin pro-
duce anti-CT IgG and IgA antibodies in the stool and pulmonary secretions. These antibodies
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Fig. 17.3. Sera (A and D), mucosal lung (B and E), and stool (C and F) antibody responses to CT after
transcutaneous immunization. C57BL/6 mice (17-22 animals per group) were immunized transcutaneously
at 0 and 3 weeks with 100 mg CT. Sera was collected at 3 and 6 weeks and the CT specific Ig (H+L) and
IgA levels assessed by ELISA. Data shown are the geometric mean ± SEM for measurements from 5
individual animals. An asterisk denotes a statistically significant (p < 0.05) difference between the titers
measured in the 1X and 2X immunization groups (A and B). C57BL/6 mice were immunized transcutaneously
at 0 weeks. Lung washes were performed on representative mice (n=5) after sacrifice on the day of challenge
(3 weeks) by tracheal transection. Ig (H+L) and IgA levels were assessed by ELISA and the titers (optical
density, 405 nm) from individual animals are shown. Neither IgG nor IgA were detected in lung washes from
unimmunized animals (B and E). C57BL/6 mice were immunized transcutaneously at 0 weeks. Single stool
pellets were collected immediately after defecation on the day before toxin challenge (6 weeks). Antibodies
were extracted from fecal homogenates as described in the Materials and Methods. Ig (H+L) and IgA levels
were assessed by ELISA and the titers (optical density 405 nm) from 8 (F) or 9 (C) individual animals are
shown. CT specific IgA was not detected in stool samples from unimmunized mice. A solid circle denotes
the maximal level of anti-CT Ig antibody detected in 1:2 dilutions of sera from unimmunized mice
(background). Reprinted with permission from: Glenn GM, Scharton-Kersten T, Vassell R, Mallett C, Hale
TL, Alving CR. J Immunol 1998;161:3211-3214. ©1998. The American Association of Immunologists.
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can neutralize toxin-induced pathology at both the pulmonary28 and intestinal mucosa
(unpublished observation). IgG antibodies to the coadministered antigen have been detected
in the mucosa in several settings. Mice immunized with CT as adjuvant and DT produce high
levels of serum anti-DT antibodies. When the mucosal secretions of mice immunized in this
fashion are assayed for the presence of antibodies by ELISA, anti-DT IgG can be found in
both lung washes and stool pellets.13 Stool and lung wash studies are not quantitative or sensi-
tive assessments of mucosal antibodies, but these results are compelling due to the complete
absence of antibodies in 0-week control stool specimens and control lung washes. These early
findings raise many mechanistic questions, yet suggest that induction of responses by TCI may
be used to enhance vaccine efficacy through induction of both mucosal and systemic responses.

Diversity of Antigens
Early studies with topical immunization utilized bAREs and toxoids as test antigens. As

shown in Table 17.1, antibodies to a variety of bAREs and the B subunit of CT can be readily
induced. CT and LT are organized as A:B5 structures that are essentially proenzymes with the
ADP-ribosyltransferase activity contained in the A subunit and its target cell binding region
located on the B subunit which binds to the ubiquitous cell membrane ganglioside GM1.41,42

The hallmark of their activities at the cellular level is the rise in intracellular cAMP upon
binding of CT to the ganglioside GM1 by the B-subunit and insertion of the A-subunit into the
cytoplasm of epithelial cells. In the intestine, this leads to fluid loss and diarrhea. However, the
mechanism of adjuvant effects by CT or LT on the immune system is not fully understood.23

They also act as antigens themselves, inducing, for example, anti-CT IgG and IgA.28 The
bacterial ADP-ribosylating exotoxins (bAREs) family includes CT, LT, Bordetella pertussis-
derived pertussis toxin (PT), Pseudomonas aeruginosa exotoxin A (ETA) and DT.42

As shown in Table 17.1, a structurally dissimilar bARE, ETA, was tested to determine if
the phenomena of TCI was independent of ganglioside GM1 binding. ETA, derived from
Pseudomonas aeroginosa, is a single 613 amino acid peptide with A and B domains on the same
peptide, unlike CT or LT which are composed of large (86 kD) noncovalently linked subunits
with A:B5 stoichiometry.42 ETA binds to an entirely different receptor, the α2-macroglobulin

Table 17.1. Antibody responses to CT, CT-subunits and other bAREs

Immunizing  Antibody  Serum IgG  SEM
Antigen Specificity (ELSA Units)
 CT  Anti-CT  39,828  (17,826-44,838)
 CTB  Anti-CTB  7,480  (3,756-14,896)
 rCTB  Anti-CTB  9,324  (5,271-13,372)
 CTA  Anti-CTA  0  0
 LT  Anti-LT  22,461  (20,262-27,167)
 ETA  Anti-ETA  3,758  (1,951-77,240)
 BSA  Anti-BSA  0  0

Balb/C Mice (n=5) were immunized with 100 mg of antigen at 0 and 3 weeks. Antibodies were
measured by ELISA at 6 weeks. The results are reported as the geometric mean ± SEM of individually
assayed sera in ELISA.
Reprinted with permission from: Glenn GM, Scharton-Kersten T, Vassell R, Matyas GR, Alving CR.
Infect Immun 1999;67(3):1100-1106. © 1999 American Society for Microbiology.
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receptor/low density lipoprotein receptor-related protein.43 Despite the dissimilarities in size,
structure, and binding target between ETA and CT, ETA also induced an anti-ETA antibody
response when topically administered (Table 17.1). Thus, TCI is not entirely dependent on
CT, LT, or binding of ganglioside GM1 although in the case of CT or LT such binding may play
an essential role as suggested by the poor response to CTA alone. Consistent with later studies,
the presence of adjuvant activity seemed to be essential to the induction of antibodies to
coadministered antigen (Table 17.1).

Antibodies to a wide variety of coadministered antigens can be induced using TCI. Anti-
gens successfully used include 600 kD recombinants, 32 mer synthetic peptides, killed viruses,
live viruses, split virus preparations, VLPs, lysates, and polysaccharide conjugates (unpublished
observations). Although responses to antigens administered without adjuvants have been seen,
they are uniformly not robust.

To illustrate the breadth of antigens that may be used by TCI, a live viral vector encoding
a foreign gene was administered topically with and without adjuvant and compared to intra-
muscular delivery of virus.8 The recombinant viral vector utilized in this study was a replica-
tion competent mengovirus vector encoding the F1 capsular protein from the plague-associ-
ated bacterium Y. pestis. Mengovirus is a picornavirus consisting of a 30nm nonenvelope spherical
virion and containing a single plus stranded RNA genome. The vector used contains the F1
coding region and signal peptide coding sequence inserted into its genome. Mengovirus
protease cleavage sites located on both ends of the F1 protein sequence result in the production
of the F1 antigen by the vector. F1-specfic IgG responses were detected, as illustrated in
Figure 17.4. Mice receiving recombinant mengovirus via TCI without coadministered CT had
F1-specific antibody at preimmune levels. Upon TCI of recombinant mengovirus coadministered
with CT, F1-specific antibody was readily detected and did not significantly differ from those
elicited in the positive control group that received the virus intramuscularly. The ability to
generate F1 specific antibody titers despite poor growth characteristics of the recombinant
virus vector confirms other studies that have shown that immunization with particulate antigens
is feasible using TCI. Even with the delivery of the complex system, the role of the adjuvant
appears critical for the induction of robust immune responses and has been a constant feature
of our studies.3,7,13,44

Delivery Options Using Transcutaneous Immunization
TCI appears to provide a new level of flexibility for delivery strategies. Although clinical

studies using patches are underway, topical delivery of vaccines may not be restricted to patches
but may involve gels, creams or ointments. Other practical strategies target multiple draining
lymph nodes, delivery of multivalent vaccines, increasing the frequency of boosting, anatomi-
cal targeting and boosting subjects primed by other routes (intramuscular, intranasal) or by
other immunization strategies (e.g., DNA immunization).

Optimization for Enhancement of the Immune Response
The earliest experiments conducted using TCI were performed using empiric antigen

doses and no skin manipulation. The working hypothesis for TCI suggests that potent immune
responses comparable or superior to immune responses induced by standard routes should be
feasible as TCI uses ‘gold standard’ mucosal adjuvants to target ‘gold standard’ antigen present-
ing cells, also known as ‘nature’s adjuvants’ (Langerhans cells).16 In line with this expectation,
optimization experiments have suggested that TCI can be enhanced by simple manipulations
and can elicit responses comparable in magnitude to those seen in response to established
routes of immunization. The model antigens tetanus toxoid and diphtheria toxoid have been
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used initially to define some of the optimization principles but penetration enhancement may
be required for a broader variety of antigens delivered by topical immunization.

Alcohol swabbing prior to hydration can enhance the immune response elicited by TCI.44

Antibody titers against CT were improved when the area for immunization was swabbed with
isopropanol prior to application of the antigen. This procedure may delipidate the affected
skin and appears to enhance penetration as the immunizing solution is absorbed more rapidly
compared to the standard procedure which involves hydration with water prior to immuniza-
tion. The process of swabbing itself may also remove corneocytes and enhance penetration
through physical means. In mice in which the skin was hydrated and alcohol swabbed prior to
immunization with CT and DT, anti-DT antibody responses were comparable to anti-DT
responses elicited by intramuscular injection with alum and intranasal immunization using LT as
adjuvant.7

Other studies have shown that lower doses of adjuvant and antigen than initially described3

can be used for TCI. Initially, doses of adjuvant and antigen used in TCI studies were chosen
empirically. Using DT as an antigen and CT as adjuvant, further studies suggested that similar
immune responses could be induced using lower doses. Mice that received 10 µg of adjuvant
and 100 µg of antigen had anti-DT antibody responses that were equivalent to the mice receiv-
ing 100 µg of antigen and adjuvant.7 In another study, a range of adjuvant (LT) doses were
used with a range of tetanus toxoid doses.26 As shown in Figure 17.6, the adjuvant effect was
seen at 1 µg of LT. In comparison to the response to TT with alum delivered i.m., 10 µg of LT
and 10 µg of TT yielded anti-TT antibodies of a similar magnitude. These studies suggest that
doses of adjuvant and antigen similar to those used by other routes may be used in the induc-
tion of immune responses using TCI.

Fig. 17.4. A recombinant F1 mengovirus vector can elicit an antigen specific humoral response in
transcutaneously immunized mice. Three groups of mice (n=5) were immunized either parentally or
transcutaneously with 7 x 104 PFU on day 0 and 1 x 107 PFU on day 35 of recombinant F1 mengovirus.
Mean antibody responses presented as ELISA Units were measured before immunization (pre-immune;
open columns) and two weeks following the second inoculation (2 weeks post-boost; filled columns).
Standard deviations of the sample mean for each set of data was plotted with Y-error bars. Reprinted with
permission from: Hammond SA, Tsonis C, Sellins K, Rushlow K, Scharton-Kersten T, Colditz I, Glenn GM.
Transcutaneous immunization of domestic animals: opportunities and challenges. Advanced Drug Delivery
Reviews. ©2000. Elsevier Science.
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In combination with simple skin manipulation, or GRAS (Generally Recognized As Safe)
penetration enhancers, further efficiency of antigen use may be expected. This may be espe-
cially important for veterinary applications or vaccines with high cost of goods. Chemical
removal of the stratum corneum with a high pH base emulsion has also been utilized to enable
topical immunization.45 Use of physical and chemical penetration enhancement in concert
with TCI will clearly play a role in future developments but will have to achieve a balance
between irritation, reactogenicity and robust immune responses. The use of an adjuvant offers
a method for augmenting the immune response without the risk of severe chemical or me-
chanical skin irritation.

The duration of time required for induction of an immune response via TCI is not clear,
but if hydration of the skin and passive diffusion of the antigen into the epidermis are the
underlying physical phenomena required for immunization, then a short period of immunization
may be feasible. The time required for TCI was studied by applying the immunizing solution
for various times and after 15 minutes of application, the animals were well immunized
(Fig. 17.5). By 30-60 minutes, maximal immune responses were obtained.7 These early studies
suggest that simple optimization strategies may greatly enhance the immune response to TCI,

Fig. 17.5. Achievement of maximal anti-DT titers in animals immunized for 30 min. C57BL/6 mice (n =
5) were immunized with 100 µg of CT and 100 µg of DT on the skin at 0, 4, and 8 weeks. The duration
of immunization was 15, 30, 60 or 120 min. Anti-DT IgG titers were assessed by ELISA on serum collected
13 weeks after the primary immunization. Titers in pre-bleed serum from the same batch of animals were
= 20 EU. Results are reported in ELISA Units, which are defined as the inverse dilution of the sera that yields
an OD of 1.0 at 405 nm. Reprinted with permission from: Glenn, Scharton-Kersten and Alving. Expert
Opinion on Investigational Drugs 1999; 8(6):797-805. ©1999. Ashley Publications LTD.
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and that clinical strategies may anticipate low doses of adjuvant and antigen and brief applica-
tion periods that may fit into a clinic visit.

Human Studies
Several phase I clinical trials are under way using TCI. The objective of the first study was

to demonstrate that a large antigen such as LT (86 kD) could be safely delivered and induce an
immune response also. LT is an ideal candidate in that it is immunogenic and can produce
anti-LT antibodies. It can also act as an adjuvant for future studies, and it is relatively large,
exceeding the usual size of molecules that can be delivered through the skin (0.5kD). Using a
simple patch, we tested the hypothesis that the skin of humans sould be similarly be utilized for
immunization. After 3 doses of LT, a greater than 14-fold rise in anti-LT IgG was seen.17 The
magnitude of anti-LT responses using oral immunization can be used as a comparison to assess
the robustness of the immune response.30 This study demonstrated that TCI can safely induce
a systemic immune response and validated the animal findings that a large antigen could pass
through the skin and induce an immune response.

Conclusions
The use of topically applied vaccines may address the urgent need for needle-free vaccine

delivery,46 decrease the barriers to immunization and allow flexible delivery for multiple boost-
ing and multivalent vaccines. TCI appears to offer a new method for the delivery of vaccines
with practical and immunological advantages. The exploitation of the skin immune system
may hold promise for improved efficacy for established vaccines through both mucosal and
systemic responses and thus open new possibilities for vaccines under development. Clearly,

Fig. 17.6. Serum anti-TTx titers from C57/B16 mice immunized with different doses of LT and TTx. Mice
were immunized at 0, 3 and 6 weeks and serum collected 2 weeks after the third immunization . Anti-TTx
titers were analyzed by ELISA. Data shown as bars represent the geometric mean of 5 mice with individual
titers represented by open circles. Reprinted with permission from Glenn, Scharton-Kersten. Infection and
Immunity. ©2000. American Society for Microbiology
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there are significant challenges ahead for the full development of TCI, but this technique has
entered into the array of immunization and vaccine delivery strategies.
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