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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 20" 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 20" 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 iz 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)
oranimals. 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 Streprococcus
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 20" 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

he 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.



New Vaccine Technologies

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® ProductS
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 * 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? 18,19
X Adenovirus © 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 @ 23
X V. cholerae 9 24
X Shigella flexneri 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** Clinical ~ Licensed Example# Reference
Evaluation™ Evaluation® Product®
c. Genetically inactivated Pertussis 46
X Diphtheria 47
d. Recombinant HBV 48
polypeptide Lyme disease 50
(Borrelia burgdorferi)
X HSV 51
X Human papilloma virus 52
X Yeast Ty © 55
Rotavirus 53
3. Peptide based
a. Fusion protein X Malaria f 58
b. Conjugate X Malaria 8 60
Pseudomonas aeruginosa® 57
c. Complex peptide HIV 61
d. T-cell epitope X HBV 62
X cancer 63
4. Polysaccharide-based
a. Plain polysaccharide Haemophilus influenza typeb 64
(Hib)
Meningococcal 65
(Neisseria meningitidis)
Pneumococcal 66
(Streptococcus pneumoniae)
b. Conjugate Hib " 67
Pnh 68
5. Anti-idiotype (antibodies) X Cancer 71,72
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 81
4. Bacterial delivery S. flexneri 83
S. typhimurium 84

continued on next page
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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.
Licensed then withdrawn from distribution by the manufacturer.
Expressing more than 50 different foreign polypeptides.
Expressing at least six different foreign polypeptides.
Examples of foreign polypeptides include toxoids from E. coli, V. cholerae, and C. tetani.
Examples of foreign polypeptides include those encoded by HIV-1 gag and env genes.
Fusion partner is HBsAg.
Conjugate carrier is TT.
Conjugate carriers are TT, DT, CRM197 and OMPC.
Specificities are for human tumor carbohydrate and a human colorectal carcinoma antigen.
Expressing rabies virus glycoproteins.

T ThD QN T W

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
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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)," 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., poliovirus?), 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 vaccine’ (OPV))
and to injected (parenteral) vaccines (measles,’ mumps,4 rubella,’ varicellaG), 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 virus” 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.® 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.”'® 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.'! Such
reassortant influenza viruses can be adapted to grow in mammalian cell lines such as MDCK'?
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.'?

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 fashion'® and
licensed for preventing typhoid fever based on its record of safety and efficacy over several

years.?

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.'®

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))." 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.'® 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."” 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.*’ 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.?! 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.> 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. #phi has been the focus of the
most effort in terms of strain development, immunology, molecular development; and clinical
testing.B V. cholerae,*t 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, collectin§ the cells, and inactivating
them with heat or with chemical agents such as thimerosal or phenol.”® 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. cholerae®” and enterotoxigenic Escherichia coli (ETEC)?®
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.”” 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.”
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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,” influenza virus,? rabies virus®* and Japanese encephalitis virus.*> Alternatively in
the case of killed hepatitis A virus (HAV) vaccine, infected cells are lysed and virus particles are
purified.** 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.3 5 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)?® and hepatitis E virus (HEV),?” 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.”®

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.””

Proteins purified from cultures of B. perzussis are combined to formulate acellular pertussis
(,P) 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 ,P vaccines are referred to as one-, two-, three-, four-, or five-component vaccines
and have been licensed based on recent efficacy studies.***> 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. 344
PT* combined with other pertussis antigens comprise the ,P 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;*¢ this double mutant PT (which also is treated with formalin under
milder conditions to improve its immunogenicity or stability) is a component of a ,P vaccine.’
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
alicensed H. influenzae type b (Hib) conjugate vaccine (Section I1.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,*8 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,” 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.’!

Large particles most often are more immunogenic than individual polypeptides. Further-
more, as in the case of HBsAg VLDPs, 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.’? Recombinant rotavirus®® and parvovirus®* 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.’® 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)’® and for the Pseudomonas aeruginosa pilus protein.”” 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 HBsAg”®
and hepatitis B core antigen,” 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.®°

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.®!

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.®* 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.®®

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 Hib® (monovalent for serotype b), Neisseria meningitidis® (quadrivalent) and
Streprococcus pneumonl’d@GG (23-valent). The shortcoming of these vaccines is that Ps, being T-cell—
independent (TT) 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 T 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,”
all with different carrier proteins (T'T, DT, CRM;97 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.®® Other vaccines being tested in advanced clinical
trials consist of a mixture of up to 11 individual Pn Ps conjugates.®’

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.”

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.”
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.”? 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 MAD.
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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.”? 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.”* 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.”> 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.”® 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.””
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.”® ADP-ribosylating
exotoxins given together with DNA and applied to the skin can stimulate transcutaneous
immunization.”’ 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.®’

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;®! 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.

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 (as4). 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
notavailable. 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.® 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., Salmonellz,?* 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.®>8¢

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.?” 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 (cytokines®®) 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 antigen® 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.”® An alternative approach has been to eliminate the B subunit and substitute a syn-
thetic dimeric peptide derived from Smphylococcus 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.”’ 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 lymphocyrtes for the induction of mucosal immunity.” 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.

References
1. Weill-Halle B. Oral vaccination. In: Rosenthal SR, ed. BCG Vaccination Against Tuberculosis.
Boston: Little, Brown 1957.
2. Sabin AB, Boulger LR. History of Sabin attenuated poliovirus vaccine. ] Biol Stand 1973; 1:115-118.
3. Enders JF, Katz SL, Milovanovic MV et al. Studies on an attenuated measles-virus vaccine I. Devel-
opment and preparation of the vaccine: Technics for assay of effects of vaccination. N Engl ] Med
1960; 263:153-159.
4. Buynak EB, Hilleman MR. Live attenuated mumps virus vaccine. I. Vaccine development. Proc
Soc Exp Biol Med 1966; 123:768-775.
. Plotkin SA, Farquhar JD, Katz M et al. Attenuation of RA27/3 rubella virus in WI-38 human
diploid cells. Am ] Dis Child 1969; 118:178-185.

Wl



Technologies for Making Vaccines 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Takahashi M, Okuno Y, Otsuka T et al. Development of a live attenuated varicella vaccine. Biken J

1975; 18:25-33.

. Henderson DA. Smallpox eradication. Proc R Soc Lond 1977; 199:83-97.
. Vesikari T, Kapikian AZ, Delem A et al. A comparative trial of Rhesus monkey (RRV-1) and

bovine (RIT 4237) oral rotavirus vaccines in young children. J Infect Dis 1986; 153:832-839.

. Rennels MB, Glass RI, Dennehy PH et al. Safety and efficacy of high-dose Rhesus-human reassor-

tant rotavirus vaccines—Report of the national multicenter trial. Pediatrics 1996; 97:7-13.

Clark HF, Offit PA, Ellis RW et al. The development of multivalent bovine rotavirus (strain WC3)
reassortant vaccine for infants. J Infect Dis 1996; 174:S73-80.

Maassab HF, DeBorde DC. Development and characterization of cold-adapted viruses for use as
live virus vaccines. Vaccine 1995; 3:355-371.

Halperin SA, Newtruck AC, Eastwood BJ. Safety and immunogenicity of a new influenza vaccine
grown in mammalian cell culture. Vaccine 1998; 16:1331-5.

Treanor JJ, Kotloff K, Betts RF et al. Evaluation of trivalent, live, cold-adapted (CAIV-T) and
inactivated (TIV) influenza vaccines in prevention of virus infection and illness following challenge
of adults with wild-type influenza A (HIN1), A (H3N2), and B viruses. Vaccine 2000; 18:899-906.
Germanier R, Furer E. Isolation and characterization of galE mutant Ty21a of Salmonella typhi: A
candidate strain for a live, oral typhoid vaccine. ] Infect Dis 1975; 131:553-558.

Levine MM, Black RE, Ferreccio C et al. Clinical Typhoid Committee. Large-scale field trial of
Ty21a live oral typhoid vaccine in enteric-coated capsule formulation. Lancet 1987; 2:1049-1052.
Farrell H, McLean CS, Harley C et al. Vaccine potential of a herpes virus type 1 mutant with an
essential glycoprotein gene deleted. ] Virol 1994; 68:927-32.

Tacket CO, Losonsky G, Nataro JP et al. Onset and duration of protective immunity in chal-
lenged volunteers after vaccination with live oral cholera vaccine CVD 103-HgR. ] Infect Dis
1992; 166:837-841.

Moss B. Vaccinia virus vectors. In: Ellis R, ed. Vaccines: New Approaches to Immunological Prob-
lems. New York: Marcel Dekker. 1992; 345-357.

Lee MS, Roos JM, McGuigan LC et al. Molecular attenuation of vaccinia virus: Mutant genera-
tion and animal characterization. ] Virol 1992; 66:2617-2630.

Leong KH, Ramsay AJ, Boyle DB et al. Selective induction of immune responses by cytokines
coexpressed in recombinant fowlpox virus. ] Virol 1994; 68:8125-8130.

Graham FL, Prevec L. Adenovirus-based expression vectors and recombinant vaccines. In: Ellis R,
ed. Vaccines: New Approaches to Immunological Problems. New York: Marcel Dekker. 1992;
363-390.

Schlesinger S. Alphaviruses—vectors for the expression of heterologous genes. Trends Biotechnol
1993; 11:18-22.

Gonzalez C, Hone D, Noriega FR et al. Salmonella typhi vaccine strain CVD 908 expressing the
circumsporozoite protein of Plasmodium falciparum: Strain construction and safety and immuno-
genicity in humans. ] Infect Dis 1994; 169:927-931.

Butterton JR, Beattie DT, Gardel CL et al. Heterologous antigen expression in Vibrio cholerae
vector strains. Infect Immunol 1995; 63:2689-2696.

Noriega FR, Losonsky G, Wang JY et al. Further characterization of DaroA DvirG Shigella flexneri
as a mucosal Shigella vaccine and a live-vector vaccine for delivering antigens of enterotoxigenic
Escherichia coli. Infect Immunol 1996; 64:23-27.

Cherry JD, Brunell PA, Golden GS et al. Report of the task force on pertussis and pertussis
immunization—1988. Pediatrics 188; 81:939.

Clemens JD, Sack DA, Harris JR et al. Field trial of oral cholera vaccines in Bangladesh: Results
from three-year follow-up. Lancet 1990; 355:270-273.

Svennerholm A-M, Holmgren J, Sack DA. Development of oral vaccines against enterotoxigenic
Escherichia coli diarrhoea. Vaccine 1989; 7:196-198.

Clemens JD, Sack DA, Harris JR et al. Impact of B subunit killed whole-cell and killed
whole-cell-only oral vaccines against cholera upon treated diarrhoeal illness and mortality in an
area endemic for cholera. Lancet 1988; 1:1375-1379.

Murdin AD, Barreto L, Plotkin S. Inactivated polio vaccines: Past and present experience. Vaccine

1996; 14:735-746.



18

New Vaccine Technologies

31.

32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Crawford CR, Faiza AM, Mukhlis FA et al. Use of zwitterionic detergent for the preparation of an
influenza virus vaccine. 1. Preparation and characterization of disrupted virions. Vaccine 1984;
2:193-198.

Plotkin SA. Rabies vaccine prepared in human cell cultures: Progress and perspectives. Rev Infect
Dis 1980; 2:433-447.

Hoke CH, Nisalak A, Sangawhipa N. Protection against Japanese encephalitis by inactivated vac-
cines. N Engl ] Med 1988; 319:608-614.

Provost PJ, Hughes JV, Miller WJ et al. An inactivated hepatitis A viral vaccine of cell culture
origin. ] Med Virol 1986; 19:23-31.

Werzberger WA, Mensch B, Kuter B et al. A controlled trial of a formalin-inactivated hepatitis A
vaccine in healthy children. New Engl ] Med 1992; 327:453-457.

Choo QL, Kuo G, Weiner A]J et al. Isolation of a cDNA clone from a blood-borne non-A, non-B
viral hepatitis genome. Science 1989; 244:359-362.

Tam AW, Smith MM, Guerra ME et al. Hepatitis E virus: molecular cloning and sequencing of
the full-length viral genome. Virol 1991; 185:120-131.

Pizza M, Scarlato V, Masignani V et al. Identification of vaccine candidates against serogroup B
Meningococcus by whole-genome sequencing. Science 287:1816-20.

Hilleman MR, Bertland AU, Buynak et al. Clinical and laboratory studies of HBsAg vaccine. In
Vyas GN, Cohen SN, Schmid R (eds.). Viral Hepatitis. Philadelphia, Franklin Institute Press,
1978; 525-541.

Greco D, Salmaso S, Mastrantonio P et al. A controlled trial of two acellular vaccines and one
whole-cell vaccine against pertussis. New Engl ] Med 1996; 334:341-348.

Gustafson L, Hallander HO, Olin P et al. A controlled trial of a two-component acellular, a
five-component acellular, and a whole-cell pertussis vaccine. New Engl ] Med 1996; 334:349-355.
Schmitt H-J, Wirsing von Koénig, Neiss A et al. Efficacy of acellular pertussis vaccine in early
childhood after household exposure. ] Am Med Assoc 1996; 275:37-41.

Jones FG, Moss JM. Studies on tetanus toxoid. I. The antitoxic titer of human subject following
immunization with tetanus toxoid and tetanus alum precipitated toxoid. J Immunol 1936;
30:115-125.

Ramon G. Sur le pouvoir floculant et sur les proprietes immunisantes d’une toxin diphterique
rendue anatoxique (anatoxine). Compt Rend Acad Sci 1923; 177:1338-1340.

Chazono M, Yoshida I, Konobe T. The purification and characterization of an acellular pertussis
vaccine. ] Biol Stand 1988; 16:83-89.

Nencioni L, Pizza MG, Bugnoli M et al. Characterization of genetically inactivated pertussis toxin
mutants: Candidates for a new vaccine against whooping cough. Infect Immunol 1990;
58:1308-1315.

Giannini G, Rappuoli R, Ratti G. The amino-acid sequence of two non-toxic mutants of diphthe-
ria toxin: CRMy5 and CRM97. Nucleic Acids Res 1984; 12:4063-4069.

Valenzuela P, Medina A, Rutter W] et al. Synthesis and assembly of hepatitis-B virus surface-antigen
particles in yeast. Nature 1982; 298:347-350.

Thanavala Y, Yang Y-F, Lyons P et al. Immunogenicity of transgenic plant-derived hepatitis B
surface antigen. Proc Natl Acad Sci USA 1995; 92:3358-3361.

Van Hoecke C, Comberbach M, De et al. Evaluation of the safety, reactogenicity and immunoge-
nicity of three recombinant outer surface protein (OspA) Lyme vaccines in healthy adults. Vaccine
1996; 14:1620-1626.

Corey L, Langenberg AGM, Ashley et al. Recombinant glycoprotein vaccine for the prevention of
genital HSV-2 infection. ] Am Med Assoc 1999; 282:331-40.

Jansen KU, Rosolowsky M, Schultz LD et al. Vaccination with yeast-expressed cottontail rabbit
papillomavirus (CRPV) virus-like particles protects rabbits from CRPV-induced papilloma forma-
tion. Vaccine 1995; 13:1509-1514.

Crawford SE, Labbe M, Cohen ] et al. Characterization of virus-like particles produced by the
expression of rotavirus capsid proteins in insect cells. ] Virol 1994; 68:5945-5952.

Miyamura K, Kajigaya S, Momoeda M et al. Parvovirus particles as platforms for protein presenta-
tion. Proc Nat Acad Sci USA 1994; 91:8507-11.



New Technologies for Making Vaccines 19

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

. Kingsman SM, Kingsman A]. Polyvalent recombinant antigens: A new vaccine strategy. Vaccine
1988; 6:304-3006.

Zavala F, Cochrane AH, Nardin EH et al. Circumsporozoite proteins of malaria parasites contain
a single immunodominant region with two or more identical epitopes. ] Exp Med 1983;
157:1947-1957.

Cachia PJ, Glasier LM, Hodgins RR et al. The use of synthetic peptides in the design of a consen-
sus sequence vaccine for Pseudomonas aeruginosa. ] Pept Res 1998; 52:289-99.

Vreden SGS JP, Oettinger T, Sauerwein RW et al. Phase I clinical trial of a recombinant malaria
vaccine consisting of the circumsporozoite repeat region of Plasmodium falciparum coupled to hepa-
titis B surface antigen. Am ] Trop Med Hyg 1991; 45:533-538.

Schodel F, Peterson D, Hughes ] et al. Hybrid hepatitis B virus core antigen as a vaccine carrier
moiety. I. Presentation of foreign epitopes. ] Biotechnol 1996; 44:91-96.

Herrington DA, Clyde DF, Losonsky G et al. Safety and immunogenicity in man of a synthetic
peptide in malaria vaccine against Plasmodium falciparum sporozoites. Nature 1987; 328:257-259.
Wang CY, Looney DJ, Li et al. Long-term high-titer neutralizing activity induced by octomeric
synthetic HIV-1 antigen. Science 1991; 254:285-288.

Vitiello A, Ishioka G, Grey HM et al. Development of a lipopeptide-based therapeutic vaccine to
treat chronic hepatitis B infection. I. Induction of a primary cytotoxic T-lymphocyte response in
humans. J Clin Inv 95:341-9.

Nestle FO, Alijagic S, Gilliet M et al. Vaccination of melanoma patients with peptide- or tumor
lysate-pulsed dendritic cells. Nat Med 1998; 4:328-32.

Rodrigues LP, Schneerson R, Robbins JB. Immunity to H. influenzae type b 1. The isolation, and
some physicochemical, serologic and biologic properties of the capsular polysaccharide of H. influenzae
type b. ] Immunol 1971; 107:1071-1080.

Gotschlich EC, Liu TY, Artenstein MS. Human immunity to the meningococcus. III. Preparation
and immunochemical properties of the group A, group B and group C meningococcal polysaccha-
rides. ] Exp Med 1969; 129:1349-1365.

Kass EG. Assessment of the pneumococcal polysaccharide vaccine. Rev Infect Dis 1981; 3:S1 S197.
Kniskern PJ, Marburg S, Ellis RW. Haemophilus influenzae type b conjugate vaccines. In: M. Powell,
M. Newman eds. Vaccine design: The subunit approach. New York: Plenum
Publishing Corporation 1995; 673-694.

Black S, Shinefeld H, Fireman B et al. Efficacy, safety and immunogenicity of heptavalent pneu-
mococcal conjugate vaccine in children. Ped Infect Dis J 2000; 19:187-95.

Klein D, Ellis RW. Pneumococcal conjugate vaccines. In: Levine MM, Woodrow GC, Kaper JB,
Cobon GS, eds. New Generation Vaccines. New York: Marcel Dekker 1997; 503-526.

Kennedy RC, Adler-Storthz K, Henkel RD et al. Immune response to hepatitis B surface antigen:
Enhancement by prior injection of antibodies to the idiotype. Science 1983; 221:853-855.
Herlyn D, Wettendorff M, Iliopoulos D et al. Modulation of cancer patients’ immune responses
by administration of anti-idiotypic antibodies. Viral Immunol 1989; 2:271-276.

Diakun KR, Matta KL. Synthetic antigens as immunogens: III. Specificity analysis of an
anti-anti-idiotypic antibody to a carbohydrate tumor-associated antigen. J Immunol 1989;
142:2037-2040.

Wolff JA, Malone RW, Williams P et al. Direct gene transfer into mouse muscle in vivo. Science
1990; 247:1465-1468.

Leitner WW, Ying H, Restifo NP. DNA- and RNA-based vaccines: principles, progress and pros-
pects. Vaccine 2000; 18:765-77.

Fan H, Lin Q, Morrissey GR et al. Immunization via hair follicles by topical administration of
naked DNA to normal skin. Nature Biotech 1999; 17:870-2.

Tacket CO, Roy MJ, Widera G et al. Phase 1 safety and immune response studies of a DNA
vaccine encoding hepatitis B surface antigen delivered by a gene delivery device. Vaccine 1999;
17:2826-9.

Remy J-S, Sirlin C, Vierling P et al. Gene transfer with a series of lipophilic DNA-binding mol-
ecules. Bioconjugate Chem 1994; 5:647-654.



20

New Vaccine Technologies

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

MacGregor RR, Boyer JD, Ugen KE et al. First human trial of a DNA-based vaccine for treatment
of human immunodeficiency virus type 1 infections: safety and host response. ] Infect Dis 1998;
178:92-100.

Glenn GM, Scharton-Kersten T, Vassell R et al. Transcutaneous immunization using bacterial
ADP-ribosylating exotoxins as antigens and adjuvants. Infect Immun 1999; 67:1100-6.

Krieg AM, Yi A-K, Matson S et al. CpG motifs in bacterial DNA trigger direct B-cell activation.
Nature 1995; 374:546-549.

Fries LF, Tartaglia J, Taylor J et al. Human safety and immunogenicity of a canarypox-rabies
glycoprotein recombinant vaccine: an alternative poxvirus vector system. Vaccine 1996; 14:428-434.
Dubensky TW, Driver DA, Polo JM et al. Sindbis virus DNA-based expression vectors: Utility for
in vitro and in vivo gene transfer. ] Virol 1996; 70:508-519.

Sizemore DR, Branstrom AA, Sadoff JC. Attenuated Shigella as a DNA delivery vehicle for
DNA-mediated immunization. Science 1996; 270:299-302.

Darji A, Guzman CA, Gerstel B et al. Oral somatic transgene vaccination using attenuated
S. yphimurium. Cell 1997; 91:765-75.

Cox JC, Coulter AR. Adjuvants—a classification and review of modes of action. Vaccine 1997;
15:248-256.

Singh M, O’Hagan D. Advances in vaccine adjuvants. Nature Biotech 1999; 17:1075-81.
Shirodkar S, Hutchinson RL, White JL et al. Aluminum compounds used as adjuvants in vaccines.
Pharm Res 1990; 7:1282-1288.

Lin R, Tarr PE, Jones TC. Present status of the use of cytokines as adjuvants with vaccines to
protect against infectious diseases. Clin Infect Dis 1995; 21:1438-1449.

Elson CD, Falding W. Generalized systemic and mucosal immunity in mice after mucosal stimula-
tion with cholera toxin. J Immunol 1984; 132:2736-2744.

Douce G, Turcottee C, Cropley I et al. Mutants of Escherichia coli heat-labile toxin lacking
ADP-ribosylating activity acts as non-toxic mucosal adjuvants. Proc Natl Acad Sci USA 1995; 92:
1644-1648.

Agren LC, Ekman L, Lowenadler B et al. A genetically-engineered nontoxic vaccine adjuvant that
combines B-cell targeting with immunomodulation by cholera toxin Al subunit. ] Immunol 1997;
158:3936-3946.

Mestecky ], Moldoveanu Z, Michalak SM et al. Current options for vaccine delivery systems by
mucosal routes. ] Controlled Release 1997; 48:243-57.



CHAPTER 2

Clinical Issues for New Vaccine Technologies

Luc Hessel

Introduction
accination as a means of preventing infectious diseases arguably has had the greatest
impact on human health of any medical intervention.! 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.""* 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.* It has
also revolutionized the capability to engineer and produce vaccines that are potentially safer,
more effective, easier to produce and less costly.” 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
. genetically-engineered vaccines,
. live vectors,
. nucleic acid vaccines,
. new delivery systems or

5. new adjuvants.!?

This biotechnology revolution poses a tremendous challenge for traditional vaccine develop-
ment to provide ade%uate and timely assessments so that maximal benefits might be reaped
from these advances.” 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.”

The vaccine development process leading to licensure is pyramidal and selective.® 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.” 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,

. choice of the rationale and elaboration of the strategy based on preclinical development,
. demonstration of proof-of-principle in early clinical research,

. design and implementation of an integrated clinical development plan and

. continuous assessment of safety and efficacy.
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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. *81!
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.'? 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.* 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.”

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.'> 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.' 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.'*

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.” 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.'

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."? 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.”1? 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.'® Phase I11 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 carefully17 Because
sample sizes for these pivotal studies are large, they often require several years to complete enroll-
ment and follow-up.'® 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.'” 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.”’ 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,”!
plasmid DNA vaccines,” and human somatic cell therapy and gene therapy.?®

Clinical Endpoints and Surrogate Markers

The ultimate clinical endpoint may be to prevent infection (e.g., HIV), the final discase
(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?*4

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 