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New approaches to vaccine development:
Memorandum from a WHO Meeting*

Recent advances in immunology and cell biology may make it possible to improve
existing vaccines and even, infuture, to obtain vaccines against complex organisms, such as
parasites.

With the use ofmodern techniques, such as monoclonal antibodies, it is now possible
to identify protective epitopes (antigenic determinants that can elicit a protective immune
response) and, using chemical orDNA recombinant techniques, obtain these epitopes in the
laboratory. Most of these potential vaccines, however, may not be able to stimulate a
sufficient immune response. To achieve this, it may be necessary to couple the vaccines to
carrier molecules and to inject them together with suitable adjuvants. Better knowledge of
how antigens are presented to immunocompetent cells would help in the choice of carrier
molecules and adjuvants to be used with future vaccines.

INTRODUCTION

Great advances have been made in the biomedical
sciences during the last ten years. These have led to a
better understanding of immunological mechanisms,
the use of recombinant DNA technology, and the
ability to produce monoclonal antibodies. The
synthesis of oligopeptides has been simplified and
computer programmes are facilitating the plotting of
the three-dimensional structure of proteins, so that
the location of important antigenic determinants or
epitopes can be predicted.

All these discoveries have opened the way to the
development and production of new vaccines against
disease agents that have no vaccines at present, the
improvement of existing vaccines where there are
problems of efficacy or safety, and the preparation of
inexpensive products where conventionally
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manufactured vaccines are too expensive for
widespread application. The new approaches to
vaccine development will be of particular value where
organisms cannot be cultivated by existing methods,
as in the case of hepatitis B virus (HBV), or where
highly pathogenic and contagious organisms are
involved so that their cultivation carries a risk to
human health.

Understandably, when we talk about vaccines, we
tend to think principally about the generation of
antibody, believing for example that, if antibody
which is specific for a given viral protein is produced,
it will prevent infection. But how does the antibody
do this? We have some idea in the case of polio and
influenza viruses, where research suggests that
neutralizing antibody induces a conformational
change in the target antigen. With influenza virus, it is
proposed that an antibody-induced conformational
change in the haemagglutinin is transmitted to the
viral transcriptase, which is then inactivated. This
might mean that only the reaction of antibody with a
few specific sites in the haemagglutinin will efficiently
produce this effect.
The mechanism of the neutralization of parasite

infectivity remains a mystery. Besides the action of
antibodies, cell-mediated immunity may play an
important role in various infections. Presentation of
the antigen is a major factor influencing the nature of
the resulting immune response. Macrophages and
dendritic cells, for example, are thought to be two of
the more important antigen-presenting cells, but we
know very little about the way the antigen is handled
so that an immune response is induced.
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APPROACHES TO THE IDENTIFICATION OF
ANTIGENIC DETERMINANTS

In recent years the molecular structure of the cell
membrane has been further clarified, especially by the
use of techniques employing monoclonal antibodies.
The molecular bases of membrane-bound antigens
are identical to those established previously for their
water-soluble counterparts. The major epitopes on
the membrane comprise the carbohydrate groups
of glycolipids together with the sequential,
conformational and quaternary determinants of
proteins. The protein-bound carbohydrate of cell-
surface glycoproteins appears to be immunogenic
because antibodies are produced against the protein
determinants.
Macromolecules may carry a large number and

variety of possible antigenic determinants that dictate
their antigenic specificity. However, only a limited
number of the potential antigenic sites are important
for immunogenicity. In viral and parasitic diseases,
only a few of those antigenic sites may be able.to
induce protective immunity. New technology may
allow us to identify these antigenic sites. Once these
are identified, it may be possible to obtain them in
sufficient amounts, either by chemical synthesis or by
genetic engineering methods, and to use them as
potential vaccines.
The molecular size and spatial conformation of

these determinants may - be important for their
immunogenicity. Small molecules are often poorly
immunogenic, but they may be made immunogenic
by coupling them to carriers. The accessibility of the
determinants is a crucial factor, since the interaction
of any individual determinant with either the anti-
bodies or the specific receptors of the immuno-
competent cells necessitates its exposure on the anti-
genic molecule. As a result, in many native proteins,
antigenic determinants consist of segments that are at
the "corner" of the folded polypeptide chain and are
fully or partially exposed on the surface of the protein
molecule. A methodology has to be developed to
increase the immunogenicity of rather simple anti-
genic molecules. This will require an understanding of
how best to engage the helper- but not the suppressor-
T cells, how to select for appropriate subclasses of
antibodies that provide protection, how to maintain
immune responses of long duration, and how to
deliver the antigens in the most immunogenic form.
The answers to these questions will have a great deal
to do with the cost and effectiveness of the molecular
antigens that are known to be involved in protection.
However, there is now also the possibility of intro-
ducing DNA coding for protective antigens into
certain viruses or microorganisms. Three such vectors
that could conceivably be.used are vaccinia virus, the

Salmonella species and, possibly, BCG. These power-
ful immunogens have been used in man but there is
need to be certain that the introduction of new genes
does not transfer virulence factors, tumour-
promoting activity, or other undesirable properties
from the donor pathogen to the vector.

Synthetic polypeptides corresponding to the
sequence - egg-lysozyme, carcinoembryonic anti-
gens, M protein of Streptococcus pyogenes,
diphtheria toxin, cholera toxin, and some viral
proteins in the case of tobacco mosaic virus, M3-2
coliphage, influenza virus, aphthovirus (causing foot-
and-mouth disease), and HBV - have been prepared.
These have been shown to induce the formation of
antibodies which react with the intact proteins.

In the case of some viruses (such as influenza virus)
and of some parasites, the production of effective
vaccines, whether they comprise the organism or
synthetic antigens, is made more difficult by the
ability of these organisms to evade the immune
response by antigenic variation. The possibility of
overcoming this by identification of constant region
antigenic determinants and testing to see whether they
may stimulate a protective immune response is under
investigation.

There are two general problems concerning
synthetic polypeptide vaccines; one is that the use of
an oligopeptide to stimulate a response might yield
antibodies of restricted specificity which might allow
the ready emergence of mutants. Ways of avoiding
this have to be devised. The second is that, despite
promising results with some oligopeptide prepara-
tions, the level and duration of the antibody response
has generally been unsatisfactory.

NEW AND IMPROVED TECHNIQUES FOR
POLYPEPTIDE SYNTHESIS

The generation of recombinant DNA molecules in
vitro has opened the way to the possibility of
producing antigenic molecules which can be used as
candidate vaccines. The discovery of restriction
endonucleases provides a battery of reagents that are
able to break DNA into a series of fragments which
can be inserted into suitable vectors. The expression
of a gene to give its product has two phases. First, the
information encoded in the linear sequences of
nucleotides within the appropriate region of the DNA
is copied into an RNA molecule by the action of RNA
polymerase. Production of this messenger RNA
(mRNA) is called transcription. Decoding of the
information carried by the mRNA occurs in the
second stage, called translation. This may require
further processing, for instance to give a functional
enzyme. Once a particular gene has been isolated and
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shown to be expressed, it is possible to increase
considerably the yield of the particular gene product.
This has been done in Escherichia coli for several
bacterial enzymes. However, it is sometimes vital to
control this expression as the product may be lethal
for the cell.
A very important factor in the overall protein yield

is the stability of the gene products because some-
times, although the gene is transcribed, its translation
product is found only in small quantities.
The expression of eukaryotic genes in bacteria is

less straightforward than was at first imagined. Not
only are the sequences controlling expression often
incompatible with the new protein-synthesizing
machinery, but the structure of many eukaryotic
genes differs fundamentally from those of bacteria in
that they contain interruptions (introns) of con-
siderable stretches of nucleotide sequence within the
coding region. This gives rise to a mRNA molecule
which cannot be translated. This problem can,
however, be circumvented by making a DNA copy
(cDNA) of a mature mRNA preparation from the
eukaryotic source with the enzyme reverse transcrip-
tase. The cDNA preparation is then introduced into
an appropriate phage or plasmid vector for propaga-
tion in bacteria. These procedures have now been
applied in several cases, e.g., in the production of
growth hormone, human insulin, several interferons,
and some antigens of HBV. In the case of HBV, genes
of this virus have been expressed in E. coli. Some of
the polypeptides injected into rabbits elicited
antibodies that cross-reacted specifically with
hepatitis B core antigen (HBc Ag). Synthesis of HBc
Ag has also been obtained in the yeast Saccharomyces
cerevisiae and in a number of animal cell systems. The
antigen product in these systems resembles that found
naturally in both its physical and biological
properties, it can be obtained in reasonable
quantities, and is stable. Preparations of HBc Ag
enriched from yeast extracts, when injected in
chimpanzees, stimulated the production of anti-core
antibodies which lasted several months. Other
chimpanzees inoculated with the same antigen and
later challenged with the virus did not develop clinical
signs of hepatitis and did not show antigenaemia.
These results are preliminary but raise the hope that
this antigen preparation could be used as a vaccine for
hepatitis B. Clinical trials in human volunteers are in
progress.

ANTIGEN PRESENTATION

Research on a human antifertility vaccine, sup-
ported by WHO, is an example of how we can
influence the antibody response to antigenic peptide-

carrier complexes in terms of peptide size, peptide
number per carrier molecule, and nature of the
carrier. The rationale of this approach is based upon
efficient induction of helper-T cells and avoiding
induction of suppressor-T cells. The antifertility
vaccine is a useful prototype for humoral immune
responses. Similar evaluation of experimental
peptide-carrier vaccines for infectious disease is in
progress, but further systematic study is needed.
Most of the emphasis in current vaccine research

programmes is on antibody responses. This is justi-
fiable on the grounds that antibodies are frequently
useful in host-protection mechanisms and are only
rarely harmful, e.g., the enhancement of dengue virus
infection. There is increasing understanding of the
stimulation of helper-T cells that augment protective
antibody responses and avoid the stimulation of
suppressor-T cells. We are learning more about the
means by which the helper-T cells for particular
antibody isotypes (e.g., IgE that protects against
schistosomiasis) can be stimulated. Further impor-
tant information relevant to humoral immunity can
be expected from work in progress.

In contrast, less attention has been paid to the
means of inducing the major histocompatibility
complex (MHC)-restricted cytolytic and macrophage-
activating T-cell classes that are important for
protection against certain viral and intracellular
bacterial and protozoan infections. There is need for
an increased fundamental research effort on this
subject in order to determine the forms of antigen that
interact efficiently with antigen-presenting cells and
to evaluate the various classes of autologous cells
expressing both class I and class II MHC antigens and
restricted T-cell activity. This applies particularly to
work on human immune responses.

While acknowledging this need for increased
research on T-cell responses on infectious diseases, we
know that the new technologies for the chemical
synthesis of antigenic peptides and the production of
antigens using recombinant DNA are already
showing great promise. In selected cases, it could be
that hybridomas producing anti-idiotype antibodies
that mimic antigen epitopes will turn out to be
superior to the infectious agents as an "antigen"
source.

Adjuvants have been used for many years, but con-
siderable effort is now being put into the search for
new and more effective adjuvants to augment protec-
tive immune responses stimulated by the antigenic
products of the new technologies. Encouraging
information is available concerning the adjuvant
efficacy of muramyl dipeptide plus certain detergent
formulations, and there is some preliminary analysis
of the basis of adjuvant action involving the enhanced
stimulation of T-cell responses by adjuvant-induced
interleukins.
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Recent research has shown that vaccinia virus and
bacteria, such as Salmonella strains, can be used in
animal models as vaccine vectors through the
inclusion in their genomic or plasmid DNA of new
genes coding the antigens of other pathogens. For
example, vaccinia virus containing the DNA coding
for the surface antigen of hepatitis B protects
chimpanzees against a subsequent exposure to infec-
tion with HBV. Its proved efficacy, stability, low cost
and ease of administration, together with the possibi-
lity of including in it multiple foreign genes (e.g., all
four dengue virus serotypes) make vaccinia an
outstanding model of a vaccine vector for a range of
important diseases." Bacteria which can achieve
limited penetration of the intestinal mucosa after oral
administration hold the promise of stimulating IgA
antibodies and of inducing effective immunity at the
mucosal surface, which is difficult to achieve if non-
living vaccines are used. Attenuated mycobacteria,
with their innate proved adjuvant properties for both
T-cell-mediated and humoral immunity, and their
satisfactory safety record during over 60 years of use
as human vaccines, are also possible vectors for the
future, provided the genetic engineering problems can
be resolved.

RECENT DEVELOPMENTS AND PROSPECTS IN
SPECIFIC VACCINES

Viruses

No area of vaccine development has profited more
from the imaginative new approaches using mono-
clonal antibodies and recombinant DNA than
viruses. There have been a number of general stra-
tegies which appear promising for producing new
types of vaccines. In several viruses, by the use of
monoclonal antibodies, it has been possible to define
the determinant or epitopes required for neutraliz-
ation. In some cases, by selecting the mutations in
their polypeptides and comparing them with the poly-
peptides of wild-type viruses, it has been possible to
map with remarkable accuracy the genetic differences
in the nucleic acid sequences, which control the amino
acid sequence in the determinants that are required
for neutralization of the virus. It is then possible to
achieve production of antigenic polypeptides by
recombinant DNA in E. coli and to synthesize appro-
priate peptides by chemical methods. In either case,
one has a simple molecular antigen without infectivity
which has the potential to induce selectively protec-
tive antibodies.

In the case of influenza, the vaccine currently in use
in man gives 70% protection and this is short-lived.

a Vaccinia virus, however, caused a number of serious side-
effects when used as a vaccine against smallpox.

The antibody formed after vaccination often allows
selection and the emergence of new strains owing to
antigenic variation in the surface proteins, parti-
cularly the haemagglutinin. Antibodies alone are not
capable of preventing the emergence of such variants,
and studies in animal models indicate that, in vaccine
design, attention should also be given to non-specific
responses in the respiratory tract occurring just after
infection and to the role of specific cytotoxic-T cells,
which appear to be crucial for recovery from
infection. One must design vaccines which both limit
the occurrence of infection and also provide priming
at the cellular level to assist in recovery from
infection. There are several possibilities so that more
effective vaccines can be developed. One is to use a
conserved, non-variable segment of the haemag-
glutinin molecule in the hope that antibodies formed
against this variant will effect neutralization of viral
infectivity. At present, there is no evidence to support
the feasibility of this approach. A second approach is
to use an attenuated strain of virus. At present,
adapted strains are the best choice; recent clinical and
field trials have provided evidence that these
strategies can be effective against natural challenge.
Finally, there is the possibility of recombinant
vaccines, in which genetic segments of human virus
are introduced into a non-pathogenic virus which
could be used with little hazard against the antigens of
the human strain. There could be a problem, how-
ever, in that such a virus might be transmitted to alien
species in which it may be pathogenic.

Molecular studies on polioviruses using recom-
binant DNA techniques have indicated that a change
in three amino acids can be associated with the change
from virulence to non-virulence. This subtle change
indicates that it would take very few mutations to
cause reversion of non-virulent strains back to
virulence, and this may be an intrinsic problem with
the poliovirus.
By the use of monoclonal antibodies it has been

possible to establish that there is in poliovirus one
general viral capsid antigenic determinant consisting
of four epitopes, which all neutralizing antibodies can
recognize. When antibodies combine with this
antigen the charge of the virus changes dramatically
from pH 7 to pH 4, suggesting that one of the modes
of neutralization is a conformational change in the
virus induced by binding of the antibody. Mutants
had been selected by these monoclonal antibodies.
The genetic changes accompanying antigenic resis-
tance have been characterized and it has been possible
to define the nucleic acid sequence and amino acid
sequence required for neutralization.

Great progress has been made in preparing poten-
tially useful vaccines against HBV; the genes for the
surface antigen have been cloned and expressed in
E. coli and yeast. Hepatitis A is also an important
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clinical problem and at least one attenuated, live
vaccine is being developed which is protective in
animals and appears to be non-pathogenic for
subhuman primates. It is hoped that such a vaccine
could be used together with measles, mumps and
rubella vaccines in childhood immunization.

Rabies presents a particularly difficult problem. It
is a disease for which there is already an inexpensive
vaccine made in sheep's brain, but which has undesir-
able side-effects, including toxicity and post-vaccinal
encephalomyelitis. A vaccine made in duck embyros
is less toxic but is of low immunogenicit.y and several
doses are needed. A very good tissue-culture vaccine
exists, but it is very expensive in relation to the limited
resources available in developing countries. By
recombinant DNA technology, it has been possible to
clone and express in E. coli the gene for the glyco-
protein surface antigen of rabies virus, the major
antigen involved in immunity, but the protein made
by E. coli does not so far possess the antigenic pro-
perties of the native antigen and further research
work is required in this field. If this research is suc-
cessful it will have major consequences for the elimin-
ation of this devastating disease.

In the case of herpes viruses, recombinant DNA
technology has produced antigens that can be
expressed in E. coli or in mammalian cells which can
secrete some of these antigens, and there is reasonable
likelihood that recombinant preparations or, possibly
even synthetic polypeptides that can induce anti-
bodies to human (alpha) herpesvirus 1 and 2, will be
available in the next five years. The pathogenesis of
herpes infections is complex so that one wonders
whether antibodies alone will be sufficient for protec-
tion. Because herpes viruses can integrate into the
genome and induce a state of latency, it may be
difficult to design vaccines which will achieve more
than the prevention of recrudescence. Some well-
attenuated vaccines which are not pathogenic in
animals, or temperature-sensitive mutants which are
not neurotropic, are being developed.

In the case of measles it is clear that, while anti-
bodies to haemagglutinin are neutralizing, cell-to-cell
spread can and does occur through the activation of a
fusion protein. This may be true for other respiratory
viruses. Studies are under way to clone the fusion
protein and preliminary evidence indicates that rats
and monkeys can be immunized to produce anti-
bodies to this fusion protein, so that it might be
possible to generate a fully-protective vaccine con-
taining the haemagglutinin and fusion proteins. In a
study of foot-and-mouth disease it was found that, by
adding two cysteines at the terminal end of the peptide
and by oxidizing it, viral protein antigen induced
antibody without the need to conjugate it to a
carrier.
Dengue also presents special problems in terms of a

vaccine because it is known that infectivity is
enhanced by the presence of some types of antibodies.
One must, therefore, produce a neutralizing antibody
response which lacks enhancing antibodies. So far,
attenuated vaccines for some of the serotypes have
been obtained but they have relatively low potency.
They cause approximately 60% conversion with rapid
disappearance of antibodies; it is interesting to note
that, when tested in individuals who had received
yellow fever vaccine (a related virus of the same
group), a 90-10007o seroconversion was obtained.

Bacteria

Pertussis vaccine, like rabies vaccine, is effective,
although it too possesses undesirable side-effects in
children, so that there is a clear need for a vaccine with
good degrees of potency and less toxicity. It has
recently been possible to define a number of com-
ponents of Bordetella, including the haemagglutinin,
leukocyte-promoting factor and adenylate cyclase,
which are appropriate antigens for producing neutra-
lization of infecting organisms. A Japanese group of
researchers has developed an acellular vaccine,
enriched in two of the antigens (haemagglutinin and
the lymphocyte-proliferating factor), which appears
to have relatively little toxicity but its effectiveness
has not yet been fully assessed. It seems likely in the
short term that it will be possible to enrich further or
completely purify the lymphocyte-promoting factor
and the haemagglutinin.
The effectiveness of BCG vaccination for the pre-

vention of tuberculosis has been questioned because
studies in South India failed to show protection in a
large population. WHO has a research programme
which is designed to examine the fundamental
mechanisms of protection against tuberculosis and
the eventual development of a more effective vaccine.
Since resistance to tuberculosis and leprosy has been
shown to be a function of cell-mediated immunity and
not humoral antibodies, it is necessary to screen for
protective antigens which are recognized by T cells.
One current approach is the development of con-
tinuous T-cell lines in vitro, which can be used to
screen for purified or recombinant-DNA-produced
antigens. Clearly the use of DNA technology for
cloning and expressing these antigens, and for
examining genetic differences that may exist between
different virulent strains in different parts of the
world, will be of crucial importance in developing a
better vaccine. The possibility exists that it may be
possible by recombinant DNA technology to
introduce not only protective antigens against
virulent human tubercle bacillus, but also other
pathogens into this vaccine, which could serve as an
extraordinary vector for developing delayed hyper-
sensitivity and immunity at the T-cell level to a variety
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of antigens.
The leprosy bacillus presents the unique challenge

of being one of the few pathogens of man which
cannot be cultivated in vitro. The possibility of
developing vaccines in leprosy has depended on the
ability to grow and produce significant amounts of
mycobacteria in the armadillo. Other possibilities for
vaccination are the identification of cultivable myco-
bacteria that can provide cross-reactive cell-mediated
immunity and, finally, the possibility of producing
protective antigens by recombinant DNA technology.
There is a fundamental difference between the patho-
genesis of leprosy and tuberculosis in that a
significant proportion of patients with leprosy fail to
develop any evidence of cell-mediated immunity to
the bacillus (lepromatous leprosy); these people are
not likely to be protected by a vaccine of killed Myco-
bacterium leprae. However, a mixture of killed
M. leprae with BCG has been found to convert
anergic lepromatous patients to a state of positive cell-
mediated immunity. If this vaccine is effective in
patients already having lepromatous disease, there is
every expectation that it will be more effective in a
general population at risk for developing leprosy,
e.g., contacts of lepromatous patients, and this
possibility is currently being tested in a large-scale
field study. Two cultivable strains have been deve-
loped in India and they seem to have effects similar to
the BCG-M. leprae vaccine in lepromatous patients.
An adjunct strategy involves the development of tests
that may define those populations at most risk, i.e.,
recently infected individuals who fail to respond with
cell-mediated immunity. This will make it possible to
target an appropriate vaccine to this small subpopu-
lation. With a disease of such relatively low preva-
lence as leprosy, this approach could significantly
increase the effectiveness and reduce the cost of vac-
cination against the disease.

Parasites

Great progress has been made through the use of
monoclonal antibodies and recombinant DNA tech-
nology in the production of stage-specific vaccines
against malaria. Using monoclonal antibodies, it has
been possible to identify a determinant or sporozoites
which will block infection and to isolate recombinant
DNA clones expressing this antigen in E. coli. The
protective epitope appears to be a repeating sequence
of 12 amino acids. Peptides have also been synthe-
sized and, when inoculated into monkeys, have
provided significant protection, although they have

not completely prevented parasitaemia. It is of
interest that the sporozoite antigen has also recently
been expressed in vaccinia and the vaccinia-recom-
binant virus will be tested in monkeys for its
protection against infectious challenge. The ultimate
hope is to develop a cocktail vaccine which will
prevent infection by blocking transmission.
American trypanosomiasis (Chagas' disease) also

presents a special problem. While it differs from
African trypanosomiasis in not showing antigenic
variation within its human host, it is an intracellular
rather than a bloodstream infection which persists for
very long periods of time. The most serious clinical
problems are late sequelae of infection, including
cardiomyopathy. By chemical purification, several
surface antigens of Trypanosoma cruzi have been
identified, one of which is known to be partially
protective against acute infection in mice. Recent
studies indicate that binding to and penetration of
cells depend on a specific antigenic glycoprotein
which has been purified, and attempts should now be
made to develop monoclonal antibodies and to
produce the antigens required for penetration by
recombinant DNA technology. An intrinsic problem
in Chagas' disease is that there are no satisfactory
animal models where the disease is similar to the
chronic disease found in man. Even if a purified
antigen were found to be protective against the acute
disease in animals, it would take a long time to prove
its efficacy in man through field trials.

In the case of schistosomiasis, it has been clearly
established that there is a real potential for immuno-
logical attack, particularly at the schistosomula stage.
A variety of studies has established that this form of
the parasite is susceptible to antibody-dependent cell-
mediated cytotoxicity, which can be induced by IgG
and IgE antibodies and mediated by either eosino-
phils, macrophages or platelets. In experimental
models it is quite clear that these antibodies can be
protective, and that even platelets from immune
donors can protect animals against infection with
schistosomula. A number of the antigens required for
this protection have been isolated and identified, and
some have the ability of inducing protective IgG
antibodies while others can induce protective IgE
antibodies. Most important, it has recently been
found that IgG antibodies of a subclass not giving
protection in rats are able to block protection by
competition for the same epitopes. For this reason, it
will be necessary to design vaccines that can stimulate
the appropriate subclasses of protective antibody.
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