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New approaches to molecular vaccines
JAGDEEP KAUR, D. N. RAO

INTRODUCTION
Immunoprophylaxis through vaccination now offers the
prospect of substantially reducing the mortality caused by
microbial pathogens. This article briefly reviews work on
vaccine development from the time of Jenner to the present
molecular vaccines, with special emphasis on the identifi-
cation of immunogens and their effectiveness in eliciting
an immune response and the designing of synthetic,
idiotypic and recombinant subunit vaccines. The discussion
includes new approaches to increasing immunogenicity by
better vaccine design and the use of immunostimulators,
better delivery systems and immunotargeting using
monoclonal antibodies.

HISTORY -
'Never in the history of human progress has a better and
cheaper method of preventing illness been developed
than immunization at its best. ' This statement by Edsall in
1963 reflects the success of vaccines against diseases such
as smallpox, poliomyelitis, measles, rabies, yellow fever,
diphtheria and tetanus.

Vaccinology can be divided historically into three con-
secutive eras (Table I) that blend into each other. It began
with Jenner's prophylaxis of smallpox in 1798.The century
and a half that followed this signal event was a period when
trial and error together with a series of new discoveries
paved the path to the science of vaccinology. During this
time, the infected organs of animals, embryonated chicken
eggs and primitive cell cultures of animal tissues were
used to grow viruses for live-attenuated and killed-virus
vaccines, and whole bacteria and their secreted toxins
were used in preparing vaccines against diseases caused
by them. However, no satisfactory vaccines were developed
against gram-negative bacilli as well as some of the viral
and rickettsial diseases. Also neither the chemical nature
of the immunogens used in killed vaccines nor the basis
for attenuation of live vaccines was known during this
phase. Moreover, apart from neutralizing antibodies and
to a lesser extent cell-mediated immunity, the nature of
the immune response required to produce clinical immunity
was not clear.

Between 1950and 1980immune mechanisms and the new
cell-culture technology became more clearly understood.
This period saw the generation of subunit polysaccharide
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TABLE I. Progress in vaccinology

Era Vaccines developed Technologies used

I (1788-1949) Smallpox, rabies, yellow
fever, typhus, encephal-
itis, influenza, cholera,
typhoid, tuberculosis,
diphtheria, pertussis,
tetanus

" (1950-1980) Poliomyelitis, adenovirus,
measles, mumps, rubella,
improved rabies, pneumo-
coccus, meningococcus,
hepatitis B

III (I981-future) Improvement on existing
vaccines, malaria, human
immunodeficiency virus,
foot and mouth disease
virus

Organs of animals,
embryonated hen's eggs,
whole bacteria, bacterial
toxoids

Cultivated animal cells,
bacteria polysaccharides,
extracted subunit
antigens

Subunit virus, site
directed mutagenesis"
recombinant antigen
production, chemical
synthesis, engineered
'poly topic' vaccines,
identification of epitopes
by monoclonal analysis

vaccines against certain gram-positive and gram-negative
cocci. A number of live attenuated viral vaccines as well
as the pneumococcal and meningococcal vaccines were
developed. This period also witnessed scientific and
biopolitical controversies over matters of the safety of
primary cells, diploid cell strains, transformed cell lines
and neoplastic cell cultures for growing viruses for vaccines
and problems related to overattenuation and underattenua-
tion of vaccine strains, as well as allergic sensitization with
active immunosuppression and short-lived immunity.

The highlights of the post-1981 period have been the new
advances in molecular genetics, recombinant technology,
hybridoma immunology and the synthesis of oligopeptide
antigens along with computer programmes to draw the
three-dimensional structure of proteins for identifying the
immunological active centres. The application of molecular
genetics to vaccinology has made possible the replacement
of the previous 'hit-or-miss' selection of variants and
mutants for live-viral vaccines by a system for directed
mutation and genetic substitution, selection and stabiliza-
tion. The use of recombinant technology for the preparation
of polypeptide antigens, and the eventual chemical syn-
thesis of oligopeptides that bear appropriate epitopes, has
greatly simplified the production of single antigens that
are free of unnecessary and hazardous components of the
host and the agent.
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POL YTOPIC VACCINES
In its present and simplest form, the new science of vaccino-
logy might be considered to be the science of 'epitopes'.
These are immunological determinants of antigens whose
presentation, either in native or processed form to the
B-cell immunoglobulin or the T-cell receptor in live or
non-living vaccines, induces humoral and/or cellular
immune responses and finally affords protection against
infection and disease for a sufficient period of time. In
viral, bacterial and parasitic diseases, only a few of those
antigenic sites may be able to induce protective immunity.
The administration in single vaccines of a highly complex
combination of appropriately selected epitopes permits
the prevention of many different diseases in a practical
way with single preparations. These are referred to as
'poly topic' vaccines.

In seeking individual epitopes, the focus has been on
the 'continuous' or 'sequential' epitopes that lie within the
confines of a short amino acid sequence which can be
synthesized. 'Discontinuous epitopes' consist of confor-
mational contributions by several different segments of
folded chains and are difficult to synthesize. However,
they may be approached through the synthesis of covalent
peptides that in their conformations mimic the three-
dimensional surface of the antigenic site as well as through
the synthesis of anti-idiotype antibodies. Sequential
epitopes normally form part of the 'corners' of the folded
polypeptide chains.

At least four assumptions underpin the current research
endeavours into new and improved molecular vaccines:

1. a subset of epitopes of the pathogen from perhaps
several different antigenic molecules is sufficient for
induction of host-protective immunity in the genetically
diverse host population,

2. immune effector mechanisms will be identified through
basic research endeavours in immunology that are
necessary or sufficient for the expression of resistance,

3. new, potent, acceptable and selective immunostimulat-
ing agents (adjuvants) will be made available, and

4. the safety of the vaccine can be assured by exclusion of
the epitopes and contaminants which lead to undesir-
able side-effects whether they are immunological or
inflammatory.

IMMUNE RESPONSE TO VACCINES
Progress during the last few years has helped us to under-
stand the immune regulatory process amongst the three
important cells of the immune system-the macrophage,
the antibody producing cell (B-cell) and the cell-mediated
immunity mediator or effector cell (T-cell). Immunological
memory is the key feature of immunity acquired in response
to antigens encountered in vaccines. Secondary antibody
responses tend to be quicker and larger than primary
responses, and the antibodies produced have a higher
average affinity for the antigen (known as affinity matura-
tion). The ability of an individual to respond to a given
antigen is governed by immune response genes (Ir genes)
and the immunoreactive lymphocytes. The net outcome
of immune response to a given antigen is under the genetic
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constraint of Ir gene products, namely the major histo-
compatibility complex (MHC) molecules. Ir genes control
the cytotoxic T-cell subset of lymphocytes by MHC class I
molecules. Helper T-cells are responsible for helping anti-
body production by B-cellsvia the MHC class II molecules.

The mode of processing of exogenous or endogenous
antigens determines the interaction of the lymphocyte
population with respect to MHC molecules. The exogenous
antigens are processed in the endosomal compartment of
the antigen presenting cells and expressed with MHC
class II molecules whereas the endogenous antigens in the
cytosol of these cells are expressed along with MHC class
I molecules. These are then recognized by the helper
T-cell and the cytotoxic T-cell populations respectively,
which are committed to help B-cell humoral response or
induce cellular immunity.

MAPPING OF T- AND B-CELL ANTIGENIC
DETERMINANTS
Successful induction of immunity to most antigens
requires the recognition by T- and B-cells of every different
epitope. T-cells are important regulators of immune
responses and it has become increasingly clear that the
class of T-cell preferentially activated in an immune
response is of pivotal importance for its strength and for
the effector mechanism generated. Hence, the ability to
predict regions of protein sequences most likely to elicit
T-cell immunity would be of potential use in vaccine
development.

A computer algorithm designed to predict antigenic
regions in a given protein does so by

1. the use of hydrophilicity parameters of individual
amino acids derived from the HPLC (High Performance
Liquid Chromatography) retention times to predict
surface residues on the protein antigens, 1 .

2. the use of hydrophilicity-recognition profiles of
proteins ,2

3. predicting local secondary structure, i.e. a-helix,
~-pleated or random structure,

4. looking for an amphipathic structure, i.e. a structure
in which the hydrophobic residues tend to occur on
opposite faces. These two sides may serve to interact
with the MHC molecule on the antigen presenting cell
and with the T-cell receptor,

5. the isolation of the peptide sequence that is released
during the proteolysis of the antigen-MoAb (mono-
clonal antibody) complex.?

6. constructing peptide sequences that are 'corners' of
the folded polypeptide chain.

RECOMBINANT VACCINES
The constellation of recombinant DNA techniques for
placing and maintaining new genetic material in bacteria,
yeast or mammalian cells is known as gene cloning. This is
a powerful tool for the synthesis of protein materials rang-
ing from peptide hormones and cytokines to subunit
vaccines. The gene, or a part, encoding a key antigen is
inserted into a specialized DNA molecule called an
expression vector. These expression vectors are designed
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to flank the inserted gene with efficient transcription and
translation signals. The vector is then introduced into cells
and the gene encoding the antigen is isolated in large
amounts without any contamination with infectious agents.

Though a large number of antigens have been cloned
and successfully expressed some are still at the laboratory
stage. The surface antigen of the hepatitis B virus (HBsAg)
is licensed for human use." The vaccinia virus has been
used as a vector because of its large genomic size, so that
multiple genes from different pathogens might be inserted
to combat different diseases at the same time." However,
there are controversies regarding the safety and immuno-
genicity of this technique.

New recombinant DNA approaches are now being tried
to improve the efficacy and versatility of subunit vaccines.
One approach was to use a carrier protein encoded by a
'retrotransposon' of yeast. This protein can be linked to a
wide range of viral antigens by the construction of hybrid
genes. This method has proved successful in the production
of polyvalent particulate antigens using carrier proteins
derived from hepatitis B6 and polio virus," which were
found to be good immunogens with an adjuvant. The
immunogenicity of the yeast-derived vaccine measured in
mice, chimpanzees, and human subjects is the same or
greater than that of the plasma vaccine.f-? Mutant, non-
virulent strains of Salmonella typhi and Shigella flexneri
were found to be suitable vaccines against salmonellosis
and shigellosis, but also as vectors for the expression of

TABLE II. Some anti-idiotype vaccines
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virulence protein and lipopolysaccharide antigens. The first
success noticed by inserting the DNA encoding the E. coli
beta subunit of heat labile toxin and circumsporozoite
(CS) peptide Plasmodium jalciparumr that showed clinical
immunity prompted the hope that other antigens, viral,
bacterial or parasitic, might be administered beneficially
in the near future.

Some major limitations in subunit vaccines could be:
1. low immunogenicity resulting from poor presentation

of the antigen by the antigen presenting cells of the
immune system, and

2. instability of the expressed protein in the host cell.

IDIOTYPIC VACCINES
In the highly dynamic immune system envisioned by
Jerne,'! antigenic determinants on antibodies are invariably
immunogenic since B- and T-cells are linked mutually
through idiotypic complementarity. The antigen binding
site is called the para tope and the antigenic structure
associated with the variable region of antibody is called
the idiotype. Each idiotype is composed of a set of distinct
antigenic structures called 'idiotopes'. Antigen-binding
and anti-idiotypic antibodies belong to the same family.
This implies that each antibody molecule can bind both an
epitope on an antigenic molecule and an idiotype. The
latter appears as the internal image of the foreign epitope.
This formed the basis for using internal image determinants

Disease Agent Adjuvant Anti-idiotype Result of injection
antibody type

Encephalitis Herpes simplex None RabbitPoAb Delayed-type hypersensitivity in
virus Type I rnice'!

Type II Alum Rabbit MoAb Pathogenicity in mice!"

Reovirus Type III CFA Mouse MoAb Virus neutralizing Ab in mice, rats
and rabbits"

Hepatitis Hepatitis Alum RabbitPoAb Protective Ab in chimpanzee!"
Silent clone in mice.'?

None Mouse MoAb Virus neutralizing Ab in rabbits"

Poliomyelitis Poliovirus Type II None Mouse MoAb Virus neutralizing Ab 19

Rabies Rabies CFA RabbitPoAb Virus neutralizing Ab20

None Mouse MoAb Virus neutralizing Ab20

Systemic infections Sendai virus None Mouse MoAb Virus neutralizing Ab21

Meningitis Listeria monocyto- CFA Mouse MoAb Protective immunity in mice-?
genes

Tuberculosis Mycobacterium None RabbitPoAb Proliferation of human peripheral
tuberculosis blood lymphocytes in vitro-'

Pneumonia Streptococcus CFA Mouse MoAb Protective immunity in mice/"
pneumoniae

Schistosomiasis Schistosoma None Rat MoAb Protective immunity in rats"
mansoni

African sleeping Trypanosoma None MousePoAb Protective immunity in allotype
sickness rhodensiense matched mice"

Chagas disease Trypanosoma cruzi CFA RabbitPoAb Parasite binding Ab in mice, rabbits
and guinea pigs-?

PoAb Polyclonal antibodies MoAb Monoclonal antibodies Ab Antibody CFA Complete Freund's Adjuvant
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as vaccines for infectious diseases. The first demonstration
of the existence of the internal image antibodies came
from the work of Sege and Peterson who showed that anti-
idiotypes prepared to bovine anti-insulin mimicked the
action of insulin. 12

Based on the ability of anti-idiotypes to mimic foreign
antigens, these have found use as alternatives to conven-
tional vaccines in inducing anti-parasitic, viral or bacterial
immunity (Table II). They have been particularly effective
in the following cases:

1. When the protective antigen of the infectious agent is
a polysaccharide or the carbohydrate moiety of a
glycoprotein.

2. When the microbes show antigenic variations such as
influenza virus, human T-cell lymphotrophic virus
(HIV) or trypanosoma.

3. By producing an idiotope which is capable of preventing
the binding of the human immunodeficiency virus to its
receptor of CD4 (or T-helper) cells.

4. To possibly provide a mechanism to combat cancer by
inducing a tumoricidal immune response.

SYNTHETIC PEPTIDE VACCINES
The synthesis of peptides corresponding in sequence to
the primary structure of antigenic regions of a pathogen
represents another way of developing non-infectious
surrogate vaccines. The potential effectiveness of a syn-
thetic peptide vaccine is usually reflected in its ability to
elicit the formation of neutralizing antibody and/or
immunological memory.

Synthetic antigens might be of considerable importance
in the future development of vaccines.P They may be
converted into potent immunogens by being coupled with
proteins that excite the immune system and invite the
participation of T-helper antigenic sites. The development
of synthetic molecules along with the B-cell epitopes will
allow the design and development of inexpensive, efficient
vaccines. They should avoid possibly deleterious sites,
such as suppressor T-cell epitopes or sites inducing
syncytia formation, and live-viral contamination. The
following guidelines may help in making vaccines better.

1. Identification of precise epitopes within the predicted
sequence by synthesizing overlapping peptides with
single amino acid dilutions from the N- or C-terminus
of the predicted sequence which is finally recognized
by T-cells in association with many MHC class II
molecules.

2. Inclusion of a universal T-helper epitope into the
vaccine since the immune response to a given epitope
is under genetic restriction.

3. Mimicking of the conformation of the native epitope
by disulphide bonding to form a circle that enhances
the antigenicity of the synthetic oligopeptide. .

4. Linking of hydrophilic epitopes between hydrophobic
segments to provide correct folding to stimulate immune
responses against different epitopes in a single synthetic
chain.
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Structural factors in peptide vaccine design
In order to be effective, a synthetic peptide vaccine must
possess a high level of immunogenicity and induce anti-
bodies that cross-react extensively with the pathogen.
Developing peptides suitable for vaccination is a far more
difficult task than selecting peptides able to induce anti-
bodies that simply cross-react with the cognate protein.
At times, certain structural modifications have shown a
marked increase in the antigenicity of synthetic vaccines.

Addition of carbohydrate residues, for example, the
high-man nose hexoses attached to residue Asn-165 of the
haemagglutinin protein interacting with the adjacent
monomer, may help in the modulation of antigenicity by
stabilizing the three-dimensional structure of the molecule.
Similarly, in rabies, glycosylation of the protein is found
to be important for protection against disease, as it helps
maintain the native conformation of the protein. Masking
and unmasking of the protein is another important func-
tion of the carbohydrate. This may lead to exposure of the
antibody binding sites in the areas previously buried in the
native molecule. Carbohydrate moieties may also bury
some potential tryptic and chymotryptic sites and thus
protect the protein against degradation.P Thus, efficacy
may be greatly enhanced by altering the position and
number of carbohydrate residues in a synthetic protein
vaccine.

Local secondary structures can also be dramatically
altered by changes in the sequence. Substitution of a polar
residue for a hydrophobic residue may lead to the exposure
of buried residues (e.g. foot and mouth disease peptide
VPPO). The maintenance of the important antigenic
features of the protein in a synthesized peptide might
require a rigid secondary structure such as that pro~ided
by a helix. Hence, disulphide bridges have been sh0'l"n to
be critical for the maintenance of the native antigenic
and/or immunogenic activity in some cases. In the hepatitis
B surface antigen peptide (residues 122-137 of n'ative
protein), the presence of an intra-chain disulphide bond
(between 124 and 137) makes this cyclic peptide excep-
tionally immunogenic." It elicits a vigorous response
and has been shown to contain a determinant that reacts
specifically with antibodies produced by humans infected
with the hepatitis B virus. Acylation of the N-terminal of
synthetic peptides by long chain fatty acids has also been
shown to increase the immunogenicity. Myristylated, as
opposed to unmyristylated Pre-S peptide, of the hepatitis
B envelope protein has been shown to be immunogenic in
rabbits.P

Use of synthetic pep tides in serological assays
Synthetic peptide technology permits mass production of
pep tides for specific proteins, thereby adding new infor-
mation regarding the host immune response during natural
infection, age dependent immunity in relation to intensity
or duration of exposure to a given pathogen. In fact, the
synthetic peptides have largely replaced conventional
antigens in the detection of antibodies in the sera. They
are also preferred for raising antibodies to detect the.
parent antigen, thereby increasing the monospecificity.

It is important to remember that there is an age-



62

dependent increase in antibody level, which was observed
by us when we were studying malaria endemicity, using
repeat sequence of CS33,34and ring infected erythrocytic
stage antigen (RESA) peptides of P. [alciparum and
P. vivax as test antigens. This observation correlates well
with parasitaemia on the one hand and with antibody levels
on the other. 35However, interestingly no correlation was
found between the levels of CS antibodies and blood stage
antibodies in the same population. Thus the response to
CS peptide appears to develop at an earlier stage than the
response to blood stage peptides.

IMMUNOPOTENTIA TORS OR ADJUVANTS
Since some new generation antigens may possess the
specificity but not necessarily the immunogenic potency
of the antigenic architecture from which they are derived,
adjuvants and immunostimulators will continue to be
needed. Such adjuvants may also enhance the potency of
conventional vaccines. Many such reagents exist and
some of the most potent are still under trial for use in
humans. Among those in use, or ready for such considera-
tion, are aluminium hydroxide, mineral oil, a variety of
lipophilic derivatives of muramyl dipeptide (MDP),36,37
synthetic liposomes or combinations of liposomes with
MDP or monophosphoryllipid A,38 detoxified lipid A,
immunostimulating complex (ISCOM)39 prepared from
membrane proteins of some microorganisms, hydrophobic
membranous multi molecular preparations of meningo-
coccal outer membrane proteins, namely proteosomes
and some biodegradable polymers.

It is worth considering some 'tricks' for future adjuvant
research as, conjugating to a vaccine antigen, a peptide or
drug that through binding to appropriate cellular receptors,
mimics the interleukins and other lymphocyte growth
promoters. Related to this is addition of peptides or drugs
that increase affinity of antigens for MHC class II
molecules. Developments in computer-aided analysis of
receptor-ligand interactions, protein structure and drug
design will assist this endeavour. Another future line of
research could be the use of biodegradable capsules and
microspheres and incorporating T- and B-cell growth
factors for efficient delivery of the vaccine formulations.

IMMUNOTHERAPY AND IMMUNOPROPHYLAXIS
OFTUMOURS
Although chemotherapy is the most important therapeutic
approach to the treatment of cancer, its one significant
drawback is the non-specific cytotoxicity to the host of
almost all anti-cancer drugs. The therapeutic/toxic ratio is
low for most of these drugs. Antibodies, on the other
hand, are specific as well as cytotoxic. They therefore
allow a more acceptable approach to cancer therapy.
Immunotherapy using heterologous antisera was reported
as early as 1976.40 Being heterologous, these antisera
posed problems regarding impurity, heterogeneity, cross-
reactivity and availability. Most of these problems have
been circumvented with the advent of monoclonal
antibodies to human tumour cells. The relative ease of
their production in large quantities and the advantages
manifested by their strict specificity and reproducibility
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has made the monoclonal antibodies a very effective
product for clinical use. Clinical studies done with mouse
MoAb reactive with human tumour cells have demons-
trated the success of immunotherapy, possibly through
direct antibody dependent cell mediated cytotoxicity,
phagocytosis of antibody coated cells by the reticulo-
endothelial system or a direct effect on proliferation.
Depending on their isotype MoAbs can activate the
complement system and/or an ADCC activity. This
occurs particularly in lymphomas and leukaemias which
are more susceptible than solid tumours to the lytic effects
mediated by complement or lymphoid cells."

Despite some very promising results, clinical benefits
have been observed only in a minority of treated patients.
Consequently, consistent efforts are being made to
increase the efficiency of MoAbs by coupling them with
highly toxic proteins," radionuclides" and cytotoxic
drugs.f In appropriately designed conjugates such
antibodies may deliver to the tumour cell in a site-specific
manner either radioactive isotopes (for diagnostic imaging)
or toxic substances (for therapy). These immunoconjugates
have been shown to have very high cytotoxic effects in
vitro. However, their major limitations, besides their low
degree of localization, is their in vivo instability and
inappropriate biodistribution. Some clinical benefits have
been observed in particular with radioisotopic immuno-
conjugates." Chemical coupling is being tried whereby
the antibodies are linked to toxins by a specific acid labile
linkage. The active toxin thus gets released intracellularly
on contact with lysosomal pH. This has the advantage of
specific toxicity to tumour cells with little toxicity to
other cells.

Promising results have also been obtained in ex vivo
therapy. Bone marrow purging of neoplastic lymphoid
cells has been produced using MoAbs either in a direct
complement mediated cytotoxic test" or after coupling to
a toxin (ricin A chain)." Even better results have been
obtained in solid tumours using immunoconjugates" or
by mechanically separating the contaminating tumour
cells."?

Although there have been major advances in immuno-
therapy, immunoprophylaxis is still at an investigative
stage. However, there have been promising developments.
Efficient generation of human MoAbs is now being tried
extensively and there has been partial success. This is
likely to have major implications in the future.
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