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Horizons in Chemical Immunology -
Approaches to Synthetic Vaccine Design

John A. Robinson*

Abstract: The main aim of this short review is to provide an up-to-date perspective of the properties a synthetic
molecule must have in order to elicit a pathogen-specific humoral immune response. Chemistry will have an in-
creasingly important role to play in the future rational design and optimization of molecules that impact on the im-
mune system, e.g. as vaccines, vaccine adjuvants, or as immunostimulants and immunosuppressants. This follows
from the rapidly unfolding understanding of how the adaptive and innate arms of the immune system work, which
includes the 3D structure determination of many key receptors and signalling molecules - this opens the whole
field to the rational chemical design of immunomodulatory molecules (chemical immunology).
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1. What Is a Vaccine?

The free on-line encyclopaedia (Wikipe-
dia) defines a vaccine as:

“A vaccine is an antigenic prepara-
tion used to establish immunity to a dis-
ease. The term derives from Edward Jen-
ner’s use of cowpox (‘vacca’ means cow
in Latin), which, when administered to
humans, provided them protection against
smallpox, which Pasteur and others per-
petuated. The process of distributing and
administrating vaccines is referred to as
vaccination. Vaccines can be prophylactic
(e.g. to prevent or ameliorate the effects of
a future infection by any natural or ‘wild’
pathogen), or therapeutic (e.g. vaccines
against cancer).”
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Exploring the definition further we are
instructed that there are four types of tra-
ditional vaccine;!!!

i) Inactivated — these are previously viru-
lent micro-organisms (including virus-
es) that have been killed with chemicals
or heat. Examples are vaccines against
flu, cholera, bubonic plague, and hepa-
titis A;

ii) Live, attenuated — these are live micro-
organisms that have been cultivated
under conditions that disable their
virulent properties. Examples include
yellow fever, measles, rubella, and
mumps;

iii) Toxoids — these are inactivated toxic
compounds from micro-organisms
in cases where these (rather than the
micro-organism itself) cause illness.
Examples of toxoid-based vaccines in-
clude tetanus and diphtheria;

iv) Subunit — rather than introducing a
whole inactivated or attenuated mi-
cro-organism to an immune system, a
fragment of it can create an immune re-
sponse. A characteristic example is the
subunit vaccine against hepatitis B that
is composed of only the surface pro-
teins of the virus (produced in yeast).
There can be little doubt that such

vaccines have contributed enormously

to global human health for well over a

century.l>3! However, it is also true that

these successful vaccines were developed
without any real molecular understanding
about how the immune system works, nor
what it takes to design an effective vac-
cine.*l The term alchemy might be appro-
priate to describe this trial-and-error ap-

proach to transmuting potencies, if it were
not for the fact that modern ‘chemistry’
had very little to do with it. Even today,
most commercial vaccines are based on
whole or inactivated organisms.[!l An im-
portant message of this article, however,
is that chemistry will have an increasingly
important role to play in the future rational
design and optimization of molecules that
impact on the immune system, e.g. as vac-
cines, vaccine adjuvants, or as immunos-
timulants and immunosuppressants.

2. The Age of Reverse Vaccinology

In recent years genomic information
has been used extensively in subunit vac-
cine design.3>-71 Rather than relying on
Pasteur’s approach of laboriously attempt-
ing to isolate, inactivate and test the infec-
tious agent, or a component of it, the fin-
ished genome sequence can now be mined
for potential antigens that can be produced
and tested in the form of recombinant pro-
teins — an approach called ‘reverse vac-
cinology’.[®l However, although hundreds
of potential protein antigens from a sin-
gle organism can be identified, produced
and tested, almost in a high-throughput
mode, the approach is fraught with many
problems. For example, it is usually not
clear whether the proteins produced are
properly folded. It is also often not clear
whether protective epitopes are present,
i.e. protein surface patches that can be
bound by antibodies that inhibit the life
cycle of the infectious agent. The whole
surface of a protein may be immunogenic,
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but typically many of the antibodies that
are elicited against a protein may have no
deleterious effect on the life cycle of the
pathogen. In some cases, the bound anti-
bodies may even promote the life cycle of
the pathogen, or after binding, may block
the actions of other antibodies that do have
inhibitory activity.

An alternative approach, which has also
been termed ‘reverse vaccinology’,®! in-
volves first identifying the key epitopes on
selected target antigens, which are bound
by neutralizing or inhibitory antibodies,
and using this information as a basis for
vaccine design. For example, antibodies
might be isolated from infected humans and
tested for their ability to bind the target and
inhibit infection. Ultimately, a 3D crystal
structure of the inhibitory antibody (or the
Fab fragment) bound to the target protein
would reveal where the epitope is located,
and its bound structure. This structural in-
formation then provides a starting point for
the design of epitope mimetics as potential
vaccine candidates. The precise characteri-
zation of the surface epitopes recognized
by neutralizing antibodies is the first step
in a rational chemical approach to creating
polypeptides, peptidomimetics, or other
small molecules, that mimic inhibitory
epitopes. Through ‘chemistry’ it may be
possible to stabilize in smaller peptides or
peptidomimetics the conformations impor-
tant for antibody recognition. Examples can
be seen in recent efforts to design immu-
nogens that can elicit broadly neutralizing
antibodies to gp120 on HIV-1.119

3. Synthetic Peptides as Vaccines

A great interest within the biological
community was generated in the 1980s
through the observation that sometimes a
small linear peptide fragment of a protein
could be used to elicit antibodies in an ani-
mal that would cross-react with the cognate
native protein antigen on the surface of a
parasite. This interest was marked in 1986
by a CIBA Foundation symposium.!'!l The
potential importance of this observation
was very great. For instance, by using such
peptides as antigens, it might be possible to
focus the (humoral) immune response on
just those protein epitopes that are recog-
nized by inhibitory antibodies. Also, these
small protein fragments could be made
through chemical synthesis. This could
potentially avoid many of the problems
encountered in producing recombinant
proteins, correctly folded, with the levels
of characterization and purity required for
clinical use. However, it must now be said
that there are currently no commercial syn-
thetic peptide vaccines, against any infec-
tious agent, in human clinical use. Several
key reasons why this approach has so far
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Fig. 1. Ribbon representations of X-ray crystal structures of the extracellular domain of Toll-like
receptor-3 (TLR-3) (left, PDB 1ZIW); one (of the many genetically diverse) MHC class-Il receptors
with a bound peptide (middle, the bound peptide is shown in purple as a CPK model, PDB 1DLH);
and one example of a T cell receptor domain bound to a MHC-II - peptide antigen complex (right,
TCR at the top, peptide-MHC-II at the bottom, PDB 1J8H)

not been translated into successful vaccine
products can be quickly recognized.

One key reason why peptides (and syn-
thetic molecules in general) have so far not
fared well as vaccine candidates is related
to the fact that small synthetic molecules
are generally only very poorly immuno-
genic, and require specialized methods of
delivery. The immune systems of humans
and other animals did not evolve to resist
assaults from synthetic organic chemists,
but rather from invading viruses, bacteria,
parasites and other infectious agents.!2!
Many organisms have evolved mecha-
nisms to detect the presence in the body
of pathogens, and to provide an initial re-
sponse in the fight against them, before
the adaptive immune system kicks-in.
This involves the so-called innate immune
response,!'3] which does not make use of
libraries of antibodies and T-cell recep-
tors generated through gene shuffling and
somatic mutation, but rather is based on
specific germ-line encoded receptors and
signalling pathways, and employs the
activation of dendritic and natural killer
cells, the tagging of antigens by proteins
of the complement system, and in a first
line of defence the release of anti-infec-
tive agents, e.g. antimicrobial peptides,
produced in the body.

4. The Innate Immune Response
- Sniffing out PAMPS with PRRs

The innate immune response against
infectious agents begins by the recognition
of specific structures (molecules) uniquely
presentin, or on, the invading organism.[1415]
These are often called pathogen-associated
molecular patterns (PAMPs)l6171 (a fancy

name for molecules like lipopolysaccha-
ride, viral RNA or DNA, bacterial lipopep-
tides, and others), which are foreign to the
host animal but an integral part of the patho-
gen (bacterium, virus, parasite etc.). These
PAMPs are recognized by specific mem-
brane-bound pattern recognition receptors
(PRRs), including over a dozen different
Toll-like receptors (TLRs), expressed on
the sentinel cells guarding the peripheral
tissues, in particular, macrophages and den-
dritic cells.l'8-201 Dendritic cells are key sen-
tinels in the periphery, where they sniff-out
(through their TLRs), and then capture and
process antigens.2'-24 Very recently, the
first X-ray structure of the extracellular por-
tion of TLR-3 was reported (Fig. 1), which
revealed not only a remarkable protein ar-
chitecture containing multiple leucine rich
repeats, but also provided clues as to how
the receptor binds its ligand, in this case vi-
ral RNA.[25-261 Already work has begun to
design novel small drug-like molecules that
bind to specific TLRs and so can modulate
immune responses!!'+-1¢! (see below). For ex-
ample, synthetic cytosine-phosphate-2’-de-
oxy-7-deazaguanosine dinucleotides (CpR)
(Fig. 2), called immunomodulatory oligo-
nucleotides (IMOs) have been described
that induce strong and rapid immunostimu-
lation through binding to TLR-9, thus lead-
ing to immune-cell activation and cytokine
secretion in vitro and in vivo 27281

More importantly, however, the recog-
nition of PAMPs by TLRs and other PRRs
at the cell surface, triggers intracellular
signalling pathways, which culminate in
the maturation of dendritic cells and the
release of pro-inflammatory cytokines,
chemokines, and type-I interferon. The
conversion of immature to mature dendrit-
ic cells is accompanied by a marked cellu-
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Fig. 2. Synthetic cytosine-phosphate-2’-deoxy-
7-deazaguanosine dinucleotides (CpR) as TLR-9
agonists and potent immunomodulators

lar reorganization, including the redistribu-
tion of MHC class-II molecules to the cell
surface (Fig. 3), which is important in the
next step, the activation of T helper cells2!l
(see below). This is all rather like sending
up smoke signals, the end result being that
the cavalry (the B and T cells in the adap-
tive immune system) are alerted that some-
thing is wrong, which requires their atten-
tion. Of course, typical synthetic organic
molecules (including most small peptides)
do not elicit this response. For this reason,
when synthetic molecules are tested as vac-
cines, they are usually linked to a carrier
protein and co-injected with an adjuvant
that can. Adjuvants are (simply put) com-
ponents added to vaccine formulations that
enhance the immunogenicity of antigens in
vivo. Excluded from this definition would
be delivery vehicles that allow multivalent
display of antigens (see below), targeting
of antigens to antigen-presenting cells, and
concentrating and co-localizing antigens
with immune potentiators (e.g. TLR ago-
nists). The design of new adjuvants is an
active area of research.[42930] Perhaps the
best known adjuvant is Freund’s complete
adjuvant. This is a rather obnoxious cock-
tail comprising a suspension of desiccated
mycobacterial cells in a mixture of paraf-
fin oil and an emulsifying agent, mannide
monooleate. Injecting this under the skin
elicits a strong general pro-inflammatory
immune response that can even cause the
death of laboratory animals, and so cannot
be used in humans. There are presently very
few effective adjuvants licensed for human
use, one of the most widely used being al-
umbB! (antigens absorbed onto aluminium
and calcium salts, to produce a particulate
preparation with mild immunostimula-
tory properties). Another adjuvant (called
AS02A) developed by GlaxoSmithKline
Biologicals, and used recently in clinical
tests of a malaria vaccine,3?! comprises a
proprietary oil-in-water emulsion contain-
ing the immunostimulants 3-deacylated
monophosphoryl lipid A and a triterpene

saponin mixture (QS21) isolated from the
plant Quillaja saponaria.® Apart from
the design of the antigen, one of the key
problems in vaccine discovery for human
use lies in finding an effective but harm-
less adjuvant, or some alternative way of
eliciting an efficient immune response.['4]
Alternative approaches to antigen delivery
are now being explored that do not require
adjuvants, and which exploit the growing
knowledge of the mechanisms through
which the adaptive immune system is acti-
vated in the body.

We should also not forget that a second
key component of the immune response to
an infectious agent, apart from the anti-
body response, is based on the activation
of CD8+ cytotoxic T cells and natural killer
cells whose job it is to identify and destroy
cells of the host that have become infected
with pathogens. The activation of T cells
occurs when the T cell receptor recogniz-
es a linear peptide fragment derived from
the invading pathogen, and bound in the
groove of the MHC class-I receptor, on
the cell surface. The peptide-MHC class-I
complex is a marker, which serves to sin-
gle out the infected cell for destruction by
activated T lymphocytes and natural killer
cells (for a video animation see: http://
www.serotec.com/FlashAni/flash_anima-
tion_landing.htm?=science). This proc-
ess will not be discussed further, since the
main focus here is on the process of B cell
activation leading to a humoral (antibody)
immune response.

5. B Cell Activation

The rapid production of antibodies
is crucial to most anti-pathogen immune
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responses. This requires the activation of
antigen specific naive B cells and T helper
cells. The activated B cells receive help
from cognate CD4+ T helper cells, and
eventually become the antibody factories
(plasma B cells) that secrete large amounts
of the specific and optimized antibody. Yet
B and T cells that specifically recognize
one particular antigen are exceedingly rare
in the body, so how are they activated and
how do they find each other? Although on-
ly partly understood, it is clear that ndive
B and T cells (i.e. ones that have not pre-
viously been activated by antigen) get to-
gether with antigens within the lymphoid
organs (e.g. the lymph nodes and spleen).
The lymph nodes constitute, if you like,
the ‘mating bars’ where the players (an-
tigen and ndive B and T cells) gather and
survey each other. Recirculating naive B
cells enter secondary lymphoid organs
continually from the blood to scan for their
specific antigens. So clearly antigens must
be transported from the site of entry (e.g. a
splinter in your finger, or an injection un-
der the skin) through the lymphatic system
to the lymph nodes, where they can meet
up with prospective naive B and T cells.
Antigens appear to arrive in lymph
nodes as soluble antigen, as immune
complexes, or in association with anti-
gen presenting cells (APCs) e.g. dendritic
cells.3431 Some small model antigens
such as hen egg lysozyme appear to gain
ready access to lymphoid follicles, but
others, particularly those of larger sizes
or associated with particulate materials,
seem to be transported into follicles by
antigen transport cells. Details of how this
occurs are still murky. But dendritic cells
activated in the epithelial surfaces (i.e. that
have seen the smoke signals) can transport

Denritic cell

surface

cytokines

TLRs sense pathogen-
associated molecular
patterns (e.g. LPS, or
battle cytokines)

TLR bindingto PAMPs leads to
DC activation, and:

= rapid uptake of pathogens by
endocytosis,

= up-regulation of MHC-I, MHC-II
and other co-stimulatory
molecules (B7) at the cell

= secretion of pro-inflammatory
= and initiates migration through

the lymphatic system to the
lymph nodes.

Fig. 3. Dendritic cells (DCs) are white blood cells, produced in the bone
marrow, which take up sentinel positions in the tissues. An important
function is to present antigen fragments to T cells via MHC molecules in

the lymph nodes.
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large amounts of engulfed antigen, in an
intact form, to lymphoid organs for scru-
tiny by B and T cells.3¢ In addition, an-
tigen that has been opsonized (decorated)
by complement or antibodies can be car-
ried by the lymph into the node. Within
the lymph nodes, follicular dendritic cells
(FDCs), dendritic cells from the periph-
ery, and macrophages can display intact
antigen, held on their cell surface, to naive
B cells during the initial stages of a pri-
mary response. The FDCs can capture
antigen opsonized by complement or an-
tibodies, using complement receptors and
Fc-receptorsontheircellsurface. The B-cell
receptors (BCRs) on the surfaces of naive
B cells can then screen the presented anti-
gen until an optimal fit is obtained, and the
B cell is then activated.

Ithaslong been known that the immune
system generates robust immune respons-
es against pathogens displaying repeated
antigenic structures across a surface, as
found for example on a virus or bacteri-
um.!'237 In particular, B cells seem to be
most effectively activated by membrane-
bound antigens.[?8! Recently, new insights
have been reported into how B cells rec-
ognize and are activated by antigens. The
BCR is a multiprotein complex compris-
ing a membrane-bound antibody molecule
that is non-covalently associated with an
Igo/Ig heterodimer (Fig. 4). Engagement
of repeated antigenic structures by mul-
tiple BCRs on the surface of the B cell,
leads to a two-phase response, in which the
B cell first spreads over the antigen-bear-
ing membrane and then contracts, thereby
collecting bound antigen into a central
aggregate.3% The extent of this response
determines the quantity of antigen accu-
mulated and hence the degree of B cell
activation. Only if both the antigen af-
finity and density is high enough, to en-
able successive engagement with multiple
BCRs, does the initial spreading and then
contraction continue, which leads finally
to formation of an immunological synapse
between the two cells38 (the term immu-
nological synapse was first introduced to
describe the contacts made between TCRs
and peptide-MHC complexes on APCs,
during T cell activation, see below). Fol-
lowing synapse formation, the antigen-
BCR complex will be internalized by the
B cell and enter the normal MHC process-
ing pathway.[4041]

6. Activating T Helper Cells

A second and more important reason
why small molecules are often coupled to
carrier proteins in order to raise an immune
response, is to ensure the activation also of
cognate T helper cells. T lymphocytes (T
cells) are so called because of the role that
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APC (FDC)

B-cell receptor (BCR) comprises the
antibody heavy and light chains and
the accessory proteins Iga and IgR

B-cell

Fig. 4. Follicular dendritic cells (FDCs) in the lymph node display antigen
to B cells. FDCs resident in lymph nodes (not the same as the peripheral
DCs) may capture antigen that has been bound (opsonized) by antibodies
or complement, via the Fc-receptor or complement receptor, respectively.
Multiple BCRs can be cross-linked by binding to repeated epitopes on the
antigen. Other adhesion molecules on each cell surface further strengthen
the contact, leading to an immunological synapse,38l cell activation, and

BCR-antigen internalization

the thymus gland plays in their development
(in particular, elimination of self-reactive
T cells). In general T cells, unlike B cells,
do not recognise intact antigen, but rather
require the protein antigen to be cleaved
into peptides by proteolysis within the
cell. Peptide fragments can then be loaded
onto class I or class II major histocompat-
ibility complex (MHC) molecules (Fig. 1),
and the complexes can be presented on the
cell surface, ready for scrutiny by T cells.
In general, MHC-I receptors (which are
present on most cells in the body) present
antigen to CD8* T cells, whereas MHC-II
receptors (which are only found on antigen
presenting cells (APCs)) present antigen
to CD4+ T cells. There are distinct intra-
cellular pathways of antigen processing for
presentation with either class I or class II
MHC molecules. Antigens for presentation
in association with MHC-I molecules are
derived from the cell’s cytosol, whereas the
majority of antigens presented by MHC-II
molecules are derived from antigens taken
up from outside the cell and processed in
cellular compartments such as endosomes.

Expression of a unique T-cell recep-
tor (TCR) confers antigen specificity to a
specific T cell. The structure of the TCR
is distinct from the antigen receptor on B
lymphocytes (BCR), but a huge diversity
of TCRs is achieved in the pool of T lym-
phocytes in the body by a process of TCR
gene rearrangements similar to the rear-
rangement of V, D and J segments of im-
munoglobulin genes seen in B cells. Fur-
thermore, T cells express either the CD4 or
the CDS8 surface protein, and these markers
can be used to define two major sub-popula-

tions of mature T cells in the periphery. The
CD4+ T lymphocytes represent the ‘helper’
T cell population. The CD8+ T lymphocytes
represent the antigen specific cytotoxic T
lymphocytes (CTL), which respond to and
kill cells that are infected with intracellular
pathogens, such as viruses, some intracellu-
lar bacteria (e.g. Listeria) and some intracel-
lular protozoa (e.g. malaria parasites). CD8
specifically recognizes and binds MHC-I,
whereas CD4 binds to MHC-II. These in-
teractions strengthen the adhesion between
the APC and the T cell.

CD4+ T lymphocytes are often known
as ‘helper’ T cells, as they act on other cells
of the immune system, in particular B cells,
to promote B cell maturation by stimulat-
ing immunoglobulin isotype switching (e.g.
change from an initial IgM to IgG or IgE)
and affinity maturation of the antibody re-
sponse. Naive CD4+ T cells use their TCRs
to search for a complementary peptide an-
tigen in a complex with a class II MHC
molecule (Fig. 1), on the surface of APCs
(B cells, macrophages and dendritic cells)
(Fig. 5). The TCRs on T cells scan peptide-
MHC-II complexes on professional APCs
that have taken up and processed the pro-
tein antigen. Once a CD4+ T cell has found
its complementary target peptide-MHC
complex, a second co-stimulatory signal
must be sent from the APC to the T cell.
This is provided by specific interactions
between other co-stimulatory cell surface
markers (e.g. B7 proteins on APCs, which
bind CD28 on T cells). During activation, a
clustering of TCRs engaged with peptide-
MHC complexes is found, surrounded by
complexes formed by other adhesion mol-
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ecules at the point of contact between the T
cell and APC. This results in the formation
of a so-called ‘immunological synapse’.[42-44
Recent imaging analyses have revealed
that TCR microclusters, formed prior to
synapse formation, are the site for antigen
recognition and T cell activation.[?>-241 The
interface, although quite dynamic, can be
stable for hours.#546] Only a few co-stimu-
latory molecules seem to be involved in ini-
tial T cell activation. However, the picture
becomes more complicated for re-stimula-
tion of T cells that have already ‘seen’ the
antigen. The mechanism of naive T cell
activation in central lymphoid organs seem
to be different to the co-stimulation of an-
tigen-experienced T cells, which may oc-
cur in the lymphoid organs and also in the
periphery.7

7. T and B Cell Proliferation

After activation, the cells disengage
and the T helper cell proliferates, while the
APC goes on to activate other T cells. One
consequence of T cell activation is the up-
regulation of another surface marker on T
cells, namely CD40L. This is important for
further stimulation of APCs, and for B cell
activation. The B cell, namely, requires a
second signal before it is activated, and un-
leashes its antibody production facility. The
first signal is provided by BCR engagement
with antigen. A second signal is provided
by the interaction of CD40 on the B cell
with CD40L on the surface of activated T
helper cells (Fig. 5) (i.e. the B and T cells
have to agree that an invader is at hand be-
fore triggering an immune reaction). This
is not an antigen specific interaction, but is
essential for the so-called T cell-depend-
ent immune response. A T-cell independent
antibody response can also occur, in par-
ticular, when repeated epitopes (e.g. carbo-
hydrates) on a pathogen cross-link a large
number of BCRs. Carbohydrates elicit
T-cell independent responses, and in such
cases a second activation signal is provided,
not by the T cell, but by cytokines secreted
by dendritic cells after activation.

CD4+ T cells act by releasing cytokines
in response to antigenic stimulation. Cy-
tokines are soluble intercellular messenger
molecules, which interact with specific
receptor molecules on target cells. By re-
leasing cytokines in response to antigenic
stimulation, CD4+ T cells are able to or-
chestrate an appropriate cell-mediated im-
mune response to infection. Helper T cells
can be divided into two broad groups, based
on the specific profiles of cytokines they
release. These groups are known as Thl
and Th2 cells. Thl cells release predomi-
nantly IL-2, TNF and IFNY in response to
antigenic stimulation; IFNYy primes macro-
phages and influences B cells during class
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Fig. 5. Summary (and simplification) of some of the key interactions during

B and T helper cell activation

switching to produce IgG3 antibodies; TNF
activates primed macrophages and natural
killer cells and IL-2 promotes immune cell
proliferation — the perfect package to help
defend against a viral or bacterial attack in
the blood and tissues. Th2 cells secrete IL-
4, IL-5 and IL-10; IL-4 is a growth factor
for B cells and influences class switching to
produce IgE antibodies; IL-5 is a cytokine
that promotes class switching to IgA; and
IL-10 acts to decrease the rate of prolifera-
tion of Th1 cells — a cocktail that is ideal to
defend against parasitic (IgE) or mucosal
(IgA) infection, whilst skewing the immune
response towards an ‘allergic’ type of reac-
tion. Actually, rather than viewing helper T
cells as falling into two distinct groups, it
is probably more accurate to view them as
forming a continuous spectrum, with Thl
and Th2 cells at opposite ends of the scale,
and the so-called ThO cells remaining unbi-
ased and being able to produce a wide range
of cytokines. Th1/Th2 profiles represent lo-
cal responses to deal with local infections
in the body. But how do the T cells know
what type of profile to produce, and where
in the body to release it? Here again the in-
nate immune system plays a key role. The
dendritic cells in the periphery use their
PRRs to sniff out the PAMPs. The dozen
or more different TLRs on dendritic cells
each recognize different molecular patterns
characteristic of the broad classes of invad-
ers, e.g. TLR-4 detects bacterial products,
TLR-3 senses viral RNA etc. Also, differ-
ent areas of the body produce characteristic
mixtures of cytokines in response to invad-
ers. This information is somehow recorded
in the different co-stimulatory molecules
expressed on the surface of the dendritic
cells, and when these cells migrate to the
lymph nodes to activate T cells, this infor-
mation is ‘read’ by co-receptors on the T
helper cell surface.[23:4547]

8. The Three Signals in B Cell
Activation

A further advance in understanding the
mechanism(s) of B cell activation was made
recently. This activation process is kept un-
der strict control, in order to avoid release
of auto-reactive and potentially pathogenic
lymphocytes. As outlined above, for activa-
tion the B cell needs to receive two signals,
one through cross-linking of BCRs with
antigen at the cell surface, and the sec-
ond through interaction with an activated
T helper cell. Recent evidence, however,
has shown that efficient B cell priming and
the launch of a T cell-dependent immune
response is stimulated by a third signal,
namely, the direct activation of TLRs on B
cells.*8491 TLRs on dendritic cells are im-
portant for detecting pathogen-associated
molecular patterns (PAMPs) during the
process of T helper cell maturation. They
seem, however, to be used again in the same
way during B cell activation. Thus naive
human B cells express low to undetect-
able levels of TLRs, but BCR cross-link-
ing by antigen leads to rapid up-regulation
of TLR expression. The B cells are then
able to respond directly to molecules that
interact with TLRs (Fig. 5). Thus, naive B
cells are activated in response to all three
signals much more effectively than in re-
sponse to BCR-cross linking and T helper
cell priming alone. This has the interesting
consequence that synthetic agonist ligands
of TLRs have the property of boosting sig-
nificantly primary B cell responses.

Synthetic CpG oligonucleotides, for
example (Fig. 2), that are ligands for
TLR-9 synergize with T cell help and
BCR cross-linking to induce primary B
cell responses.[27:28491 Other synthetic mol-
ecules that behave in a similar way in-
clude various derivatives of lipopeptides
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such as tripalmitoyl-S-glyceryl cysteine
(N-palmitoyl-S-(2,3-bis-(O-palmitoy-
loxy)-propyl)-cysteinyl- or Pam3Cys) and
dipalmitoyl-S-glyceryl cysteine (2,3-bis-
(O-palmitoyloxy)-propyl)-cysteinyl- or
Pam2Cys)5051 (Fig. 6). These lipid moie-
ties are found in lipoprotein components
of the inner and outer membranes of gram-
negative bacteria. Synthetic lipopeptides
carrying these or related di-acylated or tri-
acylated S-glyceryl cysteine residues at the
N-terminus have been shown to be specific
ligands of TLRs,52 and the conjugation of
peptide antigens to Pam3Cys or Pam2Cys
has been applied in the design of self-adju-
vanting synthetic vaccine candidates.[53-55
Another example is seen in the synthetic
malaria vaccine candidate shown in Fig.
7, which has recently been tested in the
clinic.l*¢57 This molecule is based on the
MAP technology (see later), and combines
B and T cell epitopes derived from the NP-
NA-repeat region of the circumsporozoite
(CS) protein in Plasmodium falciparum,
together with a universal T helper cell
epitope also derived from the CS protein,
and the Pam3Cys immunostimulatory lipid.
It seems certain that there are many other

O
C15H31/Cl)l\o
C15H31)I\O
S
R\Nj\( peptide
H 0O
R=H Pam,-Cys-

R = palmitoyl Pamg-Cys-

Fig. 6. Lipopeptides such as tripalmitoyl-S-
glyceryl cysteine (N-palmitoyl-S-(2,3-bis-(O-
palmitoyloxy)-propyl)-cysteinyl- or Pam3Cys)
and dipalmitoyl-S-glyceryl cysteine (2,3-bis-(O-
palmitoyloxy)-propyl)-cysteinyl- or Pam2Cys)
have potent immunostimulatory effects

avenues for the discovery and application
of novel pathogen-derived immunomodula-
tory molecules.!!0]

9. B Cell Maturation

B cells express new proteins on their
surface after activation, including the IL-2-
receptor, whose ligand, IL-2, stimulates B
cells to proliferate. The major suppliers of
IL-2 and other cytokines are T helper cells,
so T cell help is usually required for a clone
of ‘selected’ B cells to be produced. Fol-
lowing this, antibody class switching and
affinity maturation of the selected antibody
occurs, which are controlled by cytokines
that B cells encounter when switching takes
place. Thus, once activated, B cells first
start to produce IgM, which are very good
at activating the complement cascade. This
is an excellent first line of defence against
invading viruses or bacteria. Class switch-
ing from IgM to one of the other antibody
classes (IgG, IgA or IgE), occurs simply
by exchanging the genetic information for
the constant regions of the antibody heavy
chain; the part of the antibody that binds to
the antigen (the variable domains) is not al-
tered. Through class switching, new classes
of antibodies are generated that are better
equipped to combat certain types of patho-
gen, e.g. IgA for combating infections in the
mucosal surfaces, IgG for fighting viruses
and bacteria in the circulation and periph-
ery, IgE for defending against parasites.

Somatic hypermutation of the antibody
variable regions, and selection for antibod-
ies having higher affinity for the antigen
occur usually after class switching. B cells
that still make IgM usually have not under-
gone somatic hypermutation. This includes
B cells activated without T cell help, e.g.
in response to carbohydrates, which usu-
ally do not class switch or undergo somatic
hypermutation, and so are typically of low
affinity. For maturing B cells to continue to
proliferate and undergo somatic hypermuta-
tion they must be continually re-stimulated,
by binding to antigen and receiving T cell
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Fig. 7. A synthetic malaria vaccine candidate based on MAP technology, including universal T helper

epitope and B cell epitopes!56.57]
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help. The activation of B cells leads to up-
regulation of MHC-II and co-stimulatory
molecules on the cell surface, so the B cell
can also function as an APC to restimulate T
helper cells (Fig. 5). B cells are not used as
APCs in the initial stages of infection when
they are still naive. Later during infection,
or upon re-infection, they can act as APCs,
where importantly, their improved affinity
for the antigen helps to concentrate the anti-
gen for processing in the cell and presenta-
tion on the surface with MHC-II molecules.
B cells have a huge advantage over other
APCs in activating helper T cells at times
when there is little antigen around.

The importance of this last point be-
comes clearer by noting that the second-
ary lymphoid organs have segregated areas
where ndive T and B cells are activated.
Only a tiny fraction of the B and T cells
passing through the respective B and T cell
areas become activated, and these are re-
tained in the lymph node, whilst the other
unactivated cells can continue to circulate.
The ‘selected’ B and T cells, retained in
the lymph nodes, then have the maximum
chance of finding each other. The selected
T helper cells travel out of the T cell zone
to developing germinal centers within
the lymph node, where they can provide
help to the selected B cells. As outlined
above, this involves cell-cell contact dur-
ing which the CD40L protein on the T cell
binds to CD40 on the B cell (Fig. 5). The
engaged CD40L protein is then rapidly
internalized within the T cell, which soon
depletes CD40L on the cell surface. This
CD40L protein must be replenished on the
cell surface, in order for the T cell to con-
tinue providing help to B cells, and for this
to occur the T cell must be restimulated.
Unfortunately, the T cell is now no-longer
in the T cell zone where the APCs reside
that provided the initial stimulation. The
solution to this problem is now provided
by the B cell. As mentioned above, when
the BCR engages the antigen, the antigen
is internalized, chopped into fragments,
some of which will in turn be presented
by MHC class-II molecules on the B cell
surface. Once a B cell has been activated it
will also express other co-stimulatory pro-
teins (e.g. B7 protein) on its surface (Fig.
5). Consequently the B cell can now itself
act as an APC and can function to re-stim-
ulate the exhausted T helper cell. So in the
lymphoid follicles the T helper cells and
B cells do a ‘dance’ with each other. The
T helper cell provides the co-stimulation
(CD40L) required to activate the B cell,
and the B cell provides the antigen and
co-stimulatory molecules (B7) required to
re-stimulate the T cell.

The final step in the maturation of a B
cell is the choice between becoming a plas-
ma cell or along-lived membory B cell. The
plasma cells are the antibody factories. A
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newly formed plasma cell will usually mi-
grate to the spleen or back to the bone mar-
row to produce the secreted soluble form of
the BCR - the antibody molecule. Plasma
cells can produce several thousand antibod-
ies per second, but at the cost of a relatively
short life span of only few days.

10. Linear Peptides as
Immunogens?

Another problem in using synthetic pep-
tides to elicit pathogen specific inhibitory
antibodies, is related to their limited abil-
ity to mimic epitopes comprising surface
patches in a natively folded protein. Linear
peptides are inherently flexible, whereas
the same regions in folded proteins popu-
late a much more limited region of confor-
mational (¢/\y) space. Because short(ish)
linear peptides (in the 1980s, the limits
of routine solid-phase peptide synthesis
were typically around 30—40 residues per
chainl®l) are conformationally flexible in
water, there are many ways such a chain can
be recognized and bound by an antibody.
This might even correlate with the (large)
number of different accessible backbone
conformations available to the peptide anti-
gen. So it seems likely that only a very small
proportion of the antibodies generated in an
immune response against a peptide will be
able to bind (with comparable affinity) to
the same folded sequence in the context of a
native protein on the surface of a parasite. A
very small proportion of effective neutral-
izing cross-reactive antibodies in the sera of
immunized animals translates into a rather
ineffective vaccine.

Today, powerful new methods for pro-
tein synthesis and the chemical modifica-
tion of proteins are available (e.g. the use
of pseudo-prolines and other advances in
solid-phase synthesis to improve the ef-
ficiency of chain assembly;/5-6!1 native
chemical ligation;[%2l expressed protein liga-
tion;[®3] expanded genetic codes;4 efc.[69),
However, we can add to this a key chemical
tool, namely, the possibility to impose con-
formational constraints on peptide chains,
in order to build protein fragments with na-
tive-like structures. Introducing conforma-
tional constraints in the immunogen, using
modified amino acids, templates, cross-
links or other features, should improve
the specificity of the immune response
for a target epitope in a native protein. In
the future, therefore, it seems likely that
the tools of conformational stabilization,
epitope focusing, and the related idea of
scaffold transplantation!® will have much
to contribute to rational vaccine design, al-
though this must go hand-in-hand with an
improved understanding of the physical-or-
ganic chemical basis of protein recognition
in aqueous solution.

11. Building Synthetic Vaccines

As mentioned above, key factors con-
tributing to the poor immunogenicity of
small synthetic peptides and haptens is the
lack of appropriate T helper epitopes, and
their poor capture by APCs. The classical
approach to overcome these deficiencies
and to increase immunogenicity, is to cou-
ple the small molecules to carrier proteins
that contain their own T helper epitopes.
However, in many cases the conjugation
step is poorly controlled (from a chemical
viewpoint) and the conjugates are usually
not characterized to determine the effects of
conjugation on epitope structure. Moreover,
the carrier proteins can introduce their own
epitopes that may perhaps be B-cell domi-
nant or even T-cell suppressive. Other car-
riers have been developed, which address
some of these problems, and can be used
to generate powerful immune responses
against synthetic molecules, when adminis-
tered together with a strong adjuvant. These
carriers include polymers,®” multiple anti-
gen peptides (MAPs),l%81 liposomes!®70]
and immunostimulating complexes (IS-
COMs).71

MAPs typically consist of peptide
epitopes attached to a branched, dendritic-
like, poly-lysine core (Fig. 7). They have
been successfully used for experimental
vaccination against various infectious dis-
eases, including malaria, schistosomiasis
and HIV-1;"2 although this success has
not yet been translated into a commercial
vaccine product. Both the o~ and €-amino
groups in lysine are used to build a branched
core, to which both B- and T-cell epitopes
can be coupled, and in multiple copies.
Such molecules can be synthesised using
solid-phase peptide chemistry, and a variety
of conjugation methods can be employed to
link epitopes or haptens to the poly-lysine
core.

Much effort in synthetic vaccine design
has gone into the discovery of linear T helper
cell epitopes that are capable of being pre-
sented by a broad spectrum of genetically
diverse MHC-II molecules; the so-called
‘universal’ T helper cell epitopes. A number
of universal CD4+ T helper epitopes have
been identified in proteins from diverse
pathogens that bind to a diverse selection
of mouse (H-2, TA/IE) and human (HLA,
DP/DQ/DR) MHC haplotypes.[73 In at least
one case, a broadly applicable artificial T
helper cell epitope (PADRE) has also been
designed, based on structural knowledge of
how peptides bind to MHC class-II mol-
ecules.™ The molecular basis for the ex-
istence of universal CD4+ helper epitopes
in natural proteins remains incompletely
understood. It may be related to their ease
of processing and release from antigens by
lysosomal or endosomal proteases;! to the
promiscuous nature of peptide binding by
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MHC-II molecules;!"s! as well as to limited
recognition of MHC-bound peptide by the
repertoire of TCRs.I70! It remains an impor-
tant challenge in synthetic vaccine design to
identify and incorporate peptide sequences
that can be presented by MHC class-II re-
ceptors across a broad spectrum of human
and animal haplotypes. Certainly, this is an
area where modern peptidomimetic chem-
istry may also have much to contribute. On
the other hand, a drawback in using such
universal T helper epitopes is that they are
often distinct from the cognate T helper
epitopes that play a role in the normal phys-
iological response to a pathogen. Where the
effector functions of T cells are important
for protection, pathogen-specific T helper
cells will be more valuable with respect to
the efficacy of the T cell response than non-
related peptide epitopes. However, when
humoral immunity constitutes an important
effector mechanism, a vaccine capable of
initiating the production of high concentra-
tions of protective antibodies can neverthe-
less be very effective, as seen in a malaria
vaccine candidate.!””)

From the discussion above, the im-
portance in vaccine design of multivalent
display of the antigen can be appreciated.
Another way to achieve this with small syn-
thetic molecules is to couple them to virus-
es or virus-like particles (VLPs). VLPs can
be grouped into two main classes, based on
whether or not there is a cellular membrane
(envelope) present. Viral families such as
papovaviridae, picornaviride, and parvo-
viridae are non-enveloped and lipid free
(see http://www.virology.net/Big_Virology/
BVHomePage.html). The self-assembling
core structures of these natural viruses can
be exploited using recombinant DNA tech-
nology to display one or more antigens on
the surface of the VLPs, simply by insert-
ing a coding sequence at a suitable point
in the structural genes.!”8! Such non-envel-
oped VLPs made recombinantly can also be
chemically modified, by conjugating anti-
gens toreactive side chain functional groups
(e.g. lysine).” Other virus families, such
as flaviviridae, retroviridae and orthomyxo-
viridae (influenza) contain a lipid envelope.
One such VLP based on an enveloped virus
comprises reconstituted influenza virus-
like particles, or virosomes.[® Virosomes
are similar to unilammelar liposomes but
contain influenza-derived membrane an-
chored hemagglutinin and neuraminidase
(Fig. 8). The presence of the hemaggluti-
nin facilitates cellular uptake and imparts
fusogenic activity. Virosomes have been
used as carriers to induce specific humoral
immune responses against small synthetic
peptide antigens, carbohydrates and even
synthetic proteins as large as EGF domains,
anchored in the viral envelope.®'-%! Upon
reconstitution of such VLPs in the presence
of peptides conjugated to lipid anchors, the
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Fig. 8. A cartoon representing influenza virus-like particles (virosomes), prepared by self-assembly,
from phospholipids (membrane in green) and purified influenza virus glycoproteins (hemagglutinin
and neuraminidase, in blue). When phospholipid-linked antigens are included during reconstitution,
the antigens can be displayed on the virosomal surface (shown as a stick representation), where they

are highly immunogenic.

lipid anchor is inserted in the membrane
and the attached synthetic antigen then
decorates the surface of the particle, where
it can be seen by B cells. The synthetic an-
tigen is then highly immunogenic. Such
methods of antigen delivery have proven
very effective in generating antigen-spe-
cific immune responses without the use of
adjuvants.[81-86] Virosomal vaccines against
influenza and hepatitis B have been com-
mercially available for several years (Berna
Biotech), and over 20 million humans have
received virosomal-based vaccines, which
have shown an excellent safety record.
This clinical experience is very valuable in
the development of new vaccines based on
synthetic peptides, which use the immuno-
potentiating activity of virosomes to elicit
strong immune responses.

Note added in press

A new study reported recently in Sci-
ence (Science 2006, 314, 1936; see also
Science 2006, 314, 1859) casts doubt upon
the unique importance of TLRs as immune
stimulators. Mice lacking the ability to re-
spond to all TLR signals can nevertheless
mount impressive antibody responses. Ap-
parently there may be other as yet unknown
ways to initiate a strong immune response
that do not depend on TLRs.
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