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Summary

In the twentieth century vaccine development has moved from the use of
attenuated or killed micro-organisms to protein sub-unit vaccines, with
vaccine immunogenicity assessed by measuring antibodies induced by vac-
cination. However, for many infectious diseases T cells are an important
part of naturally acquired protective immune responses, and inducing
these by vaccination has been the aim of much research. The progress
that has been made in developing effective T-cell-inducing vaccines
against viral and parasitic diseases such as HIV and malaria is discussed,
along with recent developments in therapeutic vaccine development for
chronic viral infections and cancer. Although many ways of inducing T
cells by vaccination have been assessed, the majority result in low level,
non-protective responses. Sufficient clinical research has now been con-
ducted to establish that replication-deficient viral vectored vaccines lead
the field in inducing strong and broad responses, and efficacy studies of
T-cell-inducing vaccines against a number of diseases are finally demon-
strating that this is a valid approach to filling the gaps in our defence
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Introduction

Although variolation to protect against death from small-
pox infection was practised for many centuries before
Edward Jenner tested the use of cowpox as a safer alter-
native to using small doses of variola virus, Jenner’s work
marks the beginning of modern vaccinology; the use of
attenuated, killed pathogens or a component of the whole
pathogen to induce adaptive immunity and protect
against illness and death following a future exposure to
that pathogen. During the nineteenth century Pasteur cre-
ated the first attenuated bacterial vaccine against cholera
in chickens, and rabies, cholera, typhoid plague vaccines
were used in humans. The twentieth century saw a huge
expansion in the number of vaccines licensed for use
against bacterial and viral diseases, and the second decade
of the twenty-first century has been designated the ‘Dec-
ade of Vaccines (http://www.gatesfoundation.org/vaccines/
Pages/decade-of-vaccines.aspx), with calls for more
research and improved access to existing vaccines. One
aspect of vaccinology that is rapidly expanding is the
development of so-called T-cell-inducing vaccines;
vaccines designed to induce CD4" and/or CD8" T cells of
sufficient magnitude and necessary phenotype or effector

against not only infectious disease, but some forms of cancer.
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function that directly contribute to pathogen clearance
via cell-mediated effector mechanisms, rather than only
CD4" T-cell help for B cells leading to protective anti-
body responses. Although some highly effective antibody-
inducing vaccines against viral and bacterial diseases are
available, to protect against more complex pathogens it
will be necessary to engage the other arm of the adaptive
immune system; T cells. In this review I will present an
overview of the current research in this area with a par-
ticular emphasis on clinical research, highlighting the
challenges and successes, and look towards the future to
see where and how these vaccines might be deployed.

T-cell vaccines in the past

The first vaccines to be used consisted of attenuated or
killed pathogens. Live organisms or inactivated virus par-
ticles are likely to induce T cells as well as antibody
responses, so were these early vaccines really examples of
T-cell-inducing vaccines? Although Jenner famously used
cowpox taken from a pustule on the hand of a milkmaid,
vaccinia virus, used in the twentieth century as the small-
pox vaccine, is genetically distinct from cowpox.' The
precise origins of vaccinia virus will never be known, but
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it is possible that it was derived from a horsepox infec-
tion of a cow, followed by multiple passages of the virus
from human to human, because material from the site of
a recent inoculation was commonly used to vaccinate
others. The mechanism of protection induced by vaccinia
was also unknown at the time of smallpox eradication,
but recent studies in primates indicate that whereas B
cells are required for protection against smallpox, T cells
are required to control the spread of the vaccinia virus
itself following vaccination.”> A T-cell response to the vac-
cine is clearly induced and persists for many years, but is
more important for the safety of the vaccine than for the
desired protection against variola.

The rabies vaccine first used by Pasteur contained live
virus, but was replaced in the early twentieth century by
phenol-inactivated preparations, and inactivated vaccines
are still in use today.” The primary correlate of vaccine-
induced protection is the presence of neutralizing anti-
body, and there does not appear to be a role for a
cytotoxic T-cell response in protection.* Hence the induc-
tion of T-cell responses by these two early vaccines was
not an important protective mechanism. However, for the
vaccine against tuberculosis first used in the 1920s and
still in use today, a T-cell response is essential for protec-
tion. Bacille Calmette—Guérin (BCG) is a live attenuated
strain of Mycobacterium bovis, the causative agent of
bovine tuberculosis and a close relative of Mycobacterium
tuberculosis. Both M. bovis and M. tuberculosis are intra-
cellular bacteria, and are therefore shielded from attack
by antibodies. Both CD4" and CD8" T cells are involved
in protection against disease,” although BCG is less effi-
cient at priming CD8" T-cell responses.® BCG may there-
fore be considered the first T-cell-inducing vaccine, and is
still the only licensed vaccine thought to work primarily
through T-cell responses, but with its highly variable effi-
cacy,” does not represent a good model to follow for the
future. However, much progress has been made in vacci-
nation to induce protective T-cell responses.

Malaria

Although malaria transmission is declining in some parts
of Africa, other countries are experiencing increases in the
number of cases.® No vaccine is available and control of
malaria is almost entirely dependent on treatment of indi-
vidual clinical episodes, which has become less effective as
resistance to the anti-malarial drug chloroquine has
spread across Africa.” However, novel approaches that
may also have benefits against other diseases are being
evaluated in malaria vaccine development.'® The first
effective vaccination of humans against malaria was
reported in 1973, demonstrating that prophylactic vacci-
nation against a protozoan parasite that employs many
approaches to evading the human immune response
could be achieved."" However, the vaccination consisted

of the bites of thousands of irradiated malaria-infected
mosquitoes and was not considered a method suitable for
mass deployment.

The complex life cycle of Plasmodium falciparum offers
numerous opportunities for attack by the host’s immune
system, reviewed in ref. 10. The most advanced malaria
vaccine in development, RTS,S, contains the repeat (R)
and T-cell epitope (T) regions of the immunodominant
CircumSporozoite Protein (CSP), which covers the exte-
rior of the parasite when it first enters the body following
the bite of an infected mosquito. The R and T regions are
fused to the hepatitis B surface (S) antigen to form pro-
tein particles in the presence of additional S antigen, and
administered with an adjuvant. Antibodies to R, if present
at high titre,'* can neutralize the sporozoite before infec-
tion of hepatocytes occurs. Vaccine efficacy has been
tested in a number of field trials in children in Africa,
and in a trial of 2022 children in Mozambique vaccine
was found to be 35% effective at preventing infection and
49% effective against severe malaria."” Although prolifera-
tive T-cell responses to the vaccine can be detected, CD8"*
T-cell responses to the vaccine antigen are not induced.'*
A multi-centre phase III trial with this vaccine is now
underway,'® but other research attempting to achieve pro-
tection via CD8" T cells recognizing antigens expressed
during the intra-hepatic stage of the parasite’s life cycle is
also progressing.

T cells that recognize and kill infected hepatocytes
within the first week of infection have been the focus of
much malaria vaccine development, as they provide the
opportunity to stop the infection when a small number
of parasites are present, and before any disease symptoms
occur, so preventing illness in the immunized individual
and blocking onward transmission. However, to achieve
this, the vaccine must have an extremely high level of effi-
cacy, as any parasites that are not destroyed within the
first week will develop into blood-stage parasites and
migrate out of the liver to infect erythrocytes. Partial effi-
cacy is determined by the delay in detection of blood-
stage parasites following malaria challenge.

The first attempt to compare multiple approaches to
inducing protective T-cell responses against malaria anti-
gens was described by Allsopp et al.'® employing a single
immunodominant epitope from the rodent malaria Plas-
modium berghei CSP antigen and testing the magnitude of
CD8" responses following immunization of mice with a
number of different delivery systems suitable for human
use. The strongest responses were induced following
immunization with either a virus-like particle carrying the
minimal epitope, or a lipopeptide, although the disadvan-
tage of delivering a single epitope is that a large number
of defined epitopes will be required to achieve vaccination
coverage of an entire human population. Subsequent
research substantially increased the number of epitopes
carried on the virus-like particle using a multiple epitope
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(ME) string'” but immunization with first the protein
particle and then a recombinant replication-deficient pox-
virus (Modified Vaccinia virus Ankara; MVA) expressing
the P. berghei CSP was required to achieve protection
against challenge of the mice with P. berghei sporozo-
ites.'"® One advantage of the recombinant MVA is that the
complete coding sequence of the malaria antigen could be
expressed rather than a single epitope or string of epi-
topes linked together, obviating the requirement to define
epitopes for multiple HLA types. The same is true of
DNA vaccines, which were also tested in this mouse
malaria model and found to be immunogenic, although
again to achieve protection in this model, it was necessary
to prime the immune response with the DNA vaccine
and subsequently boost with the recombinant MVA,
resulting in a greatly increased level of antigen-specific
CD8" T cells that correlated with protection."”

Following the demonstration of vaccine efficacy in the
mouse malaria model, clinical trials of the DNA and
MVA-vectored vaccines began, employing the ME string
of T-cell epitopes fused to the complete coding sequence
of the Thrombospondin-Related Adhesion Protein
(TRAP) of P. falciparum. These trials were ground-break-
ing studies; the first trials of a recombinant MVA vaccine
in healthy volunteers, the first use of a polyepitope
vaccine in humans and the first test of DNA prime/
recombinant virus boost in humans. Vaccine safety was
therefore carefully assessed, and the vaccines were found
to be well tolerated,”® immunogenic,”' and partially pro-
tective against malaria challenge when the ME-TRAP
antigen was employed, but not when CSP was used
instead.””> One out of eight malaria-naive volunteers
immunized with DNA/DNA/MVA ME-TRAP was pro-
tected against P. falciparum sporozoite challenge, with the
group as a whole experiencing a delay in the time to mer-
ozoites appearing in the blood, indicating that some of
the intra-hepatic parasites had been killed. There was a
significant positive correlation with peak ex vivo inter-
feron-y ELISpot response to ME-TRAP and time to
malaria diagnosis. From these early trials it appeared pos-
sible to induce the required T-cell responses by vaccina-
tion and achieve at least partial protection against liver-
stage infection using the stringent challenge model in
which malaria-naive vaccinated or control (unvaccinated)
volunteers receive the bites of five highly infectious mos-
quitoes. However, in a subsequent trial of semi-immune
adults in The Gambia, although the vaccine was again
safe and immunogenic, there was no significant vaccine
efficacy against natural exposure to malaria infection.”®

Further work employing the mouse malaria model
demonstrated enhanced CD8" responses and protective
efficacy when the DNA vaccine was replaced by a recom-
binant avipoxvirus, fowlpox FP9,**and this regimen was
then tested in further clinical studies, again with ME-
TRAP as the antigen. Sterile protection against challenge

T-cell vaccines

was achieved in some subjects, lasting as long as
20 months after vaccination,”® but again, although the
vaccines were safe *° and immunogenic in a malaria-
exposed population®” there was no significant vaccine effi-
cacy.”® Replacement of the avipoxvirus prime with a
recombinant replication-deficient human adenovirus sero-
type 5 (Ad5) resulted in enhanced immunogenicity and
protective efficacy in pre-clinical studies,”” but in humans,
particularly in Africa, seroprevalence for Ad5 can reach
90%,’>! and pre-existing immunity has been shown to
reduce the immunogenicity of Ad5-vectored vaccines in
animal models.”* To avoid this limitation on immunoge-
nicity, less common serotypes such as Ad26 or Ad35,” or
simian adenoviruses®* have been employed as vaccine vec-
tors, because the seroprevalence of these vectors is consid-
erably lower than for Ad5.>77

Clinical studies with Ad26-vectored and Ad35-vectored
malaria vaccines have not been reported, but a number of
clinical trials have been completed with the simian adeno-
virus vector ChAd63 and the first of these has now been
published.’® Using a blood-stage malaria antigen, merozo-
ite surface protein 1 (MSP1), priming with ChAd63 and
boosting with MVA induced exceptionally strong T-cell
responses, with a mixed CD4"/CD8" phenotype, and also
high antibody titres to the vaccine antigen. The use of
this vector combination marks a new stage in T-cell-
inducing vaccine development, resulting in the highest
T-cell responses yet reported in clinical studies as well as
very strong antibody responses using a two-dose regimen
of replication-deficient viral vectors with no adjuvant.
The incremental increases in T-cell immunogenicity
obtained by use of different vaccination regimens are
depicted in Table 1 and Fig. 1.

HIV

After three decades of intensive research into HIV, there
is much that is not understood about immune control of
the virus and only one vaccine trial has demonstrated any
efficacy in humans. Anti-viral drugs have increased the
lifespan of those infected and reduced vertical transmis-
sion in Africa, which currently has the highest prevalence
of seropositive adults, but in Eastern Europe the number
of new cases is increasing. Although other factors may be
involved, there is strong evidence for the role of CD8" T
cells specific for viral antigens in preventing and control-
ling infection, and much vaccine research has focused on
inducing these responses.

The Step trial was a phase II study of Merck’s Ad5-vec-
tored gag/pol/nef vaccine in a three-dose regimen in 3000
volunteers with varying levels of pre-existing immunity to
Ad5. The trial was stopped after a planned interim analy-
sis demonstrated no likelihood of detecting vaccine effi-
cacy if the trial continued. Unexpectedly, HIV infections
were found to have increased in a subpopulation of the
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Table 1. Immunogenicity of T-cell-inducing vaccines in clinical trials, assessed by ELISpot assay

Position ELISpot response
in Fig. 1 Disease Description SFU/10° PBMC Reference
1 Malaria DNA METRAP 3 doses of 1 mg 55 21
2 MVA METRAP 2 doses 6 x 10" PFU 195 21
3 DNA/MVA METRAP 3 doses DNA1 pg, 1 dose MVA 1.5 X 10® PFU 1430 21
4 FP9/MVA METRAP 2 doses FP9 1.0 x 10® PFU, 1 dose MVAL1-5 x 10® PFU 600 25
5 DNA/DNA/FP9/MVA METRAP 2 doses DNA 2 mg 1 dose 400 25
FP9 10 x 10° PFU, 1 dose MVAL-5 x 10° PFU
6 ChAd63 MSPI 1 dose 5 X 10 vp 2785 38
7 ChAd63/MVA MSP1 1 dose ChAD63 5 x 10" vp, 1 dose MVA 5 x 10° PEU 5090 38
8 HIV Ad5 gag/pol/nef Summed response in subjects with no pre-existing responses 1765 75
to Ad5, 3 doses 3 x 10" vp Cases
9 Non-cases ALVAC-HIV Values not reported. Scored as +ve if more than 1117 76
55 and above background, up to 11% were +ve
10 Influenza MVA-NP+M1 influenza 1 dose 2-5 x 10° PFU 1443 49
11 Tuberculosis BCG 100 pl BCG Glaxo 38 52
12 MVA-85A 1 dose 5 x 107 PFU 1365 52
13 BCG/MVA 100 pl BCG Glaxo, 1 dose 5 x 10’ PFU 3248 52
14 Prostate cancer Sipuleucel-T autologous PBMC therapy; mean of two patients 183 77

PBMC, peripheral blood mononuclear cells; PFU, plaque-forming units; SFU, spot-forming units; vp, virus particles.
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Clinical trial as described in Table 1
Figure 1. Immunogenicity of T-cell-inducing vaccines in clinical tri-

als, assessed by ELISpot assay. PBMC, peripheral blood mononuclear
cells.

vaccinated cohort; uncircumcised men with pre-existing
neutralizing antibodies to Ad5.”> No explanation has yet
been found for this observation, which was a non-signifi-
cant trend discovered during post hoc analysis and not
repeated in a second study.*” The vaccine was clearly not
effective, although it was deemed immunogenic, with
77% of vaccinees showing positive responses in ELISpot
assays, and the majority of those recognizing two or three
HIV antigens, as had previously been found in a phase I
study of the same vaccine. However, compared with het-
erologous prime/boost regimens used to induce T-cell
responses in malaria vaccine trials, the magnitude of the
response was low (Fig. 1).

The only HIV vaccine trial to demonstrate efficacy in
humans was the much criticized Rv144 trial involving
> 16 400 volunteers at risk of HIV infection in Thai-
land.*' The vaccination schedule employed four doses of
a recombinant canarypoxvirus (ALVAC) expressing gag,
pro and env, along with recombinant gp120 protein with
alum adjuvant at the last two doses. Earlier studies had
shown that the ALVAC-vectored vaccine was poorly
immunogenic and no efficacy had been demonstrated in
a trial of the gp120 alone. Despite widespread scepticism,
vaccine efficacy was 61% after the first year (after a retro-
spective analysis) and 31% after 3-5 years. The immune
correlates of protection are not understood, and although
the importance of the study is clear, the way forward is
not.

Therapeutic HIV vaccine development has been
explored, with good results in boosting both CD4" and
CD8" responses to HIV antigens in seropositive individu-
als. Responses appear to broaden to recognize more epi-
topes following vaccination although it is not yet known
whether this is simply a result of increasing many low-
level pre-existing responses above the threshold of detec-
tion as opposed to priming new responses.*> Vaccination
of seropositive individuals following viral load reduction
with highly active anti-retroviral therapy (HAART) may
provide an opportunity to safely interrupt HAART while
maintaining viral containment.

Hepatitis C virus

Both therapeutic and prophylactic vaccination regimens
against hepatitis C virus, in which T cells for non-structural
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proteins are primed or boosted are also showing promise,
with adenovirus-vectored vaccines highly immunogenic in
healthy volunteers*’ and an MVA-vectored vaccine result-
ing in viral load reductions associated with T-cell
response in a small clinical study.**

Influenza

The naturally acquired immune response to influenza
includes CD8" T cells recognizing conserved internal viral
antigens as well as antibodies to the highly variable sur-
face proteins, in particular haemagglutinin. Only haemag-
glutinin is induced by vaccination with inactivated
influenza vaccines against seasonal influenza, and whereas
live attenuated vaccines are able to prime T-cell responses
in influenza-naive children, they do not boost pre-existing
responses in adults. However, the continual antigenic drift
in haemagglutinin requires annual vaccine reformulation
and revaccination, and on average, 1 year in 20 the vac-
cine is not a good match for the circulating virus, result-
ing in low vaccine efficacy, which is at best around 80%
and generally only around 40% in older adults.*>*

To provide useful protection against an acute infection,
T cells specific for influenza must be present as effector
or effector memory cells in the upper respiratory tract,
ready to recognize and kill virus-infected cells. A central
memory response can be maintained for many years fol-
lowing recovery from viral infection, but although it may
result in a more rapid recovery from a severe infection, it
is not likely to affect the course of a mild infection or
prevent virus shedding and onward transmission. The
half-life of circulating T cells specific to influenza has
been calculated at 2 or 3 years,*” and without re-exposure
to the virus, people therefore become susceptible to infec-
tion and illness over time. Boosting this T-cell response
by vaccination could provide continued protection against
subsequent infection, even following exposure to a virus
of a different subtype to the initial infection."®

Using a recombinant replication-deficient MVA poxvi-
rus to boost T-cell responses to conserved internal influ-
enza antigens (nucleoprotein and matrix protein 1) has
now been tested in a clinical trial, with the result that a
large expansion in circulating influenza-specific T cells
was observed after a single vaccination (Fig. 1).* An
influenza challenge efficacy study has also been completed
in a phase Ila study (Lillie et al., manuscript submitted),
and further development of the vaccine is planned.

Tuberculosis

Although BCG administered to adolescents in tropical
regions may have extremely low efficacy against pulmo-
nary tuberculosis (TB), vaccinating within the first few
months of life has a higher degree of efficacy against
disseminated TB in childhood, and is widely used.””°

T-cell vaccines

Development of a TB vaccine has concentrated on
improving the level of efficacy of BCG rather than throw-
ing the baby out with the bathwater. This has led to more
immunogenic versions of BCG, or boosting vaccines that
increase the T-cell response to mycobacterial antigens
after an initial BCG vaccination early in life.”'

The most advanced of these improved vaccines is
MVA-85A, using the replication-deficient poxvirus to
deliver the immunodominant antigen 85A as a booster
following BCG vaccination. Although T-cell responses to
BCG antigens are low, there are many of them to antigens
shared with M. tuberculosis, and it is likely to be this
broad response that provides protection. However, using
MVA-85A, the T-cell response to that single antigen
increases dramatically (Fig. 1).* The first efficacy study of
this vaccine is now underway in South Africa, with results
expected in 2012. However, using the bovine/M. bovis
model, vaccine efficacy has already been demonstrated.>
Boosting BCG with MVA-85A or Ad5-8A resulted in
improved efficacy over the use of BCG alone. This bodes
well for the future deployment of a more effective TB
vaccine.

Cancer

A prophylactic anti-cancer vaccine has now been licensed,
for use in adolescent girls, to induce antibodies that pre-
vent human papillomavirus infection, which may lead to
cervical cancer. However, therapeutic vaccines are also in
development, with the aim of recruiting T cells to destroy
cancerous cells within the body. It is likely that these
would be used in conjunction with other established
treatments, for example surgery to remove a solid tumour
along with vaccination to prevent metastases and recur-
rence of the cancer. The first of these to demonstrate effi-
cacy in a phase III trial is quite unlike any prophylactic
vaccine in current use. Sipuleucel-T (also known as Pro-
venge) is an autologous cellular therapy produced from
the patient’s white blood cells collected by leukapheresis
and cultured with a recombinant fusion protein of
human prostatic acid phosphatase with granulocyte—mac-
rophage colony-stimulating factor.”* Despite inducing a
T-cell response that was barely measureable by ELISpot,
(Fig. 1) median survival time of the treatment group was
increased by 4 months.

Colorectal adenocarcinoma, which has a lifetime risk of
5-6%, is commonly treated by surgery, but in around a
third of cases surgery alone does not provide a cure, and
metastases are common.”” Viral vectored vaccines have
been tested for this form of cancer. Using ALVAC with
p53 as the antigen, immune responses were directed
against the viral vector rather than p53 in the majority of
patients. In a different trial using MVA expressing the
oncofetal antigen 5T4 (TroVax), strong proliferative
responses recognizing the antigen were obtained and in a
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phase II study this was associated with longer sur-
vival.>>> TroVax has also been assessed for hormone-
refractory prostate cancer and renal cell carcinoma.”®

Antigen delivery for T-cell induction

What conclusions can we draw from the above to aid us in
choosing the type of vaccine to use for induction of protec-
tive T-cell responses? DNA vaccines were at one time
thought to be the ideal way to induce T-cell responses.
After injection they express the encoded antigen inside the
host cells resulting in both cellular and humoral immunity.
They can be manipulated to express cytokines or other
molecules intended to enhance the immune response, and
are simple to produce.” Unfortunately, the early successes
in pre-clinical studies did not translate into clinical trials,
and whereas DNA vaccines are safe to use and do induce
T-cell responses in humans, they are of a very low magni-
tude.”' Efforts to increase immunogenicity by use of a
‘gene-gun’ resulted in more efficient delivery such that the
dose could be considerably reduced, but the response was
not increased, and although efforts to find an adjuvant to
increase the immunogenicity of DNA vaccines in humans,
success has so far been modest.°° The same is true of pep-
tide vaccines.®"®*

Other research has concentrated on developing adju-
vants to increase the immunogenicity of protein vaccines,
reviewed in ref. 63, but again although responses can be
induced in pre-clinical studies, they are not of high mag-
nitude and in many cases have not yet been tested in clin-
ical studies. Of all the replication-deficient viral vectors
available, adenovirus is the most potent in priming T-cell
responses to the recombinant antigen, and recent studies
employing simian adenoviruses or rare human serotypes
appear to hold the most promise. As extremely high
T-cell responses can be primed with a single dose,” the
problem of anti-vector immunity is largely avoided.

Recombinant replication-deficient poxviruses have also
been used with considerable success, and when used to
boost an existing response rather than prime a novel one,
the response becomes focused on the recombinant
antigen rather than inducing significant anti-vector
immunity.®* Replication-deficient viral vectors can be
manufactured at large scale, thermostable formulations
are available®®and the number of clinical trials now com-
pleted or underway is testament to the broad utility of
these vectors.*®

Complex therapeutic regimens requiring ex vivo treat-
ment of patient’s lymphocytes have been trialled for use
against cancer, but there is no plausible reason why the
most immunogenic vaccination regimens tested for infec-
tious diseases should not also be highly effective at induc-
ing T-cell responses against cancer antigens. Pre-clinical
studies demonstrating that tolerance to self-antigens can
be broken have been performed.®’

Antigens and epitopes

Both BCG and irradiated sporozoite vaccines induce T-cell
responses to a large number of antigens, but for most dis-
eases vaccine development must rely on the use of a small
number of antigens. The choice of antigen(s) is deter-
mined by whether T-cell responses against the antigen have
been found to be protective, either in humans or animal
models, and the degree of polymorphism found between
different isolates, with highly conserved antigens clearly
favoured, although it is possible to combine conserved
regions from more than one protein to produce a synthetic
vaccine antigen.®®® It is preferable to include more than
one antigen in the vaccine to reduce the likelihood of
immune escape.® T-cell epitopes within the antigens may
be identified either by bioinformatics prediction and
experimental confirmation, or by taking an empirical
approach using a library of peptides spanning the complete
antigen sequence.”’ However, although knowledge of epi-
topes presented by common HLA types may be helpful in
conducting detailed phenotypic studies of T-cell responses
in clinical research and vaccine development, a complete
knowledge of the possible epitopes contained within the
antigen(s) is not necessary, and only becomes important
when using delivery systems with severe restrictions on the
length of peptide sequence that can be encoded.

Looking to the future

Over the last decade we have learned that vaccines tested
in animal models are generally more immunogenic and
more protective than the same vaccines in clinical studies,
but the hierarchy of immunogenicity is maintained, and
although small clinical studies should be viewed as an
essential part of vaccine development, there is still a role
for animal models in prioritizing the candidates for clini-
cal trials.

Viewed from outside the field, HIV vaccine research
appears to have been trying to run before it can walk.
Extremely large, long and expensive field efficacy trials
should follow small, short and less expensive trials that
indicate strong immunogenicity and a plausible mecha-
nism for protection. Diverse strategies should be tested
and compared, with detailed immunological investigation
to hunt for immune responses associated with protection.
The scientific strategic plan (2010) of the Global HIV
Vaccine Enterprise (GHAVE) now states that ‘clinical effi-
cacy trials should not be perceived as the culmination of
a series of basic science experiments but rather as an inte-
gral part of the discovery process’.”! Following the
approaches recommended by GHAVE, we may now
expect to see steady progress in HIV vaccine assessment,
but patience on the part of researchers and funders will
be required before any major breakthrough in prophylac-
tic HIV vaccine development is achieved.
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If early successes in small-scale trials are to be built
on, it will be necessary to understand the reasons for
success and optimize them. Makedonas and Betts’* argue
for a broader range of assays to be used in vaccine trials,
in particular assessing anti-viral activity, and this fits well
with small clinical studies in which a wide range of
exploratory assays may be used before refining the
approach for larger trials. However, this should be cou-
pled with the use of highly immunogenic vaccine regi-
mens, because a detailed assessment of a low to
moderate immune response is considerably less informa-
tive than when the response is strong. Multi-parameter
flow cytometry is a powerful tool, but only when the
number of cells available for analysis is sufficient to pro-
vide meaningful numbers in multiple subgroups. Global
gene expression studies are becoming an important
means of assessing responses to vaccination and have the
potential to help define immune ‘signatures of protec-
tion’ rather than relying on a single assay readout to
identify what is likely to be a complex series of immune
system interactions that lead to protection against diffi-
cult pathogens.”

For therapeutic cancer vaccines, the challenge is now to
find a non-patient-specific, more immunogenic method
of inducing the required immune response, which
requires breaking immunological tolerance to a self-anti-
gen. Again, highly immunogenic regimens should be
assessed. Therapeutic vaccination is likely to be a growth
area for treatment of chronic viral infections.

Recent clinical trials have now demonstrated efficacy of
T-cell-inducing vaccines against a number of diseases,
and although many approaches to assessing protective
T-cell responses may be taken, the ELISpot assay has
become established as the most suitable means of deter-
mining vaccine immunogenicity.”* The magnitude of the
ELISpot response required for protection will need to be
determined for each vaccine and disease, but it is now
possible to envisage licensing vaccines based on T-cell
immunogenicity and clinical efficacy, without any
requirement for humoral immunity.

Finally, it must be recognized that the most effective
way to immunize against many infectious diseases is likely
to be to employ both cellular and humoral immune
responses against the pathogen. Having recognized that
the induction of protective T-cell-mediated responses is
essential in some areas of vaccine development, we should
not neglect antibody induction. The ‘Decade of Vaccines’
will see important developments in this area.
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