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CANCER VACCINES: BETWEEN
THE IDEA AND THE REALITY

Olivera J. Finn

Whether vaccines are designed to prepare the immune system for the encounter with a pathogen or
with cancer, certain common challenges need to be faced, such as what antigen and what adjuvant
to use, what type of immune response to generate and how to make it long lasting. Cancer,
additionally, presents several unique hurdles. Cancer vaccines must overcome immune suppression
exerted by the tumour, by previous therapy or by the effects of advanced age of the patient. If used
for cancer prevention, vaccines must elicit effective long-term memory without the potential of
causing autoimmunity. This article addresses the common and the unique challenges to cancer
vaccines and the progress that has been made in meeting them. Considering how refractory cancer

has been to standard therapy, efforts to achieve immune control of this disease are well justified.

Between the idea
And the reality
Between the motion
And the act
Falls the Shadow.
T. S. Eliot

Edward Jenner’s landmark publication in 1798 (REE 1)
that describes a vaccine against small pox, is considered
to be the official beginning of the science of immunol-
ogy. Immunology has since then made many contri-
butions to scientific enterprise and to many different
scientific disciplines, including genetics, molecular biol-
ogy and cellular biology. The most important contribu-
tion of immunology to improving the quality of human
life is the development of vaccines.

Twenty-six infectious diseases are preventable
through vaccination, at present. In spite of two cen-
turies of vaccine development, however, there are still
several parasitic, bacterial and viral diseases, such as
Chagas, malaria, tuberculosis and hepatitis C, that
have so far eluded protection through vaccines.
Modern times have also brought new diseases, such as
HIV and cancer. The successes from the past and an
ever-increasing level in our understanding of basic
immune mechanisms and the ability to manipulate
them, predict future victories®.

Challenges facing all vaccines

In addition to taking on the challenge to design better
vaccines against infectious diseases, immunologists are
exploring the possibility of using vaccines against other
ailments that involve the immune system. Most notable
efforts are directed to developing vaccines for cancer
and certain autoimmune diseases. Vaccines that are
designed to prepare the immune system for encounter
with either infectious pathogens or with cancer or
mediators of autoimmunity, all face certain common
challenges that are reviewed here.

Choosing the right antigen. Traditionally, successful
vaccines have consisted of live attenuated pathogens.
Although effective at the population level, these vac-
cines have a small, but significant, risk of activation
that can cause disease or other harmful side effects.
On the basis of the successes of attenuated pathogen
vaccines and owing to the initial lack of defined
tumour antigens, the first cancer vaccines were com-
posed of whole tumour cells that were previously irra-
diated or otherwise inactivated?®. In mouse models,
this immunization strategy was successful, producing
tumour-specific immune responses and rejection of a
tumour challenge. These early vaccines used either
tumour-cell lines that had accumulated many muta-
tions through numerous passages in vivo or in vitro
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SHARED TUMOUR ANTIGENS
Molecules that are expressed by
many tumours and not normal
tissues, or expressed by normal
tissue in a quantitatively and
qualitatively different form.

UNIQUE TUMOUR ANTIGENS
Products of random mutations
or gene rearrangements, often
induced by physical or chemical
carcinogens, and therefore
expressed uniquely by individual
tumours.

EPITOPE SPREADING

A term originally applied to
responses to autoantigens that
tend to become more diverse as
the response persists. This
phenomenon is also known as
determinant spreading or
antigen spreading. In the setting
of a vaccine, it refers to responses
that are generated to antigens
other than those contained in
the vaccine.

ADJUVANT

An agent mixed with an antigen
that enhances the immune
response to that antigen after
immunization.

and were, therefore, highly immunogenic, or carcinogen-
induced tumours with unique mutations that func-
tion as highly stimulatory antigens. As this work
expanded to spontaneous tumours that better mim-
icked human tumours, whole tumour cells proved to
be non-immunogenic or weakly immunogenic. Along
with these experiments, immunologists were deci-
phering the exact requirements for antigen specific
T-cell activation. They discovered that, in addition to
receiving a signal through the T-cell receptor (TCR),
naive T cells required additional co-stimulatory sig-
nals. This prompted the use of vaccines that were
composed of gene-modified tumour cells that expressed
various co-stimulatory molecules and/or cytokines,
which made them markedly more immunogenic
in animal models. Successful animal studies encour-
aged several clinical trials of cancer vaccines on the
basis of gene-modified autologous or allogeneic human
tumour cells*>.

Just as vaccines that are based on whole pathogens
are associated with risks of reactivation and develop-
ment of disease, whole tumour-cell vaccines present sig-
nificant health risks. The most serious is the potential
for causing autoimmunity. Immature dendritic cells
(DCs) that reside in tissues take up and process dying
cells and self antigens, but in the absence of strong acti-
vating signals, such as those given by pathogens, no
immune response to these antigens is generated. To
elicit strong immunity, the tumour-cell vaccine must
include substances that activate DCs. In the case of
whole tumour cells, however, it should be expected that
in addition to presenting tumour-specific antigens, acti-
vated DCs would prime immunity to many other anti-
gens (autoantigens) that are otherwise subject to
peripheral tolerance. This is not a hypothetical case —
evidence for autoimmune reactions following vaccina-
tion has accumulated from work in animal models, as
well as clinical trials®.

The use of whole tumour cells or complex mix-
tures of tumour-derived material undermines one
unique advantage that immunotherapy has over
other forms of therapy — that is, specificity. The
immune response can recognize epitopes that are
expressed by tumour cells and target those cells for
destruction without harming normal cells. To take
advantage of specificity, the past two decades in
tumour immunology have been characterized by
considerable effort into the discovery of tumour anti-
gens. Many such antigens were discovered and cancer
vaccines based on these antigens have been shown
in pre-clinical studies to elicit tumour-specific
immunity and establish long-term memory without
autoimmunity'®">. For breast cancer, for example,
vaccines composed of epitopes that are derived from
mucin 1 (REE. 16), HER2/NEUY, melanoma-associated
antigen 3 (MAGE3) or other members of the MAGE
gene family’®, mammaglobin'® or carcinoembryonic
antigen (CEA)?® have been extensively studied and
shown to be immunogenic without causing auto-
immunity. Several other antigens under investigation at
present will soon be added to the panel of breast-tumour

antigens, such as cyclin B1 (REE 21), or one of many
cancer-germ-cell antigens that are specifically found in
breast tumours®. Similarly, there are a large number of
antigens available for melanoma vaccines. Extensive
studies have been carried out with them in animal
models and in clinical trials*. In addition to being
well explored and understood, many of these antigens
are SHARED TUMOUR ANTIGENS. Vaccines that are composed
of these antigens can be developed for use in a large
number of patients.

Recently, however, in spite of the availability of
well-defined tumour antigens, development in the
cancer-vaccine field has focused again on the use of
whole tumour cells or whole-cell lysates as antigens.
The reason being that these complex mixtures will
contain UNIQUE TUMOUR ANTIGENS that are expressed only
by an individual tumour that, by analogy to unique
antigens of mouse carcinogen-induced tumours might
be more immunogenic and promote a better anti-
tumour immune response*. Experiments carried out
in mice transgenic for shared tumour antigens have
shown that these antigens can elicit equally strong
antitumour immunity and tumour rejection'>?-%",
Furthermore, it has been shown in animal models and
in some clinical trials, that a vaccine based on a shared
antigen, which elicits an antitumour response, can
elicit responses to other antigens on that tumour
through a process known as EPIToPE SPREADING' 27 o1
‘provoked immunity’™.

The more disturbing reason that might be driving
the field away from vaccines that are based on defined
tumour antigens is dissatisfaction with the results that
have been achieved in the clinic so far. Before we under-
estimate the potential of defined tumour antigen-based
vaccines and go back to undefined tumour mixtures
that have the potential for autoimmunity, it must be
remembered that antigen-based vaccines have been suc-
cessful in animal models in which they have been tested
almost exclusively in tumour prevention. These vaccines
have not yet been given a chance to replicate that success
in humans, because they are being tested exclusively as
therapeutic agents in advanced disease and often after
the failure of standard therapy.

Choosing the right adjuvant. apjuvanTs are crucial
components of all cancer vaccines whether they are
composed of whole cells, defined proteins or peptides.
Even though, at present, there are only two adjuvants
worldwide that are approved for clinical use —
aluminum-based salts (alum) and a squalene—oil—
water emulsion (MF59) — many other substances
that increase the immunogenicity of vaccines have
been tested and proven to be effective in animal mod-
els and humans. Many new adjuvants are molecules of
known function and, therefore, the mechanisms of
their adjuvant action are better understood. Adjuvants
can activate antigen-presenting cells (APCs) to stimu-
late T cells more efficiently, activate natural killer
(NK) cells or other cells of the innate system to produce
cytokines or promote the survival of antigen-specific
T cells.
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T HELPER 1/2 CELLS

T, 1/T 2 cells. Two subsets of
activated CD4" T cells that can
be distinguished by the
cytokines they produce. T, 1 cells
produce interferon-y,
lymphotoxin and tumour-
necrosis factor, and enhance cell-
mediated immunity. T ;2 cells
produce interleukin-4 (IL-4),
IL-5 and IL-13, and support
humoral immunity.

Cytokines, such as interleukin-2 (IL-2), granulocyte—
macrophage colony-stimulating factor (GM-CSF),
IL-12,IL-4 and several others, have been used as adju-
vants in cancer vaccines®. Bacterial products have also
been used for many years as effective adjuvants. The
two best known are lipopolysaccharide (LPS) from
Gram-negative bacteria and monophosphoryl lipid A
(MPL) from Salmonella. More recently, bacterial DNA
was found to have strong immunostimulatory activity
owing to the presence of unmethylated CpG dinu-
cleotides®?2. These and other bacterial products are
bound by many different receptors that are expressed
by DCs, macrophages and perhaps NK cells and other
cells of the innate system. This induces their matura-
tion, activation and production of pro-inflammatory
cytokines. Many of these receptors belong to the family
of Toll-like receptors that are located either on the
surface of, or inside, cells that recognize invading
pathogens®. Bacterial products are particularly good
at activating cytotoxic T lymphocytes (CTLs), and
because of that, they have been of interest to tumour
immunologists™.

Recognition that different antigen-processing path-
ways control the presentation of antigenic peptides by
either MHC class I molecules to CD8 T cells (endoge-
nous pathway) or MHC class IT molecules to CD4*
T cells (exogenous pathway) led to the development of
a class of adjuvants that could deliver antigens to a
desired processing pathway. Vaccines that are com-
posed of all types of antigen, other than nucleic acids,
use mainly the exogenous pathway for the delivery of
antigen to APCs. This, in turn, favours the stimulation
of CD4* T cells and the production of antibody.
Antigen is required to end up in the cytoplasm for pro-
cessing by the proteasome and delivery to the endo-
plasmic reticulum (ER) for binding to MHC class I
molecules®. Two classes of adjuvants effectively deliver
antigens to the cytoplasm: microparticles, such as poly
(b, t-lactic-co-glycolic acid) (PLGA) microspheres®
and virus-like particles”, as well as immunostimulatory
complexes (ISCOMs) — a mixture of Quil A and cho-
lesterol that forms micelles®®. The particulate nature of
the vaccine formulations that are imposed by these
adjuvants promotes efficient delivery of antigen to
APCs for presentation by both MHC class I and class II
molecules. Heat-shock proteins might also belong
to this category of adjuvants. They efficiently deliver
antigen to the MHC class I pathway and in the process
activate APCs™.

Generating the right type of immune response.
Metastatic cancer is a systemic disease that is expected
to be monitored by systemic immunity. Many pri-
mary tumours, however, originate at mucosal sites in
which they are first encountered by the mucosal
immune system. Increasing attention is being paid to
antigens, adjuvants and routes of administration of
vaccines that can effectively stimulate mucosal, as
well as systemic immunity*’. To understand immune
responses against tumours at mucosal sites, a better
understanding of the immune effector mechanisms

that are responsible for protecting the mucosa are
required. The mucosal immune system has evolved to
keep the balance between a swift reaction against
pathogens and no response to food or other environ-
mental antigens and non-pathogenic bacterial flora.
Mucosal vaccines need to maintain this well-regulated
balance at the same time as strengthening the pro-
tective response. Our understanding of the specific
characteristics and behaviour of cells of the immune
system at mucosal surfaces is still not complete, but
information is beginning to emerge with regard to the
migration of lymphocytes and APCs to those sites and
the induction of immunity versus tolerance*' .

None of the cancer vaccines tested so far have been
specifically designed to elicit mucosal immunity. One
explanation for this obvious omission is that the
aim of therapeutic vaccines is to eliminate residual
disease, which might be considered as a role for sys-
temic immunity. However, questions are beginning to
arise about the potential of a particular immune
response to be equally effective against tumours in dif-
ferent sites such as the lung, pancreas, liver or bone
marrow. Most experiments carried out with animal
models available at present, and especially with trans-
plantable tumours that grow in subcutaneous sites, do
not shed light on this subject. Another reason to con-
sider whether a particular vaccine should be applied
towards stimulating mucosal rather than systemic
immunity is that therapeutic cancer vaccines are
expected to boost an already existing, albeit weak,
immune response rather than prime new responses. If
the existing response was primed against a tumour
that originated at a mucosal site — for example, colon
cancer, cervical cancer, squamous cell carcinoma of
the head and neck (SCCHN), lung adenocarcinoma
and bladder cancer — this response might be more
effectively boosted by a mucosal rather than systemic
route of immunization. Understanding the role of
mucosal immunity in cancer is going to be more
important in the future for designing preventive can-
cer vaccines. If, for example, a vaccine is to be used for
the prevention of polyps as a means of preventing
colon cancer, this vaccine will have to stimulate the
type of immunity that can recognize and react against
tumour antigens when they are first expressed by the
colon epithelium.

While mucosal immunity has not been given appro-
priate attention by tumour immunologists, the role of
THELPER 1 (T} 1)- versus T, 2-type responses in anti-
tumour immunity and the ability of cancer vaccines
to elicit one or the other has been the focus of many
studies. Ever since these two types of CD4* T cell were
described®, their role in many different diseases has
been well studied. With few exceptions, most effective
antitumour immune responses in animal models have
depended on the efficient generation of T,1-cell immu-
nity that promotes CTL responses. The importance
of T, 1-cell immunity for tumour regression is also
strengthened by the observation that progressive disease
is characterized by an antitumour T-cell response that is
skewed to T ;2 cells*.
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IDIOTYPE

The unique portion of either

a T-cell receptor or an
immunoglobulin molecule,
defined by the hypervariable
regions and involved in antigen
recognition.

ANTIBODY-DEPENDENT
CELLULAR CYTOTOXICITY
(ADCC). Killing of antibody-
coated target cells by cells
expressing Fc receptors (FcRs)
that recognize the constant
region of the bound antibody.
Most ADCC is mediated by
natural killer cells that express
the FcR CD16 or FcyRIII on
their cell surface.

Even though in present animal models intentional
skewing of the immune response to the T ;1 type leads
to tumour rejection, whereas a response skewed to the
T, 2 type seems ineffective, in the long run it might be a
mistake to focus cancer-vaccine design on the genera-
tion of T, 1-cell immunity. T, 2-mediated immunity is
characterized mainly by the production of antibodies
that have been ineffective against tumour challenge in
most animal models. However, in patients, passively
administered antibodies that are specific for antigens
expressed by tumour cells have shown antitumour
effects in B-cell ymphomas*, breast cancer*® and colon
cancer®. Designing vaccines that promote T, 2-type
responses to generate such antibodies in vivo would
seem to have numerous advantages over the passive
administration of antibody. This is already being done,
with some success, using vaccines against DIOTYPES
expressed by B-cell lymphomas®. Vaccine-elicited anti-
bodies can mediate direct effects against tumour cells by
fixing complement or facilitating ANTIBODY-DEPENDENT
ceLuLAr cyrotoxicity (ADCC). A more important func-
tion of tumour-specific antibodies is opsonization of
tumour cells to promote their uptake by APCs. Several
cancer-vaccine trials have aimed to elicit tumour-specific
antibodies and have succeeded. However, owing to
advanced stages of disease, the antitumour effects of
such antibodies have not been significant®'.

Designing a vaccine that will skew a response to one
type (for example, T ;1) or one effector mechanism (for
example, CTL) might be an acceptable strategy for pre-
sent therapeutic vaccinations in which immediate
effects are sought. This strategy is unlikely to be benefi-
cial for cancer prevention or in treating early disease in
which many mechanisms are required to synergize to
create as large a pool as possible of effector cells to guar-
antee a large pool of memory cells. Until recently, most
cancer vaccines were based almost exclusively on MHC
class I-restricted peptides™. These vaccines did generate
some CTL activity, but the frequency and duration of
these responses was uniformly low. The requirement
for simultaneous activation by a cancer vaccine of
many components of the immune system cannot be
overestimated.

Elicitation of long-term memory. Inmune memory is
an important protective mechanism that some vaccines
can elicit and others cannot. The nature of immune
memory and the requirements for its generation and
maintenance have only recently begun to be eluci-
dated®**. The main problem that has hampered this
field of investigation has been the relative paucity of spe-
cific markers that could separate memory T cells from
other T cells. Chemokine receptors have recently been
used successfully to distinguish between functional sub-
sets of T cells including memory cells®. These, and addi-
tional markers, such as mucin-like glycoproteins™®, are
starting to be reported. They will help in the evaluation
of the role of tumour antigens, adjuvants and routes of
injection not only with regard to the complexity and
intensity of the immune response they elicit, but also for
the type of memory response that is generated.

There is a consensus that a strong primary immune
response is required to give rise to a large pool of
memory cells. What affects the longevity of memory
T cells, however, is not fully understood and there is
much controversy with regard to the role of antigen
in this process®’. For therapeutic cancer vaccines,
these questions are of great importance. The immune
system of a cancer patient is exposed to the tumour
antigens over a relatively long period of time and the
vaccine based on some of these antigens is expected to
boost immunity in their presence. It is not known
whether the tumour-specific T cells that are present in
the patient before vaccination are effector cells or a
mixture of effector cells and memory cells. Several
papers have claimed the existence of tumour-specific
memory cells*®*%°. However, because of the inability to
separate clearly effector cells from memory cells and
the chronic presence of tumour antigen, it is not clear
to what subset of T cells tumour-specific cells in cancer
patients belong and how they are affected by vaccina-
tion. It is also not clear whether long-term memory
can ever be achieved in chronic diseases such as cancer.
Certain requirements, especially the need for activa-
tion of T, cells and innate immunity, are coming to
light in the setting of chronic viral diseases® and to a
more limited extent in cancer®>®. As reported recently,
during the generation of T-cell memory there is a
progression from naive cells that become effector cells
when antigen is introduced, to effector memory
cells when antigen becomes limited, to central memory
cells after the clearance of antigen®. Although prophy-
lactic cancer vaccines in healthy young adults would be
expected to activate this entire differentiation pathway,
itis less clear how a therapeutic vaccine might do that
in the presence of chronic antigen and many existing
cell populations specific for that antigen.

Additional challenges facing cancer vaccines

Aging immune system. Patients with cancer in whom
cancer vaccines are presently being tested are, almost
without exception, of advanced age (6580 years), many
decades after the thymus has stopped producing naive
T cells. Therefore, the generation of an effector-cell pop-
ulation in response to a vaccine depends on the recogni-
tion of the vaccine antigen by one or more memory cells
in the T-cell repertoire of the patient. Among the T cells
that respond to the vaccine there might or might not be
the ‘best fit’ ones that would have been selected from
a large pool of naive clones earlier in life. In mouse
models, it can be clearly shown that young mice make
stronger primary responses than old mice. Generation
of the primary response and the conversion to mem-
ory is compromised with age®>®. This is due to age-
associated changes in the function of many components
of the immune system®~%. At present, there is an impor-
tant discrepancy between preclinical studies in mouse
models and clinical trials of cancer vaccines. Few studies,
if any, use old mice. Those that do, report an age-related
increase in susceptibility to cancer due to changing
patterns of T-cell subsets, as well as difficulty in the
induction of effective antitumour immune responses’".
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Figure 1 | A probable model of the evolution and fate of antitumour immune responses
that develop coincidently with tumour growth. a | Tumours develop over a long period of time
through a process of accumulation of many mutations. While the tumour is small and does not
present a significant danger to the integrity of the organ of origin, the immune system remains
ignorant of its presence. Dendritic cells (DCs) in the surrounding tissue are not activated and as a
result T and B cells in the lymph node remain in a resting state. b | When the tumour becomes
larger, heterogeneous and ultimately malignant, damage to the normal tissue and products made
by the tumour cells alert the immune system mainly through the activation of resident DCs.
Activated DCs that have taken up products derived from damaged normal tissues and tumours,
traffic to the draining lymph node in which they begin to present these products as antigens to naive
T and B cells. The extent of DC activation determines the extent of lymphocyte stimulation. This in
turn is regulated by many factors that determine the immune competence of the patient, including
age. ¢ | Tumour-specific T cells, antibodies and activated DCs reach the tumour site and attempt to
destroy the tumour. They are only partially successful owing to an already large tumour size and
marked tumour heterogeneity that allows the tumour to evade many immune effector mechanisms.
d | The tumour that has evaded the initial immune response continues to grow, disseminate and
actively suppress local, as well as systemic, immunity illustrated by the presence at the tumour site
of DCs, T and B cells that are not activated and do not exert their respective functions.

In recognition of the fact that therapeutic vaccines for
cancer will be given mostly to older individuals, increas-
ing attention should be given to designing vaccines that
can overcome at least some age-related problems. For
example, engagement of the co-stimulatory molecule
4-1BB (CD137) was shown to amplify T-cell responses in
aged mice” and, although not yet tested, engagement of
other co-stimulatory molecules or inactivation of nega-
tive regulators, such as cytotoxic T lymphocyte antigen 4
(CTLA4)7, might have similar effects. Furthermore,
although many adjuvants might work well in young
mice, only some might enhance immune responses in
aged individuals. CpG—DNA seems to be especially
good at enhancing cellular and humoral immunity and
promoting T, 1-type responses in old mice™.

Age-associated immune deficiency indicates that
paediatric cancer patients might be better candidates
than adult patients for therapeutic cancer vaccines. Few
such trials have been carried out. Results from one DC-
based vaccine trial conducted on children aged between
3 and 17 years with relapsed neuroblastomas, sarcomas
and renal cancers, are unfortunately only slightly more
encouraging than results from clinical trials in aged
patients”. This shows that even in a young patient, there
is an influence of previous therapy and/or the advanced
stage of the tumour on the immune system, and indi-
cates that successful vaccination strategies would
require vaccination not only at an early age, but also in
early disease and in the absence of immunosuppressive
standard therapy.

Tumour-induced immunosuppression and immune
evasion: By the time a tumour is diagnosed, there have
been many interactions between the tumour and the
immune system (FIG. 1). A tumour might have been
growing slowly without much destruction of the sur-
rounding normal tissue and so might not have been
detected by the immune system. During that time,
tumour cells acquire additional mutations, some of
which facilitate growth and invasion. As the tumour
becomes larger and begins to cause tissue destruction,
in addition to defense processes, such as wound repair
and clotting mechanisms, the adaptive immune system
is also alerted owing to the activation of DCs. These
cells pick up tumour and tissue debris and ‘ferry’ it to
the draining lymph nodes for presentation to T cells.
The presence of tumour-specific cellular and humoral
responses in cancer patients indicates that the immune
system has ‘seen’ the tumour. The loss of expression
of various tumour antigens or MHC molecules by
tumour cells indicates that the immune system has
tried to get rid of the tumour. Progressive tumour
growth, however, indicates that the tumour has ulti-
mately evaded immune defenses. This process of
immunosurveillance, which changes the tumour but
does not result in complete tumour rejection, is known
as ‘cancer immunoediting””®.

Many ways in which tumours influence the
immune system have been described and functional
defects have been documented in many immune
effector mechanisms. The maturation and function of
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DELAYED-TYPE
HYPERSENSITIVITY

(DTH). A cellular immune
response to antigen injected into
the skin that develops over
24-72 hours with the infiltration
of T cells and monocytes, and
depends on the production of

T helper 1-specific cytokines.

DCs is inhibited in cancer patients”’8. Marked defects
are also seen in T-cell activation and function, which
was first reported in mice with tumours” and later
found in patients with many types of tumour®. These
effects can be mediated by IL-10, transforming growth
factor-B (TGF-P) and other cytokines that tumours
produce®=*, or by other less well defined soluble
factors® or cell-surface molecules® expressed by
tumour cells.

Suppression of adaptive antitumour immunity can
also be mediated by ‘improper activation’ of innate
immunity. It has been reported that the activation
of macrophages and polymorphonuclear cells in
response to the tumour induces a state of oxidative
stress in cancer patients that markedly suppresses the
function of T cells®. Activation of NKT cells that
might result in the production of high levels of IL-13
has also been reported to suppress tumour immu-
nity*”. There is an ongoing effort to understand these
immunosuppressive mechanisms at the molecular
level to allow therapeutic intervention. There are
encouraging reports that at least some of these defects
have been reversible through vaccination in a small
number of patients®*®. These studies will now have to
extend to understanding the role in tumour immunity
of the recently described regulatory T cells*. A sub-
population of CD4*CD25* T cells has been shown to
suppress autoimmunity’' and therefore might be
specifically expanded in response to the increased pre-
sentation of autoantigens during tumour growth. The
limited number of studies that have been carried out
with tumours in mice indicate a potential benefit
from depleting these cells®.

A complete understanding of the immune system of
patients with tumours is important, especially when try-
ing to manipulate it with therapeutic cancer vaccines.
Many of the immunosuppressive mechanisms are com-
mon to different tumour types and devising a treat-
ment regiment to reverse immunosuppression before
therapeutic vaccination might produce better results.

Therapeutic cancer vaccines

Because many primary tumours can be surgically
removed and there is often a long period of time before
the tumour recurs at metastatic sites, cancer vaccines
have been proposed as therapy that are designed to
elicit and/or boost antitumour immunity in patients
with minimal residual disease, thereby preventing or
prolonging the time to recurrence. Few vaccines have
been tested in that optimal clinical setting. Most phase I
and II studies have been carried out, so far, in late
stage disease and in the presence of a relatively large
tumour burden after the failure of standard therapies.
Even under the best of circumstances, the success
of therapeutic vaccines will depend on the ability of
the immune system to overcome tumour-induced,
therapy-induced or age-induced immunosuppression.
An additional factor that influences the effectiveness of
therapeutic vaccines will be the outgrowth of tumour
cells that, for one reason or another, can evade the
immune response (FIG.2).

The therapeutic vaccine effort that has accumu-
lated the most clinical results has been the develop-
ment of vaccines for melanoma patients. It started
with the use of cell lysates from allogeneic tumour-
cell lines in combination with adjuvants®®* or protein
products that are shed into the supernatants of such
cell lines®>*°. Hundreds of patients with advanced
stage IIT or IV melanoma, many with metastatic dis-
ease having failed chemotherapy, have participated in
these studies. In the case of one of these vaccines,
Melacine (Corixa Corporation, Seattle, Washington,
USA), phase I and IT trials in stage IV patients showed
a 10-20% response rate (clearing of some metastatic
sites) and in another 10-20% of patients disease
was stabilized (no progression for various periods
of time of tumours that were growing at the start of
the vaccine protocol). In a multi-centre phase III
study, Melacine was compared with a four-drug
chemotherapy regimen and the response rates and
survival were the same”. The advantage of Melacine
over chemotherapy was that it was non-toxic and
therefore allowed a better quality of life compared
with chemotherapy. For that reason, Melacine is
now available on prescription to patients in Canada
and is awaiting approval in the United States. A
similar vaccine preparation, Canvaxin, was evaluated
in ~1,000 stage IV melanoma patients and compared
with an equal number of patients who were treated
with surgery and chemotherapy during the same
time period, but did not receive the vaccine. This
single-institution study showed a small, but statisti-
cally significant, increase in the overall survival in the
vaccinated group®. The vaccine is now being tested in
a multi-centre phase III randomized trial.

More recent versions of cancer vaccines that are
based on autologous tumours and their various prod-
ucts include modified tumour cells*®*and tumour-
derived heat-shock proteins'®. The latest report from
a phase I trial in 35 patients with non-small-cell lung
cancer vaccinated with irradiated autologous tumour
cells that are engineered to secrete GM-CSE, shows
post-vaccine infiltration of metastatic sites with
macrophages, granulocytes and lymphocytes, as
well as peLAYED-TYPE HYPERSENSITIVITY (DTH) responses
against unmodified tumour cells in most patients.
Correlation of these events with the clinical outcome
is less clear, with only five patients showing stabil-
ization of disease'”!. Similarly, the latest report on
the autologous tumour-derived heat-shock protein
gp96 vaccine in 39 patients with resected stage IV
melanoma indicates that 11 patients had increases in
melanoma-specific T-cell reactivity, of which two
patients had a complete response (disappearance
of all detectable tumours) and three patients had
stable disease!®.

DC-based vaccines'®* are the newest development
in cancer vaccine design. DCs can be loaded with
autologous or allogeneic tumours'®, apoptotic
bodies'™, tumour lysates'®, tumour RNA'*!?7 and
tumour DNA'%19 Most of these preparations have
shown to be immunogenic and have the potential for
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Figure 2 | Manipulation of antitumour immune responses by therapeutic vaccination. a | Therapeutic vaccines are
administered after the tumour is diagnosed, at the time of interactions between the tumour and the immune system that correspond

to parts ¢ and d in FIG. 1. In the most optimal clinical setting, therapeutic vaccines intend to boost immunity against minimal residual
disease and prevent the outgrowth of metastases shown in parts b and ¢. A vaccine based on autologous tumour or defined tumour
antigens is administered in an immunostimulatory preparation (with adjuvant) that can activate Langerhans cells — dendritic cells (DCs)
that reside in the epidermis. Activated Langerhans cells take up the tumour antigens and traffic to the draining lymph node in which they
present antigens to T cells. B cells are also activated and the expected outcome is clonal expansion of tumour-specific T cells and the
production of tumour-specific antibodies. b | Tumour-specific T cells migrate to the sites of tumour metastases where they attempt to
kill tumour cells that express antigens contained in the vaccine. Their function is compromised by the immunosuppressive tumour
microenvironement, which affects their function and leads to their death. Furthermore, tumour heterogeneity has been established over
time. Some tumour cells have lost expression of antigens that are targeted by the immune response and others have become resistant
to immune effector mechanisms. This allows many of the cells to evade the immune attack. ¢ | Metastases that continue to grow are
composed of tumour cells that lack antigens recognized by T cells and antibodies or are otherwise resistant to immune destruction.

tumour rejection in animal models, and are under-
going evaluation in the clinic at present. Results
from a phase I study of a vaccine composed of DCs
that were loaded with messenger RNA encoding
prostate-specific antigen (PSA) have been reported
recently. Vaccination of prostate cancer patients
that had raised levels of expression of PSA induced
T-cell responses against PSA in most patients and the
log slope of PSA was temporarily decreased'"’, indi-
cating perhaps that growth of the tumour was slowing
down.

Shared tumour antigens can be produced as syn-
thetic or recombinant proteins and are, therefore, ide-
ally suited for prophylactic vaccination of individuals
who do not have a tumour, but are at high risk of devel-
oping a tumour. Yet, these antigens have, so far, been
tested exclusively in therapy of advanced disease'”!"-'2!.
As with whole tumour-based vaccines, tumour antigen-
based vaccines have shown impressive results in pre-
venting tumours in animal models and only marginal
results in therapy of advanced disease in both animals
and patients'®.
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Many of the potentially insurmountable problems that
diminish the therapeutic effects of cancer vaccines,
would not need to be considered in the setting of cancer
prevention. An immune system that is primed to antici-
pate tumour antigens, would be expected to destroy the
tumour before it becomes clinically obvious, heteroge-
neous, and can suppress and evade the immune response
(FIG.3). In 2002, Merck&Company Inc. announced pre-
liminary results of a study testing the company’s vaccine
against human papillomavirus type 16 (HPV16)'%.
Infection with HPV is a known cause of most cervical
cancers and HPV16 is found in over 50% of these
tumours. HPV is a common infection in the general
population and the immune response to the virus pro-
tects against chronic infection that can lead to cancer'.
In a minority of individuals, the immune response seems
not to be strong enough or of the right type, allowing the
establishment of chronic infection. The results showed,

Adjuvant

Skin

T cell

Lymph node cells

after the first 2 years of a 4-year study on 2,392 women
aged between 16 and 23 years who were randomly
assigned to the vaccine or a placebo, that in the placebo
group, 3.8% of women were infected with HPV16 annu-
ally compared with no infections in the vaccinated
group. These are spectacular results considering that
150,000 women in developing countries die annually of
cervical cancer that might now be reduced by preventing
the initial infection with virus. If a world-wide HPV vac-
cination programme were to start in 2010, it is estimated
that there would be no cases of cervical cancer by 2050
(REE 125). Results from vaccines against hepatitis B virus
(HBV), which is also known to cause cancer in chroni-
cally infected individuals, already supports the expec-
tation of lowered cancer rates. In Taiwan, where a
national vaccination programme against HBV was
started in 1986, there has been a marked reduction in
the incidence of childhood liver cancer'?. In the HBV
vaccination programme in The Gambia, vaccination of

———— Apoptosing
. . tumour cell
Epidermis

Figure 3 | Manipulation of antitumour immune responses by prophylactic vaccination. a | Prophylactic vaccines would be
administered before the occurrence of tumours to individuals who are at high risk for developing tumours or have been diagnosed
with premalignant changes in target tissues. A vaccine based on antigen/s that are expected to be expressed by the anticipated
tumour is administered in an immunostimulatory preparation (with adjuvant) that can activate Langerhans cells — dendritic cells
(DCs) that reside in the epidermis. Activated Langerhans cells take up the tumour antigens and traffic to the draining lymph node in
which they present antigens to T cells. B cells are also activated and the expected outcome is clonal expansion of tumour-specific
T cells and the production of tumour-specific antibodies. This clonal expansion of effector cells is followed in time by the generation
of a pool of memory cells that are specific for the tumour antigen/s. b | If a tumour begins to grow sometime in the future, tumour
antigens that reach the draining lymph node will reactivate tumour-specific memory cells and elicit a swift secondary immune
response. This response will be characterized by large numbers of effector T cells, high titre of antibodies and continuous activation
of DCs at the tumour site, for continuous processing and presentation of tumour antigens and further amplification of the immune
response. ¢ | The incipient tumour has not been allowed to grow large and heterogeneous and is easily eliminated by the prepared
immune response. Moreover, the memory compartment is further expanded by this tumour-mediated boost.
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Box 1 | Prophylactic vaccines for breast cancer

Many young women with hereditary risk of breast and ovarian cancer, especially those
with mutations in the gene encoding breast cancer 1, early onset (BRCA1) or BRCA2

(REE 152), are, at present, offered prophylactic mastectomy and/or oophorectomy. Several
large studies show that these procedures decrease the risk of both cancers'**™'*¢. Other
presently available options are chemoprevention or frequent surveillance. All of these
options are associated with considerable risks'”’. Breast cancer vaccines have not been one
of the prophylactic options, in spite of the fact that promising breast-cancer antigens have
been defined and, to the extent possible, shown to be safe in phase I and I clinical trials in
patients with breast cancer'”!! 115119138 The two main arguments put forward against the
vaccines are: first, safety (potential cross-reactivity of the elicited immune response with
normal tissues); and second, the need for a large number of patients and long-term
observation to establish efficacy. In my view, neither of these arguments is valid. In the
most extreme case of cross-reactivity, autoimmune destruction of normal breast or
ovarian tissue should have no more serious consequences than their surgical removal.
Similarly, if the statistical approaches that are used now to select an appropriate number
of individuals at high risk allow evaluation of efficacy of prophylactic surgery or
chemotherapy, the same statistics, the same number of patients and the same follow-up
time can be applied to the evaluation of vaccine efficacy.

newborns has had 83% efficacy against acute infection
and 95% efficacy against chronic infection'””. The effect
on liver cancer is still unknown, because the vaccinated
individuals have not reached the advanced age at which
the cancers arise. Knowing the strength of the associa-
tion between chronic HBV infection and liver cancer,
it is highly probable that the results will match the
expectation of a markedly reduced incidence of cancer.
There are numerous cancers without a known virus
cause that have a bigger impact in terms of human suffer-
ing, which could also be prevented with vaccines'?>!251%,
Viral antigens are no different from tumour antigens in
that they both fail to elicit good immune responses in a
therapeutic setting. An HPV 16 peptide-based vaccine in
women with advanced cervical carcinoma elicited only
minor responses in the face of progressive disease''*. A
similar vaccine in women with an earlier stage of disease
— ahigh-grade HPV16-positive cervical intraepithelial
neoplasia — elicited slightly more convincing immune
responses that did not translate into eradication of the

Box 2 | Prophylactic vaccines for pancreatic cancer

Patients with hereditary pancreatitis caused by the common mutations in the gene
encoding trypsin have a median age of onset of the disease around 10 years of age. Half
of these patients develop chronic pancreatitis and are at increased risk of pancreatic
cancer'”. At present, screening is recommended to patients with hereditary pancreatitis
of aged 40 years and over, and if cancer is suspected, removal of the entire pancreas is the
prophylactic option. This is a drastic measure with significant and lasting co-morbidities,
such as brittle diabetes mellitus.

Screening detects early mutations in premalignant lesions that are known to be
precursors of pancreatic cancer, defined as pancreatic intraepithelial neoplasia
(PanIN)'*. The number of mutations that accumulate over time characterizes the stage
of progression of these lesions towards malignancy. Pancreatic cancer vaccines have so far
been tested only in patients with late-stage pancreatic cancer*'"". These same vaccines
could be a reasonable prophylactic option for patients with chronic pancreatitis, who
after screening show cancer-promoting mutations and advanced PanINs. Although a
reduction of cancer incidence would be the ultimate end point, that might take a long
time to reach, vaccinated patients could be screened as early as a year after vaccination for
the disappearance of mutations as a way of evaluating the vaccine efficacy.

virus'. Results from these trials are exactly the same as
results that are obtained in many similar trials with other
tumour antigens. The antigen, the formulation and the
delivery of vaccine are all important for its efficacy, but
the appropriate timing of administration might be the
most important predictor of success for cancer vaccines.
The antigen has an important role, however, in assur-
ing the safety of the vaccine-elicited immune response.
Viral antigens that function as tumour antigens are
expected to elicit a response that is specific only for the
tumour cells that harbour them. However, many of the
well-defined tumour antigens are also expressed by nor-
mal tissues, albeit in a reduced or modified form, and
these tissues could potentially be damaged. This potential
has to be considered most seriously in the setting of can-
cer prevention. Many pre-clinical studies of vaccines
based on tumour antigens have put a special emphasis
on defining tumour-specific epitopes and vaccine for-
mulations that will prevent tumour growth, but not
damage normal tissues. Results with several antigens
indicate that they could be safely administered to individ-
uals at risk for developing cancer. For example, mucin 1
glycoprotein is expressed by normal epithelial cells and
by adenocarcinomas of the breast, pancreas, colon, lung,
ovary, prostate and several others. It is also expressed by
many myelomas and some B-cell lymphomas. Learning
how to target the immune response against mucin 1 to
tumours expressing mucin 1 could potentially be used
for the prevention of all these tumours. Many groups
are exploring this potential by defining various epitopes
on mucin 1 that can be used to elicit tumour-specific
immune responses’*'~'¥. There are quantitative and
qualitative differences in the expression of mucin 1
between normal and malignant cells. Tumours over-
express mucin 1 and they also markedly underglycosylate
this otherwise heavily O-glycosylated molecule. The
immune system recognizes both differences and, as seen
in animal models from transgenic mice to chimpanzees,
it can destroy mucin-1-expressing tumours at the same
time as ignoring normal tissues that express mucin 1
(REFS 12,138-142). Similar examples can be provided by
reviewing the work on other well-known antigens, such
as CEA014-1% and HER2 (REFS 11,17,119,146). In addition
to these antigens, which can be used safely without risk of
autoimmunity, antigens, such as the melanoma antigens
and PSA, are known to induce autoimmunity that can be
tolerated, such as vitiligo or autoimmune prostatitis.

The future of cancer vaccines

Having done as much as is possible to show the efficacy
and safety of several well-known tumour antigens, it is
important to decide what will be the next step in devel-
oping these as effective cancer vaccines. One option is to
continue testing vaccines in cancer patients in small
phase I and IT trials, with individual antigens in different
forms, in different vaccine formulations and with differ-
ent adjuvants, taking advantage of new technological
developments and hoping for improvements in efficacy.
The best example of a cancer vaccine that has followed
this option is the anti-idiotype vaccine for B-cell
lymphomas'*” — a prototype of a therapeutic cancer
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Box 3 | Prophylactic vaccines for colorectal cancer

vaccine in a relatively short period of time.

vaccine based on a unique tumour antigen. If the same
approach is applied to shared tumour antigens, it will
yield vaccines for the treatment of a limited number of
patients at major medical centres in developed coun-
tries. However, the impact on cancer as a global health
problem will be negligible.

The other option is to make a decision that cancer
vaccines that have shown efficacy and safety in pre-
clinical studies are relevant for the prevention of can-
cer and to begin to test them as such. Trials to test the
ability of mucin 1, CEA or HER2 vaccines to prevent
breast cancer in women at high risk should pose no big-
ger logistical and financial challenges than similar trials
of other preventive modalities, among which random-

Of the 130,000 cases of colorectal cancer that are diagnosed in the United States each year, 15% are hereditary with 5%
due to either familial adenomatous polyposis syndrome (FAP) or hereditary non-polyposis colorectal cancer syndrome
(HNPCC). Mutations that are associated with these two syndromes are known, and individuals who have one or more of
these mutations are at increased risk of colorectal cancer'®?. Large-scale clinical trials, such as those that use non-steroidal
anti-inflammatory drugs (NSAIDs) have been carried out testing chemoprevention of polyps as a means of preventing
colon cancer. If this prevention approach is to be effective, individuals at risk will need to take the drug for life. This brings
up the issues of drug toxicity, drug resistance, as well as non-compliance. Alternatively, the same individuals could be
immunized against a tumour antigen that is known to be differentially expressed by polyps versus normal tissue, and
expressed by all colorectal adenocarcinomas. Dysregulated expression of mucin genes in polyps has been documented'®.
Colon-tumour antigen mucin 1 is not expressed by normal colon, but it is expressed by adenomatous polyps in the
tumour-associated underglycosylated form'®. The hope for a prophylactic vaccine containing mucin 1 would be that it
would prevent the occurrence or recurrence of polyps. This is an end point that can be used to evaluate the efficacy of this

ized trials on hundreds of women that are treated with
double mastectomies or oophorectomies are taking place
(BOX 1). When prevention becomes a stated goal of at least
some cancer vaccines, a different approach will be
encouraged for the identification of new tumour anti-
gens. Instead of continuing to focus on the tumour as a
source of antigens, the emphasis could shift to premalig-
nant lesions. Many such lesions are known for pancreatic
cancer'*® (BOX 2), prostate cancer'*’, colon cancer' (80X 3),
esophageal cancer' and others. Having vaccines that
could prevent the progression of these lesions to cancer
would make the cancer screening efforts much more use-
ful than they are now and set the stage for a more general
use of prophylactic cancer vaccines in the near future.
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A to this i links box is free online.
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