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Abstract

The reasons why cancer cells are not destroyed by the immune system are likely to be similar, in
most cases, to the reasons why normal cells are not destroyed by the immune system. Unfortunately
for tumor immunologists, these reasons have not yet been fully elucidated. What is known, however,
is that the lack of autoimmune destruction of normal tissue after immune activation is a finely
regulated, highly orchestrated sequence of events. Viewed in this light, it is interesting to
conceptualize the derangement of the tumor genome not merely as an engine that enables cancer
cells to dodge immune recognition. The dysregulation characteristic of the transformed genome is
also what makes tumor immunity, a specialized form of autoimmunity, possible.

Keywords
immunotherapy; tolerance; escape; CD8+ T cells; CD4+ T cells

Introduction

Every tumor that kills its host is a tumor that has not been eradicated by the immune system.
It was hypothesized for years that spontaneous human tumors, failed express antigens
recognizable by the immune system. It is now clear that tumor cells express an abundance of
‘self” and “foreign’ (i.e. ‘mutated-self’) antigens. Despite the expression of these antigens, the
immune system does not mount immune responses that consistently results in tumor rejection.
The purpose of this review is not to summarize or catalogue all of the proposed mechanisms
of tumor escape: that has been done more completely by others. 1-3 Instead, our goal here is
to call into question assumptions underlying the tumor escape hypothesis and to critically
evaluate the methods used to test the validity of proposed mechanisms. The fundamental
immune response to both normal and transformed tissue may be characterized more by
ignorance, tolerance and suppression than by evasion, escape and counterattack.

The current notion that tumor cells must ‘escape’ immune recognition is based largely on the
idea that neoantigens expressed by tumor cells as a consequence of their genetic instability will
be immunogenic. There is little doubt that the tumor contains a large number of mutations, but
there is considerable doubt about what the immunological response to these potential
immunogens will be. The ‘self/non-self’ theory of immune recognition teaches that new
antigens produced by the tumor should lead to its immune rejection. One estimate puts the
number of mutations in a tumor genome at >11 000 per cell. 4 There are two kinds of mutational
events that can potentially generate new antigens recognizable by the immune system: point
mutations that result in single base pair changes (and potentially single amino acid changes)
and translocation events (which can produce long stretches of new protein). Both types of
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genetic changes have been documented to generate TA either as a direct result of the genetic
change, or as a result of an aberrant antigen expression, processing or presentation. Base pair
mutations have been shown to create new epitopes (e.g. see References 5’6). Chromosomal
rearrangements, as evidenced on a gross level in a karyotype, are almost uniformly present
early during tumor progression.7 Chromosomal rearrangements can also result in the
generation of new antigens potentially recognizable by the immune system (e.g. see Reference
8).

Mutational events in tumor cells are not the only time when new proteins can be encountered
by the host. Organ transplantation can lead to vigorous rejection, but new work using living
related donors has shown that organ transplantation can be radically improved. Five-year
success rates in excess of 90% are observed in many centers, though patients must generally
continue to take immunosuppressive drugs. Success rates for liver transplantation are also
soaring. One wonders what the success rates would be if surgical trauma and organ ischemia
could be reduced to zero.

Neoantigens also appear to be expressed by cells during events like puberty, pregnancy and
senescence. An understanding of why these changes can occur without any apparent evidence
of immune disturbance may shed light on our understanding of how tumors can express new
antigens without engendering an immune response. The need for any form of tumor escape
mechanism assumes that the ‘default’ in the relationship between the host immune system and
a tumor is rejection, and that the tumor must escape this rejection. But this assumption may
not be correct—the ‘default” immune response to a tumor may be tolerance.

Can the tumor function immunologically as normal tissue?

The tumor microenvironment, like the microenvironment present in non-transformed tissue,
may not favor the activation of immune cells. Thus, many or even most tumors may instead
function immunologically as does normal tissue. The development of the still incipient field
concerning the study of tumor escape mechanisms has paralleled the now established field of
the study of how viruses escape immune recognition and destruction. The molecular
mechanisms employed by viruses to evade immune recognition are many and varied. Viruses
can interfere with seemingly all aspects of innate and adaptive host immune responses. Indeed,
a great deal of immunology can be learned from viruses. 9

If our understanding of the mechanisms used by tumors to escape immune recognition remains
ill-defined by comparison, it is because the relationships between the tumor cells and the host
immune system are so poorly understood. The impact of innate and adaptive immunity on viral
challenge becomes immediately clear in a variety of genetic and acquired immunodeficiency
syndromes. Immunodeficiency and immunosuppression have less of an immediate impact on
the host’s susceptibility to tumor induction. In mice, there is evidence that interferon- mediated
immunosurveillance exists.10 In humans, an increased incidence of some kinds of
malignancies is observed upon chronic immunosuppression, for example after organ
transplantation or as a result of HIV infection. In many cases it is clear that these malignancies
are secondary to infection with transforming viruses. The exercise of immunity to viruses is a
daily occurrence, an absolute evolutionary necessity. But it remains unclear what role, if any,
immunity to tumors has played during evolution or during the induction or growth of most
human cancers.

If tumor can function immunologically as normal tissue, is an anti-tumor antigen (TA) immune
response a form of autoimmunity? In the case of melanoma, where most progress has been
made, the molecular targets of the anti-TA immune response include melanocyte tissue
differentiation antigens such as gp100, MART-1/MelanA, tyrosinase and tyrosinase related
proteins (TRP)—l/gp7511 and TRP-2. These non-mutated antigens are involved in the
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synthesis of melanin and give both melanocytes and deposits of melanoma tumor their dark
pigment.

One consequence of the recognition of normal ‘self’ antigens may be vitiligo, the patchy and
permanent loss of pigment from the skin and hair thought to result from the autoimmune
destruction of pigment cells. Vitiligo has been correlated with objective shrinkage of deposits
of metastatic melanoma in patients receiving high dose interleukin-2 (IL-2), a cytokine known
to activate and expand T lymphocytes. It is not yet known whether targeting ‘self’ or ‘foreign’
antigens will be more successful in the immunotherapy of cancer. Some workers have asserted
that mutated TA are superior targets for vaccine design because immune cells will not be
tolerized to these antigens. However, recent work especially by Hy Levitsky’s and Linda
Sherman’s groups, has shown that even the most immunogenic ‘foreign’ antigen, such as the
hemagglutinin (HA) antigen from the Influenza A virus can be tolerizing when expressed
peripherally (i.e. outside the thymus) either in normal cells or in tumor cells.12-14 Thys,
mutated or otherwise “foreign’ antigens may also induce peripheral tolerance when expressed
by tumor cells.

Are there T cell precursors against tumor antigens?

The question of whether or not TA exist has been definitively answered and, given that many
of these antigens have been identified by molecular cloning using T lymphocytes as probes, it
is also clear that there are T cell precursors for these expressed antigens. The principle that T
cells were critically important in the immune response was derived originally in mice with
methylcholanthrene (MCA)-induced tumors. A large body of work in which T cell subsets
were depleted either using antibodies or gene-knockout mice revealed that both CD8+ and
CDA4+ T cells could play a role in the anti-TA immune response.

Classical studies showed that mice immunized with irradiated MCA-induced sarcoma cells
were fully protected against a subsequent challenge with that same tumor, but not with other
tumors.1® This protection was dependent on CD8+ T lymphocytes, whereas CD4+ T
lymphocytes often played little if any role. Furthermore, adoptive transfer of pure populations
of CD8+ T lymphocytes was shown to mediate tumor regression in mice.

Compared with the comprehensive studies using CD8+ T cells in tumor models, relatively little
is known about how CD4+ T cells influence anti-TA immunity. Very early work demonstrated
that disseminated murine leukemia could be eradicated by a combination of cyclophosphamide
and adoptively transferred cells (now known as CD4+ T cell's).lel17 The most dramatic
examples of the power of CD4+ T cells in the immune response to ‘self’ proteins can be found
in murine models of autoimmune diseases such as experimental allergic encephalomyelitis
(EAE), systemic lupus erythematosus (SLE) and diabetes. In these models disease can often
be transferred to naive mice with purified, ‘self” reactive CD4+ splenocytes or specific CD4+
T lymphocyte clones. Antigen-specific CD4+ T lymphocyte clones can also treat tumor
through CD8+ T cells specific for the cognate antigen.18 These studies and others suggest that
the full activation of autoreactive CD4+ T cells may be an important immune component that
is currently missing from many current clinical cancer vaccine trials.

We now understand in part how CD4+ T lymphocytes help initiate and maintain the anti-TA
immune response.lg_21 CDA4+ T cells regulate antigen-specific immune responses by
regulating the functions of other components of the immune system, including B lymphocytes
and CD8+ T lymphocytes. Conversely, under some conditions, CD4+ T cells can be
preferentially activated by B cells. In the experimental B16 tumor system, B lymphocytes,
under the control of CD4+ T cells, play an important role in inducing both autoimmunity and
anti-TA immunity. CD4+ T lymphocytes also appear to attract and activate other non-antigen-
specific components of the immune system including eosinophils, macrophages, dendritic cells
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and other antigen presenting cells (APC). Nevertheless, tumor cells can grow in the presence
of CD4+ T cell precursors specific for antigens expressed by tumor cells.13 Hence, there is a
need to understand more fully the reasons for this lack of tumor recognition.

Suggested guidelines for evaluating evidence for theories of tumor escape

Many theories of immune escape are described that are intuitively appealing, or that have some
correlative data in the mouse or human, but for which there is no direct experimental evidence.
How does one go about evaluating the actual evidence for each of these theories of immune
escape? What kind of data would be particularly convincing?

One example of a convincing hypothetical experiment might be the following: The growth rate
or lethality of a tumor is increased when the tumor escape mechanism is conferred upon the
tumor. In its most pure form, the wild-type of the tumor used in this experiment is rejected in
immunocompetent animals, but can now grow rapidly and lethally in normal animals after
acquiring the given escape mechanism. Conversely, the following scenario could be played
out for a given tumor escape mechanism that starts with a wild-type tumor that grows rapidly
and lethally in an immunocompetent animal. Blocking the ‘escape’ mechanism should lead to
the reduced growth rate, treatment or rejection of that tumor. Note that this later scenario is
one that would most commonly be encountered, and also is the scenario that has the greatest
therapeutic implication. As for correlative studies in humans, it is difficult or impossible to
derive any clear mechanistic understanding unless one has supporting data in animal models.

The molecular bases for proposed tumor escape mechanisms can be separated conceptually
into a number of groupings including those mechanisms having to do specifically with the
mutability of cancer cells and those shared by many normal cells in the body. The first group
includes mechanisms related to the inherent genetic instability of tumor cells (e.g. see,
References 22‘26) while examples of the second group include the lack of expression of
costimulatory molecules (B7-1/CD80, B7-2/CD86 and CD40L), the induction of suppressor
cell activity, and the production of immunoinhibitory substances (TGF-_ and IL-10) and other
immunoregulatory strategies employed by the host.

It is likely that the development of highly successful immunotherapies will result in the
outgrowth of tumors that are not susceptible to the therapeutic intervention. For example,
effective antigen specific vaccines may lead to antigen loss variants. However, the current
evidence in animal models is sometimes non-existent, often incomplete, and rarely,
compelling. There is clearly no consensus concerning the molecular mechanisms used by
tumors to ‘escape’ immune recognition. A few examples:

1. FasL has been proposed as a mediator of the tumor ‘counterattack’. We have
elucidated the theoretical and technical problems with these experiments elsewhere.
27-30T¢ summarize, however, all controlled experiments in which FasL is expressed
in animal tumor models does not result in escape, but instead results in more rapid
rejection (see Reference 29).

2. We and others have proposed the loss of _»-microglobulin (_»-u) as a mechanism of
immune escape. However, the work by Karre, et al. in animal models demonstrated
that the loss of _,m resulted in exquisite sensitivity to NK cells and tumor elimination,
not escape and MHC class | molecules inhibit NK cell kiIIing.31 Although some
human melanoma cells have also been shown to loose _»-u with clinical progression,
human _om deficient cells are also susceptible to NK cell-mediated kiIIing.Z?”32 Does
this evidence point clearly to _om loss as a mechanism of immune escape? The
alternative explanation is that _om is lost because of increasing derangement in the
transformed genome and a mutation ‘hotspot” at the _om locus.33 Indeed, the
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mutability of the _om locus may have unexplored protective functions. [Note: The
same argument can be made about other mechanisms that decrease or eliminate MHC
class | expression on the surface such as loss of MHC class I heavy chain and loss,
mutation or downregulation of TAP or LMP components].

3. To take another example, like most normal cells in the body, tumor cells generally do
not express costimulatory molecules, such as B7-1 (CD80) and B7-2 (CD86). In the
absence of costimulation, T cells tend to become anergic. In the non-tumor bearing
setting, the lack of B7 molecule expression on normal cells has been hypothesized to
protect against autoreactivity. B7-1 and B7-2 are expressed on professional APC and
on a variety of other tissues after exposure to inflammatory cytokines.34 But is this
the reason that tumor cells escape immune recognition?

Transfection of tumor cells with both isoforms has been used successfully to trigger their
immunemediated rgjection of experimental mouse tumors, which have some inherent
immunogenicity. 35 Rejection is not observed when B7 molecules are inserted into less
immunogenic tumors.3 Nonimmunogenicity is a category into which most, if not all, human
tumors would fall, thus a lack of expression of the CD80 and CD86 costimulatory molecules
is unlikely to be a global explanation for immune escape. However, a greater understanding
of the interactions of costimulatory molecules with negative regulatory molecules, such as
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) may enable more directed
interventions.

Understanding the poor immunogenicity of tumors: Bench to bedside and
back again

Despite cancer cells’ expression of clearly immunogenic molecules, the host does not always
mount an effective immune response to these antigens. A number of groups have conducted
experiments in which highly immunogenic foreign antigens, such as the hemagglutinin protein
from influenza,13 the _-galactosidase (_-gal) enzyme from E. coli- 38 and the ovalbumin
(OVA) protein from the chicken are expressed in tumor cells. 39 The results are fairly uniform:
tumors tend to grow progressively, retaining their lethality despite the expression of a foreign
and highly immunogenic protein by the tumor cell. The same can be said for self-antigen
models. For example, B16 is a spontaneous mouse melanoma model that is lethally
transplantable to syngeneic C57BL/6n mice and expresses the mouse homologs of major tissue
differentiation antigens such as gp100, MART-1, TRP-1 and TRP-2.40-42

In the mouse models cited above, many of the proposed causes for tumor escape can be ruled
out by a combination of in vivo and in vitro testing. For example, experimental tumors can be
verified to express _om, the relevant MHC restriction element and intact antigen processing
machinery by simply showing that specific recognition by T cells.

Other factors, such as the production of known immunoinhibitory factors can also be evaluated.
Precursor frequency of T cells specific for particular TA can be evaluated using tetramers.
Alternatively, T cell precursor frequency can be tightly controlled using T cell receptor
transgenic mice.

Mouse experiments in our laboratory and others clearly show that target antigen expressing
tumors that have intact antigen processing machinery and that exist in an environment where
T cell precursors clearly exist (such as a TCR transgenic mouse) can still grow lethally.
Alternative immune mechanisms designated tolerance and ignorance have been used to
explain why the immune system fails to recognize such tumors. Tolerance generally refers to
the lack of a destructive immune reaction to a given antigen and is often defined as an acquired
unresponsiveness to antigen. In the tumor context, we might distinguish an active state of
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tolerance, in which the immune system undergoes a functional and phenotypic change after
encounter with antigen, from ignorance, a passive process where immune cells do not have
any contact with the antigen that alters their phenotype or function. Although there is
undoubtedly some degree of ignorance to TA, there is clear evidence that host T cells can be
sensitized to TA (43 and NP Restifo, unpublished results).

In conclusion, it remains unclear what mechanisms are employed by tumor cells to ‘escape’
immune destruction. Ultimately, the reasons why cancer cells are not destroyed by the immune
system may be the same reasons why normal cells are not destroyed by the immune system.
Unfortunately, the mechanisms of tolerance have not yet been fully elucidated.

Intriguing explanations for why tumors (and normal tissues) are not destroyed involves
suppressor antigen presenting cells expressing markers that include CD11b, Gr-1 and CD31
and suppressor T cells that are CD4+CD25+. 4-47 These cells have clear importance in tumor
models as well as in autoimmunity in experimental animals. Our ability to develop new
immunotherapies in patients with cancer will depend on our understanding of the fundamental
biology underlying the apparently tolerant relationship between immune and transformed cells.

Successful tumor immunotherapies may represent the induction of autoimmunity and the
breakdown of the myriad and redundant mechanisms of immune tolerance at the target cell
level due in large part to mutations and translocations in the transformed genome. Once
tolerance is dysregulated, tumor immunity, a form of autoimmunity, becomes possible. While
autoimmune disease is generally a disorder of the immune system, ‘autoimmune’ destruction
of the tumor may be the ultimate result of dysregulation in the tumor cell.
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