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Abstract

The idea that tumors must “escape” from immune recognition contains the implicit assumption that

tumors can be destroyed by immune responses either spontaneously or as the result of

immunotherapeutic intervention. Simply put, there is no need for tumor escape without

immunological pressure. Here, we review evidence supporting the immune escape hypothesis and

critically explore the mechanisms that may allow such escape to occur. We discuss the idea that the

central engine for generating immunoresistant tumor cell variants is the genomic instability and

dysregulation that is characteristic of the transformed genome. “Natural selection” of heterogeneous

tumor cells results in the survival and proliferation of variants that happen to possess genetic and

epigenetic traits that facilitate their growth and immune evasion. Tumor escape variants are likely

to emerge after treatment with increasingly effective immunotherapies.

Progress in molecular and cellular immunology during the past two decades has advanced our

understanding of tumor-host interactions and opened extraordinary opportunities for the

development of antitumor immunotherapies. The identification of tumor antigens has allowed

us, for the first time, to tailor therapies to specific molecular targets expressed on tumor cells.

In addition, advances in recombinant biotechnology have enabled us to design and develop

more effective cancer vaccines for active immunization and cellular therapy for adoptive-

transfer treatments. However, consistently effective immunotherapy has not yet been

developed for any type of malignancy.

Although some maintain that the lack of broad success with current strategies is due to the

“escape” of tumor cells from the immunotherapies directed against them, it is also possible—

and even likely—that current immune-based treatments for malignancy are simply ineffective.

For example, current T cell-based immunotherapies may not be eliciting enough of the right

kinds of T cells in the right places at the right time to allow them to be consistently effective.

To fully understand the potential role played by tumor escape in the failure of

immunotherapeutic treatments in cancer patients, it is worth briefly discussing the basic

principles of immunosurveillance and its potential role in shaping tumor phenotypes.

Assumptions of the tumor escape hypothesis

It is not often explicitly stated that the tumor escape hypothesis assumes that if left unchecked,

the immune system would indeed spontaneously attack and destroy tumor. Simply put, immune

escape implies immune attack. A Review by Schreiber and colleagues in this issue examines

the evidence for immunosurveillance and attempts to resolve the long-standing controversy

over its role in the early stages of tumor development. Schreiber’s group has demonstrated the

existence of an interferon-γ (IFN-γ)-dependent extrinsic tumor suppressor system in mice1.

However, it is not clear how large a role this plays in the immunosurveillance of tumors because
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only a minority of human tumor cell lines examined in this study exhibited a permanent and

selective IFN-γ insensitivity1.

Two studies have examined the potential roles of natural killer (NK) and γδT cells bearing the

stimulatory lectin-like receptor NKG2D in immunosurveillance. The first study explored

antitumor immune responses elicited by tumors cells transduced with the NKG2D ligands,

retinoic acid early transcript 1b (Rae-1b) or H-602 and found that NK and/or CD8+ T cells

mediated potent antitumor immunity2. The study used NKG2D ligand-transduced cell lines

that expressed high amounts of Rae-1b or H-60; NKG2D ligand expression in most

spontaneous tumors may be much lower. Nevertheless, these findings demonstrated a possible

mechanism of immunosurveillance that may involve NK cells. A second study uncovered a

possible role for NKG2D+γδ T cells at the very early stages of tumor development3.

A note of caution is useful when interpreting these elegant mouse studies: there may be

fundamental differences between the development of tumors injected into a mouse or induced

by chemical carcinogens compared to naturally occurring spontaneous tumors in humans. For

example, the act of injection itself and the presence of dead tumor cells as well as tissue-culture

contaminants, such as fetal bovine serum in the inoculum, may induce local inflammatory

reactions. In tumors induced by painting chemical carcinogens onto the skin of highly

susceptible mice, Rae-1b and H-60 expression may be up-regulated, resulting in their rejection

by γδ T cells. In addition, whereas carcinogenesis in humans may be a slow process that occurs

over several years, mouse experiments use high doses of carcinogens, which cause

transformation in just weeks or months. At these doses, carcinogens may cause massive and

rapid mutagenesis, resulting in greatly increased number of neoantigens that may alert the

immune system.

IFN-γ, perforin and tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)

act as effector molecules in immune surveillance for the prevention of tumor development.

Mice that are deficient in lymphocytes and/or in the IFN-γ signaling pathway have a much

higher incidence of carcinogen-induced sarcomas, lymphoma and spontaneous epithelial

tumors4, 5. Other studies have shown that in perforin-deficient mice, there is a higher rate of

spontaneous lymphoma and lung adenocarcinoma4, 6. Upon transplantation into syngeneic

wild-type mice, these lymphoma cells are promptly rejected by cytotoxic T lymphocyte (CTL)-

mediated activity. Inhibition of TRAIL (by blocking antibody) promotes carcinogen-induced

tumor development in mice; large numbers of these tumors are TRAIL-sensitive, which is

something rarely seen in tumors developed in wild-type mice7.

Thus, evidence exists, in some models and under some conditions, that immunosurveillance

can play an active role in suppressing the growth of very early tumors. In this paradigm, when

tumors do successfully grow, they are thought of as having “escaped” from this

immunosurveillance; these early surveillance mechanisms are viewed as “shaping” the tumor’s

immunological phenotype. Another model that explains why established tumors grow and do

not undergo immune-mediated rejection is that tumors function as immunologically normal

tissue. In this paradigm, tumor cells appear immunologically as healthy growing cells that do

not send out danger signals to activate the immune system because they express neither

microbial immune-recognition patterns nor release distress signals to alarm the innate immune

cells8. Tumor histology and phenotype may determine whether early tumors ultimately grow

as a result of stealth and nonrecognition or as the result of escape and immunological sculpting.

Later in the natural history of a tumor, during the progressive growth phase, tumors may

become more immune-activating for a variety of reasons (Fig. 1). Tumors can damage or

disrupt surrounding tissue or trigger a stress response when they outstrip their oxygen and

nutrient supplies. These processes can cause pH imbalance that results from metabolic
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disturbance, generation of reactive oxygen species (ROS), up-regulation of stress protective

factors—such as heat shock proteins—and death by necrosis or apoptosis. Also, as tumors

grow progressively, dysregulated genetic and epigenetic events lead to the expression of large

numbers of neoantigens. One study estimated that the average malignancy contained more than

10,000 mutations9. All these factors may act as alarm signals to recruit and activate local innate

immune cells such as dendritic cells (DCs), macrophages, neutrophils and NK cells, which, in

turn, activate T cells to mount an adaptive immune response against tumors.

Whatever the roles of immunosurveillance, immune attack and immune escape in humans, it

is clear that once tumors are clinically detectable, spontaneous regression is exceedingly rare

for the vast majority of histologies. Once solid tumors become established, vascularized and

clinically detectable, it is simply not clear—given the available evidence—whether they need

to “escape” from immune recognition; this is because it is unclear whether most tumors elicit

immune responses that can cause tumor destruction8. Indeed, some observations contradict

the idea that the immune system spontaneously mounts lethal attacks against tumor cells. If

cycles of immune pressure and tumor escape were operative during tumor development, one

might expect to observe (either by examination or by imaging modalities) progressive tumor

growth that was interspersed with one or more periods of contraction. Ongoing immunological

“shaping” or “sculpting” of tumors might be expected to result in the destruction of sensitive

cells followed by proliferation of immunoresistant cells that would, in turn, form the bulk of

a new tumor emerging from the bed of the old tumor (Fig. 2). However, solid tumors generally

do not have growth curves with evidence of significant drops or depressions: tumors simply

grow, and then grow larger.

On the other hand, it is also possible that selection is taking place at a cellular level, especially

during early tumor development, as discussed above. Ongoing selection of tumor variants on

a microscopic or cellular level would not necessarily result in gross or macroscopic changes,

such as those easily seen histologically or with commonly used imaging modalities. Similarly,

a lack of inflammation at the site of solid tumors may be interpreted by some to cast further

doubt on the hypotheses of spontaneous immune attack and immune escape. Although immune

cells can be observed in or around tumors, spontaneous local inflammation in an uninfected

tumor is generally not seen clinically or histologically. Again, however, it is possible that this

inflammation is occurring chronically and on a microscopic level. Thus, there is little direct

evidence in mice or humans to support the concept of tumor “shaping” or “sculpting” by the

unmanipulated immune system once tumors are vascularized and established. Nevertheless,

these hypothesized processes may well turn out to be important upon further investigation.

The natural selection of tumor cell variants

The setting of partially successful antitumor immunotherapy is one scenario that might be

expected to result in tumor escape. One of the most important factors that favors the survival

and propagation of evolving organisms is genetic diversity. It is interesting to view the survival

of cancer cells in a Darwinian light, where the survival of individual cancer cells is based on

heritable variations and differential survival associated with certain genotypes. Natural

selection is a passive process by which an organism has a survival advantage simply by

possessing certain beneficial genes. Genomic instability, an inherent property shared by all

tumors, gives rise to genetic diversity, as manifested by the great degree of heterogeneity seen

in human tumors.

The law of natural selection is at work when cancer cells that possess genetic and epigenetic

traits, which are beneficial to their survival and/or proliferation, have a growth advantage over

other cells. The outcome of this passive process is determined by multiple factors in the tumor

environment, such as growth factors, nutrient supply and immune pressure. Genomic instability
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simply creates a vast repertoire of tumor cells that will be selected according to environmental

factors. Therefore, terms such as “tumor evasion” or “tumor escape” are misnomers because

evasion and escape imply active acquisition of certain characteristics or phenotypes, rather

than the differential propagation of tumor subclones (Fig. 2a). The same concept also applies

to tumor growth in the face of an effective immunotherapy (Fig. 2b).

Loss or down-regulation of HLA class I antigens

It is certainly well documented that tumor cells can indeed lose HLA class I molecules through

a panoply of mechanisms. Descriptions of HLA loss causing immune escape have a great deal

of intuitive appeal, but are nevertheless correlative and indirect. There is little controlled

evidence in humans or animals that loss of major histocompatibility complex (MHC) class I

molecules actually leads to tumor escape or immunoresistance in the unmanipulated host.

Indeed, loss of H-2 expression in transporter associated with antigen processing 1 (TAP-1)- or

low-molecular weight protein 2 (LMP-2)-deficient mice does not increase the onset or

incidence of a variety of spontaneous tumors10. On the other hand, some recurring tumors lose

cell-surface MHC class I both in mice with pre-existing immunity induced by immunization

with B7-1-transfected tumor cells11 and in humans after partial responses to T cell-based

immunotherapy12. Decreased or absent HLA class I expression is associated with invasive

and metastatic lesions13. Total loss of HLA class I expression is not uncommon in many

tumors, including melanoma, colorectal carcinoma and prostate adenocarcinoma14. In breast

carcinoma, the frequency of total HLA class I loss is >50%15. Thus, it is possible that in

antigen-loss, HLA-loss and MHC class I processing-defective variants, the loss or down-

regulation of HLA class I antigens occurs as a result of immunological “sculpting” of early

tumor lesions (see the Review by Schreiber and colleagues in this issue) or escape from immune

attack later in tumor development.

Some mechanisms that can result in the loss or down-regulation of HLA class I expression are

shown (Fig. 3). The mechanisms that underlie total loss of HLA class I include mutations in

one copy of the β2-microglobulin gene in association with loss of heterozygosity (LOH)

involving the second allele16. The loss of β2-microglobulin has been observed in patients

experiencing objective partial responses after T cell-based immunotherapy12. We recently

observed loss of β2-microglobulin in tumor cells from two patients: one patient had an

apparently complete response to immunotherapy for nearly a decade; the other had experienced

an extraordinary response after adoptive transfer of tumor-specific T cells, then had a

resurgence of tumor (unpublished observations), although a causal relationship in such clinical

scenarios is difficult to demonstrate unequivocally. Other causes of total HLA class I down-

regulation include defects in MHC genes and in the antigen processing and transport pathway.

Down-regulation of the proteosome multicatalytic complex subunits LMP-2 and LMP-7 and

of peptide transporters TAP-1 and TAP-2 have been reported in tumor histologies that include

small cell lung carcinoma17, non-small cell lung cancer (NSCLC)18, prostate carcinoma19

and renal cell carcinoma20. In these situations, HLA class I can often be up-regulated by

treatment with IFN-γ.

Tumors can also express selective loss of HLA class I haplotype, locus or allele. HLA haplotype

loss can be due to LOH on chromosome 621. Several mechanisms are involved in locus down-

regulation, which is more frequent with HLA-B than HLA-A antigens. In melanomas, c-Myc

oncogene overexpression correlates with selective HLA-B locus down-regulation22. Loss of

transcription factor binding to locus-specific regulatory elements can induce HLA-B locus

down-regulation in colon carcinoma cells23. In melanoma, the gene products of the HLA-C

locus are often expressed poorly or not at all24. The defects underlying HLA class I allele-

specific loss include mutations in the genes encoding HLA class I heavy chain25.
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Descriptions of partial or complete losses of HLA class I as mechanisms of immune escape

often fail to consider an increased susceptibility to NK cell lysis, which is a direct consequence

of such a loss26. Why do HLA class I loss tumor cell variants continue to grow and are not

destroyed by NK cells? NK cells express activating receptors, such as NKG2D, which bind to

stress-induced ligands (MICA and MICB) that can be up-regulated in a variety of tumors.

Activation of NK cells through this signaling pathway can overcome the inhibitory effect of

HLA class I-binding receptors (KIRs)27, 28. Thus, although HLA class I-negative tumors

should be susceptible to NK killing, the loss or down-regulation of MICA or MICB expression

by actively growing tumors represents a potential escape strategy, but one that has not yet been

demonstrated in human tumors29.

Alternative explanations for why tumor cells that have lost HLA class I are not destroyed by

NK cells may be derived from the activation-inhibition model (Fig. 1). NK cells are rapidly

activated in the presence of stimulatory factors such as interleukin 12 (IL-12), IL-2, IL-15 or

type 1 IFNs in response to inflammatory conditions associated with microbial infection. In

“sterile” environments, as seen with tumors or transplantation, such stimulatory factors may

not be readily available, and the cross-talk between DCs and resting NK cells that induces NK

cell activation may not occur30. In addition, a lack of expression of costimulatory molecules

—such as B7-1 (also known as CD80), B7-2 (also known as CD86), CD40 and CD70—by

tumors may also hinder optimal NK cell activation via CD28 and CD27 costimulation

pathways31, 32, 33. It is possible that in some situations, tumors may produce

immunomodulatory cytokines, such as transforming growth factor-β (TGF-β) or macrophage

migration inhibitory factor (MIF)34, which can directly inhibit NK cell activation and function.

Loss of tumor antigens and immunodominance

Loss of surface antigen expression can occur independently of the dysregulation of HLA class

I expression. It is well documented that tumor antigen expression is heterogeneous, even within

the same tumor. Decreased expression of melanoma-melanocyte differentiation antigens

(MDAs) such as gp100, melanoma antigen recognized by T cells 1 (MART1) and tyrosinase

is associated with disease progression35. In one study, cells were MART1+ in 100% of stage

I lesions but only 75% of stage IV lesions36. Decreased antigen expression has also been found

in residual tumors after peptide vaccination37, 38. With a gp100 peptide (209-2M) vaccine,

there was a decrease in gp100 expression in tumors after ztreatment (47% versus 32%), whereas

expression of MART1 was unchanged (54% versus 54%)39. In addition, the amount of tumor

antigen expressed may also be important for recognition40. Again, these are correlative studies

and fully controlled human studies can be difficult or impossible to come by. It seems likely,

however, that as T cell-based tumor immunotherapy becomes stronger, escape mechanisms

such as antigen loss are likely to become more prominent.

The exact mechanisms that control the down-regulation of tumor antigens are not known in

most cases; however, the propagation of such antigen loss variants may be facilitated by epitope

immunodominance41. The phenomenon of immunodominance may be thought of as the

preferential immunodetection of one or a few epitopes among many expressed on a given target.

The theory of immunodominance, as it relates to tumor escape, predicts that one of the ways

that antigen-loss variants within a tumor are shielded from immune pressure is that the parental

tumor cells that carry the immunodominant epitope serve as a red flag for immune attack,

thereby diverting attention from the tumor variants. Once the parental cells are eliminated, a

new hierarchy is established among the variant subpopulations, and formerly immunorecessive

epitopes become dominant41. A tumor variant that has lost the restricting HLA class I allele

while retaining the immunodominant antigen could cross-present this antigen to CD8+ CTLs

by DCs and maintain an immunodominant response to a “phantom” target at the expense of

more appropriate and effective responses to other antigens41.
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Defective death receptor signaling

Two death receptor ligands that play a role in immune surveillance against tumor development

are Fas ligand (FasL) and TRAIL7, 42, 43, 44. Defective death receptor signaling is a

mechanism that may contribute to the survival and proliferation of tumor cells. Death receptors

have cytoplasmic sequences called “death domains” that are essential for the transmission of

apoptotic signals via the caspase cascade. For example, upon engagement of the death receptor

Fas by its ligand, Fas-associated death domain (FADD) engages caspase-8, which, in turn,

autoactivates itself and cleaves downstream substrates such as caspase-3, caspase-6 and

caspase-745. The caspase-8 inhibitor cellular FLICE-inhibitory protein (cFLIP) is expressed

in various tumors. In these cases, cFLIP may render tumor cells resistant to death receptor-

mediated apoptosis46. Increased expression of cFLIP by tumor cells may also contribute to

immunoresistance to T cells in vivo47.

Down-regulation or loss of Fas expression in tumors may also contribute to their resistance to

apoptosis. Missense mutations and loss of the gene encoding Fas have been identified in

multiple myeloma48, non-Hodgkin’s lymphoma (NHL)49 and melanoma50. These mutations

disrupt Fas signaling, resulting in a loss-of-function death receptor. In addition, mutations of

the genes in the proximal pathways downstream of Fas signaling have been also found in

NSCLC and lymphoma51, 52. These include inactivating mutations of FADD and caspase-10.

Most were detected in metastatic lesions of NSCLC. Besides defective death receptor signaling,

tumors can also block CTL-mediated cytotoxicity via the perforin pathway by overexpressing

PI-9 (also known as SPI-6), a serine protease inhibitor that inactivates granzyme B53.

In the case of TRAIL-mediated apoptosis, loss of expression of all TRAIL receptors by one of

the following causes: chromosomal loss; loss of caspase-8 by chromosomal loss or mutation;

no signaling from death-inducing signaling complex (DISC) due to FADD mutation, X-linked

inhibitor of apoptosis protein (XIAP) inhibition of caspase-3 and low second mitochondria-

derived activator of caspase or direct IAP-binding protein with low pI SMAC (also known as

Diablo) release; and low expression of death receptors by post-transcriptional regulation are

associated with tumor resistance to TRAIL-mediated apoptosis54. Thus in tumor cells, there

may be defects at multiple sites in the death receptor pathways that can favor tumor escape.

Lack of costimulation

As discussed above, most tumors seem to grow in a noninflammatory microenvironment that

is not conducive to immune activation. Histologically, tumors generally coexist innocuously

with normal tissues, apparently without giving or inducing immune-activating signals,

especially during the early stage of growth. Recognition of tumor antigens by DCs under these

conditions will not lead to DC activation and maturation. In addition, lack of expression of

costimulatory molecules by tumor cells may lead to T cell anergy55 and suboptimal activation

of NK cells. In an experimental setting, insertion of genes encoding B7-1, B7-2 or both into

tumors generally increases the immunogenicity of those tumors but does not necessarily lead

to regression56.

Immunosuppressive cytokines

Activation or inhibition of T cells also depends on the presence or absence of cytokines in their

immediate microenvironment. Tumor cells produce a variety of cytokines and chemokines that

can negatively effect maturation and function of immune cells. Vascular endothelial growth

factor (VEGF) is a cytokine that is secreted by most tumors57. In vitro studies show VEGF

inhibits DC differentiation and maturation through suppression of the transcription factor NF-

κB in hematopoietic stem cells58. Immunohistochemical staining of gastric carcinoma tissues

revealed an inverse correlation between the density of DCs and VEGF expression. This finding

Khong and Restifo Page 6

Nat Immunol. Author manuscript; available in PMC 2006 July 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



was also associated with poor prognosis59. In patients with lung, head and neck, and breast

cancers, there was a decrease in the function and number of mature DCs, which was associated

with increased plasma concentrations of VEGF60. Besides VEGF, increased concentrations

of another cytokine, IL-10, are frequently detected in the serum of patients with cancer. IL-10

can exert an inhibitory effect on DC differentiation from stem cell precursors61. In addition,

maturation and the functional status of DCs are also compromised by IL-10. This cytokine also

inhibits antigen presentation, IL-12 production and induction of T helper type 1 responses in

vivo62, 63. IL-10 also enhances spontaneous DC apoptosis64 as well as susceptibility to

autologous NK cell lysis65. IL-10 may protect tumor cells from CTLs by down-regulation of

HLA classes I and II and ICAM-1 (intercellular adhesion molecule 1)66. The loss of HLA

class I expression could also be due to IL-10-mediated down-regulation of TAP1 and TAP2

proteins in tumor cells67, 68.

The proinflammatory factor prostaglandin E2 (PGE2) is another cytokine that is expressed by

tumors as a result of enhanced expression of the enzyme cyclooxygenase 2, which is the rate-

limiting enzyme for PGE2 synthesis, in multiple human tumors69, 70, 71. PGE2 increases the

production of IL-10 by lymphocytes and macrophages and inhibits IL-12 production by

macrophages72. High concentrations of TGF-β are also frequently found in cancer patients

and are associated with disease progression73 and poor responses to immunotherapy74. In

addition to potentially being produced by some tumor cell lines, TGF-β may also be released

by cells dying apoptotically75. TGF-β inhibits the activation, proliferation and activity of

lymphocytes in vivo76. One point to consider is that tumors may not necessarily produce these

cytokines as escape mechanisms: the hypothesized immunosuppressive functions may be mere

side-effects of the angiogenic and growth factor functions of these cytokines.

Apoptosis of activated T cells

One of the more controversial mechanisms of tumor escape is the expression of death receptor

ligands by tumor cells. A variety of cancer cells express functional FasL, which induces

apoptosis of Fas+-susceptible target cells. These include lung carcinoma77, melanoma78,

colon carcinoma79 and hepatocellular carcinoma80. The most recent study on this

controversial topic asserts that FasL is coexpressed with melanosomal and lysosomal markers

in multivesicular bodies in human melanoma cells81. Some of the data concerning FasL

expression on tumor cells have been questioned due to a lack of appropriate negative controls

and technical concerns, such as the use of nonspecific antibodies, non-intron-spanning

polymerase chain reaction primers without proper controls and functional assays that use the

Jurkat cell line, which can themselves be induced to express FasL82, 83. In our own work

exploring FasL expression on human melanoma cells, we found no evidence of significant

expression either at the mRNA or protein level. In addition, there was no killing of Fas+-

susceptible targets by melanoma cells in controlled functional assays84. Another level of

complexity in the role of FasL may be that it is actually proinflammatory in some

circumstances. In fact, all well controlled in vivo experiments with membrane-bound FasL-

transfected tumor cells show accelerated rejection accompanied by neutrophil infiltration85,

86, 87. However, the activity of FasL may be modulated if it is processed to a secreted soluble

form or if it is elaborated in the presence or absence of certain cytokines within the tumor

microenvironment. For example, TGF-β can regulate the proinflammatory effects of FasL88.

The most crucial role of Fas-FasL interactions in the tumor setting may be the induction of

activation-induced cell death (AICD) of antitumor T cells. Upon activation by tumor antigen

recognition, T cells express high amounts of FasL, which induces apoptosis of these T cells

(“suicide”) and between T cells (“fratricide”)84, 89 (Fig. 4).

Other TNF family ligands, such as TRAIL, are expressed by tumors, but there is no convincing

evidence that they play a major role in the induction of tumor-specific T cell apoptosis in human
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cancers90. Tumor-associated B7-H1 ligand also induces T cell apoptosis91. However, this

study relied heavily on artificial models of B7-H1-transfected tumor cells that expressed high

amounts of B7-H1. It remains unclear whether the relatively small increases in specific T cell

apoptosis over background caused by endogenously expressed B7-H1 will be enough to enable

human tumors to evade immune recognition.

The role of suppressor T cells

Immunoregulatory CD4+ CD25+ T cells (also known as Treg, TH3 and TR1 cells) control key

aspects of immunological tolerance to self-antigens92, 93. Removal of these cells, which

constitute 5–10% of CD4+ T cells in humans and rodents, induces autoimmune disease in the

ovaries, thyroid gland, salivary glands and the mucosal linings of the stomach and small

intestine and accelerate diabetes in nonobsese diabetic mice. Depletion of CD4+CD25+ cells

plus injection of an antibody capable of blocking CTLA-4 (cytotoxic T lymphocyte antigen

4), enhanced reactivity to a known tumor-associated antigen (TAA)94. However, based on the

available evidence from experimental mouse tumor models, it seems that simply blocking or

even eliminating T regulatory cell function will not be enough to treat established tumors95.

Identification of the glucocorticoid-induced TNF receptor family-related gene (GITR, also

known as TNFRSF18) expressed on T regulatory cells might afford new therapeutic

opportunities, as stimulation of GITR with an activating antibody reverses CD4+CD25+ T cell-

mediated suppression96, 97. Another possible therapeutic intervention could be blockade of

signaling through the molecular pair of TNF-related activation-induced cytokine (TRANCE)

and receptor-activator of NF-κ B (RANK), as these signals are involved in the generation and

activation of CD4+CD25+ T regulatory cells98. In addition to CD4+CD25+ T cells, NKT cells

can exert immunoinhibitory effects on tumor immunity. CD4+ NKT cells inhibit effective

CTL-mediated tumor rejection by IL-13 via the IL-4R-STAT6 (interleukin 4 receptor-signal

transducers and activators of transcription 6) pathway99. Another study has identified

CD4+DX5+ NKT suppressor cells that regulate the growth of ultraviolet-induced skin cancers

and mediate antigen-specific immune suppression100; thus, targeting NKT cells could be

another therapeutic option. The challenge for immunotherapists now is to discover how to use

an understanding of T regulatory function to enhance other immunotherapeutic interventions.

CONCLUSION

Despite recent progress in tumor immunobiology and technical advances in the field of tumor

immunotherapy, current immunotherapeutic strategies used in the treatment of patients with

cancer have not been successful in most cases. It is not clear whether tumor escape accounts

for these failures or whether lack of observed tumor regression is due to inadequacies of the

immunotherapies themselves.

The balance of immune activation and immune inhibition must favor the former if tumors are

to come under immune pressure. However, even in some instances where effective antitumor

responses can be achieved with immunotherapy, tumors often recur. It seems likely that as the

tumor immunologist’s armamentarium becomes more powerful and immunotherapies become

more effective, the selection of tumor variants with immunoresistant phenotypes will be

observed with greater frequency. Tumor escape may ultimately thwart some dramatic

responses to immunotherapy. Indeed, some tumors that recur after successful immunotherapy

often possess immunoresistant phenotypes.

The challenge for the tumor immunologists now is to understand the mechanisms by which

tumors become refractory to immune modulation. The optimal immunotherapy strategy may

be to achieve three things concurrently: provision of appropriate immune activating signals,

elimination of inhibitory factors and avoidance of the emergence of immunoresistant
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phenotypes. The latter might be achieved with a combination of modalities sustained for a long

enough period of time to complete tumor destruction.
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Figure 1. Activation versus suppression during tumor progression

Immune activation during early tumor progression may be triggered by the expression of

neoantigens. In addition, the progressive growth of tumors may be associated with the invasion

and destruction of surrounding normal tissues. Other factors that may cause immune activation

include generation of heat shock proteins (Hsps), which result from cellular stress, and ROS

such as OH− and H2O2. Conversely, immune activation and function may be hampered by a

lack of appropriate costimulation, the presence of immunosuppressive cytokines (for example,

VEGF, IL-10 and TGF-β), and the impact of immunoregulatory cells such as CD4+CD25+ T

cells and NKT cells. As tumors grow, these events occur in the presence of massive apoptosis

and necrosis of tumor cells, infiltrating immune cells and surrounding stromal cells. The fate

of tumors may be dictated by the net effect of immune activation and immune inhibition.
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Figure 2. Natural selection of tumor variants in the generation of “tumor escape” phenotypes

(a) Genomic instability gives rise to genetic diversity in tumors. Natural selection of tumor

variants occurs by differential propagation of tumor subclones in their microenvironment.

(b) The same concept also applies to tumor growth after effective immunotherapy.
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Figure 3. Molecular mechanisms responsible for HLA class I deficiency

Tumor antigens are processed in the proteosome and generate peptides that are transported by

TAP to the endoplasmic reticulum (ER); there they bind to certain HLA class I heavy chain in

association with β2-microglobulin. The peptide-HLA complexes are then transported through

the Golgi to the cell surface. Several different defects are associated with tumor “escape” from

immune recognition: (a) defects in components of the antigen-processing machinery (such as

LMP-2 and LMP-7) in the proteosome result in HLA class I down-regulation; (b) defects in

peptide transporters TAP-1 or TAP-2 cause HLA class I down-regulation; and (c) LOH on

chromosome 6 causes HLA class I haplotype loss. Defects in the transcriptional regulation of

the HLA class I gene result in HLA class I locus loss. Point mutations or gene deletions

involving the HLA class I heavy chain result in HLA class I allelic loss. (d) β2-microglobulin

(β2M) mutation or deletion results in total loss of HLA class I.
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Figure 4. Alternative models for the induction of FasL-mediated T cell death after encounter with
tumor cells

(a) AICD of T cells after recognition of tumor cells. Tumor recognition leads to activation of

T cells and up-regulation of Fas and FasL on T cell surface, which results in the T cell killing

of itself (“suicide”) and of other T cells (“fratricide”). (b) Proposed tumor “counterattack”

model. Tumor cells express functional FasL and kill infiltrating Fas-expressing T cells via Fas-

FasL binding, which leads to tumor escape. However, ligation of Fas expressed on innate

immune cells such as neutrophils, macrophages and immature DCs by FasL expressed on tumor

cells may also lead to release of multiple proinflammatory cytokines and chemokines, setting

the stage for tumor rejection.

Khong and Restifo Page 17

Nat Immunol. Author manuscript; available in PMC 2006 July 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t


