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Cancer Immunoediting: Integrating
Immunity’s Roles in Cancer
Suppression and Promotion

Robert D. Schreiber,** Lloyd ]. Old, Mark J. Smyth®*

Understanding how the immune system affects cancer development and progression has been
one of the most challenging questions in immunology. Research over the past two decades has
helped explain why the answer to this question has evaded us for so long. We now appreciate
that the immune system plays a dual role in cancer: It can not only suppress tumor growth by

destroying cancer cells or inhibiting their outgrowth but also promote tumor progression
either by selecting for tumor cells that are more fit to survive in an immunocompetent host or
by establishing conditions within the tumor microenvironment that facilitate tumor outgrowth.
Here, we discuss a unifying conceptual framework called “cancer immunoediting,” which
integrates the immune system'’s dual host-protective and tumor-promoting roles.

he idea that the immune system can con-
Ttrol cancer has been the subject of debate

for over a century. In the early 1900s, Paul
Ehrlich was perhaps the first to reason that cancer
would be quite common in long-lived organisms
if not for the protective effects of immunity (7).
However, so little was known about the compo-
sition and function of the immune system at the
time that it was simply not possible to assess the
validity of this prediction. It would take nearly 50
years before the idea of immune control of can-
cer resurfaced, stimulated in large part by an en-
hanced understanding of the immune system
combined with the demonstration of the existence
of tumor antigens (2). These advances provided
the foundation upon which Burnet and Thomas
built their cancer immunosurveillance hypoth-
esis, a concept that formally envisaged that
adaptive immunity was responsible for preventing
cancer development in immunocompetent hosts
(3, 4). However, subsequent studies by Stutman
provided little support for this hypothesis. Of
particular note were experiments showing that
the cancer susceptibility of immunocompetent mice
(to both spontaneous and carcinogen-induced tu-
mors) was similar to that of nude mice that had
major but not total immunodeficiency (5, 6). On
the basis of these findings, the cancer immuno-
surveillance hypothesis was largely abandoned,
and soon additional arguments began to surface
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as to why cancer immunosurveillance could not
possibly occur. Some investigators argued that tu-
mor cells did not possess the appropriate “danger
signals” needed to alert the immune system to
the presence of a foreign cell (7), whereas others
suggested that the immune system would ignore
or be tolerant to a developing tumor because
tumor cells were too similar to the normal cells
from which they were derived (8). Still others
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showed that persistent activation of the innate,
pro-inflammatory arm of immunity could facil-
itate cellular transformation and promote cancer
outgrowth and argued that this effect of immunity
precluded its capacity to fulfill a protective func-
tion (9, 10).

By the 1990s, improved mouse models of
immunodeficiency on pure genetic backgrounds
became commonplace, permitting a few groups
to reassess the role of immunity in cancer control.
Interest in cancer immunosurveillance was re-
kindled by the discovery of the importance of
interferon-y (IFN-y) in promoting immunologi-
cally induced rejection of transplanted tumor
cells (/7) and by the demonstration that mice lack-
ing either IFN-y responsiveness (gene-targeted
mice lacking either the IFN-y receptor or the
STAT1 transcription factor required for IFN re-
ceptor signaling) or adaptive immunity [RAG2 ™
mice lacking T cells, B cells, and natural killer
T (NKT) cells] were more susceptible to carcinogen-
induced and spontaneous primary tumor forma-
tion (Fig. 1) (12, 13). Other laboratories soon
began to report similar results, and collectively
these findings documented that the immune sys-
tem can function as an extrinsic tumor suppressor
[(11-17), reviewed in (18)].

We now recognize that the immune system
plays at least three distinct roles in preventing
cancer: (i) It protects the host against viral in-
fection and hence suppresses virus-induced tu-
mors; (ii) it prevents the establishment of an
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Fig. 1. The immune status of mice is a critical determinant of their susceptibility to tumors induced by
chemical carcinogens. Over the past two decades, numerous studies have established that immu-
nodeficient mice are more tumor prone than are immunocompetent mice after treatment with car-
cinogens such as MCA. The immunodeficient mice tested in such experiments include gene-targeted mice
on pure genetic backgrounds with deficits of innate or adaptive immunity as well as wild-type mice
rendered immunodeficient by chronic administration of monoclonal antibodies that, for example, deplete
CD4" and CD8* T cells or interferon-y. Inmunodeficiency has also been found to increase the sus-
ceptibility of untreated mice to spontaneously arising tumors and to increase the incidence of tumor
formation in mouse genetic models of cancer. Schematic is based on experiments described in (13).
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inflammatory environment that facilitates tumor-
igenesis by eliminating pathogens and by prompt
resolution of inflammation; and (iii) it eliminates
tumor cells in certain tissues because nascent
transformed cells often co-express ligands for
activating receptors on innate immune cells and
tumor antigens (see below) that are recognized
by immune receptors on lymphocytes of the
adaptive immune system. This third role is most
pertinent to our discussion.

Tumor Antigens and Cancer Inmunosurveillance

A fundamental tenet of tumor immunology in
general and of cancer immunosurveillance in par-
ticular is that cancer cells express antigens that
differentiate them from their nontransformed
counterparts. The existence of tumor antigens was
first demonstrated by the finding that mice immu-
nized with chemically induced tumors were pro-
tected against subsequent rechallenge with the same
tumor [reviewed in (2)]. These types of tumor anti-
gens became known as “transplantation rejection
antigens,” and similar antigens have since been
demonstrated in a wide variety of experimentally
induced tumors [such as those induced by dif-
ferent carcinogens, viruses, or ultraviolet (UV)
irradiation] and even in spontaneous tumors. Sub-
sequent molecular studies revealed that these anti-
gens were often products of mutated cellular genes,
aberrantly expressed normal genes, or genes en-
coding viral proteins. In the case of human cancer,
identification of tumor antigens required the devel-
opment of novel in vitro detection and cloning
methods that used as probes antibodies and cyto-
lytic T lymphocytes (CD8" T cells) derived from
cancer patients that were specific for the autolo-
gous tumor (/9-22). The human tumor antigens
discovered in these and other ways include differ-
entiation antigens (such as melanocyte differen-
tiation antigens), mutational antigens (such as p53),
overexpressed cellular antigens (such as HER-2),
viral antigens (such as human papillomavirus pro-
teins), and cancer/testis (CT) antigens that are ex-
pressed in germ cells of testis and ovary but silent
in normal somatic cells (such as MAGE and NY-
ESO-1) (23). Thus, the identification of this large
array of immunogenic mouse and human tumor
antigens puts to rest the long-held view that tumor
antigens are overexpressed normal proteins and
therefore were subject to immunological tolerance.

The Cancer Immunoediting Hypothesis

The discovery in 2001 that the immune system
controls not only tumor quantity but also tumor
quality (immunogenicity) (/3, 24) prompted a
major revision of the cancer immunosurveillance
hypothesis. This study revealed that tumors formed
in mice that lacked an intact immune system
were, as a group, more immunogenic (and hence
were classified as “unedited”) than similar tumors
derived from immunocompetent mice (and hence
were termed “edited”’) (Fig. 2). The notion that
the immune system not only protects the host
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Fig. 2. Tumors in immunocompetent mice are qualitatively different from tumors in immunodeficient
mice. This observation, which led to the formulation of the cancer immunoediting hypothesis, is based on
comparative analyses of carcinogen-induced tumors harvested from immunocompetent and immuno-
deficient mice. In these experiments, tumor cell lines were established from tumors arising in each group
of mice, and these cells were then injected into immunodeficient recipient mice or immunocompetent
wild-type (WT) recipient mice. Tumor cells from carcinogen-treated WT mice formed progressively growing
tumors in both immunodeficient mice (not shown) and naive syngeneic immunocompetent mice (blue)
100% of the time. In contrast, although tumor cells from carcinogen-treated immunodeficient mice grew
progressively when transplanted into immunodeficient mice (not shown), only half of the tumor cell lines
were capable of forming progressively growing tumors in naive syngeneic immunocompetent recipients
(purple), whereas the other half of the cell lines were rejected by the recipients (red). Thus, tumors from
immunodeficient mice are termed “unedited” and further designated as “progressor” or “regressor” to
denote their growth phenotypes after injection into naive WT recipients. Carcinogen-induced tumors from
immunocompetent mice are termed “edited” because they are less immunogenic and show only a

progressor growth phenotype. Schematic is based on experiments described in (13).

against tumor formation but also shapes tumor
immunogenicity is the basis of the cancer im-
munoediting hypothesis, which stresses the dual
host-protective and tumor-promoting actions of
immunity on developing tumors.

We postulate that the cancer immunoediting
process, in its most complex embodiment, pro-
ceeds sequentially through three distinct phases
that we have termed “elimination,” “equilibri-
um,” and “escape” (Fig. 3) (18, 24-29). Howev-
er, in some cases tumor cells may directly enter
into either the equilibrium or escape phases with-
out passing through an earlier phase. In addition,
external factors may influence the directionality
of the flow. The latter consideration may help
explain the influences of environmental stress, im-
mune system deterioration accompanying aging,
and even immunotherapeutic intervention on
tumor cell outgrowth in human cancer patients.
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Elimination. The elimination phase is best
described as an updated version of cancer im-
munosurveillance, in which the innate and adapt-
ive immune systems work together to detect the
presence of a developing tumor and destroy it
before it becomes clinically apparent. The mecha-
nisms by which the immune system is alerted to
the presence of a developing tumor are not fully
understood. Among the possibilities are the clas-
sical “danger signals” such as Type I IFNs as
originally described by Matzinger (7), which we
now know are induced early during tumor devel-
opment. These cytokines activate dendritic cells
and promote induction of adaptive anti-tumor
immune responses. However, roles for different
damage-associated molecular pattern molecules
(DAMPs) need also to be considered because
they are released either directly from dying tumor
cells [such as high mobility group box 1 (HMGBI)]
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or from damaged tissues (such as hyaluronan
fragments) as solid tumors begin to grow in-
vasively (30). A third potential mechanism may
involve stress ligands such as RAE-1 and H60
(mouse) or MICA/B (human) that are frequently

expressed on the surface of tumor cells. Such lig-
ands bind to activating receptors on innate im-
mune cells, leading to release of pro-inflammatory
and immunomodulatory cytokines, which in turn
establish a microenvironment that facilitates the
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Fig. 3. The cancer immunoediting concept. Cancer immunoediting is an extrinsic tumor suppressor
mechanism that engages only after cellular transformation has occurred and intrinsic tumor suppressor
mechanisms have failed. In its most complex form, cancer immunoediting consists of three sequential
phases: elimination, equilibrium, and escape. In the elimination phase, innate and adaptive immunity
work together to destroy developing tumors long before they become clinically apparent. Many of the
immune molecules and cells that participate in the elimination phase have been identified, but more work
is needed to determine their exact sequence of action. If this phase goes to completion, then the host
remains free of cancer, and elimination thus represents the full extent of the process. If, however, a rare
cancer cell variant is not destroyed in the elimination phase, it may then enter the equilibrium phase, in
which its outgrowth is prevented by immunologic mechanisms. T cells, IL-12, and IFN-y are required to
maintain tumor cells in a state of functional dormancy, whereas NK cells and molecules that participate in
the recognition or effector function of cells of innate immunity are not required; this indicates that
equilibrium is a function of adaptive immunity only. Editing of tumor immunogenicity occurs in the
equilibrium phase. Equilibrium may also represent an end stage of the cancer immunoediting process and
may restrain outgrowth of occult cancers for the lifetime of the host. However, as a consequence of
constant immune selection pressure placed on genetically unstable tumor cells held in equilibrium, tumor
cell variants may emerge that (i) are no longer recognized by adaptive immunity (antigen loss variants or
tumors cells that develop defects in antigen processing or presentation), (ii) become insensitive to
immune effector mechanisms, or (iii) induce an immunosuppressive state within the tumor microenvi-
ronment. These tumor cells may then enter the escape phase, in which their outgrowth is no longer blocked
by immunity. These tumor cells emerge to cause clinically apparent disease. [Figure adapted from (18)]
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development of a tumor-specific adaptive im-
mune response (3/). Although in some experi-
mental systems, activation of innate immunity
can protect against tumor development, in most
systems effective cancer immunosurveillance re-
sponses require the additional expression of tu-
mor antigens capable of propagating the expansion
of effector CD4" and CD8" T cells. Thus, coordi-
nated and balanced activation of both innate and
adaptive immunity is needed to protect the host
against a developing tumor. If tumor cell destruc-
tion goes to completion, the elimination phase
represents an endpoint of the cancer immunoedit-
ing process.

The elimination phase has not yet been di-
rectly observed in vivo, but its existence has been
inferred from the earlier onset or greater pene-
trance of neoplasia in mice lacking certain im-
mune cell subsets, recognition molecules, effector
pathways, or cytokines and by studies comparing
tumor initiation, growth, and metastases in wild-
type versus immunodeficient mice [reviewed in
(18)]. These studies have revealed that the im-
mune components required for effective elimina-
tion of any given tumor are dependent on specific
characteristics of the tumor, such as how it orig-
inated (spontaneous versus carcinogen-induced),
its anatomic location, and its rate of growth.

Equilibrium. Rare tumor cell variants may
survive the elimination phase and enter the equi-
librium phase, in which the adaptive immune
system prevents tumor cell outgrowth and also
sculpts the immunogenicity of the tumor cells.
We envisage equilibrium to be the longest phase
of the cancer immunoediting process—perhaps
extending throughout the life of the host. As
such, it may represent a second stable endpoint
of cancer immunoediting. In equilibrium, the im-
mune system maintains residual tumor cells in
a functional state of dormancy, a term used to
describe latent tumor cells that may reside in
patients for decades before eventually resuming
growth as either recurrent primary tumors or dis-
tant metastases (32). Equilibrium thus represents
a type of tumor dormancy in which outgrowth
of occult tumors is specifically controlled by
immunity.

An early suggestion that the immune system
could maintain tumor cells in a dormant/equilibrium
state came from tumor transplantation experi-
ments in which mice were primed with a trans-
plantable tumor and then rechallenged with the
same tumor in order to induce tumor latency (33).
However, stronger evidence for the existence of
an immunologically mediated equilibrium phase
came from primary tumorigenesis experiments
showing that immunocompetent mice treated
with low-dose carcinogen [3’-methylcholanthrene
(MCA)] harbored occult cancer cells for an ex-
tended time period even when the mice did not
develop any apparent tumors (34). When the
immune system of these mice was ablated [by
administering monoclonal antibodies (mAbs) that
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deplete T cells and IFN-y], tumors rapidly ap-
peared at the original MCA injection site in half
of the mice. Tumor cells isolated from these lesions
were highly immunogenic and thus resembled un-
edited sarcoma cells derived from MCA-treated
immunodeficient RAG2 ™" mice. Further analy-
ses revealed that adaptive immunity—specifically,
interleukin-12 (IL-12), IFN-y, CD4", and CD8"
T cells—but not innate immunity was responsible
for maintaining the occult tumor cells in equi-
librium. This observation mechanistically distin-
guishes equilibrium from elimination because the
latter displays an obligate requirement for both
innate and adaptive immunity. Additional studies
with different mouse tumor models have con-
firmed the capacity of the immune system to
control the outgrowth of occult primary carcino-
mas and metastases for extended periods of time
(35, 36). In the low-dose MCA system, equilib-
rium appears to be the result of both the growth
inhibitory and cytocidal actions of immunity on
the residual tumor cells (34). Conceivably, the
same immune functions also provide the selec-
tive pressure that promote outgrowth of tumor
cells that have acquired the most immunoevasive
mutations.

Escape. In the escape phase, tumor cells that
have acquired the ability to circumvent immune
recognition and/or destruction emerge as pro-
gressively growing, visible tumors. Progression
from equilibrium to the escape phase can occur
because the tumor cell population changes in re-
sponse to the immune system’s editing functions
and/or because the host immune system changes
in response to increased cancer-induced immu-
nosuppression or immune system deterioration.

Tumor cell escape can occur through many
different mechanisms [reviewed in (18, 24-26,
28, 37, 38)]. At the tumor cell level, alterations
leading to reduced immune recognition (such as a
loss of antigens) or increased resistance to the
cytotoxic effects of immunity (for example, through
induction of anti-apoptotic mechanisms involv-
ing persistent activation of pro-oncogenic tran-
scription factors such as STAT3 or expression of
anti-apoptotic effector molecules such as BCL-2)
promote tumor outgrowth. Loss of tumor antigen
expression is one of the best-studied escape mech-
anisms, and it can occur in at least three ways: (i)
through emergence of tumor cells that lack ex-
pression of strong rejection antigens, (ii) through
loss of major histocompatibility complex (MHC)
class I proteins that present these antigens to
tumor-specific T cells, or (iii) through loss of an-
tigen processing function within the tumor cell
that is needed to produce the antigenic peptide
epitope and load it onto the MHC class I mol-
ecule. All of these alterations are probably driven
by a combination of genetic instability inherent in
all tumor cells and the process of immunoselec-
tion (24, 38). The end result is the generation via a
Darwinian selection process of poorly immuno-
genic tumor cell variants that become “invisible”
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to the immune system and thus acquire the ca-
pacity to grow progressively.

Alternatively, escape may result from the es-
tablishment of an immunosuppressive state with-
in the tumor microenvironment (39). Tumor cells
can promote the development of such a state by
producing immunosuppressive cytokines such
as vascular endothelial growth factor (VEGF),
transforming growth factor—f (TGF-B), galectin,
or indoleamine 2,3-dioxygenase (IDO) and/or
by recruiting regulatory immune cells that func-
tion as the effectors of immunosuppression [re-
viewed in (/8)]. Regulatory T cells (T, cells) and
myeloid-derived suppressor cells (MDSCs) are
two major types of immunosuppressive leuko-
cyte populations that play key roles in inhib-
iting host-protective antitumor responses. Tree
cells are CD4" T cells that constitutively express
CD25 and the transcription factor Foxp3. When
stimulated, they inhibit the function of tumor-
specific T lymphocytes by producing the immu-
nosuppressive cytokines IL-10 and TGF-B; by
expressing the negative co-stimulatory molecules
CTLA-4, PD-1, and PD-L1; and by consuming
IL-2, a cytokine that is critical for maintaining
CTL function. MDSCs are a heterogeneous group
of myeloid progenitor cells and immature mye-
loid cells that inhibit lymphocyte function by in-
ducing T, cells; producing TGF-B; depleting or
sequestering the amino acids arginine, trypto-
phan, or cysteine required for T cell function; or
nitrating T cell receptors or chemokine receptors
on tumor-specific T cells.

Cancer Inmunoediting Versus Inflammation

Inflammation is a complex physiological process
that normally functions to maintain tissue ho-
meostasis in response to tissue stressors such as
infection or tissue damage (40). Acute inflam-
mation (innate immunity) frequently precedes the
development of protective adaptive immune re-
sponses to pathogens and cancer. Chronic in-
flammation, on the other hand, has been shown
to contribute to tumorigenesis at all stages. It
contributes to cancer initiation by generating geno-
toxic stress, to cancer promotion by inducing cel-
lular proliferation, and to cancer progression by
enhancing angiogenesis and tissue invasion (47).
On the basis of these observations, it has been
proposed that inflammation and tumor immunity
are mutually exclusive processes (9, 10).

In our view, a more likely interpretation is that
tumor-promoting inflammation and protective tu-
mor immunity are dynamically interconnected
processes that vie for dominance as tumor cells
develop and transit through cancer immunoedit-
ing (42). This scenario is supported by data from
several different experimental systems. First, al-
though tumor induction in MCA-treated mice
requires the participation of pro-inflammatory
cytokines/signaling (such as IL-1B, IL-23, or
MyDS88) the tumors, once formed, became sus-
ceptible to control by other components of im-

VOL 331

munity (such as IFN-y, IFN-o/, IL-12, or T
cells) (43). Thus, tumor-promoting inflammation
and cancer immunosurveillance/immunoediting
can coexist within the same tumor model. Sec-
ond, immune components with pro-oncogenic
activity can also promote induction of tumor im-
munity, depending on when they are recruited
into the cancer development process. For ex-
ample, whereas MyD88 and IL-1B clearly pro-
mote carcinogen-induced tumorigenesis in mouse
models (44—47), the same proteins have the op-
posite effect at later stages of tumorigenesis—
that is, they promote development of protective
immune responses against established tumors by
facilitating recognition of tumor cells undergoing
“immunogenic death” (48—50). This paradoxical
role of inflammatory cytokines and the immune
response in cancer is also illustrated by the ob-
servation that tumor necrosis factor—a (TNF-a)
has both tumor-promoting and antitumor activ-
ities in mouse and Drosophila tumor models (57)
and by more recent work showing that in a
mouse melanoma model, IFN-y is required both
for UVB-induced tumor formation and for im-
mune rejection of these tumors (52). Lastly, in-
flammation can play an important role during
tumor escape, when inflammatory cells are re-
cruited to the site of a progressively growing tu-
mor, undergo activation by cancer-derived products
(such as VEGF), and suppress protective tumor
immunity (47).

Cancer Immunoediting in Humans

Although studies of tumor development in mice
served as the main driver for the formulation of
the cancer immunoediting hypothesis, evidence
has since been obtained indicating that immu-
noediting also occurs in humans and can alter the
course of tumor development in cancer patients.
We discuss three key types of evidence support-
ing this conclusion; more comprehensive sum-
maries can be found in (18, 24).

Intratumoral immune responses predict pa-
tient prognosis. The strongest evidence of cancer
immunoediting in humans comes from reports
that correlate the quantity, quality, and spatial dis-
tribution of tumor-infiltrating lymphocytes (TILs)
with patient survival. Tumor infiltration by IFN-y
producing Thl CD4" T cells and CD8" T cells,
and the presence of cytokines such as IFN-y and
TNF-a that promote tumor control, has been as-
sociated with an improved prognosis for patients
with many different cancers. A study of melano-
ma patients provided an early indication that TILs
are associated with a favorable patient prognosis
(53, 54). A subsequent landmark study by Naito
et al. demonstrated that the presence and location
of one particular type of TIL, CDS" T cells, in
colon cancers had a particularly important influ-
ence on clinical outcome; specifically, accumu-
lation of CD8" T cells within the tumor predicted
improved patient survival, whereas accumulation
of the same cells at the tumor margin had no effect
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on survival (55). Subsequent studies in ovarian
cancer, melanoma, and colon cancer confirmed this
observation and further showed that the ratio and
distribution patterns of intratumoral CD8" T cells
and T, cells were critical determinants of prog-
nosis (56—59). Recent exciting studies of human
colon and lung cancers have not only confirmed
these observations but have provided quantitative
insights into the key variables involved (56, 59).
Remarkably, the type and density of lymphocytes
infiltrating these cancers was found to be a more
powerful prognostic indicator than previous path-
ological criteria for tumor staging and was even
more predictive than correlating disease progres-
sion with oncogene expression.

Spontaneous immune responses in cancer
patients. A major advance to the field of tumor
immunology came from the demonstration that
cancer patients can develop high levels of anti-
body and T cell responses to antigens expressed
in their tumors [reviewed in (60)]. These immune
responses are generally observed in patients with
progressively growing tumors, indicating that
immune recognition of cancer does not always
result in immune protection. However, there is
presently no way to know whether such immune
responses influence the rate or pattern of tumor
growth in these patients and whether these re-
sponses represent the footprint of incomplete or
ongoing elimination or equilibrium phases of can-
cer immunoediting. An example of the latter
comes from the analysis of individuals with para-
neoplastic neurologic disorders (PNDs). PNDs
arise as a consequence of antibody and T cell
responses against certain autologous tumors that
ectopically express proteins normally expressed
only in cells of the nervous system (67, 62). This
antitumor response develops into an autoimmune
response as it attacks normal neurons that express
the tumor-associated antigens. The neurologic
dysfunctions observed in PND usually become
evident before the tumor is discovered.

Immunodeficiency is associated with a higher
risk of cancer. Immunodeficiency has been linked
to increased cancer risk in patients with AIDS
and in transplant recipients maintained on im-
munosuppressants [reviewed in (18, 24)]. Al-
though the cancers arising in these patients are
typically those with a viral etiology such as lym-
phomas (Epstein-Barr virus), Kaposi’s sarcoma
(herpesviruses), and cervical cancer (human pap-
illoma viruses), there is at least some evidence
that these patients are at greater risk for malignan-
cies of the colon, lung, pancreas, kidney, head
and neck, and endocrine system as well as non-
melanoma skin cancers. Melanoma incidence
rates are also 2 to 10 times higher than average in
renal transplant patients. Interestingly, increased
incidences of other cancers—including breast,
prostate, ovarian, brain, and testes—have not been
observed in immunosuppressed transplant patients.

Insights into the role of the immune system in
human cancer have also come from anecdotal
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reports of cancer being transferred from an organ
donor to the immunosuppressed recipient (63, 64).
In one study, two individuals received kidney
transplants from the same cadaver donor, and
both recipients later succumbed to malignant
melanoma that was shown by tissue typing to be
of donor origin. Medical records revealed that
16 years before her death, the donor had been
diagnosed with malignant melanoma and suc-
cessfully treated. One interpretation of these find-
ings is that the donor’s kidneys contained dormant
melanoma cells held in equilibrium by the do-
nor’s immune system. The transfer of the kidney
to naive and immunosuppressed recipients may
have removed the immune pressure holding the
tumor cells in equilibrium and thus allowed the
occult melanoma cells to grow out into clinically
apparent cancer. Together, these clinical obser-
vations are consistent with the hypothesis that de
novo malignancies arise only in certain permissive
microenvironments created by immunosuppres-
sive regimens that suspend or severely compro-
mise the elimination and/or equilibrium phases of
cancer immunoediting.

Cancer Inmunoediting in Imnmunotherapy

With our newfound knowledge of the immune
system’s capacity to not only recognize and de-
stroy cancer but also to shape cancer immunoge-
nicity, more informed attempts to control cancer
via immunological means can now be pursued. It
is now well accepted that progressively growing,
clinically apparent tumors in cancer patients have
developed successful strategies to circumvent the
natural, extrinsic tumor-suppressor mechanisms
of immunity. Thus to be effective, immunothera-
pies will have to increase the quality or quantity
of immune effector cells, reveal additional pro-
tective tumor antigens, and/or eliminate cancer-
induced immunosuppressive mechanisms. Multiple
forms of immunotherapy are being explored to
achieve these objectives. These include (i) vac-
cine approaches to elicit strong specific immune
responses to tumor antigens such as MAGE-3
and NY-ESO-1; (ii) approaches involving adop-
tive transfer of in vitro expanded, naturally aris-
ing, or genetically engineered tumor-specific
lymphocytes; (iii) therapeutic administration of
monoclonal antibodies such as Rituximab (di-
rected against CD20 on leukemia and lymphoma
cells) and Herceptin (directed against HER2 on
breast cancer cells) to target and eliminate tumor
cells; and (iv) approaches that inhibit or destroy
the molecular or cellular mediators of cancer-
induced immunosuppression such as CTLA-4,
PD-1, or Ty cells.

Quantitative analyses performed on patients
undergoing various forms of cancer immuno-
therapy have revealed that the cancer immunoedit-
ing process reoccurs either in part or in its entirety
during therapy. Specifically, whereas some treated
patients display responses that recapitulate the
elimination phase of cancer immunoediting (for
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example, they develop increased numbers of
tumor-specific T cells with intact effector func-
tion, or they show destruction of some or all
tumor cells) others show evidence for estab-
lishment of a therapeutically induced equilibrium
phase, and still others display evidence for devel-
opment of additional escape mechanisms, such
as outgrowth of antigen-loss variants. Recently,
the occurrence of all three phases of cancer im-
munoediting has been documented in a melanoma
patient with preexisting NY-ESO-1 immunity un-
dergoing CTLA-4 blockade monotherapy (65).
When observed over a 28-month period after
initiation of immunotherapy, melanoma lesions
could be identified that disappeared (elimination),
were held in a protracted state of growth dor-
mancy (equilibrium), or continued to grow (es-
cape). Thus, cancer immunoediting can occur not
only when the unmanipulated immune system
encounters a developing tumor but also when an
established tumor is subjected to immunotherapy.

Future Directions

We envision that future work on cancer immu-
noediting will address five major questions:

(1) What immune effector processes mediate
cancer elimination, equilibrium, and escape? T
cells play a critical role in mediating both natu-
ral and therapeutically induced cancer immuno-
editing responses. However, it remains unclear
whether they represent the ultimate effectors of
these processes. Although activated T cells and
other lymphocytes can certainly kill tumor cells,
they also elaborate a variety of cytokines such as
IFN-y and TNF-o that can exert profound cy-
tostatic and cytocidal effects on tumor cells, ac-
tivate tumor cytotoxicity in other cell types (such
as macrophages) present in the tumor micro-
environment, and block tumor angiogenesis. Iden-
tifying the molecular mechanisms and targets
responsible for cancer elimination, equilibrium,
and escape will determine whether the three
phases of cancer immunoediting are manifest by
similar or distinct effector processes.

(if) How do the antigens of nascent tumors
differ from the antigens of established, clinically
apparent tumors? Almost all of our knowledge of
tumor antigens is based on analyses of advanced
cancers in imunocompetent hosts. It is important
to identify the antigens expressed in early devel-
oping tumors because these are the initial targets
of the elimination phase of cancer immunoedit-
ing. In addition, it would be interesting to define
the antigens of tumors from immunosuppressed
individuals because these antigens may not have
undergone extensive editing and thus may be
similar to the antigens of nascent tumors. Are the
major antigens of unedited tumors more likely to
be associated with driver or passenger mutations?
An answer to this question may provide insights
into the capacity of immunity to eliminate devel-
oping tumor cells, hold them in an equilibrium
state, or facilitate their outgrowth. Can we use
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information from high-throughput screening of
cancer genomes and proteomes or other cutting-
edge techniques to rapidly identify the mutations
and epigenetic changes in unedited and edited
cancer cells that result in formation of function-
ally relevant tumor antigens?

(iii) What is the link between the types of
antigens expressed in a tumor and the mechanism
of cellular transformation? With the exception of
viral-mediated oncogenesis, little is known about
whether and how the mechanisms leading to cell
transformation affect the quality or quantity of tu-
mor antigens. The possibility should be considered
that experimental tumors, in which transformation
is driven by strong oncogenes, may harbor fewer
passenger mutations than do spontaneous tumors
(66). Because passenger mutations can produce tu-
mor antigens, oncogene-driven cancer models may
therefore not always be optimal models for explor-
ing the immunology of naturally developing tu-
mors. However, a recent study revealed a previously
unknown capacity of the immune system to
sustain tumor regression upon oncogene inacti-
vation (67). These considerations emphasize the
need for further work on defining the relation-
ships between cellular transformation mechanisms
and tumor immunogenicity. In the future, careful
consideration should be given to the use of cancer
models that most closely recapitulate both the
biology and immunology of human cancers.

(iv) Is a durable state of equilibrium a desir-
able and attainable endpoint for cancer immuno-
therapy? We currently know very little about the
effector mechanisms that operate in the equilib-
rium phase. To date, mouse studies reveal that T
cells and IFN-y contribute to equilibrium, but the
recognition pathways and immune network and
mechanisms remain unclear. If these can be iden-
tified, it might be possible to develop cancer ther-
apies aimed at recapitulating immunological
tumor dormancy. It will also be important to un-
derstand what effect conventional interventions,
such as surgery, radiotherapy, and chemotherapy
have on the equilibrium phase.

(v) How can we most effectively inhibit cancer-
induced immunosuppressive mechanisms at the
tumor site so as to boost the host-protective anti-
tumor effects of preexisting or therapeutically
induced immunity without concomitantly induc-
ing life-threatening autoimmunity? Arguably, this
may be the most pressing question in all of tumor
immunology. Unlike other therapies that target
cancer cells, therapies aimed at inhibiting immu-
nosuppression target the immune system itself.
An exciting approach being evaluated in clinical
trials involves the use of monoclonal antibodies to
blockade immunosuppressive molecules such as
CTLA-4 or PD-1 expressed by T cells. In a related
approach, the effectiveness of monoclonal anti-
bodies that block the PD-1 ligand, PD-L1, which
can be expressed on both tumor cells and normal
host cells, is also being explored. These types of
therapies have been designated “checkpoint block-
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ade” (68). In the case of CTLA-4 blockade, a
recent phase III clinical trial reported that therapy
with CTLA-4-blocking antibodies imparted a
significant survival benefit in approximately one-
third of patients with metastatic melanoma, mak-
ing this drug a promising treatment for cancer
(69). The success of the current CTLA-4 blockade
clinical trials has stimulated interest in blocking
other potential effectors of immunosuppression,
including the soluble (such as IDO and TGF-B)
and cellular (such as T, cells and MDSCs) me-
diators of the process. Clearly, there is much to
be learned about the benefits and risks of inhib-
iting the different immunosuppressive mecha-
nisms that may be concurrently operating in the
cancer patient.

Conclusion

The cancer immunoediting concept attempts to
integrate the diverse effects of the immune sys-
tem on tumor development and outgrowth. With
elucidation of the molecular and cellular mech-
anisms that underlie the elimination, equilibrium,
and escape phases of this process, it should be
possible to develop new cancer immunotherapies
that are safer and more efficacious in a substan-
tial percentage of cancer patients. Given the
well-established effects of immunity on cancer
development and outgrowth, escape from im-
mune control can now be viewed as one of the
“Hallmarks of Cancer” (70).

References and Notes

. P. Ehrlich, Ned. Tijdschr. Geneeskd. 5, 273 (1909).

. L. ]. Old, E. A. Boyse, Annu. Rev. Med. 15, 167 (1964).

. M. Burnet, BMJ 1, 841 (1957).

. L. Thomas, Cellular and Humoral Aspects of the
Hypersensitive States, H. Lawrence, Ed. (Hoeber-Harper,
New York, 1959).

. 0. Stutman, Science 183, 534 (1974).

. 0. Stutman, Adv. Cancer Res. 22, 261 (1975).

. P. Matzinger, Annu. Rev. Immunol. 12, 991 (1994).

. D. Pardoll, Annu. Rev. Immunol. 21, 807 (2003).

. F. Balkwill, A. Mantovani, Lancet 357, 539 (2001).

. M. Karin, Y. Cao, F. R. Greten, Z. W. Li, Nat. Rev.
Cancer 2, 301 (2002).

11. A. S. Dighe, E. Richards, L. ]. Old, R. D. Schreiber,

Immunity 1, 447 (1994).

12. D. H. Kaplan et al., Proc. Natl. Acad. Sci. U.S.A. 95,
7556 (1998).

13. V. Shankaran et al., Nature 410, 1107 (2001).

14. M. ). Smyth et al., ]. Exp. Med. 192, 755 (2000).

15. M. ]. Smyth et al., ]. Exp. Med. 191, 661 (2000).

16. S. E. Street, ]. A. Trapani, D. MacGregor, M. J. Smyth,
J. Exp. Med. 196, 129 (2002).

17. M. Girardi et al., Science 294, 605 (2001).

18. M. D. Vesely, M. H. Kershaw, R. D. Schreiber, M. ]. Smyth,
Annu. Rev. Immunol. 10.1146/annurev-immunol-
031210-101324 (2011).

19. L. ]. Old, Cancer Res. 41, 361 (1981).

20. A. Knuth, B. Danowski, H. F. Oettgen, L. ]. Old,

Proc. Natl. Acad. Sci. U.S.A. 81, 3511 (1984).

21. P.van der Bruggen et al., Science 254, 1643 (1991).

22. U. Sahin et al., Proc. Natl. Acad. Sci. U.S.A. 92,
11810 (1995).

23. M. A. Cheever et al., Clin. Cancer Res. 15, 5323 (2009).

24. G. P. Dunn, A. T. Bruce, H. lkeda, L. ]. Old,

R. D. Schreiber, Nat. Immunol. 3, 991 (2002).

25. G. P. Dunn, L. ]. Old, R. D. Schreiber, Immunity 21, 137

(2004).

B WN e

O v o~ Un

=

VOL 331

26. G. P. Dunn, L. ]. Old, R. D. Schreiber, Annu. Rev.
Immunol. 22, 329 (2004).

27. G. P. Dunn, C. M. Koebel, R. D. Schreiber, Nat. Rev.
Immunol. 6, 836 (2006).

28. M. ]. Smyth, G. P. Dunn, R. D. Schreiber, Adv. Immunol.
90, 1 (2006).

29. 1. B. Swann, M. ]. Smyth, J. Clin. Invest. 117, 1137 (2007).

30. G. P. Sims, D. C. Rowe, S. T. Rietdijk, R. Herbst,
A. ). Coyle, Annu. Rev. Immunol. 28, 367 (2010).

31. N. Guerra et al., Immunity 28, 571 (2008).

32. ]. A. Aguirre-Ghiso, Nat. Rev. Cancer 7, 834 (2007).

33. ]. D. Farrar et al., ]. Immunol. 162, 2842 (1999).

34. C. M. Koebel et al., Nature 450, 903 (2007).

35. S. Loeser et al., ]. Exp. Med. 204, 879 (2007).

36. ]. Eyles et al., J. Clin. Invest. 120, 2030 (2010).

37. L. Zitvogel, A. Tesniere, G. Kroemer, Nat. Rev. Immunol.
6, 715 (2006).

38. H.T. Khong, N. P. Restifo, Nat. Immunol. 3, 999 (2002).

39. S. Radoja, T. D. Rao, D. Hillman, A. B. Frey, J. Immunol.
164, 2619 (2000).

40. R. Medzhitov, Nature 454, 428 (2008).

41. S. I. Grivennikov, F. R. Greten, M. Karin, Cell 140, 883
(2010).

42. ). D. Bui, R. D. Schreiber, Curr. Opin. Immunol. 19, 203
(2007).

43. M. W. Teng et al., Proc. Natl. Acad. Sci. U.S.A. 107,
8328 (2010).

44. W. E. Naugler et al., Science 317, 121 (2007).

45. S. Rakoff-Nahoum, R. Medzhitov, Science 317, 124 (2007).

46. ). B. Swann et al., Proc. Natl. Acad. Sci. U.S.A. 105,
652 (2008).

47. Y. Krelin et al., Cancer Res. 67, 1062 (2007).

48. L. Apetoh et al., Nat. Med. 13, 1050 (2007).

49. M. Obeid et al., Nat. Med. 13, 54 (2007).

50. F. Ghiringhelli et al., Nat. Med. 15, 1170 (2009).

51. ]. B. Cordero et al., Dev. Cell 18, 999 (2010).

52. M. R. Zaidi et al., Nature 469, 548 (2011).

53. W. H. Clark Jr. et al., ]. Natl. Cancer Inst. 81, 1893 (1989).

54. C. G. Clemente et al., Cancer 77, 1303 (1996).

55. Y. Naito et al., Cancer Res. 58, 3491 (1998).

56. E. Sato et al., Proc. Natl. Acad. Sci. U.S.A. 102, 18538
(2005).

57. 1. S. van Houdt et al., Int. J. Cancer 123, 609 (2008).

58. F. Pages et al., N. Engl. ]. Med. 353, 2654 (2005).

59. . Galon et al., Science 313, 1960 (2006).

60. M. Dougan, G. Dranoff, Annu. Rev. Immunol. 27, 83 (2009).

61. M. L. Albert, R. B. Darnell, Nat. Rev. Cancer 4, 36 (2004).

62. M. L. Albert et al., Nat. Med. 4, 1321 (1998).

63. H. Myron Kauffman et al., Transplantation 74, 358 (2002).

64. R. M. MacKie, R. Reid, B. Junor, N. Engl. . Med. 348,
567 (2003).

65. ). Yuan et al., Cancer Immun. 10, 1 (2010).

66. M. DuPage et al., Cancer Cell 19, 72 (2011).

67. K. Rakhra et al., Cancer Cell 18, 485 (2010).

68. A.]. Korman, K. S. Peggs, ]. P. Allison, Adv. Immunol. 90,
297 (2006).

69. F. S. Hodi et al., N. Engl. ]. Med. 363, 711 (2010).

70. D. Hanahan, R. A. Weinberg, Cell 144, 646 (2011).

71. We thank M. D. Vesely and M. H. Kershaw for
invaluable advice and contributions to this review and
E. R. Unanue and P. M. Allen for constructive
suggestions. R.D.S. is supported by grants from the
National Cancer Institute, the Cancer Research Institute,
and the Ludwig Institute for Cancer Research. L.].0. is
supported by The Ludwig Institute for Cancer Research
and grants from the Cancer Research Institute. M.].S.
is supported by a National Health and Medical Research
Council of Australia (NH&MRC) Australia Fellowship
and Program Grant and a grant from the Association
for International Cancer Research. We apologize to all
the investigators whose research could not be
appropriately cited because of the journal’s space
limitations. R.D.S. is a co-founder and member of the
Board of Directors of and is a paid scientific advisor
for Igenica, a biopharmaceutical company dedicated
to the discovery and development of antibody-based
therapeutics for the treatment of cancer.

10.1126/science.1203486

SCIENCE www.sciencemag.org



EXTENDED PDF FORMAT
SPONSORED BY

Sample-Size Antibodies
Now Available

RDsvstems
» Learn More = st

www.rndsystems.com

Cancer Immunoediting: Integrating Immunity's Roles in Cancer
Suppression and Promotion

Robert D. Schreiber et al.

Science 331, 1565 (2011);

AVAAAS DOI: 10.1126/science.1203486

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of March 16, 2016 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
/content/331/6024/1565.full.html

Supporting Online Material can be found at:
/content/suppl/2011/03/24/331.6024.1565.DC1.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
/content/331/6024/1565.full.html#related

This article cites 69 articles, 24 of which can be accessed free:
/content/331/6024/1565.full. html#ref-list-1

This article has been cited by 100 articles hosted by HighWire Press; see:
/content/331/6024/1565.full.html#related-urls

This article appears in the following subject collections:
Medicine, Diseases
/cgilcollection/medicine

Downloaded from on March 16, 2016

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2011 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.



http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/2077531077/Top1/AAAS/PDF-Bio-Techne.com-WEBOE-W-007499/RNDsytems.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl

