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Abstract Chronic inflammation is a contributing factor to overall cancer risk as well as cancer promotion and
progression; however, pathways regulatingonset of cancer-promoting inflammatory responses are still poorly understood.
Clinical data suggest that deficient anti-tumor cell-mediated immunity, in combinationwith enhancedpro-tumor humoral
and/or innate immunity (inflammation), are significant factors influencing malignant outcome. Here, we discuss
therapeutic implications from clinical data and experimental studies using de novo immune-competent mousemodels of
cancer development that together are revealing molecular and cellular mechanisms underlying interactions between
immune cells and evolving neoplastic cells that regulate cancer outcome.Understanding the functionally significant links
between adaptive and innate immunity that regulate cancer development will open new therapeutic opportunities to
manipulate aspects of immunobiology and minimize lethal effects of cancer development. J. Cell. Biochem. 101: 918–
926, 2007. � 2007 Wiley-Liss, Inc.
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In the past 25 years, a majority of cancer
studies have focused on examining functional
consequences of activating and/or inactivating
mutations in critical genes implicated in cell
cycle control. While these studies have been
instructive regarding the role of oncogene and
tumor suppressor gene functions and signaling
pathways regulating cell proliferation and/or
cell death, they have largely ignored the fact
that in vivo, cancers are heterogeneous multi-
cellular growthswhose survival and dissemina-
tion is dependent upon reciprocal interactions
between genetically modified ‘‘initiated’’ cells
and a dynamicmicroenvironment inwhich they
live. Cancers are composed of multiple cell
types, for example, fibroblasts, epithelial cells,
innate and adaptive immune cells, cells forming

blood and lymphatic vasculature, as well as
specialized mesenchymal cell-types unique to
each tissue microenvironment. While tissue
homeostasis is maintained by collaborative
interactions between all of these distinct cell
types, cancer development is enhanced when
mutant cells harness these collaborative cap-
abilities to favor their own survival. Thus,
genomic alterations effecting intrinsic cellular
programs, for example, cell cycle check-point
control, programmed cell death, differentiation,
metabolism and cell adhesion, in combination
with somatic or epigenetic alterations effecting
extrinsic programs such as immune response,
matrix metabolism, tissue oxygenation, and
vascular status, underlie human cancer devel-
opment.

IMMUNE REGULATION OF
TISSUE HOMEOSTASIS

The mammalian immune system consists of
multiple cell types and mediators that interact
with each other and non-immune cells in
complex and dynamic networks to ensure
protection against foreign pathogens, while
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simultaneously maintaining tolerance towards
self-antigens. Based on antigen specificity and
timing of activation, the immune system is
composed of distinct subsets—adaptive and
innate. While cellular composition and antigen
specificity of these subsets are distinct, each
has developed sophisticated communication
networks enabling rapid responses to foreign
antigens.
Innate immune cells, for example, dendritic

cells (DC), natural killer (NK) cells, macro-
phages, neutrophils, basophils, eosinophils, and
mast cells, are first lines of defense against
tissue injury. DCs,macrophages andmast cells,
serve as sentinel cells pre-stationed in tissues
and monitor their microenvironment continu-
ously for signs of distress. When tissue home-
ostasis is disturbed, sentinel cells release
solublemediators (cytokines, chemokines,matrix
remodeling proteases, reactive oxygen species
(ROS), and bioactivemediators, e.g., histamine)
that together induce mobilization and infiltra-
tion of additional leukocytes into damaged
tissue (i.e., inflammation). Macrophages and
mast cells also activate vascular and fibroblast
responses in order to orchestrate elimination of
invading organisms and initiate local tissue
regeneration. DCs on the other hand, take up
foreign antigens and migrate to lymphoid organs
where they present their antigens to adaptive
immune cells, thus acting as key players in the
interface between innate and adaptive immu-
nity. NK cells also participate in cellular cross-
talk between innate and adaptive immune cells
via their ability to bidirectionally interact with
DCs; certain NK cell subsets eliminate imma-
tureDCs,whereas others stimulateDCmatura-
tion that then also reciprocally regulate NK cell
activation [Raulet, 2004; Degli-Esposti and
Smyth, 2005; Hamerman et al., 2005].
Induction of efficient primary adaptive

immune responses requires direct interactions
withmature antigen presenting cells and a pro-
inflammatory milieu. Adaptive lymphocytes,
such as B cells, CD4þ (helper) and CD8þ

cytotoxic T lymphocytes (CTL), distinguish
themselves from innate leukocytes by expres-
sion of somatically generated, diverse antigen-
specific receptors, formed through random gene
rearrangements, allowing a flexible and
broader repertoire of responses as compared to
innate immune cells expressing germline-
encoded receptors. Distinctive CD4þ T-cell
subsets, for example, Th1 or Th2 T helper cells,

secrete unique repertoires of cytokines that
mediate their responses. Th1 cells produce
interleukin (IL)-2 and interferon (IFN)-g for
example, and thereby direct cell-mediated
immune (CMI) responses, whereas Th2 cells
secrete IL-4 and IL-10 and facilitate local
humoral immune (HI) responses. Together,
activation of innate and adaptive immune
response pathways efficiently removes or elim-
inates invading pathogens, damaged cells and
extracellular matrix (ECM). Once assaulting
agents are eliminated, immune cells are criti-
cally involved in normalizing cell proliferation
and cell death pathways to enable re-epithelia-
lization, new ECM synthesis and re-establish-
ment of tissue homeostasis.

ANTITUMOR ACTIVITIES OF IMMUNE CELLS

The role of the immune system is to protect
the body against infectious agents and to
facilitate healing process following injury.
Therefore, it seems intuitive that immune cells
would also play an active role protecting against
primary tumor development and/ormetastases.
Indeed, individuals suffering from various
types of immune-deficiency disorders exhibit
increased risk for someviral- and/or carcinogen-
associated cancers [Zitvogel et al., 2006], thus
indicating that absence of anti-viral immunity
has effected their relative cancer risk. On the
other hand, the relative risk of common epithe-
lial cancers such as breast, prostate, ovarian,
and uterine cancer, where cancer etiology is not
commonly associated with viral infection or
carcinogen exposure, is less than 1.0 in similar
cohorts [de Visser et al., 2006], thus indicating a
paradoxical regulatory role for the immune
system during cancer development where can-
cer etiology is key.

Lymphocytes and some innate immune cells
possess potent anti-cancer activities that can
effect growth and/or dissemination of primary
tumors. A recent study investigating character-
istics of leukocytic infiltrationswithin colorectal
cancers found that CD3þ T cell densities within
colorectal cancer biopsies, as opposed to periph-
eral blood, represented a better predictor of
patient survival than current histopathological
staging methods [Galon et al., 2006]. Infiltra-
tion of NK cells in human gastric or colorectal
carcinoma is similarly associated with a favor-
able prognosis [Coca et al., 1997]. The major
anti-cancer function of NK cells likely owes to
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their ability to eliminate neoplastic cells with
downregulated human leukocyte antigen (HLA)
expression before they acquire malignant char-
acteristics. The most compelling evidence for
involvement of NK cells in killing human tumor
cells in vivo derives from allogeneic bone
marrow transplantation, where data indicates
their ability to lyse tumor cells ex vivo, presence
of NK cells within tumors, increased NK cell
function andanti-tumor response in individuals
treated with interleukin (IL)-2 and the correla-
tion of decreased NK cell function with tumor
progression [Orange and Ballas, 2006].

Based on the idea that a ‘‘tumor’’ can be a
recognizable target for the adaptive immune
system, several groups have attempted to
activate adaptive immune cells in order to elicit
anti-tumor immune responses [Dudley and
Rosenberg, 2003]. In several experimental
murine tumor models, CD8þ T cells were found
to be required for antitumor effects [Zitvogel
et al., 2006]. Furthermore, that cytotoxic T-cells
were able to eliminate only tumor cells expres-
sing their cognate antigen, indicates a specific
immune response [Dudley et al., 2003]. Inter-
estingly, treating (by adoptive transfer) ani-
mals with tumor-associated B cells has been
reported to result in the opposite effect, stimu-
lating tumor invasion and metastasis through
antibody–antigen complex-mediated granulo-
cyte and macrophage induction [Barbera-Guil-
lem et al., 1999], and thus highlighting the need
to more fully understand all components of
adaptive immunity activated during cancer
development in tissues.

In order to survive, neoplastic cells must
evade cytotoxic T lymphocyte rejection.This can
be achieved through subversion of host anti-
tumor immune responses. One plausible expla-
nation for how tumor cells escape immune
surveillance mechanisms is that neoplastic
microenvironments favor polarized chronic
pro-tumorigenic inflammatory states as oppos-
ed to those representing acute anti-tumor
immune responses [Balkwill et al., 2005; Zou,
2005]. Clinical data indicate that the ‘‘immune
status’’ of healthy individuals as compared to
those harboring malignant tumors is distinct,
where in the later population, T lymphocytes
are found to be functionally impaired [Finke
et al., 1999]. In addition, accumulation of
chronically activated granulocytes/suppressor
cells and regulatory T cells are found in the
circulation, in lymphoid organs and in neoplas-

tic tissues [Curiel et al., 2004; Serafini et al.,
2004]. Together, immune states such as these
disable tumor-killing CD8þ CTL responses and
enable states of immune privilege that foster
escape from anti-tumor immunity while simul-
taneously exploiting activated immune cells
that enhance cancer development.

Chronically activated innate immune cells
can indirectly contribute to cancer development
via suppression of anti-tumor adaptive immune
responses, allowing tumor escape from immune
surveillance. A subset of innate immune cells,
for example, myeloid suppressor GRþCD11bþ

cells, accumulate in peripheral blood of cancer
patients [Almand et al., 2001; Serafini et al.,
2004], aswell as in tumors and lymphoid organs
[Gabrilovich et al., 2001; Serafini et al., 2004;
Zou, 2005]. Myeloid suppressor cells are known
to induce T lymphocyte dysfunction by direct
cell–cell contact and by production of immuno-
suppressive mediators, and thus actively inhi-
bit anti-tumor adaptive immunity [Gabrilovich
et al., 2001; Serafini et al., 2004]. Myeloid
suppressor cells canalso directly promote tumor
growth by contributing to tumor-associated
angiogenesis [Yang et al., 2004]. In addition,
malignant lesions attract regulatoryT cells that
can suppress effector functions of cytotoxic T
cells [Zou, 2005]. Classic regulatory T cells are
CD4þCD25þFOXP3þ, however, different sub-
types may also exist. Initial investigations have
revealed that in vivo depletion of regulatory T
cells using antibodies against CD25 enhanced
anti-tumor T cell responses and induced regres-
sion of experimental tumors [Onizuka et al.,
1999; Shimizu et al., 1999]. In an elegant study
by Curiel et al. [2004], it was revealed that
tumor-derivedmacrophages from patients with
ovarian cancer produce CL22, a chemokine that
mediates trafficking of regulatory T cells to
tumors. These regulatory T cells in ovarian
cancer patients suppressed tumor-specific T cell
immunity, and their presence correlated with
reduced survival. Thus, in the vicinity of a
growing neoplasm, the balance between innate
and adaptive immunity is often disturbed in
favor of cancer progression. Taken together, the
accumulated data from human and animal
studies support the existence of an immune
response involving CD8þ T cells, TH1 cells and
NK cells that protect against tumor develop-
ment and progression—a system that can be
suppressed locally by myeloid suppressor cells
and regulatory T cells.
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PROTUMOR ACTIVITIES OF IMMUNE CELLS

The association of immune cells and cancer
has beenknown for over a century [Balkwill and
Mantovani, 2001]. Initially, it was believed that
leukocytic infiltrates in and around developing
neoplasms represented an attempt of the host to
eradicate neoplastic cells, as described above.
However, clinical and experimental data now
indicate that chronic presence and activation of
some innate immune cell types, for example,
neutrophils, macrophages, and mast cells,
exerts a promoting role during cancer develop-
ment [Coussens andWerb, 2002; Balkwill et al.,
2005; de Visser et al., 2006]. Malignant tissues
containing infiltrates of macrophages (human
breast carcinoma) and mast cells (human lung
adenocarcinoma and melanoma), for example,
correlate with an unfavorable clinical prognosis
[Leek et al., 1996, 1999; Imada et al., 2000;
Ribatti et al., 2003]. In experimental murine
models of organ-specific cancer development,
genetic elimination of mast cells or macro-
phages minimizes squamous carcinogenesis
[Coussens et al., 2001; Giraudo et al., 2004],
whereas elimination of macrophages during
mammary carcinogenesis limits late-stage can-
cer progression and pulmonary metastasis
formation [Lin et al., 2001]. Other cells of the
myeloid lineage also have been reported to
contribute to tumor development [Sparmann
and Bar-Sagi, 2004]. NK cells can play a role in
protection against experimental tumor growth,
in part by producing mediators with anti-
angiogenic properties [Smyth et al., 2001;
Hayakawa et al., 2002]. Together, these studies
have induced a paradigm shift regarding the
role of immune cells during malignant progres-
sion. Whereas the historical viewpoint was that
host immunity is protective with regards to
cancer, it is now clear that certain subsets of
chronically activated innate immune cells pro-
mote growth and/or facilitate survival of neo-
plastic cells.
In support of these experimental findings are

population-based studies reporting that chronic
inflammatory conditions predispose humans to
certain cancers, most notably patients with
chronic Helicobacter pylori infection exhibit a
75% increased risk for gastric cancer, the second
most common type of cancer globally [Ernst and
Gold, 2000; Kuper et al., 2000]. Consistent with
this are experimental findings demonstrating
that development of colon cancer in transform-

ing growth factor beta-1 (TGFb1)-deficient mice
is essentially eliminated bymaintainingmice in
germ-free environments [Engle et al., 2002].
Other clinical examples where chronic inflam-
mation has an associated increased cancer risk
are inflammatory bowel syndrome with colon
cancer [Shacter and Weitzman, 2002], chronic
pancreatitis with pancreatic adenocarcinoma
[Farrow and Evers, 2002], and hepatitis with
hepatocellular carcinoma [Shacter and Weitz-
man, 2002]. Population-based studies examin-
ing long-term usage of anti-inflammatory
therapeutics, for example, aspirin, non-steroi-
dal anti-inflammatory drugs (NSAIDs), and
cycloygenase-2 (COX-2) inhibitors, support the
conclusion that chronic inflammation enhances
cancer risk [Peek et al., 2005; Ulrich et al.,
2006].However, itmust also beappreciated that
all organ systems are not identical and as such,
there are also data indicating an increased risk
of pancreatic cancer and Non-Hodgkin’s lym-
phoma amongst long-term salicylic acid users
[Cerhan et al., 2003; Schernhammer et al.,
2004].

Innate immune cells directly potentiate can-
cer risk through the diversity of bioactive
mediators they secrete and/or deliver to neo-
plastic tissue microenvironments. Leukocytes
are variably loadedwith chemokines, cytokines,
cytotoxic mediators including ROS, serine-,
cysteine-, and metallo-proteases, membrane-
perforating agents, and solublemediators of cell
killing, such as tumor necrosis factor-alpha
(TNF-a), interleukins and interferons [Tlsty
and Coussens, 2006]. Individually, all of these
molecules are knownmediators of acute inflam-
mation and evoke innate immune cell recruit-
ment and/or activation, tissue remodeling and
angiogenesis, and together, create an organ
microenvironment favoring cell proliferation,
genomic instability, and expansion of cell
populations into ectopic tissue microenviron-
ments, that is,malignant conversion and cancer
development. Thus, clinical and experimental
data largely indicate a promoting role for innate
immune cells during neoplastic progression and
suggest that elucidating the mechanisms by
which inflammatory cells participate in carci-
nogenesis may eventually facilitate develop-
ment of novel anti-cancer therapeutic agents.

Based on the inter-relationship between
adaptive and innate immunity in tissue home-
ostasis and disease [Hoebe et al., 2004], we
investigated whether activation of adaptive
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immune responses was a critical regulator of
chronic inflammation-associated with epithe-
lial cancer development. To achieve this, we
generated HPV16-expressing transgenic mice
prone to squamous carcinoma development
[Coussens et al., 1996], that were genetically
deficient (�/�) for recombinase acitivating gene
(RAG)-1 and thus lacking all mature B and T
lymphocytes [de Visser et al., 2005]. HPV16/
RAG-1�/� mice exhibited a markedly decreased
infiltration of innate immune cells into pre-
malignant skin that was associated with
reduced local levels of tissue remodeling pro-
teases activities and vascular endothelial
growth factor (VEGF), lack of activation of
angiogenesis, reduced epithelial proliferation,
and retention of terminal differentiation in
oncogene-positive keratinocytes. Thus, skin
of HPV16/RAG-1�/� mice failed to progress
beyond a hyperplastic phenotype, resulting in
only 6.4% of HPV16/RAG-1�/� mice developing
invasive squamous cell carcinomas of the skin
as compared to�50% in controlHPV16mice [de
Visser et al., 2005]. Significantly, transfer of B
lymphocytes or serum isolated from HPV16
mice, but not naı̈ve wildtype mice, into HPV16/
RAG-1�/� mice was sufficient to restore char-
acteristics of premalignant progression, for
example, chronic inflammation and infiltration
of neoplastic skin bymast cells and neutrophils,
development of angiogenic vasculature, epithe-
lial hyperproliferation, and loss of keratinocyte
terminal differentiation [de Visser et al., 2005].
Thus, soluble mediators derived from B lym-
phocytes enhance epithelial carcinogenesis in
HPV16 mice by initiating a cascade of chronic
inflammation in the premalignant microenvir-
onment.

These experimental data are supported by
clinical data revealing presence of antibodies,
specific for tumor antigens, in serum of patients
with squamous cell carcinoma of the head and
neck whose presence were found to correlate to
tumor progression and clinical course [Vlock
et al., 1992]. Interestingly, an early case study
reported that nonspecific removal of serum IgG
from a patient with metastatic colon carcinoma
correlated with an improvement in the general
condition of the patient and decreased tumor
size [Bansal et al., 1978]. More recent studies
have demonstrated that proportions of TH1
cells, identified by intracelluar production of
interferon (IFN)g or IL-2 ismarkedly reduced in
peripheral blood of patients with bladder or

colorectal cancer, whereas proportions of TH2
cells producing IL-4, IL-6, and/or IL-10 is
significantly elevated, as compared to otherwise
healthy patient populations [Kanazawa et al.,
2005; Agarwal et al., 2006]. Taken together, the
accumulated data from human and experimen-
tal animal studies support the existence of apro-
tumor immune response involving B cells, TH2
cells and activated innate immune cells that
favors neoplastic development and emergence
of invasive carcinomas.

BALANCING PRO- AND ANTI-TUMOR
IMMUNITY TO EFFECT CLINICAL OUTCOME

The Hegelian (or Fichtean) dialectic [Wil-
liams, 1992] is often presented in a threefold
manner where a thesis is initially provided that
gives rise to a reaction, followed by an antith-
esis, which contradicts the thesis. The conflict is
later resolved by formation of a synthesis that
reconciles their common truths and forms a new
proposition. Perhaps the time has come to
coagulate published disparate theories on the
role of the immune system in cancer. Thus,
there is compelling evidence for the thesis that
the immune system protects the organism from
tumor development, as well as for its antithesis,
that the immune system promotes cancer
progression. This paradoxical role during can-
cer development may seem contradictory; how-
ever, the conflict is resolved by altering the way
in which the immune systems role is viewed.

During the last decade, insights have been
gained regarding mechanisms underlying the
dynamic interplay between immune cells and
tumor progression. The accumulated data indi-
cates that the outcome of an immune response
toward a tumor is largely determined by the
type of immune response elicited. A tumor-
directed immune response involving cytolytic
CD8þ T cells, TH1 cells, and NK cells appears to
protect against tumor development and pro-
gression. If, on the other hand, the immune
response involves B cells and activation of
humoral immunity, and infiltration of TH2 cells
innate inflammatory cells into an organ harbor-
ing initiated cells, the likely outcome is promo-
tion of tumor development and progression
(Fig. 1). This balance between a protective
cytotoxic response and a harmful humoral or
TH2 response can be regulated systemically by
the general immune status of the individual, as
well as locally by myeloid suppressor cells and
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regulatory T cells, and thus presents clinicians
with attractive targets for anti-cancer immune-
based therapies.

HOPES FOR THE FUTURE

Bolstering effective cytotoxic T cell responses,
in combination with neutralizing harmful pro-
tumor humoral and innate immunity would
seem to represent a powerful anti-cancer ther-
apeutic approach. The promise of such an
approach recently became apparent in a study
by Morgan et al. [2006]. The authors isolated
autologousT cells frompatientswithmetastatic
melanoma, transfected the cells with a retro-
virus encoding a tumor-recognizing T cell
receptor, expanded them ex vivo followed by
reinfusion into lymphodepleted patients follow-
ing treatement with IL-2 to stimulate T cell
reactivity. Two of 15 patients exhibited durable
tumor regression—a promising result demon-
strating that bolstering anti-tumor immunity
can be an effective clinical tool. However, the
low success rate may indicate that achieving
robust rejection of solid tumors is limited,
perhaps by prominent humoral and/or innate
immune mechanisms, even with high numbers
of circulating tumor-specific cytotoxic T cells.
Regarding the significance of enhanced

humoral immune responses in individuals with
cancer, recent data from our laboratory indi-
cates that peripheral B cell activation, in
combination with delivery of humoral immune
factors to local neoplastic microenvironments,
favors carcinoma development [de Visser et al.,

2005]. However, the identity of the B cell-
derived soluble factor(s) present in serum
represent the critical mediators for pro-tumor
immunity remains to be determined. Since
neoplastic progression in HPV16 mice is char-
acterized by deposition of antibodies in stroma
underlying neoplastic epidermis [de Visser
et al., 2005] and given the central role of
immunoglobulins (Ig) and immune-complexes
in regulating several chronic inflammatory
diseases [de Visser et al., 2006], we hypothesize
that Igs may represent the functional link
between peripheral B lymphocyte activation
and cancer progression. Continuous presence of
antibodies can elicit chronic inflammation via
activation of the complement cascade and
subsequent cross-linking of complement recep-
tors on resident innate immune cells [Benoist
andMathis, 2002] Alternatively, Igs can induce
pro-tumor immune responses following their
cross-linking with Fc receptors expressed on
innate immune cells [Hogarth, 2002]. Further
elucidation of the intrinsic immune cell signal-
ing pathways regulated by enhanced humoral
immunity inHPV6micemay shed light on these
mechanisms and reveal potent anti-tumor tar-
gets for therapeutic intervention.

Clinical studies also lend support for the
concept of B lymphocyte-mediated promotion
of cancer development. Many studies have
described increased levels of (auto) antibodies
in serum or tumors of cancer patients (reviewed
in: [deVisser et al., 2005].Moreover, presence of
autoantibodies in serum of breast cancer
patients at time of diagnosis correlates with

Fig. 1. Schematic overview of dynamic interactions between tumor cells and the host immune system. A:
Balance in favor of a cytotoxic response, leading to tumor regression, (B) tumor evasion of an immunological
response, (C) balance in favor of a humoral/innate response, stimulating tumor progression. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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poor prognosis [Wasserman et al., 1975]. In
combination with our data indicating that B
lymphocytes exert their pro-tumor effects early
during premalignant progression, together sug-
gests that therapiesneutralizingB lymphocytes
or their downstream effector pathways may
represent promising therapeutic targets. Elim-
ination of B lymphocytes by treatment with
rituximab, a monoclonal antibody directed
against CD20 present on B cells, has now
successfully been applied in a variety of auto-
immune disorders with relatively few side-
effects [Kazkaz and Isenberg, 2004] as well as
some hematologic malignancies, where long-
term usage appears to be well-tolerated [Hains-
worth et al., 2003].While promising, the efficacy
of rituximab, or other reagents neutralizing B
cells, remains untested for solid tumors.

Established tumors represent formidable
opponents that harbor inherent potential for
developing diverse drug resistances. Aside from
investing in earlier screening approaches to
detect and eradicate premalignant disease,
our best hope for minimizing lethal effects of
cancer are to develop combinatorial treatment
strategies where intrinsic pathways regulating
neoplastic cell survival are targeted, in combi-
nation with therapies effecting extrinsic path-
ways that neutralize pro-tumor immunity,
bolster anti-tumor immunity and limit or
normalize angiogenic blood vessels. Our belief
is that a broader understanding of the role of the
immune system in tumor development will
facilitate development of novel anti-cancer
treatment strategies.
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