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Abstract

Introduction
Hypoxia, a characteristic of many solid cancers, develops
from an imbalance between oxygen consumption and oxygen
supply. Although hypoxia is an important driver of tumor
invasion and metastasis, as well as resistance to therapy (1),
there is limited knowledge on the contribution of hypoxia to
tumor cell escape from destruction by innate and adaptive
immune effector mechanisms.
Immune escape in cancer is a multifaceted process resulting
from the suppression of immune effector mechanisms and/or
the acquisition of intrinsic tumor cell resistance to the cytotoxic
activity of immune effectors. Hypoxia can inﬂuence these
aspects of immune escape by modifying the intrinsic properties
of tumor cells and of the stromal compartment. Here, we review
some of the mechanisms by which hypoxia contributes to
immune escape in cancer. Furthermore, we propose that activation of cyclic guanosine monophosphate (cGMP) signaling in
cancer cells, via administration of low doses of nitric oxide (NO)
mimetic drugs, may be a novel therapeutic approach to interfere
with hypoxia-induced immune escape.

Hypoxia-Induced Release of
Immunosuppressive Molecules by Tumor Cells
Upon exposure to hypoxia, tumor cells release a variety of
immunosuppressive molecules. For example, in the severely

1
Department of Biomedical and Molecular Sciences, Queen's University
Kingston, Ontario, Canada. 2Department of Pathology and Molecular
Medicine, Queen's University Kingston, Ontario, Canada. 3Department of
Urology, Queen's University Kingston, Ontario, Canada.

Corresponding Author: Charles H. Graham, Queen's University, Botterell
Hall, Room 859, Kingston, ON K7L 3N6, Canada. Phone: 613-533-2852;
Fax: 613-533-2566; E-mail: grahamc@queensu.ca
doi: 10.1158/0008-5472.CAN-14-2598
2014 American Association for Cancer Research.

www.aacrjournals.org

Downloaded from http://aacrjournals.org/cancerres/article-pdf/74/24/7185/2713300/7185.pdf by guest on 01 October 2022

An important aspect of malignant progression is the acquired ability of tumor cells to avoid recognition and
destruction by the immune system (immune escape). Clinical cancer progression is also associated with the
development of tumor hypoxia, which is mechanistically linked to the acquisition of malignant phenotypes in
cancer cells. Despite the well-established role of hypoxia in tumor cell invasion and metastasis, and resistance to
therapy, relatively few studies have examined the contribution of hypoxia to cancer immune escape. Accumulating evidence reveals that hypoxia can impair anticancer immunity by altering the function of innate and
adaptive immune cells and/or by increasing the intrinsic resistance of tumor cells to the cytolytic activity of
immune effectors. Here, we discuss certain aspects of the contribution of hypoxia to tumor immune escape and
provide evidence for a novel role of cyclic guanosine monophosphate (cGMP) signaling in the regulation of
hypoxia-induced immune escape. Thus, we propose that activation of cGMP signaling in cancer cells may have
important immunotherapeutic applications. Cancer Res; 74(24); 7185–90. 2014 AACR.

hypoxic tumor microenvironment, dying cells release ATP that
is metabolized to adenosine by the ectonucleotidases CD73
and CD39 (2). Soluble adenosine in the extracellular matrix
binds speciﬁc receptors on T cells to increase their intracellular
levels of cAMP, which, in turn, suppresses T-cell functions (3).
Tumor-derived cytokines released under hypoxic conditions,
such as IL10 and TGFb, induce the differentiation of tumorassociated macrophages (TAM) into M2 macrophages with
immune-suppressive activities (4). TGFb released by tumor
cells also inhibits T-cell proliferation and effector function,
promotes the generation of regulatory T cells (Treg), and
blocks the expression of receptors required for the cytotoxic
function of natural killer (NK) cells (5). In addition, TGFb
negatively regulates the antigen presentation function of dendritic cells (DC), resulting in the inhibition of T-cell function
and differentiation (5).
Interestingly, emerging evidence links hypoxia-induced
angiogenesis with immune tolerance (6, 7). Hypoxia drives
angiogenesis within the tumor microenvironment by inducing
the secretion of vascular endothelial growth factor (VEGF) and
other proangiogenic molecules by tumor cells. Tumor-derived
VEGF suppresses the maturation of DCs and blocks the
presentation of tumor-associated antigens to helper T cells,
thereby promoting immune escape (6). Moreover, in response
to tumor-derived VEGF, DCs increase their expression of the
programmed death ligand 1 (PD-L1 or B7-H1), a negative
regulator of T-cell function (7). VEGF promotes the accumulation of myeloid-derived suppressor cells (MDSC) in tumor
tissues and secondary lymphoid organs (6). MDSCs are potent
suppressors of anticancer T-cell responses and also contribute
to tumor progression by releasing factors that promote angiogenesis and metastasis (for a review on MDSCs see refer. 8).
Consequently, VEGF is a potential target for immune therapy.
In support of this, anti-VEGF therapy was shown to be associated with increased numbers of activated DCs and heightened T-cell function in patients with cancer (9). However,

7185

Barsoum et al.

Direct Effects of Hypoxia on Immune Effectors
Hypoxia can also directly impair antitumor immune
responses. For example, hypoxia in the tumor microenvironment can induce the release of VEGF by M2 macrophages (24).
Furthermore, TAMs suppress T-cell function in a manner
dependent on HIF1 (25), and TAMs in hypoxic regions of
tumors exhibit increased expression of M2-promoting molecules, such as TGFb (26). Hypoxia inhibits the in vitro cytolytic
activity of other immune effectors such as the NK cell–medi-
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ated killing of hepatocellular carcinoma cells and multiple
myeloma cells (27, 28).
Hypoxia was shown to decrease T-cell survival (29), and
incubation of na€ve T cells under hypoxia decreases their
secretion of the trophic cytokine IL2 in a HIF1-dependent
manner (30). CD4þ and CD8þ T cells derived from HIF1adeﬁcient mice exhibit increased proliferation, produce higher
levels of interferon-g, and display increased antitumor
responses (31). HIF1 was also shown to mediate Treg differentiation via increased expression of FoxP3 (32). Increased
numbers of Tregs in the tumor stroma have been associated
with poor survival of patients with various cancers (33, 34).
Another mechanism of tumor cell immune escape involves
binding of the cytotoxic T lymphocyte antigen-4 (CTLA-4; an
immune checkpoint regulator) to its natural receptors, CD80
(B7.1) and CD86 (B7.2). Interestingly, hypoxia was shown to
increase the expression of CD86 by bone marrow–derived
mouse DCs in a HIF1-independent manner (35). Studies
revealed that CTLA-4 blockade attenuates the growth of
several mouse tumors (36), reduces tumor-inﬁltrating Tregs,
and promotes effector T-cell function in humans (37).
It is important to note that not all of the reported effects of
hypoxia on T cells are detrimental to their function. Hypoxia
was reported to upregulate CD137, a member of the TNF
receptor family that is known for its costimulatory activity on
T cells (38). Expression of CD137 on activated mouse T cells
was shown to be stimulated by hypoxia (39), and tumors from
HIF1a-deﬁcient mice exhibited undetectable numbers of
CD137þ TILs (39). In tumor growth assays, hypoxia induced
the activation of T cells via the upregulation of surface CD137
in a HIF1-dependent manner, which, in turn, resulted in
improved immune response and slower tumor growth (39).

Hypoxia Induces Immune Tolerance via
Regulation of Tumor Cell-Associated Immune
Checkpoint Molecules
In addition to decreasing the cytolytic potential of immune
effectors, hypoxia increases the intrinsic resistance of tumor
cells to immune-mediated killing. One strategy that tumor cells
use to avoid immune detection and destruction is to alter their
expression of cell-surface immune checkpoint regulators. For
example, tumor cells may shed stress-induced MHC class I
chain-related proteins A and B (MICA/B) from their surface to
avoid interaction with NKG2D receptors on NK cells, gd T cells,
and CD8þ ab T cells (40), thereby escaping cytolysis (41). We
have shown that exposure of tumor cells to hypoxia leads to the
shedding of surface MICA, which, in turn, results in increased
resistance to lysis by innate immune effectors (42). We also
showed that the hypoxia-induced release of MICA and resistance of tumor cells to lysis required HIF1-mediated expression of the metalloproteinase ADAM 10 in the tumor cells (Fig.
1; ref. 43).
As discussed earlier, there is evidence that tumor cells can
suppress cytotoxic T lymphocyte (CTL) function through the
interaction of inhibitory costimulatory molecules with their
ligands. Certain members of the B7 family of costimulatory
molecules expressed on the surface of tumor cells provide

Cancer Research

Downloaded from http://aacrjournals.org/cancerres/article-pdf/74/24/7185/2713300/7185.pdf by guest on 01 October 2022

targeting VEGF as an immunotherapeutic approach may lead
to tumor hypoxia via inhibition of angiogenesis, thereby resulting in the activation of other hypoxia-induced immune escape
pathways.
Tumor cells can secrete proteins such as CC-chemokine
ligand 22 (CCL22) and various chemokines that inhibit effector
T-cell responses and promote the generation and recruitment
of immunosuppressive Tregs (10). In an ovarian cancer model,
hypoxia was shown to promote the recruitment of Tregs via
increased tumor cell expression of CCL28 (11). Tregs in turn
can also secrete VEGF, thereby contributing to the VEGF pool
in the tumor microenvironment that contributes to immune
tolerance (11).
Tumor cells can also produce galectin-1 and galectin-3 to
induce apoptosis of activated lymphocytes (12, 13). In patients
with melanoma, there was a strong correlation between
expression of galectin-3 and apoptosis of tumor-inﬁltrating
lymphocytes (TIL; ref. 12). In Wilms tumors and Schwannomas, galectin-3 was shown to colocalize with the transcription
factor hypoxia-inducible factor-1a (HIF1a; ref. 14). In addition,
it was reported that galectin-1 expression is transcriptionally
regulated by HIF1 in colorectal cancers (15) and head and neck
squamous cell carcinomas (16).
Hypoxia was also shown to induce immunosuppression by
upregulating COX-2 expression in tumor cells; and HIF1mediated upregulation of COX-2 increased colorectal tumor
cell survival and VEGF production (17). COX-2 is a proinﬂammatory enzyme that converts arachidonic acid into
prostaglandin E2 (PGE2). The latter causes immunosuppression by increasing adenosine/cAMP signaling in effector T
cells (18). PGE2 secreted by tumor cells can also inhibit
antitumor immunity by inhibiting the maturation of DCs
(19). Also, PGE2 enhances the suppressive activity of Tregs
and supports the differentiation of Tregs (20). Finally, PGE2
can stimulate the immunosuppressive functions of MDSC by
binding to EP-4 receptors on these cells (21). Hypoxiainduced immune suppression via COX-2 can explain why
chronic administration of indomethacin, a COX-2 inhibitor,
in the drinking water of mice led to signiﬁcant reduction in
the growth rate and metastasis of mammary tumors as well
as restoration of splenic NK cell activity (22). A recent study
revealed that use of NSAIDs reduced recurrence of breast
cancer in overweight and obese women (23).
The above studies indicate that the secretion of immunosuppressive molecules by tumor cells under conditions of
hypoxia provides a survival advantage, and therefore support
the concept that hypoxia represents a selection pressure
driving immune escape.

Hypoxia-Induced Immune Escape
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Exposure of tumor cells to hypoxia also resulted in resistance to autologous CTL-mediated lysis in a manner dependent on the signal transducer and activator of transcription
(STAT) 3 (50). STAT3 modulates the cross-talk between tumor
and immune cells (51). A small-molecule inhibitor of STAT3,
WP1066, was reported to reverse immune tolerance in patients
with malignant glioma (52). Another STAT3 inhibitor, sunitinib, reduced the immunosuppressive phenotype of renal cell
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suppression via increased recruitment of CD4þCD8þ cytotoxic
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signals that suppress CTL responses. For example, binding of
PD-L1 with PD-1 or with CD80 (B7.1) on activated CTLs leads
to suppression of immune responses via mechanisms that
include induction of apoptosis and anergy (nonresponsiveness
to antigen) in the T cells (44). Recent clinical studies revealed
that therapy with blocking anti-PD-1 antibody (nivolumab)
produced objective responses in patients with non–small-cell
lung cancer, melanoma, or renal-cell cancer (45). Also, reinduction therapy with anti-PD-1 antibody for late tumor recurrence
showed durable remissions in patients with colorectal cancer,
renal cell cancer, and melanoma (46). In another study, concurrent therapy with anti-CTLA-4 antibody (ipilimumab) and
nivolumab resulted in tumor regression in a substantial proportion of patients with unresectable, stage III or IV melanoma
(47). We recently provided evidence that, when exposed to
hypoxia, human and mouse cancer cells increased their expression of PD-L1 and acquired resistance to CTL-mediated lysis in
a manner dependent on HIF1a (Fig. 1; ref. 48). Furthermore,
the hypoxia-induced expression of PD-L1 in tumor cells led to
increased apoptosis of cocultured CTLs as well as Jurkat T cells
(48).
In addition, hypoxia may induce immune escape in cancer
cells via epigenetic mechanisms. For example, tumor cells can
upregulate miR210 in lung cancer and melanoma (49). In turn,
miR210 was shown to block the susceptibility of tumor cells to
lysis by antigen-speciﬁc CTLs. This effect was mediated via
increased expression of protein tyrosine phosphatase, nonreceptor type I (PTPN1), homeobox A1 (HOXA1), and tumor
protein p53-inducible protein 11 (TP53I11; ref. 49). Further
studies are required to elucidate the mechanisms used by these
molecules to suppress CTL activity.
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Figure 1. Proposed mechanisms of hypoxia-induced tumor cell escape
from innate and adaptive immunity. Hypoxia increases the accumulation
of HIF1a in tumor cells, which, in turn, leads to higher levels of
ADAM 10 and PD-L1 on the surface of tumor cells. ADAM 10 cleaves
MICA from the cell surface to limit binding to NKG2D receptors on NK
cells, leading to escape from innate immunity, whereas interaction
of PD-L1 with PD-1 or CD80 on activated CTLs causes apoptosis in the
CTLs and escape from adaptive immunity. NO/cGMP signaling is
proposed to block the effect of hypoxia on ADAM 10 and PD-L1
upregulation by inhibiting HIF1a accumulation.

Regulation of Immune Tolerance via HypoxiaInduced Autophagy
Cancer cells often rely on autophagy as a mechanism of
survival under conditions of stress including hypoxia, nutrient
starvation, growth factor withdrawal, and chemotherapy (55,
56). However, the mechanisms by which autophagy enables
survival of normal or malignant cells are not well known.
Hypoxia-induced autophagy is partly dependent on the
HIF1/BNIP3–BNIP3L–Beclin1 axis (57), and partly on HIF1/
platelet-derived growth factor receptor signaling (58). Through
the activating transcription factor 4 and C/EBP homologous
protein (CHOP), hypoxia increases the expression of microtubule-associated protein 1 light chain 3 (LC3) and autophagy
protein 5 (ATG5) involved in formation and maturation of
autophagosomes (59).
Hypoxia-induced autophagy is known to promote tumor cell
survival via several mechanisms, including the removal of
damaged mitochondria that produce cytotoxic reactive oxygen
species (57) and the degradation of harmful protein aggregates
(59). Activation of autophagy in cancer cells during hypoxia or
exposure to other microenvironmental stressors may also lead
to inhibition of death signals such as those triggered by CTLs
(60). Furthermore, stress-induced release of the molecular
pattern molecule HMGB1 induces cytoprotective autophagy
and leads to recruitment of Tregs (60).
Autophagy can also promote activation of anticancer immunity. For example, autophagy has been shown to be crucial for
proliferation of immune cells as well as for their effector
functions such as antigen presentation and T cell–mediated
tumor cell cytotoxicity (61). In T cells, autophagy is activated
upon TCR engagement in both CD4þ and CD8þ T-cell subtypes
(62). The knockdown of the essential autophagy-related genes,
ATG5 or ATG7, during TCR stimulation leads to a signiﬁcant
decrease in cellular proliferation demonstrating the importance of autophagy during T-cell activation (62, 63). Furthermore, culture of DCs under low-oxygen results in the stabilization of HIF1a, which initiates BNIP3 expression and promotes survival of mature DCs, possibly due to induction of
autophagy (64). Hypoxia-induced autophagy in antigen-presenting cells inﬁltrating a tumor can occur via Toll-like receptor (TLR) signaling (65).
Together, the above ﬁndings indicate a dual role for autophagy in cancer immune escape. Therefore, immunotherapeutic
strategies designed to target autophagy will need to consider
its impact on the immune system.
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components of pathways involved in antitumor immunity,

Received September 2, 2014; revised October 14, 2014; accepted October 14,
2014; published OnlineFirst October 24, 2014.

References
1.
2.

7188

Vaupel P, Mayer A. Hypoxia in cancer: signiﬁcance and impact on
clinical outcome. Cancer Metastasis Rev 2007;26:225–39.
Park JE, Tan HS, Datta A, Lai RC, Zhang H, Meng W, et al. Hypoxic
tumor cell modulates its microenvironment to enhance angiogenic and
metastatic potential by secretion of proteins and exosomes. Mol Cell
Proteomics 2010;9:1085–99.

Cancer Res; 74(24) December 15, 2014

3.

4.

Sitkovsky MV, Kjaergaard J, Lukashev D, Ohta A. Hypoxia-adenosinergic immunosuppression: tumor protection by T regulatory cells and
cancerous tissue hypoxia. Clin Cancer Res 2008;14:5947–52.
Hao NB, Lu MH, Fan YH, Cao YL, Zhang ZR, Yang SM. Macrophages in
tumor microenvironments and the progression of tumors. Clin Dev
Immunol 2012;2012:948098.

Cancer Research

Downloaded from http://aacrjournals.org/cancerres/article-pdf/74/24/7185/2713300/7185.pdf by guest on 01 October 2022

Our research over the last 15 years has revealed that
classical NO signaling involving cGMP production functions
as an O2-sensing mechanism playing a key role in tumor cell
adaptations to hypoxia (42, 43, 48, 66–69). On the basis of our
ﬁndings, we postulated that an important aspect of the
mechanism by which cancer cells adapt to hypoxia involves
inhibition of endogenous NO/cGMP signaling. Our research
demonstrates that low concentrations of NO mimetics [e.g.,
glyceryl trinitrate (GTN), DETA/NO], known to selectively
activate soluble guanylyl cyclase (sGC), inhibit malignant
adaptations to hypoxia such as increased invasiveness,
metastatic ability, and drug resistance (66–69). Moreover,
because NO production is dependent on O2 availability,
endogenous NO generation is severely limited in cells
exposed to hypoxia (70, 71). This is despite the fact that
hypoxia was shown to increase the expression of inducible
NO synthase (iNOS) in the same cells (RAW 264.7 macrophages; ref. 71). We previously reported that cGMP levels are
decreased in MDA-MB-231 breast tumor cells incubated for
6 hours in 0.5% O2 (68). This observation is consistent with
the more recent ﬁndings of Hickok and colleagues (71), who
reported decreased sGC activation in a murine macrophage
line incubated under 5% O2. It is likely that our observed
effects of NO/cGMP signaling on hypoxia-induced malignant
phenotypes are at least partly mediated via inhibition of
HIF1 transcriptional activity. This conclusion is based on
evidence that NO mimetics, including the cGMP analogue 8bromo-cGMP, inhibit the accumulation of HIF1a in cells
exposed to hypoxia (43, 72). Our research has also revealed
that NO mimetics interfere with the HIF1-mediated upregulation of ADAM10 expression involved in the shedding of
MICA from the tumor cell surface and resistance to immunemediated lysis (Fig. 1; ref. 43). In that same study, treatment
of mice with GTN attenuated the growth of transplanted
prostate tumors via a mechanism dependent on innate
immune effectors. More recently, we demonstrated that low
concentrations of GTN interfere with hypoxia-induced
escape from T cell–mediated immunity in tumor cells by
preventing the HIF1-dependent expression of PD-L1 (Fig. 1;
ref. 48). Together, these studies indicate that activation of
NO/cGMP signaling may have important applications in the
prevention and/or treatment of cancer.

most studies indicate that hypoxia is a major contributor to
cancer immune escape. Hypoxia-induced tumor cell escape
from innate and adaptive immunity is likely a consequence of
multiple mechanisms operating in a complementary, and
sometimes redundant, manner. Thus, targeting individual
mechanisms of hypoxia-induced immune escape will likely
prove to be ineffective as a therapeutic strategy. However, it is
clear that several mechanisms of such immune escape rely on
the transcriptional activity of HIF1. This raises the possibility
that interference with hypoxia response pathways involving
HIF1 activity may be a fruitful immunotherapeutic approach.
Interference with such pathways could be achieved through
the use of molecules that directly inhibit HIF1 activity or block
HIF1a accumulation in hypoxia. Our studies on the inhibitory
effect of NO/cGMP signaling on HIF1a accumulation and
malignant adaptations to hypoxia, including tumor cell escape
from innate and adaptive immunity, support the therapeutic
potential of NO mimetic agents. In this review, we highlighted
some key mechanisms of hypoxia-mediated immune escape.
However, because tumor cell avoidance of immune destruction
is multifaceted, it is likely that hypoxia inﬂuences escape
mechanisms not described herein. The role of the hypoxic
tumor microenvironment on other key aspects of cancer
immune surveillance, such as antigen presentation, additional
immune checkpoints and effector mechanisms of tumor cell
destruction, warrants investigation.

Hypoxia-Induced Immune Escape

5.

6.
7.

8.

9.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

www.aacrjournals.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.
41.

42.

43.

44.

suppresses T-cell function and promotes tumor progression. Cancer
Res 2010;70:7465–75.
Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar J, et al.
Vascular normalizing doses of antiangiogenic treatment reprogram the
immunosuppressive tumor microenvironment and enhance immunotherapy. Proc Natl Acad Sci U S A 2012;109:17561–6.
Fink T, Ebbesen P, Koppelhus U, Zachar V. Natural killer cell-mediated
basal and interferon-enhanced cytotoxicity against liver cancer cells is
signiﬁcantly impaired under in vivo oxygen conditions. Scand J Immunol 2003;58:607–12.
Sarkar S, Germeraad WT, Rouschop KM, Steeghs EM, van Gelder M,
Bos GM, et al. Hypoxia induced impairment of NK cell cytotoxicity
against multiple myeloma can be overcome by IL-2 activation of the NK
cells. PLoS ONE 2013;8:e64835.
Sun J, Zhang Y, Yang M, Zhang Y, Xie Q, Li Z, et al. Hypoxia induces Tcell apoptosis by inhibiting chemokine C receptor 7 expression: the
role of adenosine receptor A(2). Cell Mol Immunol 2010;7:77–82.
Zuckerberg AL, Goldberg LI, Lederman HM. Effects of hypoxia on
interleukin-2 mRNA expression by T lymphocytes. Crit Care Med
1994;22:197–203.
Lukashev D, Klebanov B, Kojima H, Grinberg A, Ohta A, Berenfeld L,
et al. Cutting edge: hypoxia-inducible factor 1a and its activationinducible short isoform I.1 negatively regulate functions of CD4þ and
CD8þ T lymphocytes. J Immunol 2006;177:4962–5.
Clambey ET, McNamee EN, Westrich JA, Glover LE, Campbell EL,
Jedlicka P, et al. Hypoxia-inducible factor-1 alpha-dependent induction of FoxP3 drives regulatory T-cell abundance and function during
inﬂammatory hypoxia of the mucosa. Proc Natl Acad Sci U S A
2012;109:17.
Bates GJ, Fox SB, Han C, Leek RD, Garcia JF, Harris AL, et al.
Quantiﬁcation of regulatory T cells enables the identiﬁcation of
high-risk breast cancer patients and those at risk of late relapse.
J Clin Oncol 2006;24:5373–80.
Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al.
Speciﬁc recruitment of regulatory T cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med 2004;
10:942–9.
Kohler T, Reizis B, Johnson RS, Weighardt H, Forster I. Inﬂuence of
hypoxia-inducible factor 1alpha on dendritic cell differentiation and
migration. Eur J Immunol 2012;42:1226–36.
Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by CTLA-4 blockade. Science 1996;271:1734–6.
Pedicord VA, Montalvo W, Leiner IM, Allison JP. Single dose of antiCTLA-4 enhances CD8þ T-cell memory formation, function, and maintenance. Proc Natl Acad Sci U S A 2011;108:266–71.
Melero I, Murillo O, Dubrot J, Hervas-Stubbs S, Perez-Gracia JL. Multilayered action mechanisms of CD137 (4-1BB)-targeted immunotherapies. Trends Pharmacol Sci 2008;29:383–90.
Palazon A, Martinez-Forero I, Teijeira A, Morales-Kastresana A, Alfaro
C, Sanmamed MF, et al. The HIF-1alpha hypoxia response in tumorinﬁltrating T lymphocytes induces functional CD137 (4-1BB) for immunotherapy. Cancer Discov 2012;2:608–23.
Raulet DH. Roles of the NKG2D immunoreceptor and its ligands. Nat
Rev Immunol 2003;3:781–90.
Arreygue-Garcia NA, Daneri-Navarro A, del Toro-Arreola A, CidArregui A, Gonzalez-Ramella O, Jave-Suarez LF, et al. Augmented
serum level of major histocompatibility complex class I-related
chain A (MICA) protein and reduced NKG2D expression on NK and
T cells in patients with cervical cancer and precursor lesions. BMC
Cancer 2008;8:16.
Siemens DR, Hu N, Sheikhi AK, Chung E, Frederiksen LJ, Pross H, et al.
Hypoxia increases tumor cell shedding of MHC class I chain-related
molecule: role of nitric oxide. Cancer Res 2008;68:4746–53.
Barsoum IB, Hamilton TK, Li X, Cotechini T, Miles EA, Siemens DR,
et al. Hypoxia induces escape from innate immunity in cancer cells via
increased expression of ADAM10: role of nitric oxide. Cancer Res
2011;71:7433–41.
Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I,
Kobayashi SV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol Cell Biol 2005;25:9543–53.

Cancer Res; 74(24) December 15, 2014

Downloaded from http://aacrjournals.org/cancerres/article-pdf/74/24/7185/2713300/7185.pdf by guest on 01 October 2022

11.

Wrzesinski SH, Wan YY, Flavell RA. Transforming growth factor-beta
and the immune response: implications for anticancer therapy. Clin
Cancer Res 2007;13:5262–70.
Gabrilovich D. Mechanisms and functional signiﬁcance of tumourinduced dendritic-cell defects. Nat Rev Immunol 2004;4:941–52.
Curiel TJ, Wei S, Dong H, Alvarez X, Cheng P, Mottram P, et al.
Blockade of B7-H1 improves myeloid dendritic cell-mediated antitumor immunity. Nat Med 2003;9:562–7.
Khaled YS, Ammori BJ, Elkord E. Myeloid-derived suppressor cells in
cancer: recent progress and prospects. Immunol Cell Biol 2013;91:
493–502.
Osada T, Chong G, Tansik R, Hong T, Spector N, Kumar R, et al. The
effect of anti-VEGF therapy on immature myeloid cell and dendritic
cells in cancer patients. Cancer Immunol Immunother 2008;57:
1115–24.
Fridman WH, Galon J, Pages F, Tartour E, Sautes-Fridman C, Kroemer
G. Prognostic and predictive impact of intra- and peritumoral immune
inﬁltrates. Cancer Res 2011;71:5601–5.
Facciabene A, Peng X, Hagemann IS, Balint K, Barchetti A, Wang LP,
et al. Tumour hypoxia promotes tolerance and angiogenesis via CCL28
and T(reg) cells. Nature 2011;475:226–30.
Zubieta MR, Furman D, Barrio M, Bravo AI, Domenichini E, Mordoh J.
Galectin-3 expression correlates with apoptosis of tumor-associated
lymphocytes in human melanoma biopsies. Am J Pathol 2006;
168:1666–75.
Rubinstein N, Alvarez M, Zwirner NW, Toscano MA, Ilarregui JM, Bravo
A, et al. Targeted inhibition of galectin-1 gene expression in tumor cells
results in heightened T cell-mediated rejection; A potential mechanism
of tumor-immune privilege. Cancer Cell 2004;5:241–51.
Sarwat AM, Al-Salam S. Expression of HIF-1, galectin-3, cox-2 and
Wilms tumor-1 protein in multiple schwannomas of the conus medullaris. J Neurooncol 2009;92:111–5.
Zhao X-Y, Chen T-T, Xia L, Guo M, Xu Y, Yue F, et al. Hypoxia inducible
factor-1 mediates expression of galectin-1: the potential role in migration/invasion of colorectal cancer cells. Carcinogenesis 2010;31:
1367–75.
Le QT, Shi G, Cao H, Nelson DW, Wang Y, Chen EY, et al. Galectin-1: a
link between tumor hypoxia and tumor immune privilege. J Clin Oncol
2005;23:8932–41.
Greenhough A, Smartt HJ, Moore AE, Roberts HR, Williams AC,
Paraskeva C, et al. The COX-2/PGE2 pathway: key roles in the hallmarks of cancer and adaptation to the tumour microenvironment.
Carcinogenesis 2009;30:377–86.
Whiteside TL, Mandapathil M, Schuler P. The role of the adenosinergic
pathway in immunosuppression mediated by human regulatory T cells
(Treg). Curr Med Chem 2011;18:5217–23.
Yang L, Yamagata N, Yadav R, Brandon S, Courtney RL, Morrow JD,
et al. Cancer-associated immunodeﬁciency and dendritic cell abnormalities mediated by the prostaglandin EP2 receptor. J Clin Invest
2003;111:727–35.
Seraﬁni P, Mgebroff S, Noonan K, Borrello I. Myeloid-derived suppressor cells promote cross-tolerance in B-cell lymphoma by expanding regulatory T cells. Cancer Res 2008;68:5439–49.
Sinha P, Clements VK, Fulton AM, Ostrand-Rosenberg S. Prostaglandin E2 promotes tumor progression by inducing myeloid-derived
suppressor cells. Cancer Res 2007;67:4507–13.
Lala PK, Parhar RS, Singh P. Indomethacin therapy abrogates the
prostaglandin-mediated suppression of natural killer activity in tumorbearing mice and prevents tumor metastasis. Cell Immunol 1986;99:
108–18.
Bowers LW, Maximo IX, Brenner AJ, Beeram M, Hursting SD, Price RS,
et al. NSAID use reduces breast cancer recurrence in overweight and
obese women: role of prostaglandin-aromatase interactions. Cancer
Res 2014;74:4446–57.
Lewis JS, Landers RJ, Underwood JC, Harris AL, Lewis CE. Expression of vascular endothelial growth factor by macrophages is upregulated in poorly vascularized areas of breast carcinomas. J Pathol
2000;192:150–8.
Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, DeNardo
DG, et al. Macrophage expression of hypoxia-inducible factor-1 alpha

7189

Barsoum et al.

7190

Cancer Res; 74(24) December 15, 2014

59. Rouschop KMA, van den Beucken T, Dubois L, Niessen H, Bussink J, Savelkouls K, et al. The unfolded protein response protects
human tumor cells during hypoxia through regulation of the
autophagy genes MAP1LC3B and ATG5. J Clin Invest 2010;120:
127–41.
60. Amaravadi RK, Lippincott-Schwartz J, Yin XM, Weiss WA, Takebe
N, Timmer W, et al. Principles and current strategies for targeting
autophagy for cancer treatment. Clin Cancer Res 2011;17:654–66.
61. Schlie K, Spowart JE, Hughson LR, Townsend KN, Lum JJ. When cells
suffocate: autophagy in cancer and immune cells under low oxygen. Int
J Cell Biol 2011;2011:470597.
62. Pua HH, Dzhagalov I, Chuck M, Mizushima N, He YW. A critical role for
the autophagy gene Atg5 in T cell survival and proliferation. J Exp Med
2007;204:25–31.
63. Hubbard VM, Valdor R, Patel B, Singh R, Cuervo AM, Macian F.
Macroautophagy regulates energy metabolism during effector T cell
activation. J Immunol 2010;185:7349–57.
64. Naldini A, Morena E, Pucci A, Miglietta D, Riboldi E, Sozzani S, et al.
Hypoxia affects dendritic cell survival: role of the hypoxia-inducible
factor-1alpha and lipopolysaccharide. J Cell Physiol 2012;227:
587–95.
65. Xu Y, Jagannath C, Liu XD, Sharafkhaneh A, Kolodziejska KE, Eissa
NT. Toll-like receptor 4 is a sensor for autophagy associated with
innate immunity. Immunity 2007;27:135–44.
66. Frederiksen LJ, Sullivan R, Maxwell LR, Macdonald-Goodfellow SK,
Adams MA, Bennett BM, et al. Chemosensitization of cancer in vitro
and in vivo by nitric oxide signaling. Clin Cancer Res 2007;13:
2199–206.
67. Matthews NE, Adams MA, Maxwell LR, Gofton TE, Graham CH. Nitric
oxide-mediated regulation of chemosensitivity in cancer cells. J Natl
Cancer Inst 2001;93:1879–85.
68. Postovit LM, Adams MA, Lash GE, Heaton JP, Graham CH. Oxygenmediated regulation of tumour cell invasiveness: involvement of a nitric
oxide signalling pathway. J Biol Chem 2002;277:35730–7.
69. Postovit LM, Adams MA, Lash GE, Heaton JP, Graham CH. Nitric
oxide-mediated regulation of hypoxia-induced B16F10 melanoma
metastasis. Int J Cancer 2004;108:47–53.
70. McCormick CC, Li WP, Calero M. Oxygen tension limits nitric oxide
synthesis by activated macrophages. Biochem J 2000;350:709–16.
71. Hickok JR, Vasudevan D, Jablonski K, Thomas DD. Oxygen dependence of nitric oxide-mediated signaling. Redox Biology 2013;1:
203–9.
72. Sogawa K, Numayama-Tsuruta K, Ema M, Abe M, Abe H, FujiiKuriyama Y. Inhibition of hypoxia-inducible factor 1 activity by nitric
oxide donors in hypoxia. Proc Natl Acad Sci U S A 1998;95:
7368–73.

Cancer Research

Downloaded from http://aacrjournals.org/cancerres/article-pdf/74/24/7185/2713300/7185.pdf by guest on 01 October 2022

45. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med 2012;366:2443–54.
46. Lipson EJ, Sharfman WH, Drake CG, Wollner I, Taube JM, Anders RA,
et al. Durable cancer regression off-treatment and effective reinduction
therapy with an anti-PD-1 antibody. Clin Cancer Res 2013;19:462–8.
47. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin
AM, et al. Nivolumab plus ipilimumab in advanced melanoma. N Engl
J Med 2013;369:122–33.
48. Barsoum IB, Smallwood CA, Siemens DR, Graham CH. A mechanism
of hypoxia-mediated escape from adaptive immunity in cancer cells.
Cancer Res 2014;74:665–74.
49. Noman MZ, Buart S, Romero P, Ketari S, Janji B, Mari B, et al. Hypoxiainducible miR-210 regulates the susceptibility of tumor cells to lysis by
cytotoxic T cells. Cancer Res 2012;72:4629–41.
50. Noman MZ, Buart S, Van Pelt J, Richon C, Hasmim M, Leleu N, et al.
The cooperative induction of hypoxia-inducible factor-1 alpha and
STAT3 during hypoxia induced an impairment of tumor susceptibility
to CTL-mediated cell lysis. J Immunol 2009;182:3510–21.
51. Yu H, Kortylewski M, Pardoll D. Crosstalk between cancer and immune
cells: role of STAT3 in the tumour microenvironment. Nat Rev Immunol
2007;7:41–51.
52. Hussain SF, Kong LY, Jordan J, Conrad C, Madden T, Fokt I, et al. A
novel small molecule inhibitor of signal transducers and activators of
transcription 3 reverses immune tolerance in malignant glioma
patients. Cancer Res 2007;67:9630–6.
53. Xin H, Zhang C, Herrmann A, Du Y, Figlin R, Yu H. Sunitinib inhibition of
Stat3 induces renal cell carcinoma tumor cell apoptosis and reduces
immunosuppressive cells. Cancer Res 2009;69:2506–13.
54. Ozao-Choy J, Ma G, Kao J, Wang GX, Meseck M, Sung M, et al. The
novel role of tyrosine kinase inhibitor in the reversal of immune suppression and modulation of tumor microenvironment for immune-based
cancer therapies. Cancer Res 2009;69:2514–22.
55. Mizushima N, Yamamoto A, Matsui M, Yoshimori T, Ohsumi Y. In vivo
analysis of autophagy in response to nutrient starvation using transgenic mice expressing a ﬂuorescent autophagosome marker. Mol Biol
Cell 2004;15:1101–11.
56. Jardon MA, Rothe K, Bortnik S, Vezenkov L, Jiang X, Young RN, et al.
Autophagy: from structure to metabolism to therapeutic regulation.
Autophagy 2013;9:2180–2.
57. Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek JH, Wesley JB,
et al. Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia. J Biol Chem 2008;283:10892–903.
58. Wilkinson S, O'Prey J, Fricker M, Ryan KM. Hypoxia-selective macroautophagy and cell survival signaled by autocrine PDGFR activity.
Genes Dev 2009;23:1283–8.

