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Introduction

The tumor microenvironment is similar to an inflammatory
focus, as it consists of a complex milieu of both innate and adap-
tive immune cells (1). Hypoxia is a characteristic feature of both
tumors and inflammatory foci. Increased metabolic demand from
rapid cell turnover, immune cell infiltration, and vascular disrup-
tion cause local O, tension to decline. The decreased O, tension of
tumors or inflamed tissue promotes activation of HIFs. HIFs are
basic helix-loop-helix-Per-ARNT-Sim-containing (bHLH-PAS-
containing) transcription factors consisting of a heterodimer of
an oxygen-sensitive o subunit (HIF-1a, HIF-2a, and HIF-3) and a
constitutively expressed B subunit (ARNT) (2). HIF-1o is ubiqui-
tously expressed, whereas HIF-20 and HIF-30 expression is largely
tissue restricted (3-5). HIF-a subunits are regulated by O,-depen-
dent posttranslational hydroxylation of two specific proline resi-
dues by prolyl hydroxylase domain-containing (PHD-containing)
enzymes. In normoxia, HIF hydroxylation leads to association
with the von Hippel-Lindau (VHL) tumor suppressor/E3 ubiqui-
tin ligase complex, ubiquitin conjugation, and 26S proteasomal
degradation. As O, homeostasis is disrupted and O, concentra-
tion declines under inflammatory conditions or in tumors, HIFs
are stabilized, dimerize with ARNT, and translocate to the nucleus
to regulate transcription by binding to hypoxia response elements
(HRESs) in promoters of target genes (Figure 1A).

In addition to O,-dependent regulation, inflammation and
direct HIF regulation are intimately linked. NF-kB, a master tran-
scription factor in the inflammatory response, is a direct tran-
scriptional regulator of Hifla. In response to NF-kB-activating
stimuli such as bacterial lipopolysaccharide (LPS), NF-kB directly
increases Hifla mRNA in macrophages (6). LPS-induced NF-«xB
can also enhance HIF-1a protein stability by increasing intracel-
lular ferritin, which sequesters the labile iron pool and leads to

Conflict of interest: The authors have declared that no conflict of interest exists.
Reference information: / Clin Invest. 2016;126(10):3689-3698. doi:10.1172/)CI84430.

The tumor immune response is in a dynamic balance between antitumor mechanisms, which serve to decrease cancer
growth, and the protumor inflammatory response, which increases immune tolerance, cell survival, and proliferation.
Hypoxia and expression of HIF-1a. and HIF-2a are characteristic features of all solid tumors. HIF signaling serves as a major
adaptive mechanism in tumor growth in a hypoxic microenvironment. HIFs represent a critical signaling node in the switch
to protumorigenic inflammatory responses through recruitment of protumor immune cells and altered immune cell effector
functions to suppress antitumor immune responses and promote tumor growth through direct growth-promoting cytokine
production, angiogenesis, and ROS production. Modulating HIF function will be an important mechanism to dampen the
tumor-promoting inflammatory response and inhibit cancer growth.

decreased PHD activity (7). Independently of NF-«kB, several cyto-
kines and intermediate metabolites such as succinate can lead to
HIF activation (8, 9). In macrophages, IL-4 and IL-13 selectively
induce Hif2a mRNA (10). Several studies have demonstrated that
cytokine-induced ROS and specifically mitochondrial ROS direct-
ly activate HIF (11-13), and recently it was shown that mitochon-
drial membrane potential increases mitochondrial ROS to modu-
late HIF activation (14) (Figure 1B).

HIFs are critical drivers of cancer and regulate a wide variety
of cellular processes including metabolism, cell cycle progres-
sion, angiogenesis, invasion/metastasis, and chemoresistance
(15). HIF-1o and HIF-2a are highly expressed in a wide variety
of solid tumors, including those of the colon, breast, lung, and
pancreas (16). Although HIF-1a and HIF-2a have several overlap-
ping functions, distinct target genes and functions for HIF-1la and
HIF-2a are well characterized (17) and highlighted in several tumor
models (18). In renal cell carcinoma (RCC) that is deficient in
VHL, which stabilizes HIF-1o and HIF-2a in normoxic conditions,
HIF-1a has an antitumor role and decreases tumor growth by
increasing expression of proapoptotic genes (19). HIF-2a is essen-
tial for RCC tumor growth and promotes tumor cell proliferation
through augmented c-Myc activity (20). It is well known that
hypoxia and HIF signaling play an important role in inflammatory
responses and regulating the immune environment (21); however,
the intersection of hypoxia, inflammation, and cancer is not well
understood. In this review we will discuss the role of hypoxia in
modulating the protumor inflammatory response or antitumor
immune response in cancer.

Inflammation and cancer

It is widely recognized that inflammation plays an essential role in
tumorigenesis and tumor progression. This paradigm dates back to
Rudolf Virchow, a 19th century pathologist whose observation of
leukocytes in tumors led him to hypothesize that tumors originate
in sites of chronic inflammation. The discovery of the first onco-
gene v-src in Rous sarcoma virus over a century ago led to decades
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Figure 1. Activation of HIFs by hypoxia and inflammation. (A) HIF-a subunits are regulated by posttranslational hydroxylation of two specific proline
residues by PHD enzymes in normoxic conditions. This leads to VHL-mediated proteasomal degradation. As O, concentration drops or mitochondrial ROS
production increases HIF-a subunits are stabilized, dimerize with ARNT, and translocate to the nucleus and bind to HRE sequences in target genes. (B)
HIFs are activated by inflammation through cytokine-induced Hif2o expression, NF-kB-mediated transcription of Hifla, NF-kB-dependent ferritin iron
sequestration, cytokine-mediated mitochondrial ROS production, and the TCA metabolite succinate.

of in-depth cancer genetic analysis and the discovery of numer-
ous oncogenes and tumor suppressors; however, studies of tumor-
associated inflammation lagged behind. A renaissance over the
last 20 years has uncovered a critical role for inflammation in the
pathogenesis and progression of nearly all solid tumors, and this
knowledge has greatly changed the approach to current cancer
treatments. The advent of immune-modulating therapies, such as
immune checkpoint blockers for the treatment of advanced can-
cers, underscores the importance of understanding the specific
function of inflammatory cells in cancer and is an exciting avenue
for the discovery of novel therapeutic targets (22).

Chronic inflammation-associated cancers. As Virchow pos-
tulated, several chronic inflammatory diseases predispose the
development of cancer. For example, Helicobacter pylori, a gram-
negative bacterium, infects nearly 50% of the world’s population
and is the major causative agent of chronic gastritis (23). Chronic
gastritis associated with H. pylori is asymptomatic in the major-
ity of infected individuals; however, this chronic gastritis repre-
sents a significant risk factor for the development of gastric can-
cer, which occurs in 1%-3% of H. pylori infections and is the third
leading cancer type worldwide (23). Similarly, chronic viral infec-
tions predispose to the development of cancer. Hepatitis B virus
(HBV) and hepatitis C virus (HCV) infections are key risk factors
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for development of hepatocellular carcinoma (HCC). For exam-
ple, HCV infects more than 100 million people worldwide, and
HCC due to chronic hepatitis induced by HCV infection occurs
in approximately 1%-5% of infected individuals (24). One of the
best-studied cancers from a genetic and inflammatory perspective
has been colon cancer. Chronic intestinal inflammation associat-
ed with inflammatory bowel disease (IBD), including Crohn’s dis-
ease and ulcerative colitis, represents a significant risk factor for
the development of colon cancer, termed colitis-associated colon
cancer (CAC). More than 1 million Americans suffer from IBD and
12%-20% of patients will develop CAC within 30 years of develop-
ing IBD (25). The vast majority of colon cancers develop sporadi-
cally and proceed through a step-wise process from adenoma to
invasive carcinoma (26). This process includes the acquisition of
sequential mutations leading to the loss of adenomatous-polypo-
sis coli (APC) tumor suppressor, activation of the oncogene KRAS,
and loss of the TP53 tumor suppressor (27). Interestingly, in colon
cancers preceded by chronic inflammation due to IBD, the kinet-
ics of the genetic alterations are different, as TP53 is lost early
in disease progression and APC mutations are not as frequently
observed compared to sporadic colon cancer (28, 29). These data
suggest that inflammation may induce novel mechanisms to drive
cellular proliferation and survival, resulting in tumorigenesis.
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Tumor-derived inflammation. All solid tumors elicit an inflam-
matory response that is critical in the tumor microenvironment.
The tumor-derived inflammatory response is essential for the
recruitment of immune cells, tumor cell proliferation, survival,
and angiogenesis (30). Tumors initiate these responses through
several mechanisms including transcriptional regulation of
inflammatory genes by proto-oncogenes (31, 32). It was recently
demonstrated that defects in epithelial permeability elicited an
inflammatory response through a microbiota-mediated mecha-
nism in colon cancer (33). Below, we illustrate the importance of
hypoxia in mediating the tumor-derived inflammatory response.

Pro- and antitumor immune responses. In tumors, there is a
mix of both innate and adaptive immune cells with anti- and pro-
tumor functions (1). Precise identification of immune cells found
in tumor biopsies can serve as prognostic markers for clinical out-
comes. Adaptive immune responses have been correlated with
positive prognosis. Several distinct T cell subsets reside within the
tumor microenvironment, including cytotoxic antitumor CD8*
T cells and subsets of CD4" T cells with both pro- and antitumor
functions. In colon cancer, decreased expression of CD8 as well
as the cytotoxic T cell markers granzyme B and CD45RO all cor-
related with disease recurrence. Furthermore, patients with high
intratumoral expression of the T cell marker CD3 had improved
disease-free survival compared to patients with low levels of CD3
(34). Recent meta-analysis studies have mapped the prognostic
impact of 22 immune cell types on recurrence-free survival by
analyzing expression signatures across more than 5,000 tumor
samples (35). In general, these studies found a positive correlation
between T cells and recurrence-free survival and a negative corre-
lation for several myeloid cell types such as neutrophils and mac-
rophages (35). In ovarian cancer, an increased CD8"/CD4" T cell
ratio was associated with improved survival, whereas increased
CD4" T cells portended poor survival (36). Expression profiles
associated with antitumor T cell cytokines (IFN-y) and effector
molecules (granulysin and granzyme B) are also independent
prognosticators of decreased early metastasis in colon cancer (37).
These associations, however, do not highlight the complexity of
the tumor immune environment. Many specific cell types have
been associated with better or worse prognosis, and the plastic-
ity of immune cells can confer both pro- and antitumor functions,
which we will review here in depth.

Hypoxia and epithelial-elicited tumor
inflammatory response

Historically it was believed that the major function of epithelial
surfaces, such as the skin or the intestinal epithelium, was to serve
as a physical barrier separating the external environment from the
underlying immune cells. It is now evident that epithelial surfaces
play an active role in innate immunity and shape the underlying
immune environment and inflammatory response (38, 39). This
is also the case in epithelial-derived cancers. Colon tumor cell
secretion of the C-C family chemokine, CCL2, was essential for
tumorigenesis through recruitment and activation of protumori-
genic myeloid cells (40). Pentraxin 3 (PTX3) is a tumor suppres-
sor that activates complement-mediated antitumor immunity
and is epigenetically silenced due to methylation in colon tumors
(41). Recent studies in colon cancer have further highlighted the
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contribution of epithelial and stromal gene expression in patient-
derived colon cancer xenograft models (42). In these studies, the
epithelial and stromal gene expression was readily delineated
by analyzing tumor expression of human or mouse transcripts.
Analysis of genes with a greater than 50% difference in expres-
sion between the epithelium and the stroma showed that several
cytokines and chemokines are directly expressed by the tumor
epithelium (42). These results demonstrate that tumor epithelial
cells play an active role in regulating the inflammatory response,
which may impact tumorigenesis.

Several lines of evidence suggest that intratumoral hypoxia
and HIFs play an essential role in sculpting the tumor immune
environment in epithelial-derived tumors. For example, in a Kras-
driven mouse model of non-small cell lung cancer (NSCLC),
loss of HIF-2a increased tumor burden and tumor cell prolifera-
tion; however, loss of HIF-1a had no effect on tumorigenesis (43).
Tumors lacking HIF-2a also displayed increased infiltration of
CD45* immune cells, specifically Gr-1* granulocytic cells, suggest-
ing that HIF-2a repression of granulocytic cell infiltration is in part
responsible for its antitumor effects (43). Hypoxia and HIF stabi-
lization is also a key feature of pancreatic ductal adenocarcinoma
(PDAC) (16). PDAC development occurs in a step-wise manner
and is preceded by precursor lesions termed pancreatic intraepi-
thelial neoplasias (PanINs) (44). In contrast with studies showing
decreased PanIN progression following pancreatic-specific disrup-
tion of HIF-2a (45), deletion of HIF-1a in a murine model of Kras-
initiated PDAC significantly enhanced PanIN progression and
increased tumor cell proliferation (46). Loss of HIF-1a correlated
with increased pancreatic B cell infiltration and antibody-mediat-
ed depletion of B cells reversed the increased PanIN progression
(46). Hypoxic inflammation is also important in colon tumori-
genesis, and both HIF-1a and HIF-20 are overexpressed in colon
tumors (16). Using the Apc™™* model of intestinal tumorigenesis,
intestine-specific disruption of the tumor suppressor Vhl signifi-
cantly increased colon tumorigenesis and adenoma-to-carcinoma
progression (47). The increase in colon tumorigenesis was HIF-20,
dependent, as double disruption of Vil as well as Hif2a amelio-
rated the effect (47). HIF-2a-mediated inflammatory responses
are essential in colon tumorigenesis. Epithelial HIF-2a regulates
expression of the proinflammatory meditator TNF-a (Tnfa) (48).
TNF-o has a crucial role in the progression of cancer, and inhib-
iting TNF-a decreases growth in several mouse models of cancer
(49, 50). HIF-20-induced inflammation was found to be critical to
tumor progression, as treatment with the antiinflammatory drug
nimesulide significantly reduced HIF-2a-driven colon tumori-
genesis. (48). Intestine-specific overexpression of HIF-1a does not
enhance tumorigenesis in colon cancer (51). These studies suggest
that tumor HIFs have the potential to modulate tumor-associated
inflammation to regulate tumor growth and progression.

Hypoxia and immune cell recruitment

Tumors are highly infiltrated by cells of both the innate and adap-
tive immune systems. This infiltration is partially mediated by
tumor-derived secretion of a host of cytokines and chemokines
(Figure 2A). HIF-induced secretion of tumor-derived factors can
modulate immune cell recruitment to aid in tumor growth, which
we will review in detail by immune cell subtype (Table 1).
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T cells. CD4" T cells can be differentiated into several dif-
ferent helper T (Th) cell types. Thl and Th2 CD4* T cells are
the classical types of Th cells that play an important role in the
inflammatory response to infection and cancer (52). Thl and
Th2 cells promote antitumor immunity by cytotoxic lymphocyte
activation and humoral-mediated immune responses, respec-
tively (52). In addition to the classic Thl and Th2 T cell effector
populations, other subsets of T cells have been found to have an
important role in cancer. For example, Th17 cells are a recently
identified subset of IL-17-expressing CD4" T cells that are high-
ly prevalent in tumors and have a controversial role in tumor
progression. IL-6 and TGF-p collaboratively promote Th17 dif-
ferentiation (53) in a HIF-la-dependent manner (54). Th17 cells
have both anti- and protumor functions. In a melanoma mod-
el, Th17 cells showed more potent tumor eradication than Thl
cells (55). However, in other models, Th17 cells promote tumor
growth through angiogenic and immunosuppressive effector
functions (56, 57).

Immunosuppressive regulatory T cells (Tregs) are frequently
increased in cancers (58). Tregs are CD4" and defined by expres-
sion of forkhead box transcription factor 3 (FoxP3). Tregs have
been largely shown to promote tumorigenesis through suppres-
sion of antitumor CD4' and CD8" T cell-mediated immune
responses by secreting immunosuppressive molecules such as
IL-10 and TGF-B; removal of Tregs improves antitumor immu-
nity (59-61). Primary tumor hypoxia regulated recruitment of
CCR10*CD4*FoxP3* immunosuppressive Tregs in a model of
ovarian cancer, which increased immune tolerance and angio-
genesis through VEGF secretion (62). This effect was regulated by
hypoxia-induced excretion of the chemokine CCL28, which was
dependent upon HIF-1a and to a lesser extent HIF-20. (62).
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Figure 2. Hypoxic activation of tumor-promoting
inflammatory responses. (A) As 0, concentration
declines in tumors, hypoxia-directed secretion of
cytokines and chemokines such as CXCL5, CXCL12,
CCL28, and MIF recruits protumor immune cells
including Tregs, TAMs, neutrophils, B cells, and
MDSCs. (B) Recruited immune cells reside in hypoxic

Tregs MDSCs areas of tumors and hypoxia and HIFs regulate
== Al t inflammatory cell effector functions to promote
mﬁ tumor growth. This includes suppression of antitu-
mor immune responses, ROS production, angiogen-
PMNs DCs

esis, invasion/metastasis, drug resistance, and direct
cytokine expression.

NK cells

B cells. The precise role for B cells in tumor progression is
controversial, and they may function to enhance or inhibit anti-
tumor immune responses. B cells can be directly cytotoxic to
tumors and promote antitumor T cell responses (63). However, B
cells have also been shown to inhibit the function of antitumor T
cells, as depletion of B cells increases antitumor immunity, sug-
gesting context-specific roles for B cells in antitumor immunity
(64). In pancreatic cancer, as detailed above, HIF-1a in epithelial
cells decreased tumor growth by attenuating expression of B cell-
recruiting chemokines, resulting in decreased B cell infiltration
into the tumors (46).

Myeloid-derived suppressor cells. Hypoxia also regulates tumor
recruitment of immunosuppressive myeloid cells. Myeloid cells
include monocytes/macrophages, neutrophils, eosinophils, baso-
phils, mast cells, and dendritic cells (DCs). During infection or in
cancers, immature myeloid cells that are closely related to neu-
trophils and monocytes can be detected in circulation. These
cells, termed myeloid-derived suppressor cells (MDSCs), damp-
en immune responses to infection and promote tumor growth
through suppression of both NK cell- and T cell-mediated antitu-
mor immune responses (65). This tumor-promoting effect is medi-
ated by multiple mechanisms including arginine metabolism via
increased expression of arginase 1 (ARG1), which converts the avail-
able L-arginine pool to urea and L-ornithine. Additionally, MDSCs
mediate nitration of tyrosine residues in the T cell receptor (TCR)
and CD8, which decreases the function of these proteins (66-68).
The function of MDSCs is well described in the azoxymethane
(AOM) and dextran sulfate sodium (DSS) model of CAC. Mice
with CXCR2-deficient bone marrow have significantly reduced
MDSC homing to colon tumors and decreased colon tumorigene-
sis (69). Tumor-specific hypoxia increased recruitment of MDSCs
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Table 1. Regulation of immune cells by HIF-1a and HIF-2a

Immune cell recruitment

HIF-1a00 HIF-20.
TAM Promotes chemoattraction via SDF- Not known
10/CXCL12 expression (82)
DC Not known Not known
PMN Not known Represses GR-1" granulocyte

recruitment to lung tumors (43)

MDSC Increased recruitment to HNSCC Increased recruitment to HNSCC
through MIF secretion (71) through MIF secretion (71)
Treg Regulates CCL28 expression in ovarian Not known
cancer (62)

Th17 Not known Not known

(D4 Not known Not known

B cell Repress B cell infiltration into Not known

pancreatic tumors (46)
Immune cell effector function
HIF-1o HIF-20.
TAM T cell suppression (36) Essential protumor function and
inflammatory responses (95)

DC Not known Not known

PMN Decrease apoptosis (101) Regulate PMN-mediated

inflammatory responses (102)
MDSC T cell suppression (98); Pdl1 Not known
expression (100)
Treg Regulates Foxp3 expression (110); Not known
essential for immunosuppression
Th17 Essential for Th17 differentiation (54) Not known
(D4 Represses cytokine secretion (112); Not known
regulates CD137 to augment antitumor
immunity (114)
B cell Essential for B cell maturation (144) Not known

(CD11b*Ly6C Ly6G") to the lung premetastatic niche to promote
metastasis. This effect was partly regulated through inhibition of
NK cell-mediated cytotoxicity (70). In head and neck squamous
cell carcinoma, hypoxia increased recruitment of MDSCs in a pro-
cess that was dependent upon both HIF-1a. and HIF-20 induction of
the potent chemoattractant migration inhibitory factor (MIF) (71).
Tumor-associated  macrophages. The best-characterized
immune cells in the tumor microenvironment are tumor-asso-
ciated macrophages (TAMs). TAMs are highly prevalent in the
tumor microenvironment and can be polarized into antitumor M1
or protumor/immunosuppressive M2 phenotypes (72). M2 TAMs
regulate tumor angiogenesis and are an important source of VEGF
(73). TAMs directly promote tumor growth via direct secretion of
cytokines such as IL-6, which induces tumor-cell STAT3 signal-
ing to promote growth and stem cell expansion (74); these cells
have been directly linked to tumor invasion and metastasis (75,
76). TAMs inhibit antitumor immune responses through secre-
tion of immunosuppressive cytokines such as IL-10 and TGF-p
(77). ARGI expression in human monocytes and macrophages is
controversial and has not been definitively shown in tumors (78).
In rodents, however, there is clear evidence showing TAM expres-
sion of immunosuppressive ARG1 (79). TAMs reside in largely
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avascular and hypoxic regions of tumors (80). Tumor hypoxia is
a potent driver of TAM recruitment and induces the secretion of
chemoattractants such as oncostatin M and eotaxin (81). More-
over, tumor HIF-1a directly induces recruitment of monocytes/
macrophages through regulation of stromal-derived factor lo
(SDF1a; also known as CXCL12) expression (82). Expression of
the SDF1a receptor CXCR4 is also regulated by hypoxia in TAMs
(83). TAM polarization into a protumorigenic M2 phenotype can
be directly regulated by tumor hypoxia. Tumor-derived lactic acid
is induced by hypoxia in a HIF-lo-dependent manner and pro-
motes M2 macrophage polarization and regulates expression of
M2 TAM markers ARG1 and VEGF (84). Importantly, blockade of
TAM recruitment to hypoxic tumor areas and trapping of TAMs in
normoxic tumor microenvironments through loss of the semapho-
rin 3A receptor NRP1 decreased tumor growth through blunted
angiogenesis and increased antitumor T cell responses, showing
that hypoxia-induced localization of macrophages causes a switch
from anti- to protumor phenotypes (85).

Neutrophils. A close relationship between neutrophils (poly-
morphonuclear neutrophils [PMNs]) and tissue hypoxia has
recently been shown. The reactive oxygen burst that is critical
for neutrophil function can affect local tissue oxygenation (86).
Although PMNs are highly prevalent in most solid tumor types,
the specific role for PMNs is not completely understood. PMNs are
highly plastic and can be differentiated into antitumor (N1) and
protumor (N2) phenotypes (87). Protumor PMNs regulate tumor
growth through secretion of cytokines, ROS production, genera-
tion of matrix-degrading enzymes, and angiogenesis (88). PMNs
have also been shown to play an essential role in promoting metas-
tasis in a murine breast cancer model (89). PMNs expressing the
hepatocyte growth factor (HGF) receptor, c-MET, were found to
be antitumorigenic in mouse models of colon cancer and liver
cancer (90). PMNs have recently been demonstrated to reside in
hypoxic tumor regions in epithelial uterine tumors and this effect
was regulated by hypoxic tumor cell expression of PMN chemoat-
tractants such as CXCL5 (91).

Hypoxic regulation of tumor immune cell
function

Hypoxia is a hallmark of tumors and most infiltrating immune cells
function in the hypoxic tumor environment. Immune cell expres-
sion of HIF-1o. and HIF-20 regulates effector function (Table 1) (92).
Tumor hypoxia has an essential role in regulating tumor inflam-
matory cell functions in addition to regulating immune cell recruit-
ment (Figure 2B). TAMs express both HIF-1a and HIF-2q (16, 93).
TAM HIF-2a expression is highly correlated with tumor vascular-
ity and tumor grade (94). Macrophage HIF-2q is critical in regulat-
ing macrophage inflammatory cytokine expression following LPS
and IFN-y challenge (95). Importantly, macrophage loss of HIF-2a
impaired TAM infiltration of tumors and decreased tumor burden
in murine models of HCC and CAC (95). TAM HIF-1a has also been
shown to play an important role in TAM-mediated suppression of
tumor-associated T cells (96). TAMs cultured under hypoxic condi-
tions exhibited increased suppression of T cells in a HIF-la-depen-
dent manner without affecting TAM recruitment or polarization
(96). Furthermore, tumor hypoxia regulates TAM expression of
VEGF, suggesting a role for hypoxic TAMs in angiogenesis (97).
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Hypoxia and HIF-lo have an important role in regulating
tumor-associated MDSC function. MDSCs cultured with the
hypoxia mimetic desferroxamine (DFO) robustly suppress T cell
proliferation and loss of HIF-1a decreases MDSC-mediated T cell
suppression (98). Hypoxia induces MDSC expression of miR-210
in a HIF-lo-dependent manner and miR-210 promotes MDSC-
mediated T cell suppression by increasing ARG1 expression and
NO synthesis (99). Notably, HIF-1a increases mRNA expression
of the immune checkpoint receptor programmed death ligand-1
(Pdi1) in MDSCs, which is essential for their T cell immunosuppres-
sive ability (100). MDSCs also have the capacity to differentiate
into TAMs and HIF-1a is a critical mediator of this plasticity (98).

The roles of PMN HIF-1a and HIF-2a in the tumor microenvi-
ronment are not well understood; however, it has been shown that
PMN HIF-1a is an essential PMN survival factor that mediates its
effects through an NF-kB-dependent signaling loop (101). Consti-
tutive HIF-2a activation increases PMN inflammatory responses
and loss of HIF-20 increases susceptibility to apoptosis (102).

DCs are antigen-presenting cells (APCs) that are central regu-
lators of the adaptive immune response. DCs can sample tumor
antigens and activate CD8" T cell responses and are currently in
clinical trials as a vaccination strategy to prime antitumor immune
responses (103). DC function is directly regulated by hypoxia and
HIFs. Activated DCs increase expression of costimulatory molecules
and T cell activation in response to TLR stimulation in a HIF-lo~
dependent manner when cultured under hypoxic conditions (104).
Alternatively, it has been suggested that hypoxia-treated immature
DCs have impaired antigen uptake and T cell activation (105, 106).
Moreover, hypoxia inhibits DC maturation and T cell activation
but simultaneously increases DC inflammatory cytokine secretion
(107). Although the exact mechanisms are unclear, this dichotomy
may be determined by the maturation state of DCs. Further work is
needed to address more precisely the roles of DC HIF-1o. and HIF-2a
in the progression of cancer and antitumor immune responses.

Tumor hypoxia increases T cell expression of FoxP3 through
tumor secretion of TGF-f in vitro, suggesting that hypoxic tumor
cells can induce Treg differentiation (108). Tregs are more effi-
ciently activated systemically than within the tumor microenvi-
ronment (109), and tumor secretion of cytokines such as TGF-$
may be a critical source of systemic Treg activation and infiltra-
tion into tumors. CD4* T cell HIF-1a directly targets the Foxp3
promoter and increases immunosuppressive Treg cell production
and function (110, 111). Loss of HIF-la in Tregs decreased their
immunosuppressive function (110). The specific role for hypoxia
signaling in antitumor CD4" and CD8"* T cell responses is not com-
pletely clear. T cell HIF-1o represses T cell inflammatory respons-
es, as depletion of HIF-1a significantly enhanced IFN-y and IL-2
production (112). However, other studies have shown that hypoxia
signaling has the capacity to increase CD8" T cell function, as Vhl
depletion in CD8" T cells increased T cell effector responses and
decreased tumor growth in a model of melanoma (113). Addi-
tionally, HIF-1a regulates expression of T cell CD137, which aug-
ments antitumor immunity upon antibody-mediated activation
(114). More work is needed to better understand the specific roles
of hypoxia and HIFs in antitumoral T cell responses. In addition,
hypoxia has cell-intrinsic roles in CTLs, NK, and NKT cells, which
have not been completely assessed in tumor biology.
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Hypoxia, stromal cells, and inflammation
In addition to immune cells, the tumor microenvironment is also
composed of vascular endothelial cells, fibroblasts, and pericytes,
collectively known as the stroma. In tumor endothelial cells, deple-
tion of HIF-1a reduced tumor metastasis, whereas depletion of endo-
thelial HIF-20 increased tumor metastasis (115). This dichotomy
was due to differential regulation of NO homeostasis by HIF-1a and
HIF-20. HIF-1o regulates expression of inducible nitric oxide syn-
thase (iNOS), which catalyzes the conversion of L-arginine to NO.
iNOS was also shown to be an essential regulator of VEGF expres-
sion and promoted increased tumor vascularity (115). Myeloid cell
and mesenchymal stem cell NO production has been implicated in
decreasing T cell cytotoxicity; thus, it is possible that endothelial
cell NO has a similar function (116-118). On the other hand, HIF-2a
regulates expression of ARG1, which metabolizes L-arginine. ARG1
expression in immune cells is a potent suppressor of antitumor T
cells. Future studies should determine if endothelial ARG1 also has
an immunosuppressive role in the tumor microenvironment.
Fibroblasts are frequently recruited to tumors and make up
a variable proportion of the tumor mass (119). Cancer-associat-
ed fibroblasts (CAFs) have a largely protumor role and promote
angiogenesis through VEGF secretion and increase invasion/
metastasis through secretion of extracellular matrix-degrading
matrix metalloproteinase enzymes (119-121). Conditional loss of
CAF HIF-1o by Fspl-Cre expression decreased TAMs in mouse
mammary tumors, suggesting that CAF HIF-la is important for
TAM tumor infiltration (122). These results demonstrate that stro-
mal cell HIF signaling can also modulate the microenvironment
of tumors; however, the specific role for HIFs in the tumor endo-
thelial cells and CAFs and the significance of this relationship to
tumor inflammatory responses have not been fully elucidated.

Hypoxia and intratumoral heterogeneity

Tumor growth is an evolutionary process that leads to the accu-
mulation of genetic alterations. This process also leads to substan-
tial spatial variation within a tumor, which can contain genetically
distinct subclonal populations of cancer cells (123). A few studies
have demonstrated that intratumoral heterogeneity is an indepen-
dent risk factor for poor survival in several tumor types, although
further studies will be required to determine the effect of such
heterogeneity in additional tumor types (124). The mechanisms
that drive regional heterogeneity in tumors are poorly described.
Hypoxia-induced immune cell recruitment and modulation could
be important processes in driving regional selective pressures
in tumors. More work is needed to elucidate the mechanisms by
which hypoxia and immune cells establish microenvironments
leading to intratumoral heterogeneity. Enhanced imaging tech-
niques have made it clear that distinct subpopulations of hypoxic
cells are present in tumors (125-127), while histopathological and
molecular analyses have shown that distinct tumor regions have
different inflammatory infiltrates that can be modulated by intra-
tumoral hypoxia (128,129).

HIF-based therapeutics in cancer

Due to the highly complex role of HIFs in tumorigenesis, HIF-
based therapies need to be assessed on an individual-tumor basis.
The best-characterized approach to alter HIF signaling is through
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PHD inhibition, which leads to activation of HIF signaling (130).
PHD inhibitors have been assessed in models of inflammation-
induced tissue injury and were shown to be effective and safe
(131-133). Through a decrease in inflammation-induced tissue
injury, PHD inhibitors may have a beneficial role in several can-
cers. Recent work has clearly demonstrated that PHD inhibitors
can selectively activate HIF-1a (134). This suggests the possibility
of finding novel agents that may target each isoform. However,
there are concerns about therapeutic activation of HIF signal-
ing, as most data suggest that HIF pathway activation promotes
tumor progression. Currently, there are several drugs that inhibit
HIF-1a and many of them are in clinical trials. Most of the com-
pounds that are in clinical trials were originally discovered as tar-
geting other pathways. 2-Methoxyestradiol, a metabolite of estra-
diol, can decrease tumor growth through inhibition of HIF-la
but simultaneously can decrease angiogenesis and disrupt micro-
tubules (135). Cardiac glycosides, including digoxin, can robustly
reduce tumor growth through inhibition of HIF-la (136). Fur-
thermore, several topoisomerase inhibitors have been shown
to decrease tumor growth through HIF-1a inhibition (137, 138).
However, no HIF-la-specific inhibitors have been discovered.
Selective inhibition of HIF-2a can be achieved through targeting
the iron response element in the 5-UTR of HIF-20 (139). Addi-
tionally, structural analysis of HIF-20 identified a ligand-binding
cavity located within the PAS-B domain, which contains a B-sheet
that mediates interaction with ARNT; however, this region has
not been identified on HIF-1a (140). There are no known endog-
enous ligands for HIF-20, but this cavity has been targeted for
drug development and several promising highly specific small-
molecule inhibitors have been identified that efficaciously dis-
rupt HIF-20 heterodimerization with ARNT and block DNA bind-
ing and transcription of target genes in cultured cells (141). These
reagents coupled with recent HIF structural analysis provide a
framework to specifically regulate HIF-1o. and HIF-2a and will aid
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the development of clinical tools to alter protumor inflammatory
responses or antitumor immune responses (142).

Conclusion

Hypoxia is an important microenvironmental feature in solid
tumors and is essential for tumor growth. HIF-1a. and HIF-20 have
been extensively studied in regulating tumor glucose metabolism,
angiogenesis, cell survival, proliferation, and migration. Research
in the past two decades has established an essential role for pro-
tumor inflammatory responses or antitumor immune responses
in the growth of most solid tumors and with this increased focus,
Hanahan and Weinberg’s “hallmarks of cancer” were recently
updated to include tumor inflammation and immune evasion as
a major enabling factor in cancer progression (143). It is becom-
ing clear that hypoxia is central to regulating the inflammatory
response in tumors. Future studies should be directed towards
a better understanding of the precise molecular mechanisms by
which hypoxia alters the balance between growth-promoting
inflammation and the antitumor immune response, which may
lead to better use of existing drugs that alter the HIF response as
stand-alone therapies and improve the efficacy of standard che-
motherapeutics.
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