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Abstract
With the success of immune checkpoint inhibitors (ICIs), significant progress has been made in the field of cancer
immunotherapy. Despite the long-lasting outcomes in responders, the majority of patients with cancer still do not
benefit from this revolutionary therapy. Increasing evidence suggests that one of the major barriers limiting the
efficacy of immunotherapy seems to coalesce with the hypoxic tumor microenvironment (TME), which is an
intrinsic property of all solid tumors. In addition to its impact on shaping tumor invasion and metastasis, the
hypoxic TME plays an essential role in inducing immune suppression and resistance though fostering diverse
changes in stromal cell biology. Therefore, targeting hypoxia may provide a means to enhance the efficacy of
immunotherapy. In this review, the potential impact of hypoxia within the TME, in terms of key immune cell
populations, and the contribution to immune suppression are discussed. In addition, we outline how hypoxia can
be manipulated to tailor the immune response and provide a promising combinational therapeutic strategy to
improve immunotherapy.
Keywords: Cancer immunotherapy, Hypoxia, Tumor microenvironment, Hypoxia-inducible factor, Immune
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Background
In the last decade, emerging cancer immunotherapy
based on immune checkpoint inhibitors (ICIs) has revolutionized the paradigm of oncotherapy [1]. Monoclonal
antibodies against cytotoxic T lymphocyte antigen 4
(CTLA4) or programmed cell death protein 1 (PD-1)
and its ligand (PD-L1) have achieved never-before-seen
clinical benefit and obtained FDA-approval for more
than 15 cancer types [2]. Currently, with more than
3500 ongoing clinical trials investigating the efficacy of
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immunotherapy (ClinicalTrials.gov), immunotherapy is
expected to change the standard of care towards
multiple malignancies. Although unsurpassed clinical
efficacy has been observed, identification of predictive
biomarkers and the development of resistance during or
after immunotherapy remain major challenges. The
objective response rate of ICI monotherapy varies from
20 to 40% in most tumor types, with a considerable
proportion of partial responders [3]. In addition, acquired resistance develops in one-third of patients who
initially respond, eventually resulting in disease relapse
or progression [3]. With complex resistance mechanisms
thwarting the therapeutic outcomes of immunotherapy,
there is a pressing clinical need to develop combination
approaches so that more patients can benefit from
immunotherapy.
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It is well known that hypoxia within the tumor microenvironment (TME) is an intrinsic property of all solid
malignant tumors [4]. The metabolic profile of the
hypoxic TME is characterized by dynamic gradients of
oxygen pressure, glycolysis, extracellular acidosis, an
accumulation of lactate and adenosine, and depletion of
essential nutrients [5]. The hypoxic TME is widely
considered an independent prognostic indicator, which
is consistently related to poor survival in various cancer
types, including head and neck, breast, non-small cell
lung, cervical, and ovarian cancers [6]. The hypoxic
TME exerts a far-reaching impact on diverse aspects of
tumor biology such as tumor cell metabolism, intercellular communication, epitranscriptomics, and epigenomics
[7]. Substantial cellular stress caused by the hypoxic
TME promotes the heterogeneity and plasticity of
tumors and contributes to the development of more invasive and therapeutically resistant tumor phenotypes
[4]. Hypoxia in the TME can enhance the resistance of
tumor cells to radiotherapy through promoting DNA
self-repairing by cells [8]. Hypoxia is also the primary
barrier against the therapeutic efficacy of photodynamic
therapy (PDT), as the photosensitizers utilize molecular
oxygen to transfer near-infrared laser energy to generate
high reactive singlet oxygen and other reactive oxygen
species (ROS), which directly or indirectly induces
tumor cell apoptosis and/or necrosis [9, 10]. With respect to chemotherapy, hypoxia-induced cell cycle arrest,
increased nucleophilic substances, elevated DNA repair
enzyme activity, decreased ROS, and reduced sensitivity
to p53-mediated apoptosis can either directly or indirectly dampen the efficacy of anticancer agents [8, 11].
Moreover, emerging evidence has indicated that hypoxia
can cause tumor resistance to immunotherapy by several
mechanisms, involving both innate and adaptive immunity. Hypoxia-driven adaptive mechanisms allow tumor
cells to continue to survive and even proliferate in the
hypoxic TME while also creating an inhospitable environment for immune cells and damaging key regulatory pathways [12]. Hypoxia can induce immune tolerance and
immune escape by interfering with tumor killing functions
of effector cells and preventing their homing to the TME
[13]. Hypoxia can also promote immune-suppressive stromal cell differentiation and increase immunosuppressive
factors, including checkpoint molecules, as well as modify
the metabolic landscape [12]. Currently available biomarkers to predict immunotherapy efficacy mainly include
PD-L1, tumor mutational burden (TMB), and microsatellite instability/deficient mismatch repair (MSI/dMMR);
however, the problem of “poor soil” is often ignored [14].
Therefore, hypoxia may be exploited as a potent biomarker to predict immunotherapy outcomes.
Considering the central role of the hypoxic TME in
tumor progression and therapeutic resistance, approaches
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directed towards the hypoxic TME hold considerable
promise in innovative immunotherapy guiding. In this review, we discuss the potential impact of hypoxia within
the TME, in terms of interference with key immune cell
populations, and its contribution to immune suppression,
thus providing some suggestions on how to target the
hypoxic TME to synergize with cancer immunotherapy.

Hypoxic tumor microenvironment and hypoxia
signaling
The hypoxic TME is defined as a condition where partial
O2 pressure is below 10 mmHg [13]. The establishment
of hypoxic regions arises from the imbalance due to
increased oxygen consumption by rapidly proliferating
tumor cells, combined with the inadequate oxygen
supply by abnormal tumor angiogenesis [13]. Although
tumor proliferation can stimulate angiogenesis, the distribution of the tumor vasculature network is irregular,
and tumor cells are typically farther from the nearest
capillary than cells in normal tissues [15]. Consequently,
diffusion limits, leakiness, and malformation of the
tumor vasculature contribute to the hypoxic milieu. At
the molecular level, the adaption of tumor cells to the
hypoxic TME is largely mediated by the hypoxiainducible factor (HIF) family of transcription factors,
although HIF-independent mechanisms have also been
described (Fig. 1) [16]. HIFs are heterodimeric helix-loophelix proteins consisting of an O2-sensitive α-subunit
(HIF-1α, HIF-2α, and HIF-3α) and a constitutively
expressed β-subunit (HIF-1β) [17]. HIF-1α and HIF-2α
have crucial roles in the positive hypoxic response, whereas
HIF-3α is considered a negative regulator [7]. In normoxic
conditions, the conserved proline residues of HIF-1α, following hydroxylation by prolyl-hydroxylases (PHDs), bind
to the Von Hippel Lindau tumor suppressor protein
(pVHL), catalyzing its ubiquitination-dependent proteasomal degradation [13]. However, once oxygen deprived, the
inhibition of PHDs allows HIF-1α accumulation and translocation to the nucleus, where it heterodimerizes with HIF1β. The heterodimer HIF-1α/HIF-1β then binds to the
transcriptional coactivator p300/CBP and the hypoxiaresponsive element (HRE) and activates HIF target gene
transcription [16]. HIF-1α and HIF-2α have similar DNA
binding and dimerization domains, but different transactivation domains, suggesting that they have both overlapping
and distinct target genes and regulation mechanisms [18].
Hypoxia-dependent HIF-1α and HIF-2α allow for the
induction of numerous target genes regulating various
biological processes of tumors, including angiogenesis,
the epithelial-mesenchymal transition (EMT), maintenance of cancer stem cells (CSCs), metabolic reprogramming, tumor cell survival/proliferation, invasion/
metastasis, and immune regulation [7, 16].
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Fig. 1 Regulation of HIFs in hypoxic TME. In oxygenated conditions, HIF is hydroxylated on proline residues by PHDs, and then binds to pVHL,
catalyzing its ubiquitination-dependent proteasomal degradation. In hypoxic conditions, PHDs inhibition allows HIF-α stabilization and
translocation to the nucleus, where it heterodimerizes with HIF-1β. Then the HIF-1α/1β dimer binds to the transcriptional coactivator p300/CBP
and HREs, activating transcription of various HIF target genes involved in angiogenesis, EMT, CSCs, metabolic reprogramming, tumor cell survival/
proliferation, invasion/metastasis, and immune regulation

Hypoxia dampens the antitumor immune
response
Hypoxia and HIFs have been proposed to regulate
diverse aspects of tumor immunity, especially immune
cell populations that are essential to exert effective antitumor immune responses. Destruction of any of these
cell populations can weaken the immune response and
allow tumors to escape detection and immune-mediated
killing. In this section, we highlight some of the key
immune cell populations and how their differentiation
and function are altered under hypoxic conditions (Fig. 2).
Effect of hypoxia on effector cells
Hypoxia interferes with the cytotoxic activity of effector T
lymphocytes

Effector T lymphocytes are dominant cellular components of the adaptive immune response to tumor neoantigens. In vitro experiments have indicated that low
concentrations of oxygen significantly depressed T
lymphocyte proliferation and function compared with
normal oxygen conditions [19]. Since there are large
hypoxic regions in the spleen and lymph nodes, this
probably has a physiological role to prevent CD8+ T-cell
activation by stabilizing HIF1-α and suppressing TCRmediated Ca2+ signaling [20]. Hypoxia has been reported
to promote apoptosis of T lymphocytes, and very few T

cells are found around hypoxia-induced necrotic regions
of solid tumors [21]. Hypoxia can delay the differentiation of effector cells and decrease the production of
effector and proliferative cytokines such as interferon-γ
(IFN-γ) and interleukin-2 (IL-2). However, hypoxia has
also been shown to augment the lytic capacities of CD8+
T cells by the secretion of effector molecules such as
granzyme B and tumor necrosis factor (TNF) in mouse
models [22]. Deletion of the HIF-1α gene in activated T
cells has been shown to enhance T-cell responses by increasing proliferation and IFN-γ production, suggesting
that HIF-1α is an immunosuppressive regulator of T-cell
function under hypoxic conditions [23]. On the contrary,
other studies indicated that hypoxia prevents cell death
induced by T-cell activation and improves tumor
survival. A recent study suggested that HIF-1α-deficient
T cells have normal proliferation and Th-1/Th-2
polarization [24], whereas HIF-1α deficiency in murine
thymocytes was shown to lead to increased caspase-8mediated apoptosis [25]. In addition, hypoxia-driven
metabolic alterations may affect the function of T cells
and even their survival. In hypoxic conditions, increased
glycolysis and the action of proton transporters and
carbonic anhydrases increase the accumulation of lactic
acid and adenosine in the TME [26]. High levels of lactate have been proven to block the mechanistic target of
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Fig. 2 Graphical summary that explains the effects of hypoxia on key immune cellular populations in the TME. Hypoxia can influence the diverse
aspects of tumor immunity. In general, Hypoxia can induce immune tolerance and immune escape by interfering with survival, migration and
fuctions of effector cells, including effector T cell, NK-T cells, and NK cells, supporting immunosuppressive cells (Tregs, MDSCs, TAMs), and causing
an increase in the production of immunosuppressive cytokines and a decrease in the release of effector cytokines

rapamycin (mTOR) pathway, suppress glycolysis, and
impair T-cell proliferation and effector functions [17].
Interaction of free adenosine with the adenosine A2A
receptor (A2AR) on the T cell surface leads to the accumulation of cyclic adenosine monophosphate (cAMP)
and inhibition of T cell proliferation and cytotoxicity
[26]. Overall, hypoxia can be considered to be a negative
regulator of the T-cell effector response, which can contribute to immunosuppression in the TME.

Hypoxia reduces functions of natural killer and natural
killer T-cells

Natural killer (NK) cells are a class of innate cytotoxic
lymphocytes that can kill target cells without prior
sensitization. It has been shown in multiple models that
hypoxia can mediate suppression of NK cytotoxic effects
[11]. The direct impact of hypoxia on NK cells may
involve HIF-1α upregulation via the activation of the
phosphatidylinositol 3 kinase (PI3K)/mTOR signaling
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pathway [27]. Furthermore, hypoxic tumor cells, via
HIF-1α, can upregulate the expression of the metalloproteinase ADAM10, which is responsible for the shedding of the natural killer group 2, member D (NKG2D)
ligand major histocompatibility complex (MHC) class I
chain-related molecule A (MICA) from the tumor cell
surface [28]. Soluble MICA can downregulate the
expression of the NKG2D activating receptor on NK and
T cells, resulting in tumor evasion from the immune
system [28]. Moreover, hypoxia can downregulate the
expression and function of the major activating NK-cell
receptors (NK p30, NK p44, NK p46, and NKG2D). This
can result in impaired tumor cell killing, without affecting
the Fc-γ receptor CD16, which can trigger antibodydependent cellular cytotoxicity [29]. The decreased expression of the activating NKG2D receptors and the induction
of granzyme B and intracellular perforin by hypoxia has
also been described in hematopoietic tumors [11]. Furthermore, hypoxia can induce regulatory T cell (Treg) infiltration, which can activate the immunosuppressive cytokine
transforming growth factor β (TGF-β) to hinder NK cell
functions [30]. Krzywinska et al. [31] demonstrated that the
hypoxic response in NK cells could inhibit vascular endothelial growth factor (VEGF)-driven angiogenesis and
enhance functionally improved vessels to promote tumor
growth. The regulatory effects of hypoxia on NK-T cells
has been less well investigated; however, HIF-2α appears to
be involved in multiple immune suppression pathways in
NK-T cells [32]. Zhang et al. [32] reported that increased
HIF-2α could suppress NK-T cell activation by downregulating the expression of Fas-ligands and simultaneously
inducing A2AR expression.
Effects of hypoxia on dendritic cells

As dominant antigen-presenting cells, dendritic cells
(DCs) capture tumor antigens and present them to
antigen-specific T cells via MHC glycoproteins, thus
activating naive T cells and initiating specific immune
responses. The effects of the hypoxic TME on the differentiation and function of DCs have been widely studied.
Hypoxia has been shown to reduce circulating plasmacytoid DCs with a corresponding increase in the expression
of cytokines such as TNF-α and IL-6 [33]. Immature DCs
exposed to the hypoxic TME express high levels of HIF-1α
along with the upregulation of B-cell lymphoma 2 (Bcl-2)/
Adenovirus E1B 19-kd interacting protein 3 (BNIP3),
which mediate programmed cell death in these DCs [34].
Numerous studies have reported that hypoxia decreases
the surface expression of DC differentiation and maturation markers, including MHC-II and co-stimulatory molecules (CD40, CD80, and CD86) [35]. Similarly, because of
the downregulation of MHC-II, co-stimulatory molecules,
and Th1 cytokines, hypoxia-differentiated DCs adopt a
Th2-stimulating phenotype and exhibit impaired T-cell-
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stimulatory activities [30]. Moreover, hypoxia could impair
mature DC migration to the lymph nodes via the downregulation of CCR7 by HIF-1α-dependent mechanisms [36].
Hypoxia has also been shown to decrease monocytederived DC chemotaxis to CCR4 and CCR5 ligands [30].
In line with this, hypoxic DCs have been shown to alter the
chemokine receptor (CCR2, CCR3, and CXCR4) expression profile and promote the upregulation of proinflammatory cytokines such as IL-1β and TNFα [30]. Furthermore,
hypoxic DCs secrete large amounts of osteopontin, whose
function is to enhance the migration of tumor cells [37].
Several studies have demonstrated that the upregulation of
cytokines such as IL-10 and VEGF under hypoxic conditions can inhibit the differentiation and maturation of DCs.
It has been reported that IL-10 prevents monocyte differentiation into DCs while promoting their differentiation
into mature macrophages [38]. A study by Takayama et al.
[39] revealed that IL-10 enhances CCR5 but downregulates
CCR7 expression by DCs, thereby impairing chemotactic
responses and homing ability. Data from a mouse model
indicated that the injection of recombinant VEGF into
tumor-free mice results in suppressed development of DCs
related to Gr-1+ immature myeloid-derived suppressor cell
(MDSC) accumulation, leading to an inhibition of T cell
functions [25]. On the contrary, other studies have shown
that hypoxia can induce differentiation and maturation of
DCs. Hypoxia in combination with lipopolysaccharide
markedly increased the expression of costimulatory
molecules, promoted the synthesis of proinflammatory
cytokines, and induced the proliferation of allogeneic
lymphocytes. This DC activation was accompanied by accumulation of HIF-1α protein levels, induction of glycolytic
HIF target genes, and enhanced glycolytic activity [40]. In
mature DCs, hypoxia increase the expression of genes involved in the innate and adaptive immune responses, thus
promoting T cell activation [30, 41]. Generally, hypoxia is
thought to influence the differentiation and function of
DCs, thereby inhibiting the activation of T cells.
Hypoxia induces immunosuppressive cells contributing to
immune tolerance
Hypoxia drives immunosuppressive function of regulatory T
cells

Tregs are a specialized subset of CD4 T cells, which are
identified by the expression of the FOXP3 gene, and are
responsible for immune suppression and tumor tolerance by the production of TGF-β and suppression of
effector T cells. Hypoxia-driven HIF-1 can directly bind
to the FOXP3 promoter region in CD4+ T cells and
promote the transcription of Foxp3 in a TGF-βdependent mechanism and enhance the differentiation
to Tregs [42]. Interestingly, conditional VHL deletion in
regulatory Foxp3+ T cells can lead to constitutive
stabilization of HIF-1α and conversion to a Th1-like
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phenotype, with an overproduction of Treg IFN-γ, and
impairment of Treg suppressive activities [43]. Another
study suggested that HIF-1α could promote proteasomal
degradation of FOXP3, while HIF-1α combined with IL6 promotes the formation of Th17 cells [24]. These findings indicated that different microenvironments with
diverse cytokines lead to differential effects of HIF-1α on
FOXP3 and Treg function. Hypoxic tumors also attract
Tregs into the TME via impacting the cytokine profile.
Indeed, a previous study on ovarian cancer suggested
that hypoxia increases the secretion of CCL28 to enhance the recruitment of Tregs, which in turn promotes
angiogenesis and tumor tolerance [44]. Similarly, in hepatocellular carcinoma, hypoxia was shown to promote
the recruitment of Tregs by upregulating CCL28 in a
HIF-1α-dependent manner [45]. By binding to its receptor, CCR10, CCL28 can effectively recruit CCR10+ Treg
cells to the tumor site, thus suppressing the functions of
effector T-cells and promoting the tumor growth [44, 46].
Furthermore, Treg recruitment in basal-like breast tumors
is associated with hypoxia-induced CXCR4 upregulation
in Tregs, which is also related to CXCL12 expression [47].
We have also provided evidence that hypoxia-induced
NANOG, a transcription factor associated with stem cell
self-renewal, in tumor cells can directly bind to the TGFβ1 promoter to activate TGF-β1 expression. Moreover, inhibition of NANOG in melanoma cells downregulates the
secretion of TGF-β1, resulting in decreased macrophage
and Treg recruitment and increased CD8+ T cells [48].
Hypoxia influences the differentiation and function of
myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a
heterogenous population of immature myeloid cells,
which can be classified into two main subtypes: polymorphonuclear (PMN-MDSC) and monocytic (MMDSC) [49]. Besides directly repressing DCs, NK cells,
and T cells and promoting immune tolerance, MDSCs
also contribute to angiogenesis and metastases [50].
HIF-1α has been demonstrated to be responsible for the
differentiation and function of MDSCs in the hypoxic
TME. Tumor MDSCs can restrain the activities of both
non-specific and antigen-specific T-cells, which are more
immunosuppressive than MDSCs, in the spleen that only
suppresses antigen-specific CD8+ T cells; this is mostly
due to the increased arginase activity and nitric oxide
(NO) production as a result of regulation by HIF-1α
[49]. Hypoxia is an important driver of MDSC accumulation in the TME. In the oxygen-deprived TME,
hypoxia-driven HIF can induce the recruitment of
CX3CR1-expressing MDSCs by activating the transcription of CCL26 in tumor cells. Pharmacological blockade
of HIF using digoxin or antibody inhibition of CX3CR1
have been demonstrated to suppress MDSC recruitment,
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angiogenesis, and tumor growth [51]. Furthermore, the
hypoxic TME induces overexpression of ectonucleoside
triphosphate diphosphohydrolase 2 (ENTPD2), which
converts extracellular ATP to 5′-AMP through stabilizing HIF-1, preventing differentiation of MDSCs and
therefore promoting maintenance of MDSCs [52]. Under
hypoxic conditions, HIF-1α directly binds to the HRE
located in the promoter of microRNA (miR)-210; this
causes miR-210 overexpression and increased MDSCmediated T-cell repression though increased arginase activity and NO production [53]. Additionally, hypoxia
promotes the differentiation of MDSCs into immune
suppressive tumor-associated macrophages (TAMs) in a
HIF-1α-dependent manner, further supporting the
establishment of an immunosuppressive network [49].
Another study demonstrated that hypoxia decreases signal transducer and activator of transcription 3 (STAT3)
activity in MDSCs via the activation of CD45 tyrosine
phosphatase independently of HIF-1α, which promotes
the differentiation of M-MDSCs into TAMs [54].
Hypoxia attracts and retains tumor-associated
macrophages

TAMs constitute the primary immune cell infiltrate in
the TME of solid tumors [55]. TAMs can be classified
into the canonical M1-like phenotype (antitumor and
proinflammatory) and the alternative M2-like phenotype
(protumor and anti-inflammatory) [55]. A high level of
total TAMs, especially M2 TAMs, is believed to be
closely related to worse clinical prognosis in multiple
malignant tumors by promoting immunosuppression,
angiogenesis, tumor cell activation, and metastasis [56].
Transcriptomic analyses have demonstrated that TAMs
co-express a mixture of both tumor-type specific M1
and M2 markers [57]. TAM polarization is greatly affected by the biologically complex TME. According to
their position in tumors, TAMs can either adopt an M2like proangiogenic and immunosuppressive phenotype in
hypoxic niches or an M1-like proinflammatory phenotype in normoxic regions [56]. This spatial distribution
is thought to be one such way that hypoxia and HIF-1α
induce the expression of migratory stimulating factors,
including VEGF, EMAP-II, SDF1α, endothelin, and
eotaxin, and facilitate the recruitment and entrapment of
immature myeloid cells into the TME. Various factors
enriched in this environment, including prostaglandin
E2, TGF-β, VEGF, IL-4, IL-6, and ROS, are favorable for
the differentiation of macrophages into suppressive M2
TAMs [11]. Additionally, hypoxic tumor cells produce
lactic acid mainly by anaerobic glycolysis, resulting in induction of M2-associated genes to promote the differentiation of macrophages into M2 TAMs by several
mechanisms [52]. high concentration of lactate within
the anaerobi TME increases VEGF expression and the
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M2-like polarization of TAMs, which is partly mediated
by HIF-1α activation [58]. lactate can also decrease lysosomal degradation of HIF2α by actively mTOR-mediated
downregulation of Atp6v0d2 expression in TAMs, thus
inducing expression of its target genes including VEGF
and M2-like homeostatic genes like Mrc1, Retnla and
Arg1 [59]. Strikingly, lactate-derived histone lysine lactylation as a new epigenetic modification can directly stimulates gene transcription from chromatin [60]. Emerging
evidence shows that progressive accumulation of lactate
and histone lactylation at gene promoters with delayed
kinetics serves as a ‘lactate clock’, which promotes a
late-phase switch to a homeostatic phenotype and the
expression of genes with M2-like functions after stimulation [61]. Recently, Semaphorin 3A (Sema3A), upregulated by HIF-1α, was reported to mediate the migration
of TAMs into the hypoxic TME via Neuropilin-1 binding [62]. After the migration, HIF-1α was shown to
downregulate Sema3A, retaining TAMs in the hypoxic
areas [11]. Blockade of the Sema3A/Neuropilin-1 pathway could repress tumor growth and metastasis by
preventing angiogenesis and restoring antitumor immunity [62]. Additionally, HIF-1α-dependent hypoxia
can increase macrophage-mediated T cell suppression.
In a hypoxic breast cancer model, myeloid HIF-1α was
shown to mediate the induction of T cell suppression by
the control of arginase-I (ArgI) and inducible NO synthase (iNOS) in macrophages [63]. Hypoxic macrophages directly upregulate angiogenic molecules such as
angiopoietin, VEGF, VEGFR, FGF2, IL-8, and CXCL8 to
promote angiogenesis. Proteolytic enzymes released by
macrophages destroy the extracellular matrix and lead to
tumor invasion. In the hypoxic TME, tumor cells
promote the expression of endothelin 1 and 2 while concomitantly promoting matrix metalloproteinase (MMP)2
and MMP9 release from macrophages [34]. TAMs can
also secrete MMP7 in hypoxic regions of tumors, which
can cleave Fas-ligand from the neighboring cells, and
form a soluble decoy, protecting tumor cells from Fasligand-mediated killing by T and NK cells [34].
Hypoxia-driven alteration of immune checkpoints

In addition to the regulatory mechanisms mentioned
above, recent evidence supported the ability of hypoxia
to regulate immune checkpoints, which may contribute
to the establishment of the immunosuppressive TME.
Several important immune checkpoint molecules, including PD-L1, human leukocyte antigen G (HLA-G),
cluster of differentiation 47 (CD47), and V-domain Ig
suppressor of T-cell activation (VISTA), are regulated by
hypoxia and contribute to immune evasion (Fig. 3).
One key mechanism by which tumor cells attenuate
antitumor immunity is via the expression of PD-L1 and
its interaction with its inhibitory receptor PD-1, expressed
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on activated T lymphocytes and other immune cells. Indeed, studies have indicated that hypoxia can upregulate
the expression of PD-L1 in tumor cells, DCs, tumorinfiltrating macrophages, and MDSCs [30]. Moreover, it
has been shown that hypoxia via HIF-1α can increase the
levels of PD-L1 protein in human breast and prostate carcinoma cells [64]. Data from B16-F10 melanoma-bearing
mouse models have revealed that the exposure of MDSCs
isolated from the spleen to hypoxia significantly promotes
PD-L1 expression [65]. Further study showed that HIF-1α
binds to the HRE in the proximal promoter of the PD-L1
gene upon its stabilization in hypoxic cells [65]. Under
hypoxic conditions, inhibition of PD-L1 promotes MDSCmediated T cell activation along with decreased MDSC
production of IL-6 and IL-10 [65]. HIF-2α is also involved
in PD-L1 upregulation, and in patients with clear cell renal
cell carcinoma, increased PD-L1 expression is strikingly
correlated with VHL mutation and HIF-2α stabilization
[66]. According to the analysis of samples from paragangliomas and pheochromocytomas, PD-L2 expression but
not PD-L1 expression is significantly correlated with
strong hypoxia-driven HIF-1α and carbonic anhydrase 9
(CAIX) [67]. These data support that simultaneous inhibition of HIF-1α and PD-L1/PD-L2 may be a potent
approach to improve cytotoxic T cell activity.
HLA-G, a non-classical MHC-I molecule, is considered another immune checkpoint marker with relevance
to immunotherapy [68]. The abnormal expression of
HLA-G on malignant tumors has been found to correlate with a high invasive or metastatic status and poor
clinical outcome [69]. The binding of soluble or
membrane-bound HLA-G to its inhibitory receptors on
immune cells can induce immune suppression and promote immune escape by interfering with DC antigen
presentation, suppressor T-cell induction, and inhibition
of cytotoxic effects [68]. Upregulation of HLA-G by hypoxia at the mRNA level has been confirmed previously
[70]. A study by Mouillot et al. firstly demonstrated that
HIF-1α upregulates the expression of HLA-G mRNA in
the HLA-G–negative M8 melanoma cell line under hypoxic conditions [70]. Nevertheless, hypoxia decreases the
transcriptional activity and protein level of HLA-G in
constitutively expressing HLA-G cell lines. This may be
due to the fact that hypoxia maintenance might result in
the channeling of cell energy into the expression of productive genes at the cost of HLA-G [70]. A few HREs
have been identified in the HLA-G promoter, which suggests that the mechanism underlying hypoxia-dependent
expression of HLA-G most likely depends on the binding of HIF-1 to HRE motifs and the induction of HLA-G
transcription [69]. Yaghi et al. [71] found that the
expression of the HLA-G gene in glioma cells is
mediated by HIF-1α binding to the HRE motif in exon
2; however, the effects of hypoxia on other MHC-I
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Fig. 3 The regulation of hypoxia on immune checkpoints in the TME. a Under hypoxia, the stabilization of HIF-1α upregulates the expression of PD-L1
in hypoxic tumor cells DCs, macrophages, and MDSCs. b HIF-1α is involved in the upregulation of CD47 on tumor cell surface. The binding of CD47 to
SIRPα, abundantly expressed on myeloid-linage hematopoietic cells like MDSCs and TAMs, delivers a potent “don’t eat me signal” to block
phagocytosis of cancer cells. c Hypoxia upregulates the expression of HLA-G on the surface of tumor cells. The upregulated HLA-G binds to its
inhibitory receptors on immune cells, inducing immune suppression and promoting immune escape by interfering with DC antigen presentation,
suppressor T-cell induction, and cytotoxic attack inhibition. d Hypoxia can upregulate the expression of VISTA on myeloid cells, including MDSCs,
macrophages, and DCs by the binding of HIF-1α to the HRE in VISTA promoter, suppressing T cell proliferation and activity. e Through HIF-1α
stabilization, hypoxia upregulates the expression of inhibitory immune checkpoints (LAG-3 and CTLA4) and the co-stimulatory factors (CD137and
OX40) on the surface of T cells, and decreased co-stimulatory molecules like CD40, CD80, and CD86 expressed on the surface of DCs

molecules in tumors are less well studied. Additionally,
studies have confirmed that HLA-E in human tumor
cells and Qa-1 in mouse tumor cells could be significantly upregulated when simultaneously exposed to
oxygen and glucose deprivation. This leads the cells to
interact with the inhibitory CD94/NKG2 receptor on
activated T cells and allows escape from CD8+ T-cell
recognition [72].
CD47, also called integrin-associated protein, is a
transmembrane immune checkpoint protein on the
surface of solid and hematologic cancer cells, whose
overexpression is related to poor clinical prognoses [73].
The major mechanism for CD47-mediated immune
escape is through the interaction of CD47 with signal

regulatory protein α (SIRPα), which is abundantly
expressed on myeloid-lineage hematopoietic cells such
as MDSCs and TAMs. This interaction causes SIRPα
phosphorylation to deliver a potent “don’t eat me signal,
” blocking phagocytosis of cancer cells [73]. Recent investigations have noted that HIF-1α can directly bind to
its promoter to regulate the transcription of CD47 gene,
and inhibition of CD47 increases the phagocytic ability
of macrophages against breast tumor cells [74]. In
pancreatic adenocarcinoma, hypoxia-upregulated CD47
expression blocks prophagocytic signals in both macrophages and MDSCs [75]. Additionally, data from various
pre-clinical models indicated that CD47 blocking antibodies significantly increases the expression of antigen-
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specific CD8+ T cells and promotes T cell-mediated
tumor cell killing [76]. Thus, the CD47-SIRPα axis is not
only a negative checkpoint for innate immunity but also
impairs adaptive immunity. Indeed, the CD47-SIRPα
axis has become a promising target in cancer immunotherapy, and anti-CD47 antibody is currently investigated for use in various solid tumors [73].
A recent study found that VISTA, a negative checkpoint regulator of the B7 family, is overexpressed in the
hypoxic TME of colorectal cancer mouse models and
patients [13]. VISTA is preferentially expressed on
myeloid cells, including MDSCs, macrophages, and DCs,
in the hypoxic TME as a consequence of the binding of
HIF-1α to the HRE in the VISTA promoter [49].
Hypoxia-induced VISTA expression may suppress T cell
proliferation and activity [13]. Additionally, HIF-1α has
been shown to be related to the overexpression of
co-stimulatory and co-inhibitory receptors on hypoxic
lymphocytes, including CD137, OX40, CTLA-4, and
LAG-3, compared with lymphocytes under normoxic
conditions [77].
Hypoxia-impaired susceptibility of tumor cells to effectormediated cytotoxicity

It has been increasingly appreciated that hypoxiainduced autophagy alters the susceptibility of tumors to
immune cell attack (Fig. 4). Autophagy is a cellular
catabolic process that functions to maintain intracellular
metabolic homeostasis by the capture and degradation
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of impaired organelles and misfolded proteins in response
to stress conditions like hypoxia [78]. The negative impact
of hypoxia-induced autophagy in tumor cells is mediated
by the nuclear translocation of HIF-1α. Hypoxia-dependent
induction of HIF-1α can upregulate expression of BNIP3/
BNIP3-like (BNIP3L), which in turn can activate autophagy
by preventing the combination of Beclin1 with Bcl-2 [78].
Recently, hypoxia-induced autophagy has been reported to
impair CTL-mediated tumor cell lysis by the regulation of
phospho-STAT3 (pSTAT3) in target cells. Inhibition of autophagy correlates with decreased hypoxia-induced phosphorylation of STAT3 and renders lung cancer cells
sensitive to T cell cytotoxicity via a mechanism involving
the ubiquitin proteasome system and SQSTM1/p62 [79].
Furthermore, Noman’s group found that targeting autophagy with hydroxychloroquine in hypoxic tumors could
improve the efficacy of TRP-2-peptide vaccination and
promote tumor regression in vivo [80]. Moreover, other
studies have shown that upregulation of NANOG mediates
hypoxia-induced resistance to cytotoxic lymphocyte (CTL)
lysis, while knockdown of NANOG in hypoxic tumor cells
significantly restores CTL-dependent tumor cell killing
[81]. Interestingly, NANOG depletion leads to inhibition of
STAT3 phosphorylation and nuclear translocation [81].
NANOG binds directly to the enhancer sequence of
BNIP3L, activates its transcription, and contributes to
autophagy under hypoxia [82]. HIF-1α also mediates the
susceptibility of tumor cells to CTL-mediated lysis by the
upregulation of miR-210 [13]. Indeed, coordinate silencing

Fig. 4 Hypoxia-impaired susceptibility of tumor cells to effector-mediated killing. Under hypoxia conditions, tumor cells stabilize HIF-1α and
activate pSTAT3, which renders them resistant to CTL-mediated lysis. Hypoxia-induced autophagy is responsible for the acquisition of resistance
to CTL-mediated killing by inhibiting the degradation of pSTAT3. Similarly, in hypoxic tumor cells, excessive autophagy causes fusion of
autophagosome with gigantosome to form amphisome. Subsequently, fusion of amphisome with lysosome triggers selective degradation of
granzyme B, making hypoxic tumor cells resistant to NK cell-mediated killing
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of miR-210 target genes, including tumor protein p53inducible protein 11 (TP53I11), homeobox A1 (HOXA1),
and non-receptor protein tyrosine phosphatase type 1
(PTPN1), dramatically decreases tumor cell susceptibility to
CTL-mediated lysis [13].
The role of hypoxia-induced autophagy has been extended to the regulation of NK cell-mediated innate antitumor immunity. There is evidence that hypoxic tumor
cells can evade NK-mediated immune surveillance via
activating autophagy [83]. Hypoxic tumor cells can use
autophagy to their advantage and selectively degrade the
NK cell-released granzyme B, which is responsible for
NK-mediated apoptosis of target cells [83]. A study
exploring the role of autophagy in the regulation of NK
cell-mediated immune response demonstrated that the
VHL-mutated 786-O renal carcinoma cell line is resistant to NK-mediated lysis [84]. It was found that 786-O
cells express more inositol 1,4,5-triphosphate receptor
type 1 (ITPR1) than a VHL-corrected cell line (WT7),
which could regulate NK-mediated killing by activating
autophagy in target cells [84]. Furthermore, inhibition of
ITPR1/autophagy in tumors significantly increases
granzyme B activity and improves NK-mediated tumor
extinction [84, 85].
Taken together, these data provide that regulation of
hypoxia on immune cells ought to play a largely negative
role in modulating tumor immunity. Hypoxia seems to
interferes with immune cell populations exerting effective antitumor immune responses while facilitating
immunosuppressive cells in terms of their differentiation, recruitment, and suppressive functions, as well as
remodeling the metabolic landscape to support immune
tolerance. Importantly, hypoxia stress modulates the
expression levels for important molecular targets in
cancer immunotherapy including PD-L1, HLA-G, CD47,
and VISTA. In-depth research of this intricate balance
will contribute to improve the efficacy of cancer
immunotherapy.

Targeting hypoxia to enhance the efficacy of
immunotherapy
Currently, available immunotherapies in the clinic have
not yet considered the impact of the hypoxic TME. A
variety of strategies have been proposed to overcome
hypoxia in cancer; among them, the majority of studies
have involved hypoxia-activated prodrugs (HAPs), inhibition of HIF signaling, downstream targeting of important hypoxic pathways, like the UPR (unfolded protein
response) and mTOR pathways, and metabolic intervention [86]. Others, including siRNA-mediated gene
therapies and recombinant anaerobic bacteria, are at
relatively early phases of development. Obviously, due to
its central role in regulating tumor progression and
immune suppression, it is conceivable that hypoxia may
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be considered as a potential target in combined cancer
immunotherapy. In this section, we discuss the potential
of manipulating hypoxia to improve the efficacy of cancer immunotherapy based on the data obtained from
both pre-clinical and clinical studies (Table 1).
Hypoxia-activated prodrugs

HAPs, also known as bioreductive prodrugs, are a
category of biologically inactive compounds, which can
be transformed into pharmacologically active substances
through enzymatic reduction to selectively kill tumor
cells in the hypoxic TME [99]. Despite displaying high
hypoxic cytotoxicity according to pre-clinical data,
several HAPs have shown disappointing clinical efficacy,
and their development has been discontinued as a result
[99]. However, evofosfamide (TH-302) has been shown
to be non-lymphotoxic and can be applied concurrently
with immunotherapy without damaging the T-cellmediated antitumor response in animal and clinical
studies [13]. It has been reported that TH-302 therapy
in combination with blockade of PD-1 and CTLA-4 can
cure more than 80% of tumors and significantly extend
survival in prostate-derived mouse models. It is believed
that the success of TH-302 therapy is due to its ability
to drive T cells into hypoxic tumor regions, decrease the
density of MDSCs, and impair the ability of tumors to
produce suppressive myeloid stroma [87]. Indeed, CD8+
T cells in the combination group showed increased
granzyme B production, expression and proliferation of
CD44, and production of effector cytokines [87]. In line
with this, an ongoing clinical trial (NCT03098160) is being conducted to evaluate the therapeutic efficacy of
TH-302 in combination with ipilimumab against several
cancers, including melanoma, pancreatic, and prostate
tumors. Simultaneously, the data from a recently published Phase II clinical trial on TH-302 in combination
with adriamycin for the treatment of soft tissue sarcoma
(or gemcitabine for pancreatic cancer) are encouraging
[100]. Moreover, topical administration of praziquantel
(EO9), a mitomycin C derivative prodrug, has shown
efficacy in patients with superficial bladder cancer [88].
On this basis, two Phase III clinical trials (NCT00461591
and NCT00598806) have been conducted to evaluate the
treatment effect of EO9 as an adjuvant therapy in
patients with bladder cancer who underwent surgery.
SN30000, which is a tirapazamine analogue with
improved pharmacokinetic and pharmacodynamic properties, has also been shown to have antitumor effects in
xenograft models [27].
Drugs targeting HIF signaling pathways

Currently, a growing number of drugs targeting HIFs are
being developed, which can be classified into modulators
interfering with HIF dimerization, mRNA or protein
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Table 1 Summary of Hypoxia-targeting agents with potential to improve immunotherapy
Agents

Target

Effect

Reference

Evofosfamide (TH-302)

Hypoxia activated prodrug

Upon activation in oxygen deficient regions, evofosfamide
is converted selectively to the drug’s active form, dibromo
isophosphoramide mustard, a potent alkylator

[87]

Praziquantel (EO9)

Hypoxia activated prodrug

Apaziquone can be converted to a cytotoxic species after
enzymatic activation

[88]

SN30000

Hypoxia activated prodrug

Improved tirapazamine analogue with potential for
targeting tumor hypoxia in humans

[27]

Doxorubicin

Targeting HIF DNA binding

Inhibits binding of HIF-1 to the HRE sequence

[12]

Daunorubicin

Targeting HIF DNA binding

Inhibits binding of HIF-1 to the HRE sequence

[12]

Anti-sense HIF-1a therapy

Anti-sense HIF-1a

Engineered down-regulation of HIF-1a by gene transfer of
an antisense HIF-1a plasmid leads to the down-regulation
of VEGF, and decreased tumor microvessel density.

[89]

PX-478

HIF-1α inhibitor

Reduces expression of Foxp3 and VEGF transcript and/or
protein, molecules that are directly controlled by HIF-1

[90]

CRLX101

HIF-1α inhibitor

Suppresses HIF-1α as well as topoisomerase 1

[91]

POM-1

ENTPD2 inhibitor

Depletes MDSCs and mitigates cancer growth

[52]

anti-CAIX antibodies

Targeting CA IX

Mediates immune killing of CAIX+ tumor cells

[92]

SLC-0111

CA IX inhibitor

Decreases glycolytic metabolism of tumor cells and
acidification of the TME

[93]

SCH58261

A2AR antagonist

Inhibits immunosuppressive adenosine

[94]

Oxygen therapy

Supplementing oxygen

Decreases the tumor hypoxia and HIF-1α-CD39/CD73-driven
extracellular adenosine accumulation

[95]

Metformin

Inhibiting oxygen consumption

Inhibits both oxygen consumption and subsequent tumor
hypoxia

[96]

Bevacizumab

Inhibiting the binding of VEGF
to its receptors

Anti-angiogenesis

[97]

Lenvatinib

Multi-kinase VEGFR inhibitor

Anti-angiogenesis

[98]

Cabozantinib

Tyrosine-kinase inhibitor

Anti-angiogenesis

[38]

expression, degradation, DNA binding, and transcriptional activity, according to their mode of action [101].
Since some excellent reviews have provided a comprehensive overview of these agents, we did not discuss this
further in the current review [25, 101]. As discussed previously, HIFs are essential for the adaptation of tumor
cells to the hypoxic TME, which provides favorable rationale for the combination of HIF pathway inhibition
and immunotherapy. Many classical chemotherapeutic
agents, including epirubicin, cisplatin, doxorubicin, and
cyclophosphamide, are known immunogenic cell-death
inducers, which, in combination with immunotherapy,
may boost antitumor immune responses [102]. Previous
studies have reported that downregulation of HIF-1
expression by antisense HIF1-α with B7–1-T could
enhance NK cell and CD8 T cell-mediated antitumor
immunity and induce rejection of tumors [89]. Moreover, HIF1-α inhibition synergized with DC-based immunotherapy was shown to result in tumor regression
and improved survival by augmenting the proliferation
and function of cytotoxic T lymphocytes and increasing
IFN-γ production in a breast cancer model [90]. CRLX101,

a dual inhibitor of topoisomerase 1 and HIF-1α, also
demonstrated synergy with immunotherapy in pre-clinical
models [91]. Compared with ICI monotherapy, the
combination of HIF-1-mediated ectoenzyme ENTPD2
inhibitors and ICI (anti-CTLA-4/PD-1) significantly
enhanced T cell infiltration into the tumor and extends the
survival of tumor-bearing mice [52]. It is noteworthy that
hypoxia-driven HIF pathways represent a complex network
of multiple overlapping cascades, and the use of combination therapy warrants further exploration.
Metabolic regulation

CAIX, a cell-surface pH regulatory enzyme, can be
upregulated by HIF-1α and HIF-2α to activate glycolysis,
and the overexpression is related to reduced immune
activity in patients with various solid malignancies [38].
In the study by Marasco’s group, a monoclonal antibody
specifically targeting CAIX was found to inhibit CAIXpositive tumor growth through promoting immunemediated killing, including macrophage-mediated
antibody-dependent cell-mediated cytotoxicity, NK cellmediated antibody-dependent cell-mediated cytotoxicity,
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and complement-dependent cytotoxicity [92]. Furthermore, Chafe et al. [93] revealed that CAIX inhibition by
a small-molecule inhibitor, SLC-0111, decreases the
glycolytic metabolism of tumor cells and acidification of
the TME, thereby increasing immune activity. Inhibition
of CAIX makes the tumor sensitive to ICIs, leading to
enhanced Th1 responses and decreased tumor growth
and metastasis. These results indicate that targeting
CAIX combined with immunotherapy is a promising
therapeutic strategy for improving clinical outcomes in
patients with hypoxic tumors.
It is known that hypoxia can induce the accumulation
of extracellular adenosine via the HIF-1α-CD39/CD73adenosine signaling pathway [103]. Indeed, high levels of
extracellular adenosine can considerably alter immune
cell functions and drive an immunosuppressive TME
[103]. Pre-clinical study on HNSCC mouse models have
shown that SCH58261,a A2AR antagonist, significantly
decreases the population of CD4+ FOXP3+ Tregs and
promotes a CD8+ T cell-mediated antitumor response,
which lead to a delay in tumor growth [94]. This indicates that inhibition of A2AR may be an effective
approach to enhance immunotherapy.
Supplemental oxygenation

The use of supplemental oxygen as a simple means to enhance immunotherapy is appealing. It has been confirmed
that oxygen therapy as an immunological co-adjuvant
combined with other existing immunotherapies can decrease the tumor hypoxia and HIF-1α-CD39/CD73-driven
extracellular adenosine accumulation. Together, this strategy functions to weaken the A2AR/A2BR-mediated pleiotropic cascade of immunosuppression in the hypoxic
TME [12, 104]. Hatfield reported that respiratory hyperoxia with 60% oxygen enhances intra-tumoral infiltration
and decreases inhibition of CTLs, promoting pulmonary
tumor extinction induced by dual inhibition of PD-1 and
CTLA-4 [95]. Adoptive immunotherapy combined with
respiratory hyperoxia has been demonstrated to lead to
the complete extinction of established MCA205 fibrosarcoma pulmonary tumors in a mouse model [95]. These
findings justify the investigation of supplemental oxygen
as an immunological co-adjuvant in combination with
existing cancer immunotherapies and also support the
development of A2AR antagonists and CD39/CD73 inhibitors as novel agents to improve immunotherapy [104]. In
contrast, inhibiting both oxygen consumption and subsequent tumor hypoxia with metformin has been correlated
with a better efficacy of PD-1 blockade immunotherapy
[96]. Scharping et al. [96] suggested that employing
metformin as a method to modulate tumor hypoxia and
remodel the hypoxic TME could improve the sensitivity
to anti-PD-1 immunotherapy, thus allowing improved
intra-tumoral T-cell function and tumor regression.
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Vessel normalization

Hypoxia is caused by abnormal tumor vascularization and
can upregulate VEGF through HIF-1, thus leading to a
vicious circle [13]. Abnormal tumor vascularization can
impair blood flow, aggravate hypoxia, and limit the delivery
of nutrients and therapeutics, including antibodies and
immune cells [18]. VEGF/VEGFR-targeted therapies not
only induce anti-angiogenic effects that reduce hypoxia but
also have immune-supportive roles [12]. However, monotherapy with angiogenesis inhibitors can significantly aggravate tumor hypoxia, resulting in therapeutic resistance
and worse clinical outcomes [105]. Vascular normalization
as a result of a low dose of anti-angiogenic agents has been
proven to enhance the efficacy of immunotherapy and
decrease toxicity [12]. A Phase I clinical trial involving the
dual blockade of VEGF (bevacizumab) and CTLA-4 (ipilimumab) revealed increased tumor antigen recognition,
tumor-associated endothelial activation, and infiltration of
T-cells in melanomas [106]. Furthermore, a Phase Ib trial
of a combination of lenvatinib and anti-PD-1 (pembrolizumab) in patients with unresectable hepatocellular carcinoma showed a good tolerability to combination therapy,
promoting the initiation of a Phase III trial comparing the
combination of lenvatinib + pembrolizumab with lenvatinib alone as a first-line treatment for advanced hepatocellular carcinoma [98]. Clinical trials investigating a
combination of PD-1 blockade (nivolumab) with lenvatinib
(NCT03418922) and cabozantinib (NCT03299946) are
currently going on [38]. Another clinical study showed that
anti-PD-L1 (atezolizumab) combined with bevacizumab increases the migration of tumor-specific T-cells and the
number of intra-tumoral CD8+ T-cells [107]. Recently, the
FDA has approved the combination of PD1/PD-L1 antibodies and anti-VEGF/VEGFR agents in lung and renal
cancers based on benefits observed from three Phase III
clinical trials (NCT02366143, NCT02684006, and
NCT02853331) [97]. However, one interesting illuminated
question is the impact of hypoxic stress on tumor heterogeneity. Given the temporal and spatial heterogeneity in
tumor, vessel normalization and increasing oxygenation
may have potential consequences on their evolution in
time and response to treatments [86]. Some preclinical
studies revealed tumor shrinkage after anti-VEGF therapy,
others suggesting vascular normalization have been related
to increased rates of tumor growth [108]. Data from clinical studies in breast cancer and glioblastoma patients
treated with bevacizumab are also contradictory, with some
studies reporting increased oxygenation in tumors, and
others describing aggravation in intratumoral hypoxia
[109]. Besides, the induction of hypoxia by anti-angiogenic
agents have been proven to increase numbers of breast
cancer stem cells [110]. Consequently, it is essential
to induce vascular normalization according to different pro-angiogenic factors in different tumors and at
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different times [111]. Optimal doses of antiangiogenic agents for vascular normalization may vary
depending on patients or disease status, and reliable
biomarkers will facilitate the selection of a “vascular
normalizing” or “pruning” dose [111]. Over 100 clinical studies are currently investigating the combinations of immunotherapy and anti-angiogenics. Overall,
approaches to combine immunotherapy with vascular
normalization hold great promise for improving the
therapeutic outcomes in patients with cancer.
Given that hypoxia in the TME is a driving force of
tumor progression, and play a critical role in remodeling
the tumor stroma and favoring the emergence of immune privilege, the prospect of combinatorial hypoxia
and immunotherapy appears to be encouraging. However, we should not ignore the fact that not all patients
response well to hypoxia-modifying therapy. In the era
of personalized medicine, it is essential to screen for
hypoxia markers such as HIF-1 in tumor to achieve
more specific targeted therapies and induce a powerful
anti-tumor immune response.

Conclusions
Solid malignant tumors create an adversarial hypoxic
TME, which can impair antitumor immunity and suppress the efficacy of immunotherapy. Thus, it is attractive
to consider the manipulation of hypoxia in future innovative immunotherapy, and several strategies targeting hypoxia have demonstrated synergy with immunotherapy.
The primary challenge ahead is to establish which of these
strategies can ameliorate immune suppression caused by
hypoxia without impairing antitumor immunity. More
pre-clinical and clinical studies are needed to explore the
optimal combination strategies as well as the most appropriate sequence and timing of these combinations to
provide insight into tailored immunotherapy for patients
with cancer.
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