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A B S T R A C T

Hypoxia is a universal feature of solid cancers caused by a mismatch between cellular oxygen supply and
consumption. To meet the increased demand for oxygen, hypoxic cancer cells (CCs) induce a multifaceted
process known as angiogenesis, wherein new vessels are formed by the sprouting of pre-existing ones. In addition
to providing oxygen for growth and an exit route for dissemination, angiogenic vessels and factors are co-opted
by CCs to enable the generation of an immunotolerant, hypoxic tumor microenvironment, leading to therapeutic
failure and mortality. In this review, we discuss how hypoxia-inducible factors (HIFs), the mechanistic target of
rapamycin (mTOR), and the unfolded protein response (UPR) control angiogenic factors serving both vascular
and immunomodulatory functions in the tumor microenvironment. Possible therapeutic strategies, wherein
targeting oxygen sensing might enhance anti-angiogenic and immunologically-mediated anti-cancer responses,
are suggested.

1. Introduction

Nascent solid tumors lack of vascularization, thus depending on O2

diffusion from host vessels to survive and proliferate [1]. As the avas-
cular tumor mass expands, the distance between its center and the
nearest vessel increases, resulting in hypoxia: a ubiquitous micro-
environmental feature acting as an independent predictor of ther-
apeutic failure and mortality in most solid cancers [2,3]. To meet O2

demand, hypoxic cancer cells (CCs) activate a multifaceted transcrip-
tional, post-transcriptional, translational and epigenetic program that
leads to the generation of new blood vessels from pre-existing ones
(angiogenesis) which is a prerequisite not only for O2 delivery, but also
for tumor growth and metastasis [4]. Due to the improper balance of
angiogenic factors produced within the hypoxic tumor microenviron-
ment (TME), angiogenic neovessels become dilated, tortuous, dis-
organized and often blind-ended, whilst being functionally hy-
perpermeable, thereby aggravating hypoxia in a bi-univocally
reinforcing pathobiological cycle. Importantly, emerging evidence in-
dicates that, in addition to their ability to modulate the host vascu-
lature, angiogenic growth factors and cytokines can exert modulatory
functions that allow tumors to evade innate immunity, whilst sup-
pressing adaptive immune responses [3,5]. These processes are ex-
acerbated by the ability of the tumor-associated endothelium to secrete

a spectrum of angiogenic mediators that participate in leukocyte re-
cruitment, proliferation, differentiation and maturation (reviewed in
Ref. [6]). As a result, while vascular disruption by targeted therapeutics
holds the potential to synergistically enhance immunotherapies [7–11],
the hypoxic selective pressure within the TME can elicit compensatory
mechanisms limiting efficacy [5]. In this review, we summarize cano-
nical signaling mechanisms that drive angiogenesis in the hypoxic TME,
whilst emphasizing recent advances highlighting the molecular cross-
talk between angiogenesis and CC immunotolerance. In addition, we
discuss the potential of targeting hypoxic signaling pathways as an al-
ternative to stave off anti-angiogenic and immune checkpoint blockade
therapy resistance in human cancers.

2. Molecular cross-talk between hypoxic angiogenesis and
immunomodulation

Hypoxic tumoral angiogenesis is a complex cellular process con-
trolled at the molecular level by at least three major signaling path-
ways: First, by transcriptional activation through hypoxia-inducible
factor (HIF)-1α or -2α (hereafter referred to as HIFα); second, through
translational control mediated by the mechanistic target of rapamycin
(mTOR); and third, by transcriptional and translational blockade de-
pendent on the unfolded protein response (UPR), the latter thought to
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preferentially occur under severe hypoxia (O2< 0.1%) (Fig. 1). Hen-
ceforth, we will focus on the pivotal role played by HIFα signaling in
angiogenesis, whilst discussing emerging HIFα-dependent im-
munomodulatory functions of angiogenic mediators. The mTOR and
UPR pathways in angiogenesis and anti-tumor immunity are also dis-
cussed.

2.1. Transcriptional activation by HIFα

The most detailed current O2 sensing paradigm to date shows that
hypoxic transduction in malignant and stromal cells occurs via activa-
tion of a genetic program mediated by HIFα [3], coordinating ≈1% of
the transcriptome [12,13], thereby influencing all aspects of malignant
pathobiology including CC survival, proliferation, metabolic repro-
gramming, invasion, metastasis, stem cell maintenance, angiogenesis
and immune evasion [2–4,14]. HIFs are heterodimers consisting of an
O2-regulated paralog (HIF-1α, -2α, or -3α), that dimerizes to a con-
stitutively expressed HIF-1β subunit (encoded by Arnt) [2,3,15]. In
well-oxygenated cells (O2>5%), HIFα is hydroxylated by the pro-
lyl–4–hydroxylase (PHD) family of dioxygenases, requiring O2 and 2-
oxoglutarate (also known as α-ketoglutarate) as substrates. Prolyl hy-
droxylation under non-hypoxic conditions enables binding of the von
Hippel–Lindau protein (pVHL) tumor suppressor, thereby targeting
HIFα for proteasomal degradation. By contrast, hypoxia (O2< 2%)
inhibits PHDs whilst stabilizing HIFα and enhancing target gene tran-
scription; in addition, HIFα subunits are subjected to O2-dependent
asparagine hydroxylation by factor inhibiting HIF-1 (FIH-1), that leads

to steric hindrance and blockade of transcription under non-hypoxic
conditions [16–20]. HIFα transcriptional activation results in homeo-
static adaptations that attenuate the deleterious effect of hypoxia by
optimizing O2 utilization through a switch from oxidative to glycolytic
metabolism, or, at the tissue level, by enhancing O2 delivery through
angiogenesis and vessel remodeling, among a variety of tissue and or-
ganismal responses, such as embryonic development, erythropoiesis
and O2 chemoreception (reviewed in Refs. [21,22]). In particular, we
will herein refer to seven well-known HIFα angiogenic targets shown to
act as immunomodulators within the hypoxic TME (Fig. 1). These tar-
gets include: vascular endothelial growth factor (VEGF)-A, placenta
growth factor (PGF), platelet derived growth factor (PDGF)-B, angio-
poietin (ANGPT)-2, C-X-C motif chemokine ligand (CXCL)-12, hepato-
cyte growth factor (HGF), and nitric oxide (NO; not depicted). Their
most salient vascular, angiogenic and immunomodulatory effects are
summarized in Fig. 2.

2.1.1. The VEGF family and angiogenic immunosuppression
Initially named vascular permeability factor, VEGF-A (henceforth

referred to as VEGF) is an endothelial cell (EC) mitogenic and angio-
genic factor considered as the prototypical molecule of the VEGF fa-
mily, that in mammals includes VEGF-B, -C, -D and placenta growth
factor (PGF) [23–25]. VEGF signal transduction occurs upon binding to
its cognate tyrosine kinase receptors VEGFR1 (encoded by Flt1) and
VEGFR2 (encoded by Kdr) [26–28], leading to increased EC prolifera-
tion, survival, migration, extracellular matrix (ECM) degradation and
vascular permeability (reviewed in Ref. [29,30]). Importantly, VEGF,

Fig. 1. Mechanisms of hypoxic signaling and angiogenic downstream effectors.
Hypoxia stimulates the angiogenic machinery in cancer, as well as non-malignant endothelial and immune cells through enhanced transcriptional activity by
hypoxia-inducible factor (HIF)-1α and -2α, whilst blocking mRNA translation and protein synthesis through the mechanistic target of rapamycin (mTOR) and the
unfolded protein response (UPR) pathways, respectively. Crosstalk mechanisms are depicted. Normal arrows, stimulation; broken arrows, inhibition. Boxes indicate
tumor suppressor genes whose mutation leads to constitutive activation of specific pathways. AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase;
ANGPT2, angiopoietin 2; ATF4, activating transcription factor 4; ATP, adenosine triphosphate; CXCL12, C-X-C motif chemokine 12; CXCR4, C-X-C chemokine
receptor type 4; eIF2α, eukaryotic translation initiation factor 2α; ER, endoplasmic reticulum; FGF2, fibroblast growth factor-2; HIFα, hypoxia-inducible factor, α
subunit; IL, interleukin; IRE1, inositol-requiring enzyme 1; LKB1, liver kinase B1; LOF, loss-of-function; mTOR, mechanistic target of rapamycin; PDGFB, platelet-
derived growth factor-B; PDGFRβ, platelet-derived growth factor, receptor β; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; PGF, placenta growth
factor; PTEN, phosphatase and tensin homolog; RNA Pol II, RNA polymerase-II; THBS1, thrombospondin 1; TIE2, tyrosine kinase with immunoglobulin-like and EGF-
like domains 1; TSC1, TSC2, tuberous sclerosis complex 1 or 2; UPR, unfolded protein response; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau
tumor suppressor; XBP1, X-box binding protein 1 (XBP1s, spliced).
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VEGFR1 and VEGFR2 are all cell-type specific HIFα transcriptional
targets [31–33]; further, recent work uncovered that VEGF can trigger a
vast array of immunomodulatory functions, serving as a molecular
bridge traversing angiogenesis and immunosuppression (Fig. 2). For
instance, CC-derived VEGF can block dendritic cell (DC) maturation
[34] whilst impeding CD4+ and CD8+ T-cell precursor migration from
the bone marrow into the thymus [35]. Consistently, recombinant
VEGF stalls bone marrow DC development, resulting in accumulation of
immature Gr1+ myeloid-derived suppressor cells (MDSCs), thereby
impairing T-cell function in vitro and in vivo [36–38]. In the malignant
context, tumor-associated DCs have been shown to experience immune
checkpoint inhibition by upregulating PD-L1 in response to tumor-de-
rived VEGF [39]; likewise, the FDA-approved VEGF-targeting antibody
bevacizumab decreased circulating immature DCs when administered
to patients with colorectal, breast, and lung carcinomas whilst enhan-
cing anti-tumoral immunity [40]. Several preclinical and clinical stu-
dies indicate that bevacizumab and receptor tyrosine kinase inhibitors
(RTKIs) targeting VEGFR1/R2 such as sunitinib or pazopanib, are able
to restore CD8+ cytotoxic effector responses against CCs [34,35,41,42].
Despite lack of evidence of a direct role of HIFα-dependent transacti-
vation supporting VEGF-induced CC immunotolerance, a recent study
has shown that conditional Cre/Lox-mediated knockout of HIF-1α in
CD8+ T-cells was sufficient to decrease the expression of co-stimulatory
molecules and immune checkpoint receptors, thus impairing CD8+ T-

lymphocyte infiltration in Lewis lung carcinoma isografts, owing to a
VEGF-dependent inability of the lymphocytes to engage in trans-en-
dothelial migration [43].

A member of the VEGF family, PGF is an epigenetically regulated
HIF-1α target [44] that binds VEGFR1 in both endothelial and smooth
muscle cells. PGF enhances hypoxic VEGF, PDGF-B, FGF-2 and matrix
metalloproteinase levels, thus sustaining angiogenesis and ECM re-
modeling [45] (Fig. 2). Further to these direct effects, PGF increased
hematopoietic stem cell (HSC) recruitment into the hypoxic TME,
whilst establishing paracrine/autocrine loops that stimulated CC mo-
tility and stromal invasion [46]. Hypoxic PGF induction can result in
luminal expansion and reinforcement of angiogenic capillaries, thus
improving tumor perfusion, alleviating hypoxia and promoting acces-
sibility of anti-angiogenic agents, a phenomenon known as vessel nor-
malization [44,47,48]. Consequently, selective targeting of VEGF→
VEGFR2 should be preferred as a strategy for rational drug design, since
non-selective VEGFR inhibitors could impede PGF→VEGFR1 stabilizing
effects [48,49]. Furthermore, in vitro studies suggest that pharmacolo-
gical PGF levels desensitized ECs to the effect of anti-PGF therapies, due
to high VEGFR1 binding affinity [45]. Immunologically, PGF is able to
block tumoral macrophage infiltration [50] and in vitro DC differ-
entiation from CD14+ monocytes, thereby generating immunotolerant
DCs in a predominantly TH2 (immunosuppressive) cytokine profile [51]
(Fig. 2). Consequently, since macrophages engage in a paracrine cross-

Fig. 2. Vascular and immunological effects of hypoxia-induced angiogenesis.
Hypoxic signaling modulates classical angiogenic pathways recently shown to simultaneously influence the immunological tumor microenvironment. Angiogenic
ligands and their cognate receptors are depicted, along with molecular and structural responses induced upon immune and vascular cells within the hypoxic tumor
microenvironment. Green arrowheads, upregulation; red arrowheads, downregulation. ANGPT2, angiopoietin 2; BMDAC, bone marrow-derived angiogenic cell; CC,
cancer cell; CXCL12, C-X-C motif chemokine 12; CXCR4, C-X-C chemokine receptor type 4; DC, dendritic cell; FGF2, fibroblast growth factor-2 (bFGF); HGF,
hepatocyte growth factor; IL, interleukin; MET, MET oncogene; MMP, matrix metalloprotease; PDGFB, platelet-derived growth factor-B; PDGFRβ, platelet-derived
growth factor, receptor β; PD-L1, programmed death-ligand 1; PGF, placenta growth factor; TAM, tumor associated macrophage; TIE2, tyrosine kinase with im-
munoglobulin-like and EGF-like domains 1; TR, regulatory T-lymphocyte; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor
receptor. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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talk with ECs and potentially lymphocytes, it is possible to speculate
that the hypoxic PGF-to-VEGF ratio might not only influence angio-
genesis, but also CC immunotolerance, by exerting indirect effects on
cytotoxic cell recruitment, DC reactivity and TH2-to-TH1 levels, whilst
decreasing macrophage infiltration into the hypoxic TME.

PDGF-B promotes mesenchymal proliferation during embryonic
development and tissue remodeling/differentiation, a common feature
of all PDGF family members (PDGF-A, -B, -C and -D). In an analogous
manner, PDGF-B acts as a homodimer with potent mitogenic properties
on stromal and perivascular cells such as fibroblasts and pericytes ex-
pressing PDGF receptor (PDGFR)-β, in human cancers. Furthermore,
PDGF-B amplifies the CXCL12/CXCR4 and VEGF-dependent recruit-
ment of PDGFRβ+ pericytes onto the wall of angiogenic tumor vessels
[52,53] within the hypoxic TME. Of note, whilst PDGF-B is consistently
hypoxia-inducible [54,55], no direct molecular mechanism had been
described until the discovery of a unique hypoxia-responsive nucleotide
sequence within an intronic region of the Pdgfb gene [56]. Furthermore,
several studies confirmed the hypoxia-inducible nature of the PDGFRβ
receptor [55,56], thus configuring a signaling framework not unlike the
CXCL12↔CXCR4 axis, wherein both ligand and receptor are upregu-
lated by hypoxia. Interestingly, hypoxic PDGF-B activation can stimu-
late the proliferation/migration of vascular, stromal and lymphatic
endothelial cells, therefore providing a molecular link among (lympho)
vascular and stromal/interstitial components within the hypoxic TME.
Interestingly, recent work revealed that PDGF induced the CLEC-2 re-
ceptor in DCs, thus blocking maturation whilst enhancing TR cell acti-
vation in vitro [57] (Fig. 2); mechanistically, these data provide the
basis for a HIFα-inducible, PDGF-B-dependent pathway stimulating
hypoxic immunotolerance against CCs. In addition, preclinical data
indicate that loss-of-function (LoF) of the G-protein signaling modulator
RGS5, can induce tumoral PDGFRβ+ pericyte maturation and effector
T-lymphocyte influx whilst decreasing hypoxia [58], thus suggesting
that RGS5 can promote the establishment of a hypoxic, abnormal
cancer-associated vasculature characterized by incomplete pericyte
coverage. As a result, antagonizing the HIFα→PDGF-B axis might offer
an alternative to induce vessel normalization in addition to therapeutic
interventions aimed at the VEGF/VEGFR2 pathway.

2.1.2. ANGPT-2-dependent monocyte/macrophage-induced tolerance
A predominantly endothelial HIFα target containing an intronic

hypoxia-response element, the Angpt2 gene promotes vessel destabili-
zation by weakening cell-cell interactions among ECs, smooth muscle
cells (SMCs) and pericytes via its cognate receptor, TIE2 [59,60]
(Fig. 2). ANGPT2→TIE2 activation releases cellular anchorage from the
ECM, a prerequisite for VEGF-dependent EC proliferation within the
hypoxic TME [61–63]. Furthermore, the establishment of an AN-
GPT2↔TIE2 autocrine loop in ECs supports tumor angiogenesis and
growth by synergizing with tumor-derived VEGF [61–63] (Fig. 2).
Preclinical models show that ANGPT2→TIE2 modulation with ABTAA,
a dual ANGPT2-binding (inhibiting)/TIE2-activating antibody [64],
decreases angiogenesis, enhances pericyte coverage, and promotes
vessel normalization, whilst decreasing hypoxia and TR lymphocytic
infiltration [64,65]. Likewise, combined neutralization of ANGPT2 and
VEGF by a bi-specific antibody improved tumor ablation by immune
checkpoint blockade therapy though macrophage polarization into a
M1-like, proinflammatory phenotype, triggering antigen presentation
and oncolytic immune responses [66,67]. Beyond their well-described
angiogenic effect, TIE2-expressing monocytes promoted IL-10-mediated
TR expansion and suppression of effector T-cells [68,69]; synergisti-
cally, ANGPT2 and hypoxia can inhibit secretion of the antiangiogenic
cytokine IL-12 [70] (Fig. 2), exerting anti-tumoral immunity in a
variety of experimental models (reviewed in Ref. [71]). Taken together,
these data suggest that blockade of the ANGPT2→TIE2→IL-10/12 axis,
combined with inhibition of HIFα signaling, might offset hypoxic im-
munotolerance in human cancers by improving perfusion and enhan-
cing vascular access for anti-angiogenic or immune checkpoint

blockade therapies, whilst disrupting HIFα-dependent, cell autonomous
CC resistance mechanisms.

2.1.3. CXCL12 (SDF-1) and immune cell influx
CXCL12, also referred to as SDF-1, and its receptor CXCR4 are two

well-characterized HIFα targets, expressed in myelomonocytic cells,
HSCs and other bone marrow-derived angiogenic cells (preferentially
HIF-1α-dependent), as well as in the mesodermal components of kidney
and renal CCs (preferentially HIF-2α-dependent) [72–77]. CXCL12
gradients act as potent chemo-attractants for homing and migration of
HSCs and progenitor cells into the hypoxic TME [72,73] (Fig. 2). Not-
withstanding, cross-talk between VEGF and CXCL12→CXCR4, wherein
VEGF upregulates CXCR4 in ECs, results in proliferation and angio-
genesis [78], thus indicating that both hypoxia and HIFα can be located
either upstream or downstream of the CXCL12→CXCR4 axis by virtue
of oncogenic pathways increasing HIFα activity in a O2-independent or
dependent manner (i.e., therapy-induced intra-tumoral hypoxia vs Vhl
LoF).

Analysis of human breast cancer tissue microarrays revealed that
expression of the HIFα target CA9 in basal-like breast cancers corre-
lated with CXCR4 in infiltrating TR lymphocytes, whilst clustering with
molecular and histopathological predictors of poor clinical prognosis
[79]. Furthermore, recent work highlighted the interaction among hy-
poxia, HIFα signaling and the CXCL12↔CXCR4 paracrine/autocrine
system in hepatocellular carcinoma (HCC) [80]. Specifically, this study
uncovered immunomodulatory CXCL12→CXCR4 functions in HCC
mouse models, wherein the FDA-approved CXCR4 inhibitor AMD3100
reversed sorafenib-induced PD-L1, TR cell and M2-like macrophage
(anti-inflammatory) CC immunotolerance, that in turn synergized with
immune checkpoint blockade therapy. The authors performed TCGA
data mining and immunohistochemical studies in a cohort of HCC pa-
tients, that revealed a positive correlation among HIF-1α mRNA levels
and the targets Glut-1 (encoded by Slc2a1) and CXCL12, wherein Glut-1
and CA9 immunohistochemical signals were also associated with ne-
crosis [81]. Interestingly, in both breast cancer and HCC, CXCL12 in-
duction predicted better OS, whereas CXCR4 expression predicted the
opposite outcome [79,81], an intriguing finding given that for the
CXCL12/CXCR4 system, both ligand and receptor are HIFα targets. In
order to illustrate the transcriptional complexity of this HIFα-depen-
dent ligand/receptor pair in the hypoxic TME, we hereby present up-
dated public domain TCGA (HCC) and METABRIC (breast carcinoma)
transcriptomic data analyses (Fig. 3). Correlation matrices for HIF-1α,
HIF-2α (encoded by Epas1), CXCL12 (SDF-1), CXCR4, and four fre-
quently studied HIFα targets: Glut-1 (Slc2a1), Glut-3 (Slc2a3), Slc16a3
(MCT-4) and CA9 were generated (Fig. 3). Our results confirmed the
overall correlations previously reported [79,81]; however, we also
uncovered an inverse correlation among HIF-2α and Glut-1 or CA9 in
HCCs (Fig. 3, left); as well as with Glut-1 in breast cancer (METABRIC,
Fig. 3, right), suggesting a negative feedback loop between HIFα
paralogs, which in turn correlated with CXCL12. Importantly, CXCR4
did not inversely correlate with any other transcript analyzed; on the
contrary, CXCR4 increased in parallel with HIFα, CXCL12 and Glut-3 in
both HCCs and breast cancers. Furthermore, these results warrant
caution when interpreting transcript levels of HIF-1α, -2α, CA9 or any
canonical HIFα target as individual bona fide markers of intra-tumoral
hypoxia. Consequently, it would be advisable to apply these principles
in the context of most solid cancers, wherein HIFα signaling and hy-
poxia are known to play significant pathobiological roles, nonetheless
through complex transcriptional feed-forward and/or feedback loops,
as herein illustrated.

Integration of these data suggests that therapies utilizing immune
checkpoint blockade agents, in combination with CXCL12/CXCR4 and
HIFα signaling disruption, could decrease anti-angiogenic and immune
checkpoint blockade therapy resistance by interrupting the influx of
angiogenic and immunotolerance-promoting stromal cells into the pri-
mary tumor and its metastases through multiple inhibitory actions

L. Schito and S. Rey Cancer Letters 487 (2020) 74–84

77



affecting autocrine/paracrine signaling in the hypoxic TME.

2.1.4. HGF: from motility to vascular-immune cell influx
Discovered as a motogenic ‘scatter factor’ in primary hepatocytes,

HGF was found to increase non-hypoxic EC proliferation and motility
via its cognate receptor, the oncogene c-MET (MET) [82,83]; in addi-
tion, HGF can promote VEGF and IL-8 secretion upon PI3K→ERK sig-
naling in glioma or head and neck CCs [84,85], whilst downregulating
thrombospondin (THBS)-1, an antiangiogenic factor known to induce
EC apoptosis and quiescence [86,87] (Fig. 2). Importantly, these me-
chanisms are enhanced under hypoxia by HIF-1α-dependent transacti-
vation of MET, that further sustains phospho-eIF4G1-dependent trans-
lation of HIF-1α, thereby creating a feed-forward loop stimulating
angiogenesis and CC invasion [88,89].

Recent work has shown that HGF impairs the antigen-presenting
ability of MET+ DCs, which can be reversed by a neutralizing antibody
in vitro [90] (Fig. 2). Furthermore, the HGF→MET axis can elicit im-
mune escape mechanisms through regulation of PD-L1 in renal cancer
cells [91] (Fig. 2); conversely, in the non-malignant context, HGF-pre-
conditioned monocytes trigger quiescence of FoxP3+ TR cells through
production of IL-10 [92]. Furthermore, combination of the RTKI ca-
bozantinib with a poxviral-based cancer vaccine can decrease colon
cancer isograft vascularization, MDSC and macrophage infiltration,
whilst increasing CD8+ T-cells [93]. Unfortunately, even though these
isograft models often feature regions of intra-tumoral hypoxia, no
measurements of O2 levels were undertaken. Notwithstanding, current
evidence suggests HGF as an upstream element in the MET↔HIF-1α
positive-feedback loop, modulating angiogenesis and anti-tumoral im-
munity, and thus potentially amenable to therapeutic interventions.

2.1.5. Nitric oxide and tumoral hypoxic vasodilation
Gaseous NO is the product of the NADPH-dependent enzymatic

oxidation of L-arginine into L-citrulline catalyzed by three distinct nitric
oxide synthase (NOS) isoforms (encoded by Nos1, Nos2 and Nos3); this
process is both cell-type specific and HIF-1α-inducible [94,95]. NO is
one of the most potent vasodilators, acting through canonical activation
of intracellular soluble guanylate cyclase/cGMP, inhibiting Ca2+ efflux

from intracellular ER storage sites and extracellular Ca2+ influx, ulti-
mately decreasing SMC tone and vascular resistance [96,97]. Besides its
potential to increase tumor perfusion, NO is known to stimulate an-
giogenesis by inducing VEGF and fibroblast growth factor (FGF)-2
[98,99], through the establishment of NO gradients within tumors
[100]. More recently, NO has been shown to block T-cell activation
[101], a mechanism that is enhanced under hypoxia through HIF1α-
dependent induction of endothelial and neuronal NOS (eNOS, encoded
by Nos3; nNOS, encoded by Nos1). Furthermore, inducible NOS (iNOS;
encoded by Nos2) is transactivated in hypoxic macrophages via HIFα
[94]. Notwithstanding the presence of HIFα-dependent NO synthesis
sites within the hypoxic TME, additional hypoxic vasodilation can be
provided through NO release by hemoglobin (reviewed in Ref. [102]).
Thus, infiltrating macrophages, ECs, SMCs and even red blood cells
caught in thrombotic, stagnant or poorly perfused capillaries can act as
potential NO sources within the hypoxic TME, in turn blocking T-cell
activation and promoting an immunosuppressive response. Due to the
widespread clinical use of pharmacological enhancers of NO levels
(e.g., nitrates or phosphodiesterase inhibitors), a cautionary hypothesis
can be raised regarding whether these drugs should be administered to
patients bearing ischemic or diabetic cardiovascular disease in the on-
cological setting.

2.2. HIFα-independent O2 sensing: mTOR and the UPR

The multi-layered nature of hypoxic angiogenesis and immune
evasion in the TME can be illustrated by converging lines of evidence
indicating that the PHD→HIFα system is not the sole O2 sensor med-
iating these responses. Indeed, at least two other emerging pathways
promoting cell growth (mTOR) and protein homeostasis (UPR) have
been shown to control angiogenesis and immune evasion in hypoxic
cancers; these signaling mechanisms are reviewed in further detail in
Refs. [5,103] .

2.2.1. Evasion of hypoxic mTOR blockade in cancer
The mTOR complex is an essential multimodal molecular hub, in-

tegrating a variety of cellular signals ranging from ATP and amino acid

Fig. 3. Transcriptomic analysis of HIFα, target genes and the CXCL12/CXCR4 system.
Hepatocellular carcinoma (HCC, left) and breast cancer (METABRIC, right) RNAseq human cancer datasets were obtained from TCGA, expressed as Z-scores after
being converted to logarithms and subjected to Spearman (ρ) correlation analyses using R. Statistical significance was assessed after Bonferroni post hoc corrections
(P < 0.01 with |ρ|> 0.1). Direct correlations are shown in red, whilst inverse correlations are depicted in green. The identity line contains transcript expression
distributions. n = 372 for HCC and n = 1904 for METABRIC. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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levels to O2, all known to be of pathobiological relevance for cancer
progression [104]. Specifically, mTOR activity under hypoxia leads to
cellular growth blockade due to decreased ATP-to-AMP ratio as a result
of the metabolic switch from oxidative phosphorylation to glycolysis
(Pasteur effect). Decreased cellular ATP levels activate AMP-dependent
kinase (AMPK) which inhibits mTOR activity, thereby inducing a cas-
cade of molecular events that stall cell growth and protein synthesis
(reviewed in Ref. [103,105]; Fig. 1). Notwithstanding, the hypoxic level
at which mTOR shutdown occurs depends on microenvironmental and
cell-autonomous factors including local O2, mitochondrial mass, oxi-
dative rate, presence of an aerobic glycolytic phenotype (Warburg ef-
fect), and the vascular/stromal architecture. Interestingly, no direct
gain-of-function (GoF) mutations of mTOR are known to be involved in
the pathogenesis of cancer syndromes; instead, several LoF mutations in
upstream negative regulators such as PTEN, TSC1/2 or LKB-1, cause
hyperactivation of the complex (Fig. 1), in turn promoting HIF-1α
translation [106], and thus angiogenesis, tumor progression, and, as
suggested by recent data, CC immunotolerance. Of note, within the
non-malignant context, mTOR promoted hypoxic EC proliferation
[107], and hypertrophy of the arterial tunica media under chronic hy-
poxia (10% O2 for 28 days) [108], all of which can be abrogated by the
mTOR inhibitor sirolimus, or the hypoglycemic agent metformin; the
latter recently shown to increase O2 levels through inhibition of mi-
tochondrial complex-I activity [109,110]. Therefore, these results in-
dicate that ECs and SMCs rely on mTOR activity to maintain pro-
liferation, matching their hypoxic physiological microenvironment; by
contrast, the stereotypical response of hypoxic CCs is an arrest of cell
growth via mTOR blockade, unless a driver mutation leads to con-
stitutive activation of the pathway (Fig. 1). This phenotypic dichotomy
between CCs and non-malignant vascular cells might explain the anti-
angiogenic effects of mTOR inhibition in cancer; more importantly, it
can offer a mechanistic basis for the beneficial effect of sirolimus in
combination with anti-angiogenic therapies, especially when the mu-
tational profile of the primary tumor predicts mTOR and/or PI3K→Akt
activation. Consistent with these observations, mTOR inhibitors have
been used in metastatic renal cell carcinomas (mRCCs) as a first-line or
in tandem with VEGFR blockade (reviewed in Ref. [111]), due to their
ability to decrease EC and SMC proliferation. Remarkably, targeting
VEGFR signaling with the RTKI sunitinib [112–114] decreases MDSC
proliferation, whilst inducing a TH1 cytokine profile and depleting TR

cells in the hypoxic TME [112,115], suggesting that blockade of the
angiogenic and immunosuppressive properties of VEGF via mTOR and
VEGFR might enhance anti-tumoral immunity.

2.2.2. Hypoxic endoplasmic reticulum (ER) stress and angiogenesis
Exposure of CC and blood vessels to severe hypoxia (< 0.1% O2)

imposes metabolic and redox restrictions onto cellular respiration and
ATP synthesis, resulting in the accumulation of unfolded and misfolded
proteins within the lumen of the ER. In order to restore ER homeostasis,
cells activate a transcriptional and transcriptional program known as
the UPR [103,116,117]. Mechanistically, hypoxia-induced ER stress is
sensed by the endonucleotidase IRE-1, which catalyzes the splicing and
activation of the transcription factor XBP-1 (XBP-1s; Fig. 1) leading to
the activation of pathways restoring ER homeostasis, and the expression
of angiogenic transcripts (Fig. 1); in addition, hypoxia activates ER-
resident PERK kinase (encoded by Eif2ak3), which promotes selective
ATF4-dependent transactivation whilst enacting a non-selective global
shutdown of mRNA translation (Fig. 1). Importantly, simultaneous
transcriptional activation of XBP-1s and ATF4 specifies transcription of
genes essential for survival under severe nutrient and O2 depletion,
thereby decreasing the considerable energetic burden underlying pro-
tein synthesis and folding. By contrast, a third pathway triggered under
non-hypoxic ER stress conditions has been described, wherein ATF6
cleavage, activation and transcription, result in UPR activation (not
shown).

Seminal work by Pereira et al. uncovered that pharmacological

stimulation of the UPR with the SERCA antagonist thapsigargin (indu-
cing Ca2+-dependent ER stress) elicited a coordinated transactivation
of Vegfa through XBP-1 and ATF4, whilst stabilizing VEGF transcript
levels through AMPK under low-glucose conditions, suggesting cross-
talk with mTOR [118]. In a xenograft model of human glioma, XBP-1
activation promoted the expression of proangiogenic inflammatory
factors such as IL-1β, IL-6, and IL-8 [119] (Fig. 1), known to induce
neutrophil and MDSC infiltration into the TME, resulting in CC im-
munotolerance [120,121]. In line with these results, pharmacological
induction of ER stress by thapsigargin or the glycosylation inhibitor
tunicamycin, combined with Ire1, Eif2ak3 (PERK) deletion or siRNA-
dependent knockdown of ATF6, all impaired VEGF expression [122]. Of
note, when thapsigargin-induced ER stress was compared to moderate
hypoxia (1% O2), the former proved to be more potent in terms of
angiogenic factor induction; unfortunately, no data was gathered under
severe hypoxia (< 0.1% O2) pathobiological setpoint that is exquisitely
sensitive for in the context of hypoxic UPR responses. Likewise, PER-
K→ATF4 signaling promoted VEGF, FGF-2 and IL-6 upregulation upon
glucose deprivation, whilst downregulating several anti-angiogenic
mediators such as CXCL10, CXCL14 and THBS1 in CC lines, MEFs and
human head and neck carcinomas [123] (Fig. 1). Further to the isolated
ability of the UPR to directly enhance hypoxic angiogenesis, a recent
study demonstrated synergism with the PHD→HIFα system during
pharmacological or hypoxic VEGF induction [124], uncovering a hi-
therto unknown mechanism where XBP-1 directly enhances RNA
polymerase-II recruitment upon the Hif1a promoter, thereby acting as a
co-activator promoting angiogenesis and triple-negative breast cancer
progression [125] (Fig. 1). In addition, another crosstalk node was
discovered in ECs, wherein PLCγ stimulated VEGF-dependent angio-
genesis through mTOR-dependent activation of XBP-1, PERK and ATF6;
importantly, this study showed enhanced EC survival and proliferation
in matrigel plug assays which can readily develop hypoxic gradients
[126]. Notwithstanding, it remains to be determined whether these
UPR-dependent effects would modulate angiogenic immunotolerance
within the hypoxic TME. It seems probable that converging UPR sig-
naling through IRE1 and PERK would promote VEGF-dependent hy-
poxic immunotolerance, not unlike HIFα or mTOR. Likewise, other
angiogenic immunomodulators such as PDGF-B or PGF might be in-
volved in similar downstream effects on anti-tumoral immunity as pu-
tative mechanisms providing pathobiological redundancy in hypoxic
cancers.

2.3. Non-hypoxic enhancement of O2 sensitive pathways

Despite the central role of hypoxic signaling leading to angiogenesis
in CCs, several lines of evidence indicate that both HIFα-dependent and
independent pathways can be activated under non-hypoxic conditions,
potentiating hypoxic responses either up- or downstream of HIFα and
mTOR. For instance, there are at least four known genetic syndromes
wherein angiogenesis is stimulated by constitutive activation of HIFα
and/or mTOR (Fig. 1; green and violet boxes), due to oncogenic mu-
tations, resulting in benign hyperplastic vascular lesions (he-
mangiomas) or their malignant counterparts (hemangioblastomas).
First, LoF germline mutations in the Vhl gene underlie Von-Hippel-
Lindau disease, wherein hydroxylated HIFα fails to be targeted for
proteasomal degradation, resulting in hemangio(blasto)mas and RCCs
[127]; second, tuberous sclerosis, wherein LoF mutations in tuberous
sclerosis complex (TSC)-1 or -2 result in hyperactivation of mTOR that
leads to multiple hypervascularized benign tumors in the skin, central
nervous system and kidneys, among other organs [128]; third, Cowden
syndrome, characterized by LoF mutations in the phosphatase PTEN
[129], disrupting its inhibitory effect upon PI3K→Akt, increasing
mTOR activity and leading to the development of hypervascular tu-
mors; and fourth, Peutz-Jeghers syndrome, a familial polyposis where
LoF mutations in LKB1 (encoded by Stk11) result in loss of the in-
hibitory effect of AMPK upon mTOR, leading to multiple hyperplastic
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lesions in the colon and increased lifetime risk for breast, liver, lung,
ovarian, testicular and uterine cancers, molecularly associated with
HIFα→VEGF induction [128].

As a complement to observations in hyperproliferative syndromes
caused by germline mutations, Vhl mutations occur in spontaneous RCC
(≈35%) whilst Pten mutations are commonly found in endometrial
carcinomas (30–60%), glioblastomas (31%), prostate cancers (≈19%)
and gliomas (≈20%). Interestingly, ≈10% of bladder carcinomas and
cutaneous non-melanoma cancers present LoF mutations in Tsc1 (10%)
or Tsc2 (13%), respectively. LoF of Stk11 is found in small-cell lung
cancer (≈13%) and cancer of unknown origin (≈10%) [TCGA, muta-
tions/deep deletions; n > 100]. Furthermore, these direct mechanisms
of HIFα and mTOR activation can be sustained by oncogenic stimula-
tion of several well-known signaling pathways with additive effects on
CC hypoxic signaling. For example, oncogenic EGF→PI3K→STAT3
signaling leads to HIFα and Src-dependent transactivation of VEGF
[130,131] and leptin [132], as well as transcriptional stabilization of
HIF-1α mRNA through a rapamycin sensitive HER2 (neu) dependent
mechanism, as shown in breast CCs in vitro [133].

3. VEGF bridges angiogenesis and immunosuppression under
hypoxia

VEGF does not only serve as a prototypical angiogenic molecule,
whose expression is driven by the hypoxic TME through cooperative
activation of HIFα, mTOR and the UPR. Indeed, the evidence hereby
summarized suggests that VEGF exerts pleiotropic effects on ECs, CCs,
stromal and immune cells mediating anergy, exhaustion of cytotoxic
responses and enhancement of TR influx, thus preventing cytotoxic CC
killing. In addition, VEGF is able to recruit CD4+CD25+ FoxP3+

CCR10+ TR lymphocytes into the hypoxic TME through a HIFα-de-
pendent, CCL28 gradient generated by CCs; furthermore, CCR10+ TR

lymphocytes induce angiogenesis and immunotolerance by secreting
VEGF [134]. Another study demonstrated that CD8+ T-lymphocyte
exhaustion, associated with therapeutic failure in human cancers, was
induced by VEGF-dependent upregulation of immune checkpoint mo-
lecules such as PD-1, Tim3 and CTLA-4; a process that was reversed by
an anti-VEGF neutralizing antibody, as shown in CT26 im-
munocompetent mouse tumors [135]. As it has been topically here-
tofore addressed, accumulating evidence suggests that hypoxia, HIFα
transactivation or VEGF are all capable of exerting cell-autonomous
effects upon TR, CD8+ and CD4+ lymphocytes [79,134,136,137], and
other immunomodulatory cells within the hypoxic TME, including
monocyte/macrophages [92,138,139], MDSCs [140] and DCs [37,141]
(Fig. 2). It thereby follows that the O2 sensing mechanisms summarized
here could facilitate the pathobiological crosstalk between angiogenesis
and immunosuppression within the hypoxic TME.

4. Vessel normalization, anti-angiogenic and immune checkpoint
blockade

Physiological angiogenesis can restore perfusion [21]; by contrast,
VEGF-dependent tumor angiogenesis can create structurally unsound
vessels impairing perfusion [47,142]. Consequently, preclinical and
clinical data have demonstrated that anti-VEGF/VEGFR antibody-based
therapies can, in an apparently counterintuitive manner, improve per-
fusion, O2 and drug delivery during a transient temporal window-of-
opportunity, a process called vessel normalization [143]. Further to its
vascular effect, vessel normalization has been associated to an en-
hancement of CD4+ and CD8+ T-cell infiltration, M1-like macrophage
polarization and improved responses to adoptive cell transfer im-
munotherapy in cancer models [144–148].

From a pathophysiological perspective, we have previously illu-
strated how vessel normalization can outperform a direct increase in
inhaled O2 (hyperoxia) as a method to oxygenate tumors, by utilizing
the Hagen–Poiseuille law of classical fluid mechanics [5]; indeed,

according to this principle, a maximal fivefold increase in inhaled O2

(from 21% to 100%) can be readily matched, in terms of O2 supply, by a
modest increase in vascular diameter of only ≈50%, that would im-
prove delivery of small anti-angiogenic molecules or immune check-
point blockade therapies, whilst potentially radiosensitizing the ma-
lignant mass. Importantly, a recent study using animal models of CD4+

adoptive T-lymphocyte cell transfer showed that CD4+ T-lymphocyte
depletion impaired vessel normalization and increased metastasis, an
effect that was prevented by immune checkpoint blockade therapy,
whilst decreasing lung intra-metastatic hypoxia. In addition, in mice
implanted with human patient-derived xenografts, adoptive CD4+ TH1-
lymphocyte cell transfer was able to decrease intra-tumoral hypoxia
[149]. These results therefore indicate that beyond their immunological
roles, TH lymphocytes serve as a functional bridge between vessel
normalization and CC immunotolerance by alleviating intra-tumoral
hypoxia, suggesting that immunotherapies and anti-angiogenic thera-
pies might potentiate each other by enhancing tumor oxygenation.

5. Bone-marrow derived cells, angiogenesis and
immunomodulation

The cellular and biochemical components of the hypoxic TME lead
to the generation of cytokine gradients that attract a variety of myeloid
CD45+ and CD34+ bone marrow-derived angiogenic cells, a hetero-
geneous cell population exerting potent paracrine angiogenic functions,
and proposed to fulfill an hemangioblast-like role as adult EC pro-
genitors [74,150,151]. Bone marrow-derived angiogenic cells are par-
ticularly sensitive to hypoxic cues, perhaps owing to their phenotypical
specification within the hypoxic microenvironment of the bone marrow
(reviewed in Ref. [152]). Indeed, a significant body of evidence sug-
gests that tumor angiogenesis relies on mobilization of bone marrow-
derived angiogenic cells into the systemic circulation, allowing homing
into the tumoral parenchyma in a HIFα-dependent manner [75,153]. In
particular, bone marrow-derived angiogenic cells including myelomo-
nocytic, HSCs and mesenchymal stem cells depend on
CXCL12→CXCR4, ANGPT2→TIE2 and SCF→C-KIT signaling pathways
for mobilization [74,76] and homing into the hypoxic TME [21,75].
Due to the phenotypic similarities among bone marrow-derived an-
giogenic cell subtypes and myelomonocytic lineages, it is possible to
anticipate that several mechanisms already described for monocytes/
macrophages and other myeloid cells might emerge as common sig-
naling mechanisms in malignant hypoxic angiogenesis and immune
evasion. Similarly, circulating bone marrow-derived angiogenic cells
might serve not only as markers of angiogenesis, but also as a correlate
of pre-clinical and clinical responses to immune checkpoint blockade
therapies [153].

6. Translational implications and perspectives

Recent insights into the molecular pathophysiology of cancer cell-
induced immunotolerance have allowed the emergence of immune
checkpoint blockade therapies, catalyzing unprecedented enthusiasm in
the prospects of controlling advanced cancer progression and mortality.
Notwithstanding, encouraging clinical responses to said therapies are
often met with therapy resistance and relapse. The evidence hereby
summarized suggests hypoxia as a pathobiological driver leading to
intrinsic CC resistance, whilst coaxing stromal and immune cells to-
wards an immunosuppressive and permissive TME. It should be noted
that the integration of established and recent knowledge derived from
studies of hypoxia-sensitive pathways such as HIFα, mTOR and the
UPR, uncovers potentially beneficial new approaches to tackle immune
checkpoint blockade and anti-angiogenic therapy resistance; further-
more, a number of pioneering studies on VEGF, as well as PGF and
PDGF-B have revealed a heretofore unrecognized property of anti-an-
giogenic therapies as immunomodulators and inducers of vessel nor-
malization, expected to decrease intra-tumoral hypoxia and potentiate
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immune checkpoint blockade therapies. An important recent advance is
the development of HIFα antagonists, once thought to be ‘undruggable’
(e.g., HIF-2α-selective PT-2385 or -2399 [154]), in conjunction with
FDA-approved, off-patent drugs such as digoxin, anthracyclines (e.g.,
doxorubicin and daunorubicin) or acriflavine. These compounds bear
significant HIFα inhibitory activities that could be combined or used
sequentially with mTOR antagonists such as everolimus and temsir-
olimus. These tools might spearhead further discoveries on the hypoxic
pathophysiology of immunosuppression in cancer and serve as step-
stones for more effective therapeutic modalities to forestall hypoxia-
driven angiogenesis, immunotolerance, cancer progression and metas-
tasis.
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