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Hypoxia-inducible factors

in cancer

Hypoxia, which is also known as oxygen
deficiency and is commonly seen in the sol-
id tumor environment because of an erratic
tumor vasculature and high metabolic rate,
plays an important regulatory role in cancer
development, tumor growth and spread-
ing, formation of distant metastases, and
cancer dormancy. The essential molecular
issue in hypoxia is the activation and stabi-
lization of hypoxia-inducible transcription
factors (HIFs) (1). HIF-1, the main transcrip-
tion factor activated in hypoxic conditions,
is composed of two subunits, o and B, which
have similar conformations. Under hypoxic
conditions, when HIF-1a s stable, it translo-
cates to the cell nucleus and heterodimeriz-
es with HIF-1. In the nucleus, HIF-1 initi-
ates the transcription of numerous genes

Tumor-associated hypoxia plays an important role in carcinogenesis and
metastasis. The expression, activation, and stabilization of hypoxia-inducible
transcription factors (HIFs) support malignant cell survival, proliferation,
plasticity, and motility. Hypoxia also upregulates the expression of
programmed cell death ligand 1 (PD-L1) in malignant and immune regulatory
cells. Therefore, the combination of HIF inhibitors and checkpoint inhibitors
(CPIs) is promising for boosting antitumor immunity and diminishing
malignant cell plasticity and therapy resistance. In this issue of the JCI,
Salman et al. report the development of a specific agent that inhibited HIF-
1/2-mediated gene expression in tumor cells and suppressed tumor growth.
Bailey, Liu, et al. in this issue demonstrate that targeting HIF-1a abrogated
PD-L1-mediated immune evasion by suppressing PD-L1expression on
malignant and myeloid regulatory cells, causing tumor rejection. These
findings suggest that targeting the HIF/PD-L1 axis with specific HIF inhibitors
should improve the safety and efficacy of CPIs for cancer therapy.

regulating cellular energy metabolism,
function, and survival, and are collective-
ly known as hypoxia-responsive genes (1).
There are also two homologs that associate
with HIF-1o; HIF-2a shares some function-
ality and targeted genes with HIF-1a, and
HIF-30 may negatively regulate HIF-1o. and
HIF-20 functions (2).

HIF-1 promotes tumor progression via
the stimulation of angiogenesis, immuno-
suppression, epithelial-mesenchymal transi-
tion (EMT), and metabolic reprogramming,
supporting malignant cell survival, prolifera-
tion, plasticity, and motility (ref. 1 and Figure
1). Transient acute hypoxic conditions and
chronic hypoxia generate a metabolically
diverse tumor microenvironment (3), which
induces an intense conditional pressure on
cancerous cells that encourages the surviv-
al of aggressive malignant clones. Hence,
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in a clinical setting, hypoxia correlates with
worse prognosis in different cancer types
and, in addition, imparts resistance to differ-
ent therapeutic approaches (4).

Numerous experimental and clinical
data reveal that hypoxia induces radiore-
sistance and resistance to a variety of che-
motherapeutic agents, affects antitumoral
immune responses, and controls crucial
regulatory pathways, impacting key aspects
of cancer biology. For instance, hypoxia
impacts the efficiency of cancer immuno-
therapy by contributing to the immune-elim-
inated phenotype, which is a key barrier
to the therapeutic effect of adoptive cell
therapy (5). Therefore, hypoxia signaling in
cancer is an apparent target for intervention
and the suppression of hypoxia-associat-
ed signaling may be considered a valuable
treatment option in diseases with limited
therapeutic choices. Clinical studies of HIF
inhibitors indicate benefit and justify further
evaluation either as a single agent or in com-
bination with other antitumor agents (6).

Targeting HIFs

Various signaling pathways control the
expression, accumulation, and activity
of HIF-1 protein throughout its signaling
cycle inside cells, suggesting that targeting
HIF-1 might be an encouraging approach
for cancer drug development. In fact, sev-
eral approaches that target hypoxic malig-
nant cells are presently in preclinical and
clinical evaluation. Many small molecules
that target HIF-1a at the mRNA or protein
level block HIF-la and HIF-18 heterodi-
merization, promote HIF-1 degradation,
or interfere with DNA-binding activity in
the nucleus to suppress HIF-1 activity have
been introduced in recent years (7). For
instance, two small molecule HIF-2a inhib-
itors, MD6482 (also known as PT2977)
and PT2385, exhibited promising activ-
ities in experimental models, and based
on the results of clinical testing in partici-
pants with advanced renal cell carcinoma,
MK6482 became the first FDA-approved
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Figure 1. Cross-talk between HIF and PD-1/PD-L1 pathways in carcinogenesis and therapy. A majority
of solid tumors develop hypoxia because of chaotic vascularization leading to deprivation of optimal
oxygen supply and increased cellular proliferation and metabolic rate. Hypoxia causes the activation
and stabilization of key transcription factors, the hypoxia-inducible transcription factors (HIFs). HIF-1a
and HIF-2a control the expression of many tumorigenesis genes. HIFs promote tumor progression

by stimulating angiogenesis, immunosuppression, EMT, and metabolic reprogramming, and by sup-
porting malignant cell survival, motility, proliferation, plasticity, and enhancing treatment resistance
and escape from a nutrient-deprived milieu. Hypoxia also upregulates the expression of PD-L1in
malignant cells and MDSCs via HIF-1a. and HIF-2a. PD-L1, via binding to its receptor (PD-1), acts as a
protumorigenic factor that induces immune tolerance within the tumor microenvironment and inhibits
antitumor immune responses by suppressing activity of tumor-specific TILs. HIF inhibition synergizes
with CPIs to block tumor development and progression. Further studies should determine how other
factors in the tumor milieu, such as cytokines, chemokines, growth factors, hormones, and therapeutic
agents, may interfere with the antitumor potential of a combination of HIF inhibitors and CPI therapy.

HIF-20. inhibitor (1). Antisense oligonu-
cleotide or shRNA can downregulate HIF-
1/20. (8). Similarly, agents can block HIF
protein synthesis or decrease HIF stability
(9, 10). PX-478, a melphalan derivative,
lowers HIF-la levels by inhibiting HIF-
lo deubiquitination, decreasing HIF-lo
mRNA expression, and reducing HIF-lo
translation (11). Several chemotherapeutic
agents in clinical use might affect HIF-1a
activity. For example, rapamycin can inhib-
it hypoxia-induced HIF-1a expression (4),
while doxorubicin and daunorubicin inhib-
it HIF-1 by blocking its binding to DNA (12).

Other data show that HIF-1 inhibitors
may contribute to the antiangiogenic and
antitumor effects of different agents that

target signal transduction pathways. For
instance, the DNA alkylating agent temo-
zolomide demonstrated greater antitumor
efficacy if applied together with HIF-1 inhi-
bition in a glioma model (13). Alternatively,
some approved drugs known to indirectly
alter the HIF-1o pathway could also act as
adjuvant therapy for existing cancer treat-
ments (6). For example, mTOR inhibitors,
known to translationally attenuate HIF-lo
protein expression, synergize with rapamy-
cin in reducing tumor growth in preclinical
models of hepatocellular carcinoma (14).
The combination of HIF-1 inhibitors
and checkpoint inhibitors (CPIs) may pro-
vide a particularly promising treatment; the
CPIs would support antitumor immunity
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and the HIF-1 inhibitors would counteract
the capacity of malignant cells to adapt to
the subsequent conditions and develop
therapy resistance (Figure 1). This sugges-
tion is based on data showing that a hypoxic
environment permits escape of cancerous
cells from Kkilling by cytotoxic T lympho-
cytes (CTLs) and natural killer (NK) cells
via granzyme B degradation and TGF-B-
containing extracellular vesicles (15, 16). In
addition, hypoxia upregulates expression
of immune checkpoint molecules, such as
VISTA and programmed cell death ligand
1 (PD-L1), on myeloid-derived suppressor
cells (MDSCs), promoting their immuno-
suppressive phenotype (17, 18).

PD-1/PD-L1 axis in cancer
Programmed cell death 1 (PD-1) receptor is
expressed on different immune cells, includ-
ing tumor-infiltrating lymphocytes (TILs),
and binds to PD-L1, which is expressed on
myeloid regulatory cells and nonimmune
cells such as malignant cells (Figure 1).
Inducible expression of PD-L1 at the tumor
site is involved in cancer escape because its
binding to PD-1 on effector T cells causes T
cell exhaustion and apoptosis, while apop-
tosis of regulatory T cells is inhibited (19).
PD-L1 expression has been correlated with
poor clinical outcomes, and PD-1/PD-L1-
targeted inhibitors can lead to effective clin-
ical responses in some patients with differ-
ent types of cancer. Combination therapies
based on PD-1/PD-L1 blockade for a wide
range of cancer types have been introduced
and can improve patient survival (20). One
approach uses HIF inhibitors in combination
with anti-PD-1/PD-L1 therapy.

PD-L1/HIF cross-talk and
therapeutic applicability
Importantly, HIF-la inhibition synergiz-
es with anti-PD-1 therapy to inhibit tumor
development (Figure 1). For instance, in
vivo treatment with PX-478 and anti-PD-1
antibodies suppresses tumor growth and
prolongs animal survival, which is asso-
ciated with downregulation of EMT phe-
notypes, lower immunosuppression, and
enhanced TIL homing (21). In a murine
melanoma model, inhibition of HIF-la
transcriptional activity results in CCL2- and
CCL5-mediated increases in NK cells and
CTLs in the tumor bed, and improves the
antitumor potential of peptide vaccination
and anti-PD-1 blocking antibody (22).
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In this issue of the JCI, Salman et al.
report on the development of a low-molec-
ular-weight agent that inhibited HIF-1/2-
mediated gene expression in tumor cells and
suppressed tumor growth (23). The synthe-
sized low-molecular-weight agent targeted
both HIF-1 and HIF-2, inducing HIF-o sub-
unit degradation and thus inhibiting activa-
tion of HIF-1- and HIF-2-target gene tran-
scription. Genes affected by this inhibition
encoded regulators of angiogenesis, glycol-
ysis, and immunity. Administration of the
HIF inhibitor in tumor-bearing mice result-
ed in inhibition of tumor growth. The small-
er tumors were associated with lower tumor
vascularization due to decreased expression
of multiple genes encoding angiogenic fac-
tors, and lower immunosuppression due to
diminished expression of genes encoding
proteins mediating immunosuppression.
Key metabolic and signal-transduction
pathways driving cancer progression were
also blocked. In vivo alterations of the tumor
immune environment involved fewer protu-
morigenic tumor-associated macrophages
(TAMs) and MDSCs due to the suppression
of IL-4, IL-13, and CXCL1 expression, and
elevated infiltration by antitumor CTLs and
NK cells attracted by elevated CXCL9 and
CXCLI10 levels. Importantly, the HIF inhib-
itor boosted the percentage of mice with a
complete response to anti-PD-1 CPI from
25% to 67% (23).

Also in this issue of the JCI, Bailey, Liu,
et al. demonstrate that pharmaceutical
or genetic targeting of HIF-la abrogated
PD-Ll-mediated immune evasion by sup-
pressing PD-L1 expression on malignant
cells and myeloid regulatory cells (MDSCs
and TAMs), causing reactivation of TILs
and tumor rejection (24). HIF-1a inhibition
in vivo downregulated PD-1 expression,
upregulated cytolytic effector molecules
granzyme B and perforin, and decreased
apoptosis in TILs in the tumor microenvi-
ronment. Importantly, HIF-lo inhibition
potentiated immunotherapeutic effects of
anti-CTLA-4 therapy in experimental mod-
els. The authors also reported an interesting
observation; although HIF-lo inhibition
blocked PD-L1 expression at the tumor site,
it induced PD-L1 in normal tissues. This
finding is important since high incidences
of immune-related adverse events associat-
ed with CPI therapy are well documented.
Thus, it is conceivable that HIF-1o inhibi-
tion represents a promising companion for
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different CPIs. Promotion of immune tol-
erance by differential regulation of PD-L1
in normal and cancer tissues is an import-
ant approach for safer and more successful
immunotherapy (24).

Conclusions

PD-L1 expression is controlled by sever-
al signaling pathways. Recent data indi-
cate that hypoxia is also able to upregulate
expression of PD-L1 in malignant cells via
HIF-1a. and HIF-2a (17). For instance, anal-
ysis of the melanoma genome atlas data
shows a correlation of the HIF-1 signaling
signature with PD-L1 mRNA expression,
especially with IFN-y-induced expression
of PD-L1 mRNA (25). Bailey, Liu, et al. con-
firmed these results (24). The findings on
differential regulation of PD-L1 expression
by HIF suggest that a combination of HIF
inhibition with some CPIs, like anti-CTLA-
4, for example, should be experimental-
ly verified. Salman et al. also support the
notion that highly specific and nontoxic
HIF inhibitors deserve further investiga-
tion when applied alone or in combination
with CPIs and other targeted therapy (23).
Testing these approaches in different tumor
models will be crucial to developing effec-
tive cancer treatments. Understanding the
potential synergistic effects of HIF-1 on cells
in the cancer milieu with other tumor-asso-
ciated factors like TGF-B, IL-1, hormones,
and growth factors is another important
direction for multitargeted approaches and
for development of safe biological therapies.
Studies must also reveal strategies that elab-
orate the effect of HIF inhibitors on cancer
stem cell progenitors, intratumoral endo-
thelial cells, and cancer-associated fibro-
blasts in conjunction with immune effectors
and regulators to control the tumor meta-
static potential and chemo- and radioresis-
tance in different models.
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