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Hypoxia influences immune checkpoint receptors and their respective ligands. In support, we recently demonstrated
that hypoxia selectively upregulates programmed cell death ligand 1 (PD-L1) on myeloid-derived suppressor cells
(MDSCs) via hypoxia inducible factor 1 a (HIF-1a) binding to a hypoxia-response element (HRE) in the PD-L1 proximal
promoter. Furthermore, blockade of PD-L1 under hypoxic conditions enhanced MDSC-mediated T-cell activation by
attenuating MDSC secretion of IL-6 and IL-10.

Introduction

Tremendous progress has been made in
the field of tumor immunology in the past
decade and cancer immunotherapy is now
a promise turned into reality. The recent
approval by the FDA of cancer vaccines
and monoclonal antibodies that block
immune negative regulators has further
ignited the hope of finally winning the
fight against cancer. A large body of pre-
clinical and clinical data indicates that
antibody blockade of immune check-
points can significantly enhance antitumor
immunity. Recently, antibody-mediated
blockade of programmed cell death 1
(PDCD1, better known as PD-1) and its
ligand, PD-L1 has been shown to induce
durable tumor regression in advanced can-
cers.1 Hypoxia is a common feature of all
solid tumors and plays a central role in
tumor progression and resistance to ther-
apy.2 We have provided evidence that
tumor hypoxic stress fosters the acquisi-
tion of immune resistance.3,4 In a recent
study, we demonstrated that such stress is
central in the regulation of immunosup-
pression.5 Hypoxic zones in tumors attract
immunosuppressive cells such as myeloid-
derived suppressor cells (MDSCs), tumor-
associated macrophages (TAMs) and
regulatory T cells (T regs).2 MDSCs are a
heterogeneous group of relatively imma-
ture myeloid cells and several studies have

described in detail mechanisms by which
MDSCs mediate immune suppression.
Although, hypoxia has been shown to reg-
ulate the function and differentiation of
MDSCs,6 several major questions remain
unanswered. The influence of hypoxia on
the regulation of immune checkpoint
receptors, including PD-1 and cytotoxic
T lymphocyte associated protein 4
(CTLA-4), as well as their respective
ligands (PD-L1, PD-L2, CD80 and
CD86), on MDSCs remains largely unex-
plored. Furthermore, the potential contri-
bution of these immune checkpoint
receptors and their respective ligands on
MDSC function under the influence of
hypoxia remains unknown.

Hypoxic Regulation of Immune
Checkpoint Receptors and Their

Respective Ligands

Using several mouse tumor models, we
first compared the expression level of
immune checkpoint receptors and their
respective ligands in splenic MDSCs rela-
tive to those of tumor-infiltrating MDSCs
from tumor bearing mice. We found a rel-
atively higher expression of PD-L1 on
tumor-infiltrating MDSCs as compared
to the levels on splenic MDSCs.7

Very interestingly, hypoxia dramati-
cally and significantly increased the per-

centage of PD-L1 positive MDSCs
isolated from spleen among different
tumor-bearing mice. Similarly, hypoxic
conditioning of live, tumor-bearing mice
significantly upregulates PD-L1 expres-
sion on splenic MDSCs irrespective of
tumor types. We further provided evi-
dence that hypoxia inducible factor 1 a
(HIF-1a) is a major regulator of PD-L1
mRNA and protein expression, and that
HIF-1a regulates the expression of PD-L1
by binding directly to a hypoxia response
element (HRE), namely HRE-4, in the
PD-L1 proximal promoter.

We next investigated the functional con-
sequences of hypoxia-induced upregulation
of PD-L1 in MDSC-mediated T-cell sup-
pression. The immunosuppressive activities
ofMDSCs enhanced in response to hypoxia
were abrogated following PD-L1 blockade.
Hypoxia significantly increased the secre-
tion of the cytokines IL-6 and IL-10, as well
as transforming growth factor b1 (TGFb1)
from MDSCs. More importantly, hypoxia
upregulated IL-6 and IL-10 levels in
MDSCs was significantly attenuated after
PD-L1 blockade.7

Our data seem to be a more general
mechanism, as blockade of tumor micro-
environment-induced PD-L1 on myeloid
dendritic cells has been shown to decrease
myeloid dendritic cell-mediated immuno-
suppression, improve T-cell function, and
decrease tumor progression.8
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Potential Clinical Applicability
of Immunotherapy

A myriad of distinct cell types comprise
the tumor microenvironment. These
include but are not limited to cancer cells,
myeloid cells, lymphoid cells, endothelial
cells and fibroblasts. With this in mind,
we also examined whether hypoxia regu-
lated PD-L1 is applicable to other cells in
the tumor microenvironment. To this
end, we used a panel of different mouse
and human tumor cell lines expressing dif-
ferent levels of PD-L1 under normoxia.
Interestingly, hypoxia significantly
increased the expression of surface PD-L1
on these cells. Moreover, we also observed
a slight but significant increase in PD-L1
expression on the surface of macrophages

and dendritic cells isolated from naive
mice splenocytes cultured under hypoxic
conditions. Thus, hypoxia recapitulated
the effect of the tumor microenvironment
with regard to the expression of PD-L1 on
MDSCs, macrophages, dendritic cells and
tumor cells.7,9,10 Future experiments will
attempt to further dissect to what degree
hypoxia increased PD-L1 expression on
MDSCs, macrophages, dendritic cells and
tumor cells contributes to immunosup-
pression within the hypoxic tumor
microenvironment.

Clearly, given the central role of hypoxia
in the regulation of malignant disease pro-
gression and immune evasion, it is conceiv-
able that its targeting might be considered
as a potential strategy in the development of
new combinatorial cancer therapies. In this

regard it is tempting to speculate that target-
ing hypoxia will decrease immunosuppres-
sive cell numbers, inhibit their function and
eventually favor the in situ antitumor
immune response. Therefore, novel immu-
notherapeutic approaches targeting tumor
hypoxia via HIF-1a inhibitors in conjunc-
tion with PD-L1 blockade may boost the
immune system in cancer patients. Exploit-
ing hypoxia-associated immune escape
routes holds great promise for overcoming
diminished antitumor cytotoxic responses
to restore the natural efficacy of immunity
in cancer patients.
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Figure 1. Hypoxic regulation of PD-L1 expression in the tumor microenvironment. Hypoxic zones in tumors attract diverse immunosuppressive
myeloid cells such as myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs), as well as lymphoid cells, such as regulatory T
cells (Tregs) and cytotoxic T lymphocytes (CTLs). By virtue of hypoxia-inducible factor 1a (HIF-1a), hypoxia upregulates programmed cell death ligand 1
(PD-L1) expression on MDSCs, macrophages, antigen (Ag)-presenting dendritic cells and malignant cells in the tumor microenvironment. The potential con-
tribution of increased PD-L1 on the surface of MDSCs, macrophages, dendritic cells and cancer cells in regulating immunosuppression within the hypoxic
tumor microenvironment remains largely unknown. Hypoxic MDSC’s are more immunosuppressive due to enhanced arginase and nitric oxide (iNOS) pro-
duction. Hypoxia significantly increased IL-6 and IL-10 secretion from MDSCs, thereby increasing MDSC-mediated immunosuppression, decreasing T-cell
function, and promoting tumor progression.
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