Sun et al. Cell Commun Signal (2021) 19:76
https://doi.org/10.1186/512964-021-00742-x

Cell Communication
and Signaling

REVIEW Open Access

The role of PD-L1 in the immune dysfunction

o

Check for
updates

that mediates hypoxia-induced multiple organ

injury

Yang Sun', Jin Tan', Yuyang Miao? and Qiang Zhang'

Abstract

apnoea.

Hypoxia is a pathological condition common to many diseases, although multiple organ injuries induced by hypoxia
are often overlooked. There is increasing evidence to suggest that the hypoxic environment may activate innate
immune cells and suppress adaptive immunity, further stimulating inflammation and inhibiting immunosurveillance.
We found that dysfunctional immune regulation may aggravate hypoxia-induced tissue damage and contribute to
secondary injury. Among the diverse mechanisms of hypoxia-induced immune dysfunction identified to date, the role
of programmed death-ligand 1 (PD-L1) has recently attracted much attention. Besides leading to tumour immune
evasion, PD-L1 has also been found to participate in the progression of the immune dysfunction which mediates
hypoxia-induced multiple organ injury. In this review, we aimed to summarise the role of immune dysfunction in
hypoxia-induced multiple organ injury, the effects of hypoxia on the cellular expression of PD-L1, and the effects of
upregulated PD-L1 expression on immune regulation. Furthermore, we summarise the latest information pertaining
to the involvement, diagnostic value, and therapeutic potential of immunosuppression induced by PD-L1 in vari-
ous types of hypoxia-related diseases, including cancers, ischemic stroke, acute kidney injury, and obstructive sleep
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Background

As the primary pathological mechanism involved in can-
cer, ischemic stroke, acute kidney injury (AKI), obstruc-
tive sleep apnoea hypopnoea syndrome (OSAHS), and
many other diseases, hypoxia can cause disease progres-
sion by affecting the cell cycle, metabolism, autophagy,
apoptosis, and other cellular mechanisms [1-3]. How-
ever, many complications associated with hypoxia
occur through unknown mechanisms, such as OSAHS-
related heart damage and multiple organ failure caused
by tumours. With the increasing number of studies
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investigating the harmful mechanisms of hypoxia and
the adaptations which occur in response to these dis-
eases, it has been shown that hypoxia regulates immune
responses, and this dysfunction plays an essential role in
the secondary destruction of organs and systemic com-
plications [4, 5]. Despite the growing knowledge about
the effect of hypoxia on the immune function and the
role of the immune response in several clinical diseases,
there is no clear consensus on the precise effects of
immune system dysfunction in hypoxia-induced multiple
organ injury.

Programmed cell death protein 1 (PD-1) and its endog-
enous ligand, programmed death-ligand 1 (PD-L1), are
essential immune checkpoint molecules that modu-
late apoptosis [6]. In combination with PD-L1, PD-1
regulates the immune system through promoting the
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differentiation of regulatory T cells (Tregs) and initiat-
ing T cells apoptosis [7, 8]. In isolation, this mechanism
would result in a reduction in autoimmune diseases;
however, the capability of immune cells to kill tumour
cells becomes simultaneously suppressed. Over time,
researchers have found that the pathway of PD-1/PD-L1
also plays an essential role in the resolution of stroke-
related neuroinflammation, the decrease in immune
function that occurs in patients with OSAHS, and the
inflammation that occurs in AKL

In recent years, studies have shown increased levels
of PD-L1 expression in various experimental models
of hypoxia and in patients exposed to hypoxic condi-
tions. Furthermore, the PD-1/PD-L1 pathway is exten-
sively involved in certain pathophysiological processes
of hypoxia-related diseases by promoting the differen-
tiation of Tregs and suppressing the function of T cells
[7-9]. However, the specific role and mechanism of
action of PD-L1 in different diseases are not fully under-
stood, and the potential relationship between hypoxia
and PD-L1-mediated signalling remains elusive. In this
review, we aimed to summarise the known interactions
between hypoxia and the immune system, the possible
mechanisms responsible for the upregulation of PD-L1
induced by hypoxia and its effect on immune function,
and the latest information pertaining to the involve-
ment and therapeutic potential of the PD-1/PD-L1 sig-
nalling in different hypoxia-related diseases. This article
mainly focuses on determining whether PD-L1-depend-
ent immunosuppression is related to the development of
hypoxia-induced multiple organ injury and the various
roles it plays in different conditions.

The interaction between hypoxia and immune
function

In clinical practice, hypoxia, especially severe hypoxia,
accompanied by multiple organ failure is often associ-
ated with serious complications and a poor prognosis.
In many diseases, multiple organ dysfunction is often
associated with disordered immune and inflammatory
responses. Unlike the direct tissue damage caused by
hypoxia, hypoxic injury may induce functional changes
of the immune system leading to secondary injuries.
Meanwhile, inflammatory changes may also aggravate
hypoxia-induced tissue damage. For example, in coro-
navirus disease 2019 (COVID-19), cardiac injuries and
AKIs often do not occur as a direct result of viral infec-
tion, but instead result from damage caused by inflam-
matory responses, which reduce oxygen intake and injure
endothelial cells, leading to intravascular coagulation and
thrombosis [10]. In tumours, the hypoxic environment
inhibits the immune surveillance function of T cells, pro-
motes the rapid growth of tumours, and increases the
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incidence of infection [11-13]. The release of cytokines
from activated microglia following a stroke causes neu-
roinflammation, aggravating the cerebral infarction area
and damaging the blood-brain barrier. The damaged
blood-brain barrier results in those cytokines entry into
the periphery where they activate the peripheral immune
system and cause damage to the heart and other organs
[14, 15]. Systemic inflammatory and immune responses
caused by sleep apnoea may be relevant risk factors for
the development of atherosclerosis (Fig. 1) [16-19].
From this perspective, the differential effects of hypoxic
diseases on immune function can be somewhat tissue-
specific, either stimulating inflammation or inhibiting
immunosurveillance. The disastrous outcomes of these
disorders of the immune system include systemic organ
damage and multiple organ failure.

How does the hypoxic environment affect the immune
system? Generally, hypoxia activates innate immune
cells, such as macrophages, neutrophils, dendritic cells,
and natural killer (NK) cells, which can rapidly eradicate
pathogens. In contrast, adaptive immunity is suppressed
under hypoxic conditions, as manifested by the stimu-
lated differentiation of Tregs and the negative regulation
of CD4% helper T (Th) cells and CD8% cytotoxic T cells
[5]. Mechanistically, the most crucial factor involved in
these changes is the activation of hypoxia-inducible fac-
tor (HIF) [20, 21]. The activated HIF pathway regulates
the immune cells function by modulating cellular meta-
bolic pathways, such as those related to glycolysis and
amino acid metabolism [22, 23]. HIF can also bind to
the transcription factor forkhead box P3 (FOXP3) and
activate the thymus-specific isoform of RAR-related
orphan receptor gamma (RORyt), thereby regulating the
equilibrium between Th17 cells and Tregs [24]. On the
other hand, hypoxia can induce the release of the con-
tents of necrotic cells, cytokines, and immune metabo-
lites from inflammatory sites in tissues. Once released,
these active substances and necrotic cell contents not
only activate the HIF pathway of immune cells and exert
functional autoinhibitory effects, but they also stimu-
late inflammatory reactions of immune cells directly by
acting as antigens and foreign bodies. In addition, when
cells are injured by hypoxia, they release more extracel-
lular vesicles, which target immune cells such as effec-
tor T cells, NK cells, and monocytes, while inducing
the Tregs differentiation and inhibit the immunologic
response [25-27]. These examples highlight the fact that
the hypoxia-induced regulation of immune function is
extremely complicated, and many other immune-related
signalling pathways and intracellular molecules will be
affected by the hypoxic environment, such as high-mobil-
ity group box protein 1 (HMGB1) and Toll-like receptor
4 (TLR4), among others [28, 29]. Most of the previous
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Fig. 1 The role of immune system dysfunction in hypoxic diseases. A Immune system dysfunction mediates ICH-induced cardiac dysfunction. After
stroke, the release of cytokines by activated microglia damages the blood-brain barrier, permitting cytokine entry into the periphery to activate the
peripheral immune system, causing further damage to the heart and other organs. B The role of immune system dysfunction in cancer progression.
Tumour cell antigens can be distinguished by T cells, while increased expression of PD-L1 and PD-1 leads to further inhibition of T cell function.
Abbreviations: ICH intracerebral haemorrhage, PD-L1 programmed death-ligand 1, PD-1 programmed cell death protein 1

studies investigating the function of hypoxia-suppressing
immune cells have focused on the metabolic and pro-
apoptotic pathways (Fig. 2). In this review, we focus on
the immune checkpoint: PD-L1, a relatively novel target
involved in hypoxia-related immune dysfunction in vari-
ous hypoxic diseases.

Effect of hypoxia on the expression of PD-L1

The expression of PD-L1 is upregulated in various models
of hypoxia

PD-L1 has recently attracted much attention for its
effect in inhibiting the proliferation and function of T
cells, leading to the immune escape of tumours. How-
ever, we found that, except for tumours, PD-L1 is also
overexpressed in other hypoxia-related diseases such as
stroke, AKI, myocardial infarction, and obstructive sleep

apnoea, and its immunosuppressive features are linked to
disease progression.

PD-L1 is expressed in many non-haematopoietic cells,
such as cancer cells, microglia, astrocytes, neurons, and
epithelial cells. Several other non-lymphoid cells, such
as those of the muscle, heart, placenta, and renal tubu-
lar cells, also express PD-L1. Pathological hypoxia can
induce the overexpression of PD-L1. For example, PD-L1
is upregulated in tumour cells and tumour-infiltrating
myeloid cells [30]. PD-L1 has been shown to be overex-
pressed in the spleen and central nervous system (CNS)
post-stroke in murine models [31]; similar changes in
PD-L1 expression have been reported in monocytes from
OSA patients [32, 33]. These findings suggest that both
persistent and intermittent hypoxia can directly trig-
ger the overexpression of PD-L1 in various cell types.
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Fig. 2 Hypoxia-induced changes in the immune system. Activation of the HIF pathway activates innate immune cells and amplifies the
inflammatory response in the hypoxic environment. Meanwhile, the activated HIF pathway suppresses the response of the adaptive immune
system by inhibiting the proliferation and function of T cells and stimulating the differentiation of Treg cells. Abbreviations: HIF hypoxia-inducible

Hypoxia also stimulates the release of exosomes express-
ing PD-L1, which can reduce cytokine levels and induce
T cell apoptosis.

The mechanism of hypoxia-induced PD-L1 upregulation
Hypoxia regulates PD-L1T mRNA expression by activating

the transcription factors HIF-1a and NF-kB

Transcriptional factors, such as HIF-la, and nuclear
factor-kB (NF-kB), can regulate PD-L1 expression
through targeting its promoter region [30]. The upregu-
lated PD-L1 induced by hypoxia is generally related to
changes in HIF-1a [34], and many related anti-tumour
drugs inhibit PD-L1 expression by downregulating
HIF signalling [35]. Noman et al. previously confirmed
that HIF-1a could regulate both the mRNA and pro-
tein expression of PD-L1 by directly acting on hypoxia
response element 4 (HRE-4) in the proximal promoter
of PD-L1 in tumour models [30]; it was shown that inhi-
bition of HIF-1a activity under hypoxic conditions sig-
nificantly decreased PD-L1 mRNA and protein levels.
Likewise, HIF-1a activity also regulates PD-L1 expres-
sion in monocytes in patients with sepsis and obstruc-
tive sleep apnoea [33, 36]. These indicate that a high level

of HIF-1a induced by hypoxia can result in the overex-
pression of PD-L1 and lead to the inhibition of immune
function.

Moreover, NF-kB, which is strongly activated by the
presence of cytokines or bacterial products at the site
of inflammation, upregulates the PD-L1 indirectly by
promoting the transcription of HIF-1la mRNA [4]. Fur-
thermore, NF-kB can directly regulate the expression
of PD-L1 [37]. The overexpression of PD-L1 induced by
interferon-y (IFN-y) is dependent on NF-«B activity. The
application of autophagy inhibitors results in the activa-
tion of NF-kB in tumour cells, leading to PD-L1 upreg-
ulation. NF-kB also contributes to the maintenance of
a stable level of PD-L1 and helps inhibit its ubiquitina-
tion and degradation, which is the foundation for stabi-
lising the PD-L1 expression induced by tumour necrosis
factor-a (TNF-a) in cancer cells.

Cytokines released from damaged tissue or inflammatory
sites induce the expression of PD-L1

Interestingly, when the hypoxic environment induces
cellular damage, chronic inflammation, or the activation
of immune cells, various cytokines are released, such as
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TNEF-a and IEN-y; in turn, these cytokines inhibit immu-
nological functions by upregulating the PD-L1 expressed
on target cells. In murine models, the depletion of IFN-y
can lead to decreased PD-L1 in tumour cells [38]. Simi-
larly, in antigen-presenting cells (APCs), treatment with
unstimulated monocytes failed to induce a response,
whereas a rapid upregulation of PD-L1 was found after
IFN-y stimulation [39]. TNF-a, analogously, can stimu-
late the upregulation of PD-L1 by the modulation of
NF-kB signalling in tumour cells which are undergo-
ing epithelial-mesenchymal transition [40]. In addition,
cytokines produced by infiltrating immune cells, such as
interleukin 10 (IL-10), interleukin 4 (IL-4), and bacterial
lipopolysaccharide (LPS), may also influence the expres-
sion of PD-L1 [41].

Extracellular vesicles released in the hypoxic
microenvironment can play an immunosuppressive role

by modulating PD-L 1 expression

Hypoxia is believed to alter both the quantity and con-
tents of tumour-derived exosomes (TEXs), and TEXs can
induce PD-L1 expression in the lipid bilayer of nanovesi-
cles [42]. For instance, metastatic melanomas release
exosomes that transport PD-L1 on their surface [43]. In
the hypoxic environment, TEXs enhance the inhibitory
effects of myeloid-derived suppressor cells (MDSCs)
on gamma delta T (y8T) cells through the regulation of
microRNA-21/PTEN/PD-L1 [44]. Besides, there are also
some changes in exosomes and microsomes in OSA and
stroke mice models, but the relationship between them
and PD-L1 is still under investigation.

PD-L1 suppresses immune function in hypoxic
diseases via binding to PD-1

General mechanism and effects of the PD-1/PD-L1 pathway
As mentioned earlier, when cells are exposed to hypoxic
conditions, more PD-L1 is expressed on the cell sur-
face, and exosomes containing PD-L1 are released. To
exert its effects, PD-L1 combines with its target recep-
tor PD-1. The PD-1/PD-L1 pathway inhibits the activ-
ity of T cells and promotes the development of Tregs,
induces apoptosis in antigen-specific T cells, and inhibits
apoptosis in Tregs [45]. Moreover, binding to PD-L1, the
activated phenotype marked by expressing PD-1 on NK
cells is suppressed [46]. Therefore, the PD-1/PD-L1 path-
way plays an important role in inhibiting the immune
response and reducing autoimmune responses (Fig. 3).

The PD-1/PD-L1 pathway inhibits signal transduction

in functional T cells

The mechanism by which PD-L1 inhibits the activation of
T cell is the focus of investigation [47]. The activation of
T cells requires signals from the T cell receptors (TCRs)
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and costimulatory receptors. After the initial activation
of T cells, the complex formed from PD-L1 and PD-1
binding further inhibits signal transduction pathways in
T cells, such as TCR signalling [41, 48], CD28 costimu-
latory signalling [39, 49], inducible costimulatory (ICOS)
signalling [50], reducing the proliferation of self-reactive
T cells.

The communication between TCR and its downstream
molecules is required for T cell-APC interactions and
the subsequent activation, proliferation, and differen-
tiation of T cells. PD-1-PD-L1 binding was previously
reported to attenuate interleukin 2 (IL-2) production and
maintain peripheral tolerance by interfering with TCR-
mediated stop signals [51]. After the activation of T cells,
Src homology 2 domain-containing tyrosine phosphatase
2 (SHP2) becomes transiently recruited and associated
with PD-1. This leads to the dephosphorylation of proxi-
mal TCR signalling molecules such as zeta chain of T cell
receptor-associated protein kinase 70 (ZAP70), and the
decreased phosphorylation of TCR downstream signal-
ling molecules, such as the guanine nucleotide exchange
factor Vavl, phospholipase C gamma 1 (PLCy1), and pro-
tein kinase C theta (PKC theta), which are required for
T-cell-mediated IL-2 production [48]. In addition, the
modulation of T-cell function by PD-1-PD-L1 binding
involves the inhibition of the phosphoinositide-3-kinase
(PI3K) /AKT pathway and the Ras/mitogen-activated
protein kinase (MEK)/extracellular signal-regulated
kinase (ERK) pathway [41, 52], both of which are also
involved in glucose metabolism. The inhibitory effect of
PD-L1/PD-1 signalling helps regulate glycolysis and oxi-
dative phosphorylation by reducing extracellular acidifi-
cation and oxygen consumption rates, thereby affecting
the metabolic reprogramming of activated primary T
cells [53].

In an earlier study of the involvement of PD-L1 in the
negative effect of lymphocytic PD-1, it was suggested
that besides the inhibition of the TCR signalling pathway,
the PD-L1/PD-1 signalling pathway could inhibit at least
suboptimal levels of CD28-mediated co-stimulation [39].
In a recent study, researchers found dephosphorylated
co-receptor CD28 in response to the activated PD-1/
PD-L1 pathway. Furthermore, they also suggested that
CD28, not the TCR, was the most sensitive PD-1 tar-
get. It is well known that at high concentrations of PD-1,
the TCR signalling components like ZAP70 will become
dephosphorylated. However, through direct quantitative
comparisons the researchers found that the dephospho-
rylation of TCR was always weaker than that of CD28.
Collectively, these findings indicate that the main mecha-
nism of PD-1-inhibits function of T cells is the inactiva-
tion of CD28 signalling [49]. Another study found that
although the co-receptor CD28 could overcome the
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Fig. 3 Overexpression of PD-L1 in hypoxic cells and the mechanism of the PD-1/PD-L1 signalling pathway. Hypoxia can contribute both directly
and indirectly to the upregulation of transcription factors, including HIF-1a, NF-kB, and STAT3, which act on the promoter of PD-L1 to regulate

its expression. At the same time, the cytokines released by hypoxic cells or immune cells can stimulate the expression of PD-L1. In hypoxic cells,
extracellular vesicles transporting PD-L1 on their surface are released. Mechanistically, the PD-1-PD-L1 complex modulates immune dysfunction
by binding to TCRs and momentarily associating with the phosphatase SHP2. This results in the dephosphorylation of proximal TCR signalling
molecules, such as ZAP70, and the decreased phosphorylation of TCR downstream signalling molecules like PLCy1 and PKCtheta, similar to the role
that inhibition of the PI3K/Akt pathway plays in these processes. Therefore, PD-1-PD-L1 binding affects the activation, proliferation, differentiation,
metabolism, and IL-2 production of T cells. Furthermore, the PD-1/PD-L1 pathway promotes differentiation and development, sustaining the
function of regulatory T cells by enhancing Foxp3 expression, inhibiting the Akt/mTOR signalling pathway, and attenuating the phosphorylation of
ERK2. And the activation of Tregs participate in the PD-1-PD-L1 axis-mediated NK cells dysfunction. Abbreviations: PD-L1 programmed death-ligand
1, PD-1 programmed cell death protein 1, HIF-1a hypoxia-inducible factor 1 alpha, NF-kB nuclear factor kappa B, STAT3 signal transducer and
activation of transcription-3, TCRT cell receptor, SHP2 Src homology 2 domain-containing tyrosine phosphatase 2, ZAP70 zeta chain of T cell
receptor-associated protein kinase 70, PLCyT phospholipase C gamma 1, PKCtheta protein kinase C theta, PI3K phosphoinositide 3-kinase, AKT
protein kinase B, /-2 interleukin 2, mTOR mechanistic target of rapamycin, ERK2 extracellular signal-regulated kinase 2, Treg regulatory T

inactivation mediated by PD-1 by increasing IL-2 pro-
duction, the binding of PD-1/PD-L1 also inhibits IL-2
production following co-stimulation. Obviously, after
long-term activation, the dominant pathway remains the
inhibitory pathway modulated by PD-1/PD-L1 [54].

The co-stimulatory pathway mediated by ICOS signal-
ling is also sensitive to PD-1. Co-stimulation through
ICOS could enhance T cell proliferation; however, this
effect may be negligible in the presence of PD-1. The
proliferative response induced by PD-1/ICOS ligand

(ICOS-L) activation is analogous to that induced by anti-
CD3 alone [50].

The PD-1/PD-L1 pathway helps to sustain regulatory T cell
function

Both the PD-1/PD-L1 pathway and Tregs are signifi-
cant mediators of peripheral tolerance. Contrary to the
inhibitory effects of PD-L1 on T cells, it has been dem-
onstrated that PD-L1 can control the development of
Tregs and sustain their function. In a study investigat-
ing the role of PD-L1 on the conversion of naive CD4 T
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cells into induced regulatory T (iTreg) cells, research-
ers found that PD-L1 can induce iTreg cells in vitro,
reduce iTreg cell conversion, and even enhance Foxp3
expression, maintaining the immunosuppressive effect
of iTreg cells. As a transcription factor that is impor-
tant in the regulatory activity of natural Treg (nTreg)
and iTreg cells, the maintenance of Foxp3 expression
may explain the functional role of PD-L1 in promot-
ing the development of Tregs. Meanwhile, the lev-
els of phosphorylation of Akt, mammalian target of
rapamycin (mTOR), and ribosomal protein S6 were
significantly decreased as PD-L1 levels increased,
demonstrating that PD-L1 may also regulate the dif-
ferentiation of Tregs by antagonising the Akt—-mTOR
pathway [45]. In addition, the PD-1-PD-L1 binding
can promote the Treg-mediated inhibition of matrix
metalloproteinase-9 (MMP-9) derived from neutro-
phils [55, 56]. Collectively, these findings suggest that
PD-L1 can also exert inhibitory effects by promoting
Tregs.

The PD-1/PD-L1 pathway mediates the dysfunction of NK
cells

Equally importantly, PD-1* NK cells have been found
in many tumour environments, such as ovarian carci-
noma and head and neck cancer [46, 57]. After bind-
ing to PD-1, PD-L1 expressed in cancer cells reduce
the NK cells response to tumours. NK cells induce
tumour immunosurveillance by releasing chemokines
and cytokines; the PD-1-PD-L1 axis precisely checks
this process [58]. Interestingly, it has been found that
PD-1*" NK cells induced PD-L1 expression on can-
cer cells by releasing IFN-y, and the upregulated
PD-1-PD-L1 axis suppressed the NK cell function.
The PD-1-PD-L1 axis-mediated NK cell dysfunction
largely depended on the induction of Tregs, which
inhibit the process of T cells help NK cells by IL-2 [59,
60]. Many studies have shown that blocking PD-1 or
PD-L1 can recover NK cells and enhanced their cyto-
toxicity against tumours with high PD-L1 expression
[46, 59, 61].

Besides, the function of PD-L1" NK cells not related
to PD-1 have also been reported. Compared to PD-L1-
NK cells, the cytokine production and cytotoxicity of
PD-L1% NK cells are significantly increased [62]. PD-L1
signalling can activates NK cells via the p38/NF-kB
pathway, which further maintain NK cells cytotoxic and
cytokine production.

Consequently, the combination of NK cells PD-1 and
tumour cells PD-L1 inhibits the cytotoxic of NK cells
against tumour, while cytotoxicity of PD-L17 NK cells
is significantly increased.
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The role of PD-L1 in different types

of hypoxia-related diseases

The potential role of PD-L1 in tumours

In tumour formation, the development of aberrant blood
vessel structures generates a vascular system that often
fails to meet the increasing demand for oxygen in rap-
idly enlarging tumours, resulting in the formation of a
hypoxic environment in the tumour [63]. As an essential
mediator expressed on hypoxic tumour cells, PD-L1 has
an intriguing influence on tumour growth [64]. Previ-
ous studies have suggested that PD-L1 is constitutively
expressed in various tumour cells, including those seen in
haematological malignancies and metastatic melanomas.
In the tumour microenvironment, the overexpression of
PD-L1 is closely related to the increased expression of
HIF-1a and the activation of NF-kB. Moreover, cytokines
produced by activated immune cells such as TNF-a and
IFN-y can also upregulate the expression of PD-L1 [38,
41, 59]. The tumour microenvironment stimulates IFN-y
production by activated NK cells and further upregulates
PD-L1 expression on the surface of tumour and NK cells
[59, 62].Meanwhile, many exosomes are released from
tumour cells, and stimulation with IFN-y increases the
amount of PD-L1 transported on their surface [43].

Overexpression of PD-L1 can facilitate tumour growth
by inhibiting the function of CD8 T cells and promot-
ing the function of Tregs. Firstly, the overexpression
of PD-L1 can induce unresponsiveness or apoptosis of
PD-1" T cells by interfering with TCR signalling path-
ways. Meanwhile, the inhibition of TCR signalling also
suppresses the production of TNF-a, IL-2, and IFN-y.
A few pharmacological agents have been confirmed to
enhance T cell activity by inhibiting the expression of
PD-L1 in cancer cells [65]. On the other hand, blocking
PD-L1 directly limits the immunosuppressive capacity
of Treg cells [66], indicating that the PD-L1/PD-1 path-
way regulates the function of Tregs and participates in
tumour-related immunosuppression. Furthermore, it
has also been found that intrinsic PD-L1 signalling in
tumours regulates cellular proliferation and autophagy
in ovarian cancer and melanoma, and the attenuation of
PD-L1 enhances autophagy and weakens the ability of
autophagy inhibitors in NOD scid gamma (NSG) mice
to restrict proliferation in vitro and in vivo [67]. This
indicates an alternative role of anti-PD-L1 treatment in
tumour immunotherapy.

Clinically, anti-PD-L1 antibodies have been highly
efficacious in the treatment of certain tumours, such as
metastatic melanomas, ovarian cancers, oesophageal
squamous cell carcinomas, and haematopoietic malig-
nancies [68-72]. Monoclonal antibodies (mAbs) have
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been used to reduce the immunosuppression of T cells, to
increase the effector-to-suppressor cell ratio, and to sup-
port the maintenance of an anti-tumour microenviron-
ment by preventing PD-L1 from associating with PD-1
[73, 74]. Moreover, PD-L1 expression can be considered
as a biomarker of poor prognosis in cancer patients, and
some studies have shown a role of PD-L1 in the induction
of anti-tumour immune responses, contributing to better
prognosis after surgery [75-77].

The potential role of PD-L1 in stroke

Previously, we mentioned that the progressive deterio-
ration following a stroke is closely related to neuroin-
flammation, which is caused by activated microglia and
infiltrating T cells in the CNS. In chronic inflammation
of the CNS, the PD-L1 expressed on microglia binds to
PD-1 on the CD8™ T cells that persist in brain and neg-
atively regulates the activation of T cells [78]. Similarly,
after stroke, the overexpressed PD-L1 in microglia can
restrict the severity of pathophysiological changes in the
CNS and reduce acute ischaemic brain injury by reducing
infiltrating T cells and inhibiting inflammatory cytokine
production. We mentioned earlier that cytokines released
by T cells, such as TNF-a and IFN-y, can increase the
number of PD-L1, which can modulate the function
of T cells and reduce the secretion of pro-inflamma-
tory cytokines. This inhibitory pathway may reduce the
release of neurotoxic factors mediated by stroke-related
Toll-like receptor 2 (TLR2) and TLR4 in activated micro-
glia [31]. PD-L1 also significantly attenuates neurological
deficits and reduces the volume of intracerebral haemor-
rhage (ICH) in mice by reducing brain-infiltrating CD4"
T cells and the proportions of Th1l and Th17 cells, while
simultaneously increasing the percentages of Th2 and
Tregs [79]. In addition, PD-L1 plays an essential role in
neuroprotection by mediating the inhibition of Tregs on
neutrophil-derived MMP-9 and by ameliorating the dam-
age of blood—brain barrier after cerebral ischaemia [55].
However, in an experimental model of stroke, Offner
et al. suggested that as the proportion of circulating
PD-L1- and PD-L2-expressing CD19" B cells increased
in the periphery and CNS, increased levels of PD-1 lim-
ited the infarct volume through inhibiting the function
of T cells and microglia; the findings implicate PD-1 sig-
nalling as a key factor in limiting CNS inflammation in
murine experimental stroke models [31]. Subsequently,
the group found that PD-L1 homozygous knock out (PD-
L1-/-) mice had reduced levels of infiltrating CD4% T
cells in the ischaemic hemispheres, with smaller infarct
volumes compared to those of wild-type (WT) mice,
suggesting a pathogenic rather than a regulatory role
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for PD-L1 [80]. They suggested that this result may have
been related to the overexpression of PD-1 and combin-
ing with PD-L2 after blocking PD-L1. Whether PD-L1
plays a positive role in attenuating neuroinflammation
after cerebral ischaemia remains unknown. In summary,
the PD-1/PD-L1 immunoregulatory pathway may be a
new potential target for protecting against CNS injury in
stroke in the future.

The potential role of PD-L1 in OSAHS

OSAHS is characterised by repetitive episodes of inter-
mittent hypoxaemia (IH). Studies have shown that
OSAHS is associated with a higher incidence of cancer
and a greater severity of infections due to immune dys-
regulation. To explore the relationship between IH and
immunosuppression, researchers found upregulated
PD-L1 expression both in vivo and in vitro [32, 81]. In
a research involving patients with melanoma, soluble
PD-L1 (sPD-L1) levels were found to be higher in patients
with severe OSAHS than in those with mild OSAHS or
non-OSAHS patients [82], indicating that the sPD-L1
concentration might be related to the degree of oxygen
deficiency. Similarly, in an in vivo experiment, mice in the
IH group exhibited high levels of PD-L1 expression com-
pared to those in the control group following the injec-
tion of lung cancer cells into the flank and subsequent
exposure to IH or normoxia for 1 week [83]. Therefore,
the potential role of PD-L1 in disease and the therapeutic
prospects of targeting the pathway have generated a great
deal of interest from researchers. Ultimately, they found
that upregulation of PD-L1 in OSAHS, which may be
caused by higher HIF-1a activation, inhibits T cell prolif-
eration and activation, and impairs the cytotoxic activity
of CD8™ T cells [32], increasing the incidence and aggres-
siveness of certain cancers. The value of administering
PD-L1 inhibitors in the treatment of OSAHS remains to
be explored.

The potential role of PD-L1 in AKI

The kidney is highly sensitive to blood flow shortages
and hypoxia as a result of its high metabolic activity and
vascular anatomy. Both innate and adaptive immune
mechanisms participate in the pathophysiology of kid-
ney ischemia-reperfusion injury (IRI), which is the lead-
ing cause of AKI. Mechanistically, it is well known that
all Tregs have protective effects on renal function in AKI
models by inhibiting innate immunity and modulating
injury after kidney IRI [84—86]. Moreover, blocking the
PD-L1/PD-1 pathway prior to mild renal IRI reverses the
protective ability of Tregs, significantly aggravating renal
dysfunction and acute tubular necrosis after ischaemia
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[87, 88]. In other words, PD-L1 may play a protective role
in acute renal injury by promoting the inhibitory effects
mediated by Tregs. Whether PD-L1 is involved in other
innate and adaptive immune processes in AKI, such as
those related to T cell function, remains to be further
studied.

Conclusions

In this review, we provided evidence that immune system
dysfunction is a major cause of hypoxia-induced multi-
ple organ injury. Immune surveillance functions become
impaired in suppressed immune cells, making it difficult
for the body to mount a response against viral infection
and the rapid invasion of tumours. Excessive inflamma-
tory reactions, on the other hand, are associated with
protracted disease progression or secondary damage to
the surrounding tissue. To explore the mechanisms of
hypoxia-mediated immune dysfunction, we found that
both persistent and intermittent hypoxia can directly
trigger the overexpression of PD-L1 in various cell types
and that these effects are closely related to HIF-1a activ-
ity. HIF-1a can regulate the expression of PD-L1 by
directly acting on HRE-4 in the proximal promoter region
of PD-L1. Consequently, PD-L1 expressed in peripheral
tissues helps reduce autoimmune damage and maintain
peripheral tolerance through inhibiting T cells prolifera-
tion and promoting the differentiation of Tregs. Moreo-
ver, PD-L1 plays differential roles in various hypoxic
diseases, and these findings indicate that the study of
PD-L1 may lead to the discovery of powerful tools for
diagnosing and treating these diseases. Therefore, further
exploration of the role of PD-L1 in the pathophysiology
and treatment of hypoxia-induced multiple organ injury
is warranted in the future.

Abbreviations

PD-L1: Programmed death-ligand 1; AKI: Acute kidney injury; OSAHS: Obstruc-
tive sleep apnoea hypopnoea syndrome; PD-1: Programmed cell death
protein 1; Tregs: Regulatory T cells; COVID-19: Coronavirus disease 2019; NK:
Natural killer; Th: Helper T cells; HIF: Hypoxia-inducible factor; FOXP3: Factor
forkhead box P3; RORyt: RAR-related orphan receptor gamma; HMGB1: High-
mobility group box protein 1; TLR4: Toll-like receptor 4; CNS: Central nervous
system; NF-kB: Nuclear factor-kB; HRE-4: Hypoxia response element 4; IFN-y:
Interferon-y; TNF-a: Tumour necrosis factor-a; APCs: Antigen-presenting

cells; IL-10: Interleukin 10; IL-4: Interleukin 4; LPS: Lipopolysaccharide; TEXs:
Tumour-derived exosomes; MDSCs: Myeloid-derived suppressor cells; yST:
Gamma delta T; TCRs: T cell receptors; ICOS: Inducible costimulatory; IL-2:
Interleukin 2; SHP2: Src homology 2 domain-containing tyrosine phosphatase
2; ZAP70: Zeta chain of T cell receptor-associated protein kinase 70; PLCy1:
Phospholipase C gamma 1; PKCtheta: Protein kinase C theta; PI3K/AKT:
Phosphoinositide-3-kinase; MEK: Mitogen-activated protein kinase; ERK: Extra-
cellular signal-regulated kinase; ICOS-L: ICOS ligand; iTreg: Induced regulatory
T; nTreg: Natural Treg; mTOR: Mammalian target of rapamycin; MMP-9: Matrix
metalloproteinase-9; NSG: NOD scid gamma; mAbs: Monoclonal antibodies;
TLR2: Toll-like receptor 2; ICH: Intracerebral haemorrhage; PD-L1-/- PD-L1
homozygous knock out; WT: Wild-type; IH: Intermittent hypoxaemia; sPD-L1:
Soluble PD-L1; IRI: Ischemia-reperfusion injury.

Page 9 of 11

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-021-00742-x.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(Grant No. 81970085 and 81670086) and The Tianjin Science and Technology
Plan Project (Grant No. 17ZXMFSY00080).

Authors’ contributions

YS, QZ and JT conceived, designed and drafted the manuscript; YS wrote the
original draft preparation; QZ and JT contributed to the review and edit of the
manuscript; YYM contributed to the language modification and guidance. All
authors read and approved the final manuscript.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Geriatrics, Tianjin Medical University General Hospital, Tianjin
Geriatrics Institute, Anshan Road NO.154, Tianjin 300052, China. 2Tiarwjirw Medi-
cal University, Tianjin, China.

Received: 8 March 2021 Accepted: 19 April 2021
Published online: 13 July 2021

References

1. Song S, Tan J, MiaoY, Sun Z, Zhang Q. Intermittent-hypoxia-induced
autophagy activation through the ER-stress-related PERK/elF2alpha/ATF4
pathway is a protective response to pancreatic beta-cell apoptosis. Cell
Physiol Biochem. 2018;51:2955-71.

2. DuanPTan J, Miao, Zhang Q. Potential role of exosomes in the patho-
physiology, diagnosis, and treatment of hypoxic diseases. Am J Transl Res.
2019;11:1184-201.

3. GuoY,Tan J, MiaoY, Sun Z, Zhang Q: Effects of microvesicles on cell
apoptosis under hypoxia. Oxid Med Cell Longev. 2019:5972152.

4. Taylor CT, Colgan SP. Regulation of immunity and inflammation by
hypoxia in immunological niches. Nat Rev Immunol. 2017;17:774-85.

5. Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med.
2011;364:656-65.

6. IshidaY, Agata, Shibahara K, Honjo T. Induced expression of PD-1, a
novel member of the immunoglobulin gene superfamily, upon pro-
grammed cell death. Embo J. 1992;11:3887-95.

7. Francisco LM, Sage PT, Sharpe AH.The PD-1 pathway in tolerance and
autoimmunity. Immunol Rev. 2010;236:219-42.

8. AsanoT,MeguriY, Yoshioka T, Kishi Y, Iwamoto M, Nakamura M, Sando Y,
Yagita H, Koreth J, Kim HT, et al. PD-1 modulates regulatory T-cell homeo-
stasis during low-dose interleukin-2 therapy. Blood. 2017;129:2186-97.

9. Nam§, Lee A, Lim J, Lim JS. Analysis of the expression and regulation of
PD-1 protein on the surface of myeloid-derived suppressor cells (MDSCs).
Biomol Ther (Seoul). 2019;27:63-70.

10. Noris M, Benigni A, Remuzzi G. The case of complement activation in
COVID-19 multiorgan impact. Kidney Int. 2020;,98:314-22.

11. Noman MZ, Hasmim M, Lequeux A, Xiao M, Duhem C, Chouaib S,
Berchem G, Janji B. Improving cancer immunotherapy by targeting the


https://doi.org/10.1186/s12964-021-00742-x
https://doi.org/10.1186/s12964-021-00742-x

Sun et al. Cell Commun Signal

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2021) 19:76

hypoxic tumor microenvironment: new opportunities and challenges.
Cells-Basel. 2019;8:1083.

Ou ZL, Luo Z, Wei W, Liang S, Gao TL, Lu YB. Hypoxia-induced shed-
ding of MICA and HIF1A-mediated immune escape of pancreatic
cancer cells from NK cells: role of circ_0000977/miR-153 axis. Rna Biol.
2019;16:1592-603.

Craig SG, Humphries MP, Alderdice M, Bingham V, Richman SD,
Loughrey MB, Coleman HG, Viratham-Pulsawatdi A, McCombe K, Mur-
ray Gl, et al. Immune status is prognostic for poor survival in colorectal
cancer patients and is associated with tumour hypoxia. Br J Cancer.
2020;123:1280-8.

YanT, Chen Z, Chopp M, Venkat P, Zacharek A, Li W, Shen Y, Wu R, Li L,
Landschoot-Ward J, et al. Inflammatory responses mediate brain-heart
interaction after ischemic stroke in adult mice. J Cereb Blood Flow Metab.
2018;40:1213-29.

Offner H, Subramanian S, Parker SM, Wang C, Afentoulis ME, Lewis A, Van-
denbark AA, Hurn PD. Splenic atrophy in experimental stroke is accom-
panied by increased regulatory T cells and circulating macrophages. J
Immunol. 2006;176:6523-31.

Dyugovskaya L, Lavie P, Lavie L. Lymphocyte activation as a possible
measure of atherosclerotic risk in patients with sleep apnea. Ann N'Y
Acad Sci. 2005;1051:340-50.

Arnaud C, Beguin PC, Lantuejoul S, Pepin JL, Guillermet C, Pelli G, Burger
F, Buatois V, Ribuot C, Baguet JP, et al. The inflammatory preatherosclerotic
remodeling induced by intermittent hypoxia is attenuated by RANTES/
CCL5 inhibition. Am J Respir Crit Care Med. 2011;184:724-31.
Dyugovskaya L, Lavie P, Hirsh M, Lavie L. Activated CD8+ T-lymphocytes
in obstructive sleep apnoea. Eur Respir J. 2005;25:820-8.

Dyugovskaya L, Lavie P, Lavie L. Phenotypic and functional characteriza-
tion of blood gammadelta T cells in sleep apnea. Am J Respir Crit Care
Med. 2003;168:242-9.

Cummins EP, Keogh CE, Crean D, Taylor CT. The role of HIF in immunity
and inflammation. Mol Aspects Med. 2016;47-48:24-34.

McGettrick AF, O'Neill L. The role of HIF in immunity and inflammation.
Cell Metab. 2020;32:524-36.

O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for
immunologists. Nat Rev Immunol. 2016;16:553-65.

Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick
AF, Goel G, Frezza C, Bernard NJ, Kelly B, Foley NH, et al. Succinate is an
inflammatory signal that induces IL-1beta through HIF-1alpha. Nature.
2013;496:238-42.

Dang EV, Barbi J, Yang HY, Jinasena D, Yu H, Zheng Y, Bordman Z, Fu J, Kim
Y, Yen HR, et al. Control of T(H)17/T(reg) balance by hypoxia-inducible
factor 1. Cell. 2011;146:772-84.

Shao C,Yang F, Miao S, Liu W, Wang C, Shu'Y, Shen H. Role of hypoxia-
induced exosomes in tumor biology. Mol Cancer. 2018;17:120.

Andreola G, Rivoltini L, Castelli C, Huber V, Perego P, Deho P, Squarcina P,
Accornero P, Lozupone F, Lugini L, et al. Induction of lymphocyte apop-
tosis by tumor cell secretion of FasL-bearing microvesicles. J Exp Med.
2002;195:1303-16.

Ye SB, Zhang H, Cai TT, Liu YN, Ni JJ, He J, Peng JY, Chen QY, Mo HY, et al.
Exosomal miR-24-3p impedes T-cell function by targeting FGF11 and
serves as a potential prognostic biomarker for nasopharyngeal carci-
noma. J Pathol. 2016;240:329-40.

Wu M, Liu F, Guo Q. Quercetin attenuates hypoxia-ischemia induced brain
injury in neonatal rats by inhibiting TLR4/NF-kappaB signaling pathway.
Int Immunopharmacol. 2019;74:105704.

Kim SW, Lee H, Lee HK, Kim ID, Lee JK. Neutrophil extracellular trap
induced by HMGB1 exacerbates damages in the ischemic brain. Acta
Neuropathol Commun. 2019;7:94.

Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, Bronte V,
Chouaib S. PD-L1 is a novel direct target of HIF-1alpha, and its blockade
under hypoxia enhanced MDSC-mediated T cell activation. J Exp Med.
2014;211:781-90.

Ren X, Akiyoshi K, Vandenbark AA, Hurn PD, Offner H. Programmed
death-1 pathway limits central nervous system inflammation and neuro-
logic deficits in murine experimental stroke. Stroke. 2011;42:2578-83.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 10 of 11

Cubillos-Zapata C, Avendano-Ortiz J, Hernandez-Jimenez E, Toledano

V, Casas-Martin J, Varela-Serrano A, Torres M, Almendros |, Casitas R,
Fernandez-Navarro |, et al. Hypoxia-induced PD-L1/PD-1 crosstalk impairs
T-cell function in sleep apnoea. Eur Respir J. 2017;50:1700833.
Cubillos-Zapata C, Balbas-Garcia C, Avendano-Ortiz J, Toledano V, Torres
M, Almendros I, Casitas R, Zamarron E, Garcia-Sanchez A, Feliu J, et al.
Age-dependent hypoxia-induced PD-L1 upregulation in patients with
obstructive sleep apnoea. Respirology. 2019;24:684-92.

Takaki H, Hirata Y, Ueshima E, Kodama H, Matsumoto S, Wada R, Suzuki H,
Nakasho K, Yamakado K. Hepatic artery embolization enhances expres-
sion of programmed cell death 1 ligand 1 in an orthotopic rat hepatocel-
lular carcinoma model. in vivo and in vitro experimentation. J Vasc Interv
Radiol. 2020;31:1475-82.

Xing Y, Mi C, Wang Z, Zhang ZH, Li MY, Zuo HX, Wang JY, Jin X, Ma J.
Fraxinellone has anticancer activity in vivo by inhibiting programmed cell
death-ligand 1 expression by reducing hypoxia-inducible factor-1alpha
and STAT3. Pharmacol Res. 2018;135:166-80.

Avendano-Ortiz J, Maroun-Eid C, Martin-Quiros A, Toledano V, Cubillos-
Zapata C, Gomez-Campelo P, Varela-Serrano A, Casas-Martin J, Llanos-
Gonzalez E, Alvarez E, et al. PD-L1 overexpression during endotoxin
tolerance impairs the adaptive immune response in septic patients via
HIF1alpha. J Infect Dis. 2018;217:393-404.

Vincent-Fabert C, Roland L, Zimber-Strobl U, Feuillard J, Faumont N. Pre-
clinical blocking of PD-L1 molecule, which expression is down regulated
by NF-kappaB, JAK1/JAK2 and BTK inhibitors, induces regression of
activated B-cell lymphoma. Cell Commun Signal. 2019;17:89.

Abiko K, Matsumura N, Hamanishi J, Horikawa N, Murakami R, Yamaguchi
K, Yoshioka Y, Baba T, Konishi I, Mandai M. IFN-gamma from lymphocytes
induces PD-L1 expression and promotes progression of ovarian cancer. Br
J Cancer. 2015;112:1501-9.

Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz

LJ, Malenkovich N, Okazaki T, Byrne MC, et al. Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family member leads to nega-
tive regulation of lymphocyte activation. J Exp Med. 2000;192:1027-34.
Asgarova A, Asgarov K, Godet Y, Peixoto P, Nadaradjane A, Boyer-Guittaut
M, Galaine J, Guenat D, Mougey V, Perrard J, et al. PD-L1 expression is
regulated by both DNA methylation and NF-kB during EMT signaling in
non-small cell lung carcinoma. Oncoimmunology. 2018;7:¢1423170.
Salmaninejad A, Valilou SF, Shabgah AG, Aslani S, Alimardani M, Pasdar A,
Sahebkar A. PD-1/PD-L1 pathway: basic biology and role in cancer immu-
notherapy. J Cell Physiol. 2019;234:16824-37.

Xie F, Xu M, Lu J, Mao L, Wang S. The role of exosomal PD-L1 in tumor
progression and immunotherapy. Mol Cancer. 2019;18:146.

Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, Yu Z, Yang J, Wang B,
Sun H, et al. Exosomal PD-L1 contributes to immunosuppression and is
associated with anti-PD-1 response. Nature. 2018;560:382-6.

LiL, Cao B, Liang X, Lu S, Luo H, Wang Z,Wang S, Jiang J, Lang J, Zhu

G. Microenvironmental oxygen pressure orchestrates an anti- and pro-
tumoral gammadelta T cell equilibrium via tumor-derived exosomes.
Oncogene. 2019;38:2830-43.

Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK,
Sharpe AH. PD-L1 regulates the development, maintenance, and func-
tion of induced regulatory T cells. J Exp Med. 2009,206:3015-29.
Concha-Benavente F, Kansy B, Moskovitz J, Moy J, Chandran U, Ferris RL.
PD-L1 mediates dysfunction in activated PD-1(4) NK cells in head and
neck cancer patients. Cancer Immunol Res. 2018;6:1548-60.

Topalian SL, Drake CG, Pardoll DM. Targeting the PD-1/B7-H1(PD-

L1) pathway to activate anti-tumor immunity. Curr Opin Immunol.
2012;24:207-12.

Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A,
Azuma M, Saito T. Programmed cell death 1 forms negative costimulatory
microclusters that directly inhibit T cell receptor signaling by recruiting
phosphatase SHP2. J Exp Med. 2012;209:1201-17.

Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, Sasmal DK, Huang
J,Kim JM, Mellman |, Vale RD. T cell costimulatory receptor CD28 is a
primary target for PD-1-mediated inhibition. Science. 2017;355:1428-33.
Bennett F, Luxenberg D, Ling V, Wang IM, Marquette K, Lowe D, Khan

N, Veldman G, Jacobs KA, Valge-Archer VE, et al. Program death-1



Sun et al. Cell Commun Signal (2021) 19:76

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

engagement upon TCR activation has distinct effects on costimulation
and cytokine-driven proliferation: attenuation of ICOS, IL-4, and IL-21, but
not CD28, IL-7, and IL-15 responses. J Immunol. 2003;170:711-8.

Fife BT, Pauken KE, Eagar TN, Obu T, Wu J, Tang Q, Azuma M, Krummel MF,
Bluestone JA. Interactions between PD-1 and PD-L1 promote tolerance
by blocking the TCR-induced stop signal. Nat Immunol. 2009;10:1185-92.
Sheppard KA, Fitz LJ, Lee JM, Benander C, George JA, Wooters J, Qiu Y,
Jussif JM, Carter LL, Wood CR, Chaudhary D. PD-1 inhibits T-cell receptor
induced phosphorylation of the ZAP70/CD3zeta signalosome and down-
stream signaling to PKCtheta. Febs Lett. 2004;574:37-41.

Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, Karoly ED, Free-
man GJ, Petkova V, Seth P, et al. PD-1 alters T-cell metabolic reprogram-
ming by inhibiting glycolysis and promoting lipolysis and fatty acid
oxidation. Nat Commun. 2015,6:6692.

Carter L, Fouser LA, Jussif J, Fitz L, Deng B, Wood CR, Collins M, Honjo

T, Freeman GJ, Carreno BM. PD-1:PD-L inhibitory pathway affects both
CD4(+4) and CD8(+) T cells and is overcome by IL-2. Eur J Immunol.
2002;32:634-43.

Li P Mao L, Liu X, Gan Y, Zheng J, Thomson AW, Gao Y, Chen J, Hu X.
Essential role of program death 1-ligand 1 in regulatory T-cell-afforded
protection against blood-brain barrier damage after stroke. Stroke.
2014;45:857-64.

Zhou Q, Munger ME, Highfill SL, Tolar J, Weigel BJ, Riddle M, Sharpe AH,
Vallera DA, Azuma M, Levine BL, et al. Program death-1 signaling and
regulatory T cells collaborate to resist the function of adoptively trans-
ferred cytotoxic T lymphocytes in advanced acute myeloid leukemia.
Blood. 2010;116:2484-93.

Pesce S, Greppi M, Tabellini G, Rampinelli F, Parolini S, Olive D, Moretta L,
Moretta A, Marcenaro E. Identification of a subset of human natural killer
cells expressing high levels of programmed death 1: a phenotypic and
functional characterization. J Allergy Clin Immunol. 2017;139:335-46.
Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault MC,
Trevino TN, Azimi CS, Scheer AK, Randolph HE, Thompson TW, et al.
Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1
blockade. J Clin Invest. 2018;128:4654-68.

Oyer JL, Gitto SB, Altomare DA, Copik AJ. PD-L1 blockade enhances anti-
tumor efficacy of NK cells. Oncoimmunology. 2018;7:e1509819.
Gasteiger G, Hemmers S, Bos PD, Sun JC, Rudensky AY. IL-2-dependent
adaptive control of NK cell homeostasis. J Exp Med. 2013;210:1179-87.
Park JE, Kim SE, Keam B, Park HR, Kim S, Kim M, Kim TM, Doh J, Kim DW,
Heo DS. Anti-tumor effects of NK cells and anti-PD-L1 antibody with
antibody-dependent cellular cytotoxicity in PD-L1-positive cancer cell
lines. J Immunother Cancer. 2020;8:2000873.

Dong W, Wu X, Ma S, Wang Y, Nalin AP, Zhu Z, Zhang J, Benson DM, He K,
Caligiuri MA, Yu J. The mechanism of anti-PD-L1 antibody efficacy against
PD-L1-negative tumors identifies NK cells expressing PD-L1 as a cytolytic
effector. Cancer Discov. 2019;9:1422-37.

Harris AL. Hypoxia—a key regulatory factor in tumour growth. Nat Rev
Cancer. 2002;2:38-47.

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in toler-
ance and immunity. Annu Rev Immunol. 2008;26:677-704.

Zhang YF, Zhang ZH, Li MY, Wang JY, Xing Y, Ri M, Jin CH, Xu GH, Piao LX,
Zuo HX, et al. Britannin stabilizes T cell activity and inhibits proliferation
and angiogenesis by targeting PD-L1 via abrogation of the crosstalk
between Myc and HIF-1alpha in cancer. Phytomedicine. 2021;81:153425.
Wang W, Lau R, Yu D, Zhu W, Korman A, Weber J. PD1 blockade reverses
the suppression of melanoma antigen-specific CTL by CD44 CD25(Hi)
regulatory T cells. Int Immunol. 2009;21:1065-77.

Clark CA, Gupta HB, Sareddy G, Pandeswara S, Lao S, Yuan B, Drerup JM,
Padron A, Conejo-Garcia J, Murthy K, et al. Tumor-intrinsic PD-L1 signals
regulate cell growth, pathogenesis, and autophagy in ovarian cancer and
melanoma. Cancer Res. 2016;76:6964-74.

Ansell SM, Lesokhin AM, Borrello |, Halwani A, Scott EC, Gutierrez M,
Schuster SJ, Millenson MM, Cattry D, Freeman GJ, et al. PD-1 blockade
with nivolumab in relapsed or refractory Hodgkin's lymphoma. N Engl J
Med. 2015;372:311-9.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott
DF, Powderly JD, Carvajal RD, Sosman JA, Atkins MB, et al. Safety, activity,
and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med.
2012;366:2443-54.

Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, Drake

CG, Camacho LH, Kauh J, Odunsi K, et al. Safety and activity of

Page 11 of 11

anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med.
2012;366:2455-65.

71. Jiao R, Luo H, Xu W, Ge H. Immune checkpoint inhibitors in esophageal
squamous cell carcinoma: progress and opportunities. Onco Targets Ther.
2019;12:6023-32.

72. HeiY,Teng B, Zeng Z, Zhang S, Li Q, Pan J, Luo Z, Xiong C, Wei S. Multi-
functional immunoliposomes combining catalase and PD-L1 antibodies
overcome tumor hypoxia and enhance immunotherapeutic effects
against melanoma. Int J Nanomed. 2020;15:1677-91.

73. Ohaegbulam KC, Assal A, Lazar-Molnar E, Yao Y, Zang X. Human cancer
immunotherapy with antibodies to the PD-1 and PD-L1 pathway. Trends
Mol Med. 2015;21:24-33.

74. Shindo 'Y, Yoshimura K, Kuramasu A, Watanabe Y, Ito H, Kondo T, Oga A, Ito
H, Yoshino S, Hazama S, et al. Combination immunotherapy with 4-1BB
activation and PD-1 blockade enhances antitumor efficacy in a mouse
model of subcutaneous tumor. Anticancer Res. 2015;35:129-36.

75. Gagne A, Wang E, Bastien N, Orain M, Desmeules P, Page S, Trahan S,
Couture C, Joubert D, Joubert P. Impact of specimen characteristics on
PD-L1 testing in non-small cell lung cancer: validation of the IASLC PD-L1
testing guidelines. J Thorac Oncol. 2019;14:2062-70.

76. Teramoto K, Igarashi T, Kataoka Y, Ishida M, Hanaoka J, Sumimoto H, Daigo
Y. Clinical significance of PD-L1-positive cancer-associated fibroblasts in
pNOMO non-small cell lung cancer. Lung Cancer. 2019;137:56-63.

77. LiH, XuY,Wan B, Song Y, Zhan P, Hu Y, Zhang Q, Zhang F, Liu H, Li T, et al.
The clinicopathological and prognostic significance of PD-L1 expression
assessed by immunohistochemistry in lung cancer: a meta-analysis of 50
studies with 11,383 patients. Transl Lung Cancer Res. 2019;8:429-49.

78. Schachtele SJ, Hu S, Sheng WS, Mutnal MB, Lokensgard JR. Glial cells
suppress postencephalitic CD8+ T lymphocytes through PD-L1. Glia.
2014;62:1582-94.

79. HanR, Luo J, ShiY, Yao Y, Hao J. PD-L1 (Programmed Death Ligand 1)
Protects against experimental intracerebral hemorrhage-induced brain
injury. Stroke. 2017,48:2255-62.

80. Bodhankar S, Chen'Y, Vandenbark AA, Murphy SJ, Offner H. PD-L1
enhances CNS inflammation and infarct volume following experimental
stroke in mice in opposition to PD-1. J Neuroinflammation. 2013;10:111.

81. Cubillos-Zapata C, Almendros |, Diaz-Garcia E, Toledano V, Casitas R,
Galera R, Lopez-Collazo E, Farre R, Gozal D, Garcia-Rio F. Differential effect
of intermittent hypoxia and sleep fragmentation on PD-1/PD-L1 upregu-
lation. Sleep. 2020;43:z52285.

82. Cubillos-Zapata C, Martinez-Garcia MA, Campos-Rodriguez F, Sanchez
DLTM, Nagore E, Martorell-Calatayud A, Hernandez BL, Chiner VE, Abad-
Capa J, Montserrat JM, et al. Soluble PD-L1 is a potential biomarker of
cutaneous melanoma aggressiveness and metastasis in obstructive sleep
apnoea patients. Eur Respir J. 2019;53:1801298.

83. Huang MH, Zhang XB, Wang HL, Li LX, Zeng YM, Wang M, Zeng HQ.
Intermittent hypoxia enhances the tumor programmed death ligand 1
expression in a mouse model of sleep apnea. Ann Trans| Med. 2019;7:97.

84. Kinsey GR, Sharma R, Huang L, Li L, Vergis AL, Ye H, Ju ST, Okusa MD.
Regulatory T cells suppress innate immunity in kidney ischemia-reperfu-
sion injury. J Am Soc Nephrol. 2009;20:1744-53.

85. Gandolfo MT, Jang HR, Bagnasco SM, Ko GJ, Agreda P, Satpute SR, Crow
MT, King LS, Rabb H. Foxp3+ regulatory T cells participate in repair of
ischemic acute kidney injury. Kidney Int. 2009;76:717-29.

86. Kim MG, Koo TY, Yan JJ, Lee E, Han KH, Jeong JC, Ro H, Kim BS, Jo SK, Oh
KH, et al. IL-2/anti-IL-2 complex attenuates renal ischemia-reperfusion
injury through expansion of regulatory T cells. J Am Soc Nephrol.
2013;24:1529-36.

87. Jaworska K, Ratajczak J, Huang L, Whalen K, Yang M, Stevens BK, Kinsey
GR. Both PD-1 ligands protect the kidney from ischemia reperfusion
injury. J Immunol. 2015;194:325-33.

88. Kinsey GR, Huang L, Jaworska K, Khutsishvili K, Becker DA, Ye H, Lobo P,
Okusa MD. Autocrine adenosine signaling promotes regulatory T cell-
mediated renal protection. J Am Soc Nephrol. 2012;23:1528-37.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The role of PD-L1 in the immune dysfunction that mediates hypoxia-induced multiple organ injury
	Abstract 
	Background
	The interaction between hypoxia and immune function
	Effect of hypoxia on the expression of PD-L1
	The expression of PD-L1 is upregulated in various models of hypoxia
	The mechanism of hypoxia-induced PD-L1 upregulation
	Hypoxia regulates PD-L1 mRNA expression by activating the transcription factors HIF-1α and NF-κB
	Cytokines released from damaged tissue or inflammatory sites induce the expression of PD-L1
	Extracellular vesicles released in the hypoxic microenvironment can play an immunosuppressive role by modulating PD-L1 expression


	PD-L1 suppresses immune function in hypoxic diseases via binding to PD-1
	General mechanism and effects of the PD-1PD-L1 pathway
	The PD-1PD-L1 pathway inhibits signal transduction in functional T cells
	The PD-1PD-L1 pathway helps to sustain regulatory T cell function
	The PD-1PD-L1 pathway mediates the dysfunction of NK cells

	The role of PD-L1 in different types of hypoxia-related diseases
	The potential role of PD-L1 in tumours
	The potential role of PD-L1 in stroke
	The potential role of PD-L1 in OSAHS
	The potential role of PD-L1 in AKI

	Conclusions
	Acknowledgements
	References


