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Oxygen is a vital component of living cells. Low levels of oxygen in body tissues, known as hypoxia,
can affect multiple cellular functions across a variety of cell types and are a hallmark of brain tumors. In
the tumor microenvironment, abnormal vasculature and enhanced oxygen consumption by tumor cells
induce broad hypoxia that affects not only tumor cell characteristics but also the antitumor immune
system. Although some immune reactions require hypoxia, hypoxia generally negatively affects immu-
nity. Hypoxia induces tumor cell invasion, cellular adaptations to hypoxia, and tumor cell radioresis-
tance. In addition, hypoxia limits the efficacy of immunotherapy and hinders antitumor responses.
Therefore, understanding the role of hypoxia in the brain tumor, which usually does not respond to im-
munotherapy alone is important for the development of effective anti-tumor therapies. In this review,
we discuss recent evidence supporting the role of hypoxia in the context of brain tumors.
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INTRODUCTION

Oxygen is indispensable for cellular functions of living or-
ganisms. Cells utilize oxygen to generate energy through the
conversion of nutrients to adenosine triphosphate (ATP) via
an oxygen-dependent pathway known as cellular respiration
[1]. An excessive level of oxygen is referred to as hyperoxia,
whereas an insufficient level is referred to as hypoxia; an oxy-
gen level within the normal range is termed normoxia. Fol-
lowing the seminal observation by Louis Pasteur that living
organisms consume oxygen [2], discoveries by Otto Warburg
and Corneille Heymans further elucidated the mechanism by
which the protein complex hemoglobin interacts with oxy-
gen [3] and how the central nervous system (CNS) responds
to oxygen [4,5]. Three Nobel Prize recipients proceeded to
demonstrate the mechanism by which living organisms sense
oxygen levels in the body. In 2019, William G. Kaelin Jr., Sir
Peter J. Ratcliffe, and Gregg L. Semenza won the Nobel Prize
for their discovery of hypoxia-inducible factor 1-alpha (HI-
F1A) and its role in oxygen sensing mechanisms [6-10]. We
now have a better understanding of how cells sense and re-
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spond to variations in oxygen levels.

Although the brain comprises only 2% of total body weight,
it utilizes 20% of the total oxygen used within the body. Within
the brain, the consumption and distribution of oxygen are re-
gion-dependent; oxygen levels within the midbrain comprise
only 0.5% of total oxygen content, whereas pial oxygen levels
comprise approximately 8% [11]. Because oxygen is important
for cellular metabolism, tumor cells consume high levels of
oxygen. Therefore, brain tumor regions are typically hypoxic,
with tumoral and peritumoral regions containing oxygen con-
centrations of approximately 1.25% and 2.5%, respectively
[12]. Hypoxia is a clinical hallmark of many cancers, including
brain tumors, and is typically associated with negative out-
comes in patients [13]. Multiple factors can contribute to brain
tumor hypoxia. The most unique characteristics of tumor cells
are their high proliferation rate and metabolic demands. Due
to the fast rate of proliferation, tumor tissues can expand a long
distance from blood vessels, limiting oxygen diffusion to the
center of tumor tissues. In addition, abnormal angiogenesis
induced by the tumor microenvironment (TME) results in
constriction of blood vessels, further inducing hypoxia [14,15].

Hypoxic conditions can affect not only tumor cells, but also
blood vessels, stromal cells, and immune cells. Although hy-
poxia is beneficial for certain processes, including the germinal
center (GC) reaction, hematopoiesis, and intestinal barrier
maintenance [16], it hinders antitumor immune responses. For
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example, hypoxia induces the accumulation and immune-sup-
pressing actions of myeloid-derived suppressor cells (MDSCs)
and regulatory T cells (Tregs), thereby reducing the functional-
ity of antitumor immune cells such as CD8 T cells [17]. There-
fore, hypoxia induces a vicious cycle of antitumor immune re-
sponses and it is important to better understand how hypoxia
regulates the TME.

MOLECULAR MECHANISM OF SENSING
HYPOXIA

Hypoxia-inducible factor (HIF) is the most well-character-
ized sensor for oxygen tension [18]. HIF is a transcription fac-
tor that is constituted by two distinct subunits, HIFa and HIFp.
Humans express three isoforms of the HIFa subunit (HIF1a,
HIF2a, and HIF3a). HIF1a is expressed ubiquitously and is
overexpressed in tumor cells, whereas HIF2a expression is re-
stricted to certain cell types such as subsets of tumor-associated
macrophages (TAMs). HIF3a expression is also cell-specific,
and immune cell expression has not been confirmed [19,20].
HIFla and HIF2a act as transcription factors that target both
unique and overlapping sets of target genes. In addition, HIF1a
subunits can dimerize with HIF1, also known as the aryl hy-
drocarbon receptor nuclear translocator (ARNT), that is ubig-
uitously expressed. Although HIF3a is a negative regulator of
HIF]1, it can also function as a transcriptional activator of dis-

tinct genes [21].

Under normoxic conditions, HIFa is bound to prolyl hy-
droxylase domain (PHD) proteins 1-3 through an oxygen-
dependent degradation domain (ODDD). PHD is sensitive
to oxygen levels due to its 2-oxoglutarate and iron-dependent
dioxygenase domains, and is therefore affected by changes in
oxygen tension [22]. PHD hydroxylates the prolyl residues of
HIFa, which induce ubiquitination through E3 ubiquitin li-
gase interactions with the von Hippel-Lindau tumor suppres-
sor protein (VHL), thereby promoting the proteasomal deg-
radation of HIFa [23]. However, decreases in oxygen tension
result in decreased PHD activity and therefore lead to stabili-
zation of HIFa. Stable HIFa proteins translocate to the nu-
cleus, bind to HIF1f and other coactivators, and influence
downstream transcription (Fig. 1) [24].

Downstream genes targeted by HIF-mediated transcription
are known as hypoxia-response elements (HREs) that are in-
volved in metabolism and proliferation among other cellular
functions. For example, hypoxia stabilizes epidermal growth
factor receptor variant iii (EGFRviii) by enhancing its interac-
tion with integrin f1 within brain tumor cells. This interaction
facilitates the transport of other integrins to the cell surface
leading to activation of focal adhesion kinase (FAK) and tu-
mor cell invasion [25]. Hypoxia also represses cap-dependent
translation, resulting in the downregulation of global transla-
tion and an increase in the selective translation of stress-re-
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Fig. 1. Molecular mechanism of HIF 1o degradation and stabilization. Oxygen-dependent PHD activity hydroxylates HIF1a. Hydroxylation of
HIF 1o allows VHL to bind to HIF1a. VHL facilitates the recruitment of ubiquitin ligases. Ubiquitinated HIF 1o is degraded by the proteasome.
Hypoxia stabilizes HIF1a. HIF1a translocates to the nucleus and binds to HIF1B. The HIF dimer regulates transcription of HRE genes.
HIF 10, hypoxia-inducible factor 1-alpha; PHD, prolyl hydroxylase domain; VHL, von Hippel-Lindau tumor suppressor protein; HRE, hypoxia-

response element.
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lated proteins [26]. For example, hypoxia-induced activation
of inositol-requiring transmembrane kinase/endoribonucle-
ase la (IREla) is responsible for activation of the stress-related
protein X-box binding protein 1 (XBP1) [27,28]. In addition,
hypoxia mediates metabolic changes that can lead to mito-
chondrial dysfunction. Severe hypoxia below an oxygen level
of 0.3% disrupts electron transport complex activity [29]. Hy-
poxia also attenuates the tricarboxylic acid (TCA) cycle, in-
duces mitochondrial fission, and activates mitophagy in both
HIF-dependent and HIF-independent manners [30-32]. A
characteristic feature of hypoxic cells is enhanced glycolysis
that is mediated through HIF-induced upregulation in the ex-
pression of the glucose transporter, pyruvate kinase M2, lactate
dehydrogenase, and phosphoinositide-dependent kinase 1
[33,34] and in turn, increased lactate production and low pH
levels. In addition, hypoxia regulates the expression of several
angiogenesis-related genes, most notably vascular endothelial
growth factor (VEGF) as well as placenta growth factor (PGF),
angiopoietin, C-X-C motif chemokine ligand 12, and platelet-
derived growth factor B [35]. VEGF signaling induces endo-
thelial proliferation, and both VEGF and PGF induce extra-
cellular matrix degradation [36,37]. Hypoxia can also regulate
the radiosensitivity of brain tumor cells, although the mecha-
nisms are unclear [38].

HYPOXIA AND THE IMMUNE SYSTEM

Like other cells, immune cells need an appropriate level of
oxygen that increases with greater activity. Although normoxic
air contains 21% oxygen, some tissues may have hypoxic ox-
ygen concentrations despite normal physiological conditions
[18], known as “physiological hypoxia” [16]. These low or hy-
poxic oxygen levels are sometimes beneficial for maintaining
the functions of certain tissues. For example, hypoxia is nec-
essary to maintain hematopoietic stem cell (HSC) homeosta-
sis in the bone marrow [39]. Although HIF2a is dispensable,
HIFI1 is required for multiple HSC functions [40,41]. The
GC is also hypoxic due to the expansion of B cells. Moreover,
hypoxia is known to affect the function of GC B cells [42,43].
Female reproductive organs such as the vagina and placenta
are hypoxic [44,45], which is required for protection of the
fetus from maternal immunity. For example, HIF1a induces
the expression of trophoblast-regulating nonclassical class I
histocompatibility antigens that prevent damage from natu-
ral killer (NK) cells [46].

ANTITUMOR CYCLE

Multiple types of immune cells participate in antitumor re-
sponses. Following tumor cell death, antigen presenting cells
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(APCs), such as dendritic cells (DCs), mediate cellular immune
responses by migrating to lymph nodes (LN) and presenting
tumor antigens to T cells. Soluble antigens also drain into LNs
and can be taken up by LN-resident DCs. CD8 T cells are con-
sidered the most important antitumor immune cell popula-
tion. CD8a’/XCR1*/CD103" DCI cells can cross-present an-
tigens to CD8 T cells via the major histocompatibility complex
(MHC) class I, whereas CD4*/CD11b"/signal regulatory pro-
tein alpha (SIRPa)* DC2 cells contain higher expression of
MHC class II molecules and present antigens to CD4 T cells
[47]. However, DCI cells also prime CD4 T cells via MHC class
IT and CD40 [48]. Moreover, antigen-specific T cells can be
primed by chemokines to migrate to the tumor site, recognize
tumor cells via MHC molecules, and kill target cells. Tumor
site APCs, such as macrophages, can stimulate the produc-
tion of cytotoxicity and cytokine production by T cells or can
prime them for exhaustion [49]. However, tumor cells can
escape T cell responses via multiple mechanisms. For exam-
ple, tumor cells downregulate MHC molecules and prime T
cells for exhaustion via immune checkpoint molecules such
as programmed cell death (PD) 1 and PD-1 ligand (PD-L1)
[50,51]. T cell responses can also be suppressed by anti-in-
flammatory cytokines such as IL-10 [52] and immune cells
such as Tregs and MDSCs [53]. Therefore, researchers are in-
vestigating strategies to block inhibitory immune mediators.
In addition to T cells, phagocytes including macrophages, mi-
croglia, and neutrophils can participate in the antitumor re-
sponse via phagocytosis [54-56]. Unconventional T cells such
as NK cells, natural killer T (NKT) cells, mucosal-associated
invariant T cells (MAIT cells), and y38 T cells are also involved
in antitumor responses (Fig. 2) [57,58].

ANTITUMOR RESPONSES IN THE
BRAIN TUMORS

The brain is characterized as an “immune-privileged” organ.
In 1921, a Japanese scientist attempted to transplant heterol-
ogous rat sarcoma tissue to the rat brain parenchyma [59],
revealing that the tumor was not rejected. These observations
were confirmed by James Murphy and Ernest Sturm using
mouse sarcoma transplantation in the rat brain parenchyma
[60]. Furthermore, the successful transplantation of skin au-
tografts in the CNS has been demonstrated [61]. Based on
these observations, the brain was thought to lack the ability
to mount an immune response [62]. The idea of immune privi-
lege was further supported by the notion that there is no lym-
phatic drainage from the CNS [63,64]. However, the re-dis-
covery of the dorsal and basal meningeal lymphatics led to the
realization that immune system surveillance can occur around
the CNS [65-67]. For example, cerebrospinal fluid (CSF) pro-
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Fig. 2. Mechanisms of brain tumor immunity. A: Tumor cell death spreads antigens. Antigen presenting cells uptake antigens and migrate to
the lymph node. At the lymph node, antigen presenting cells present antigens to the T cells. T cells undergo clonal expansion and activa-
tion. Antigen-specific T cells migrate to the tumor site and kill tumor cells. B: Cytotoxic lymphocytes such as CD8 T cells, NK cells, and yd T
cells kill tumor cells. Helper cells, including Th1 promote antitumor immunity. In contrast, suppressor cells such as MDSCs and Tregs sup-
press antitumor immunity. Phagocytes such as macrophages and neutrophils phagocytose tumor cells or tumor cell debris. MDSC, my-
eloid-derived suppressor cells; NK, natural killer; Th1, T helper 1; Tregs, regulatory T cells.

duced from the choroid plexus can circulate through the CNS
and the glymphatic system may allow an exchange between
CSF and interstitial fluid (ISF). Due to the glymphatic exchange,
parenchymal molecules can be drained by meningeal lymphat-
ics [68]. CSF can reach the meninges, skull, and vertebral bone
marrow [66,69]. Additional drainage routes such as the crib-
riform plate also support drainage of brain-derived molecules
[70]. As a result, antigen presentation primarily occurs at the
dura and deep cervical lymph node (dcLN) [71]. Despite im-
mune-surveillance by multiple cell populations, including DCs,
immune tolerance is maintained within the CNS to prevent
autoimmunity [72]. In addition, immune cell infiltration into
the parenchyma of the CNS is restricted by multiple barriers
including blood-brain barrier [73].

In addition to the barrier system, the brain tumor site is a
unique microenvironment containing many immunosuppres-
sive cells. Brain tumors are known as “cold tumors” due to the
lack of neoantigens, low lymphocyte infiltration, and a pre-
dominant proportion of myeloid cells [74]. The nutrient-de-
prived TME is another factor contributing to immunosuppres-
sion [75]. Glucose deprivation inhibits immune cell activation
and limits glycolysis. Due to the Warburg effect, lactate pro-
duced from glycolysis by tumor cells leads to enhanced Treg
activation, decreased pH, and inhibition of T cell responses.
As previously mentioned, brain tumors are also hypoxic [76],
which can further induce T cell exhaustion, Treg cell migra-
tion, and y§ T cell malfunction [77-79]. Thus, it is important
to develop a comprehensive understanding of the complicat-
ed immunosuppressive brain TME to develop successtul an-
titumor therapies.
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THE ROLE OF HYPOXIA IN THE
ANTI-BRAIN TUMOR IMMUNE
RESPONSE

Hypoxia can affect immune cell responses through multiple
pathways. Reductions in proliferation, cytokine production,
and cytotoxicity, along with an increase in T cell exhaustion,
have been observed in hypoxic CD8 T cell cultures [77] and
in a murine melanoma model. In addition, exhausted CD8 T
cells were more highly enriched in the hypoxic core regions of
glioblastoma multiforme (GBM) tissue than in the peripheral
regions [80]. Hypoxia also dampens the responses of T helper 1
(Th1) cells, important immune cells that help to mediate CD8
T cell responses and exhibit similar metabolic function, via
HIFla [81]. Several hypoxia-related pathways can promote
T cell exhaustion, including PD-L1, a downstream HRE [82].
CD8 T cell exhaustion can also be induced via mitochondrial
dysfunction produced by prolonged stimulation with hypoxia
[83]; likewise, hypoxia attenuates NK cell responses via mito-
chondrial fragmentation [84]. A previous study reported that
hypoxia is primarily driven by tumor cell oxygen consumption
[85], and excessive tumor cell oxygen consumption reduces
y8 T cell responses via hypoxia-mediated downregulation of
NK group 2 member D (NKG2D) [79,86]. Hypoxia can also
facilitate the migration of Tregs [78], one of the various sub-
sets of CD4 T cells that are metabolically adapted to hypoxic
microenvironments via lactate-mediated stabilization [87].
In addition to T cells, hypoxia can affect macrophage immune
responses by promoting M2 macrophage polarization in the
glioma [88]. Thus, the effects of hypoxia on the immune sys-



tem are mostly driven by the attenuation of antitumor immu-
nity (Fig. 3). Therefore, targeting hypoxia may be an attractive
option for antitumor therapy. We have shown that metformin,
which is known to reduce mitochondrial respiration, reduced
oxygen consumption in the glioma cell line GL261 and po-
tentiated y8 T cell responses. Further, combination therapy
with metformin or an HIF1a inhibitor administered concomi-
tantly with y8 T cell therapy led to glioma transplant rejection
in a murine model [79].

FUTURE DIRECTIONS FOR ANTI-BRAIN
TUMOR THERAPIES

The primary therapy options for high-grade brain tumors
include surgery, chemotherapy, and radiotherapy [89]. Despite
standardized therapy, the average overall survival of patients
is only 1-2 years [90]. Although immune checkpoint blockade
has produced successful outcomes for certain tumor types, a
recent clinical trial of anti-PD-1 had disappointing results [91].
Thus, further trials should be conducted. However, due to the
unique immunosuppressive brain TME, it appears hard to be
improved. Other studies have attempted to enhance antitumor
responses via the abscopal effect using chemotherapy and ra-
diotherapy [92]. However, a recent trial comparing radiother-
apy combined with either nivolumab or chemotherapy did
not show a beneficial effect with nivolumab [93]. In a murine
brain tumor model, VEGF-C synergized with anti-PD-1 ther-
apy to mediate the enhancement of meningeal lymphatics;
therefore, it should be evaluated in human trials in the future
[94,95]. However, a combination of anti-cytotoxic T-lympho-
cyte associated protein 4 (CTLA4) and anti-PD-1 led to severe
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Fig. 3. Role of hypoxia in antitumor immunity. Oxygen tension de-
creases close to the tumor core. Under normoxia, antitumor im-
munity occurs normally. Under hypoxia, oxygen deprivation induc-
es tumor cell invasion, radioresistance, and necrosis. Immune cells
also undergo hypoxia. The metabolic fitness of immune cells is
disrupted. Immunosuppression resulting from M2 macrophage po-
larization and T cell exhaustion is mediated by hypoxia.
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immune-related adverse effects (irAE) affecting multiple or-
gans including the pituitary gland [96]. These adverse effects
may be explained by the expression of CTLA4 within the pi-
tuitary gland [97]. In addition, disrupting immune tolerance
within the healthy brain could trigger autoimmune diseases,
which should be considered along with the risk for irAEs when
developing future clinical trials. In addition to T cell-targeted
therapies, targeting macrophages is also an attractive option.
In previous studies, blocking M2 polarization via colony stim-
ulating factor 1 (CSF1) and blocking the CD47-SIRPa-induced
“don’t eat me” signal produced positive results in the murine
model [98,99]. However, CSF1 blockade showed disappoint-
ing results in another study [100].

Hypoxia induces abnormal vasculature, thereby limiting
drug delivery [101]. Hence, acute hypoxia induced by Beva-
cizumab treatment may be one reason why it did not show fa-
vorable efficacy [102]. In addition, hypoxia facilitates M2 po-
larization of macrophages, limiting the efficacy of immune
checkpoint inhibitors [85,88], and induces radioresistance
leading to dampened efficacy of radiotherapy [103]. Collec-
tively, these findings support hypoxia as a suitable therapeutic
target. If tumor cell-specific oxygen consumption can be re-
duced, we may be able to improve antitumor immune responses
during immunotherapy. Reinvigorating the metabolism of tu-
mor-infiltrating immune cells may be another option. A clini-
cal trial evaluating the HIF2a inhibitor, PT2385, is currently on-
going. Other drug compounds, alone or in combination with
immunotherapy, should also be evaluated in future trials [104].

CONCLUSION

Hypoxia is a hallmark of brain tumors that affects not only
tumor cell characteristics, but also immune cells within the
TME. Despite successful results with immunotherapies in mul-
tiple types of tumors, recent clinical trials for brain tumors have
shown disappointing results. Thus, it is necessary to understand
the complicated and unique characteristics of brain tumors.
Because tumor cells exhibit high rates of proliferation, their
metabolic demands are higher than other normal cells, thereby
inducing nutrient deprivation in surrounding cells. The TME
promotes hypoxia through the induction of abnormal vascu-
lature and enhanced tumor cell oxygen consumption. Hypoxia
may also be a critical factor contributing to the limited effica-
cy of antitumor therapy. Thus, understanding hypoxia in the
brain TME is indispensable for improving strategies for de-
veloping antitumor drugs.
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