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Research progress of
HIF-1a on immunotherapy
outcomes in immune
vascular microenvironment

Shaoyan Shi, Xuehai Ou, Chao Liu, Hao Wen and Jiang Ke*

Department of Hand Surgery, Honghui Hospital, Xi'an Jiaotong University, Xi'an, China

The hypoxia-inducible factor-lo. (HIF-1a) plays a key role in facilitating the
adaptation of cells to hypoxia, profoundly influencing the immune vascular
microenvironment (IVM) and immunotherapy outcomes. HIF-la-mediated
tumor hypoxia drives angiogenesis, immune suppression, and extracellular
matrix remodeling, creating an environment that promotes tumor progression
and resistance to immunotherapies. HIF-1o regulates critical pathways, including
the expression of vascular endothelial growth factor and immune checkpoint
upregulation, leading to tumor-infiltrating lymphocyte dysfunction and
recruitment of immunosuppressive cells like regulatory T cells and myeloid-
derived suppressor cells. These alterations reduce the efficacy of checkpoint
inhibitors and other immunotherapies. Recent studies highlight therapeutic
strategies that target HIF-1la, such as the use of pharmacological inhibitors,
gene editing techniques, and hypoxia-modulating treatments, which show
promise in enhancing responses to immunotherapy. This review explores the
molecular mechanisms of action of HIF-1ain IVM, its impact on immunotherapy
resistance, as well as potential interventions, emphasizing the need for innovative
approaches to circumvent hypoxia-driven immunosuppression in
cancer therapy.
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1 Introduction

Hypoxia-inducible factor-1o. (HIE-10) is a key regulator of cellular responses to oxygen
deprivation, an essential aspect of physiological and pathological processes (1-3). Under
normal oxygen levels (normoxia), HIF-1a. is hydroxylated by prolyl hydroxylase domain
enzymes (PHDs), causing its ubiquitination and subsequent degradation via the von
Hippel-Lindau (VHL)-proteasome pathway. In contrast, HIF-1o is stabilized under
hypoxic conditions, enabling its dimerization with HIF-1B and translocation to the
nucleus, where it activates a series of genes crucial for adaptive responses (4, 5). The
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stabilization of HIF-1c. triggers downstream signaling pathways
regulating processes such as angiogenesis, glycolysis, erythropoiesis,
and cellular survival. This transcription factor has significant roles
in tumor biology, as hypoxia is a characteristic of the tumor
microenvironment (TME). Within tumors, hypoxic regions arise
due to rapid cell proliferation and insufficient vascular supply,
compelling cancer cells to adapt through the activation of HIF-
lo. This adaptation promotes angiogenesis by upregulating
vascular endothelial growth factor (VEGF), a critical driver of
aberrant vasculature in tumors (6, 7). Additionally, HIF-1o
facilitates metabolic reprogramming, enabling cancer cells to
utilize anaerobic glycolysis even in oxygen-limited conditions
(8, 9). The influence of HIF-1o. extends beyond tumor cells to
other components of the tumor microenvironment, including
immune cells and stromal elements. For instance, HIF-1o. regulates
the recruitment and polarization of macrophages, driving them
towards an immunosuppressive M2 phenotype that promotes tumor
progression. Similarly, it interferes with cytotoxic T lymphocytes
(CTLs) by promoting an immunosuppressive environment, thereby
facilitating immune evasion (10, 11). These multifaceted roles position
HIF-1ovas a key player in cancer progression and resistance to therapy,
particularly in hypoxia-driven conditions.

Within the immune vascular microenvironment (IVM) of the
TME, a dynamic interplay occurs between immune cells,
vasculature, and the extracellular matrix (ECM) (12, 13). This
complex network governs immune surveillance, nutrient delivery,
and cellular interactions, critically impacting tumor progression
and therapeutic outcomes. The IVM consists of several immune
cells, including T lymphocytes, macrophages, natural killer (NK)
cells, dendritic cells, and myeloid-derived suppressor cells
(MDSCs), alongside endothelial cells and pericytes that form the
vasculature. The ECM serves as a structural scaffold concurrently
regulating cell signaling and immune cell infiltration. These
components in tumors are often dysregulated, developing an
immunosuppressive and pro-tumorigenic environment.

Hypoxia profoundly influences the IVM, primarily through the
activation of HIF-1o, which drives angiogenesis by upregulating
VEGF, resulting in the formation of irregular, leaky blood vessels
that disrupt effective immune cell infiltration (14, 15). The aberrant
vasculature also fosters hypoxia, establishing a feedback loop that
sustains HIF-1o. activity. Hypoxia shapes the immune landscape by
altering immune cell recruitment and function. For example, it
polarizes macrophages towards the M2 phenotype, diminishes the
cytotoxic activity of CD8+ T cells, and promotes the accumulation
of T regulatory cells (Tregs) and MDSCs, all of which facilitate
immune evasion (16, 17). The ECM within the IVM also undergoes
hypoxia-induced remodeling, under the action of HIF-1o.-regulated
matrix metalloproteinases (MMPs). This remodeling creates
physical barriers that impede immune cell infiltration while
releasing bioactive molecules that promote angiogenesis and
immune suppression. These factors collectively create a
microenvironment that undermines immune surveillance and
drives tumor progression, presenting significant challenges
for immunotherapy.
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Immunotherapy, harnessing the body’s immune system to
target and eliminate tumors, has emerged as a transformative
approach in cancer treatment. Key strategies include the use of
immune checkpoint inhibitors (ICIs), chimeric antigen receptor
(CAR)-T cell therapy, and cancer vaccines, each targeting specific
aspects of immune regulation (18, 19). ICIs, including anti-PD-1/
PD-L1 and anti-CTLA-4 antibodies, function by reactivating
exhausted T cells, enabling them to recognize and attack cancer
cells. While ICIs have shown remarkable success in certain cancers,
their efficacy is often limited in hypoxic and immunosuppressive
TMEs. Unser hypoxia, HIF-1o. upregulates PD-L1 expression,
contributing to T cell exhaustion and resistance to ICIs. CAR-T
cell therapy involves engineering T cells to express CARs that target
tumor-specific antigens (20, 21). Although effective in
hematological malignancies, the activity of CAR-T cells is
challenging in solid tumors due to the hypoxic and
immunosuppressive IVM. HIF-1a alters the chemokine
landscape, impairing trafficking and survival of CAR-T cells
within the TME. Cancer vaccines aim to stimulate immune
responses against tumor-specific antigens. However, the hypoxic
IVM limits the efficacy of vaccine by impairing antigen presentation
and fostering an immunosuppressive environment.

Hypoxia and the resulting HIF-1a-driven changes in the IVM
exert significant barriers to the success of these therapies. In
addition to the abnormal vasculature limiting immune cell
infiltration, and the accumulation of immunosuppressive cells like
Tregs and MDSCs further dampening therapeutic responses,
hypoxia-induced metabolic changes, such as increased lactate
production, create an acidic microenvironment further hindering
immune cell function. With these challenges, addressing the role of
HIF-1o in the IVM is critical to enhancing the efficacy of
immunotherapies. Strategies, such as targeting HIF-la or
normalizing the vasculature, to overcome hypoxia-driven
immunosuppression are under active investigation and hold
promise for improving therapeutic outcomes.

The complex interaction between hypoxia, HIF-1a, and the
IVM represents a critical axis influencing cancer progression and
therapeutic resistance. While immunotherapy has revolutionized
cancer treatment, its efficacy is often undermined by the hypoxic
and immunosuppressive conditions prevalent in the IVM. HIF-1o.
emerges as a key mediator in this context, orchestrating changes in
vascular dynamics, immune cell function, and ECM remodeling
that collectively promote immune evasion. This review aims to
provide a comprehensive overview of the role of HIF-1ot in shaping
the IVM and its implications for immunotherapy outcomes. This
work elucidates the molecular mechanisms through which HIF-1o
drives hypoxia-induced changes, and seeks to highlight potential
therapeutic interventions targeting this pathway. The review
explores current strategies to inhibit HIF-1o. or modulate the
hypoxic microenvironment, with an emphasis on their integration
into existing immunotherapy regimens. Through this analysis, the
review aims to serve as a resource for researchers and clinicians,
offering insights into the complex biology of the IVM and its

implications for therapeutic innovation.
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2 HIF-1o0:: molecular mechanisms
and regulation

2.1 Structure and activation

HIF-1o is a heterodimeric transcription factor that plays a key
role in cellular adaptation to low oxygen (hypoxia) conditions.
Structurally, it comprises two subunits: HIF-1o. and HIF-1f (also
known as aryl hydrocarbon receptor nuclear translocator [ARNT]).
While HIF-1B is constitutively and stably expressed under
normoxic and hypoxic conditions, the activity of HIF-lo is
tightly regulated by oxygen availability. The HIF-lo protein
consists of several functional domains: the basic helix-loop-helix
(bHLH) domain, which is critical for DNA binding and
dimerization with HIF-1B (22, 23); the per-ARNT-Sim (PAS)
domain, which facilitates heterodimerization and stabilization of
the HIF-1 complex (24, 25); the oxygen-dependent degradation
domain (ODD), which serves as the regulatory domain for oxygen-
sensitive degradation (26, 27); and transactivation domains (TADs),
TAD-N and TAD-C, which are responsible for transcriptional
activation of downstream target genes (28).

Under normoxic conditions, proline residues in the HIF-1o
ODD domain is hydroxylated by PHDs (29, 30). This hydroxylation
promotes the binding of the ubiquitin ligase VHL E3 complex to
HIF-1a, leading to its ubiquitination and subsequent proteasomal
degradation. Further, under normoxia, the factor inhibiting HIF-1o.
(FIH) hydroxylates an asparagine residue within the TAD-C
domain, preventing the recruitment of coactivators and
transcriptional activation. Under hypoxic conditions, PHDs and
FIH activities are inhibited due to a lack of molecular oxygen, an
essential cofactor for these enzymes. Consequently, HIF-1o
stabilizes, translocates to the nucleus, and dimerizes with HIF-1p.
The HIF-1 complex then binds to hypoxia-responsive elements
(HREs) at target gene promoters, initiating their transcription (31,
32). This oxygen-sensitive regulation allows HIF-10: to function as a
molecular sensor and effector, orchestrating cellular adaptation
to hypoxia.

2.2 Downstream targets of hypoxia-
inducible factor-1a

HIF-1o regulates the expression of a wide array of genes
participating in critical processes such as angiogenesis,
metabolism, and immune modulation. Under hypoxic conditions
within tumors, HIF-1co induces the expression of VEGF, a potent
angiogenic factor that promotes endothelial cell proliferation and
migration (8, 9). VEGF plays a key role in angiogenesis, the
formation of new blood vessels,. However, the vasculature formed
is often disorganized and leaky, leading to a hostile IVM (33, 34).
HIF-10. drives metabolic reprogramming by upregulating enzymes
involved in glycolysis, such as hexokinase 2, phosphofructokinase,
and lactate dehydrogenase A (35, 36). This shift towards anaerobic
glycolysis, known as the Warburg effect, promotes cancer cells to
survive and thrive in hypoxic environments while producing lactate,
which further acidifies the TME and suppresses immune cell
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function. HIF-1ow directly influences immune evasion by
regulating immune checkpoint molecules, including programmed
death-ligand 1 (PD-L1). Hypoxia-induced expression of PD-L1 on
tumor cells and immune cells impairs T cell activity, leading to
immunosuppression (37, 38). HIF-1a also supports the expression
of other inhibitory receptors, including CTLA-4 and LAG-3. HIF-
1o induces MMPs, such as MMP-2 and MMP-9, which degrade the
ECM (39, 40). This process facilitates tumor invasion and
metastasis while altering the ECM composition to create physical
barriers to immune cell infiltration.

2.3 Crosstalk with other signaling pathways

HIF-1o. interacts with multiple signaling pathways, with its
effects amplified and cellular responses integrated into
environmental and metabolic changes (Figure 1): The
mammalian target of rapamycin (mTOR) pathway is a central
regulator of cell growth and metabolism. Hypoxia-induced
mTOR activation enhances the rate of HIF-1ot transcription and
translation, creating a feed-forward loop that strengthens the
hypoxic response (41, 42). Conversely, the inhibition of mTOR
reduces HIF-1o levels and dampens the transcription of its
downstream targets, highlighting the interplay between oxygen
sensing and nutrient signaling (8). Signal transducer and activator
of transcription 3 (STAT3) is a key mediator of inflammation and
tumor progression. HIF-1oo and STAT3 interact to upregulate
VEGF and promote angiogenesis (43, 44). Furthermore, HIF-10t-
induced STAT3 activity enhances the immunosuppressive
functions of tumor-associated macrophages (TAMs) and Tregs,
contributing to immune evasion.

A transcription factor, nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB), responds to inflammatory
and stress signals (45, 46). HIF-1a stabilizes NF-kB under hypoxia,
causing the expression of pro-inflammatory cytokines, such as
interleukin-6 (IL-6) and tumor necrosis factor-alpha. This
crosstalk promotes a chronic inflammatory state that supports
tumor progression and alters immune cell recruitment and
activation. HIF-1o. further interacts with the Notch and Wnt
pathways to regulate cancer cell stemness and differentiation.
These interactions also influence immune cell recruitment and
function, further shaping the IVM. The crosstalk between HIF-1o.
and these signaling pathways highlights its central role in
integrating diverse environmental signals, enabling tumors to
adapt to hypoxia while evading immune surveillance.

2.4 Hypoxia-induced changes in immune
vascular microenvironment mediated by
hypoxia inducible factor-1o

The IVM is profoundly affected by the hypoxia-driven activity
of HIF-1a, impacting angiogenesis, immune cell infiltration, and
ECM remodeling; HIF-lo-induced VEGF expression drives
abnormal angiogenesis, characterizing disorganized, leaky blood
vessels (47, 48). These vessels fail to adequately oxygenate tissues,
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FIGURE 1

Regulation of the Hypoxia-Inducible Factor Alpha (HIF-10) Pathway at Different Levels. HIF-1o activity is modulated through multiple regulatory
pathways: Growth factor-related pathways influence the synthesis of HIF-1a through the rat sarcoma/rapidly accelerated fibrosarcoma/MAPK/ERK
kinase (Ras/Raf/MEK). pVHL-related pathways control the stability of HIF-1o through oxygen-dependent degradation. Factor inhibiting HIF-1c (FIH-1)
regulates HIF-1o transactivation by hydroxylating its transactivation domain. The Mdmz2-p53 pathway mediates ubiquitination and proteasomal
degradation of HIF-1a. Heat shock protein 90 (HSP90) stabilizes HIF-1o and facilitates its transactivation.

perpetuating hypoxia and the activity of HIF-1ot in a vicious cycle. The
resulting vascular abnormalities hinder effective transport of immune
cells to the tumor, creating “immune exclusion zones” that prevent
cytotoxic T cells from reaching their targets. Hypoxia alters immune
cells’ behavior and their recruitment within the IVM. HIF-10 promotes
the polarization of macrophages towards the M2 phenotype, which
supports tumor growth and suppresses immune responses. It also
enhances the recruitment of immunosuppressive cells, such as MDSCs
and Tregs, concurrently impairing the function of effector cells like CD8
+ T cells and NK cells (10, 49). These changes cumulatively contribute to
an immunosuppressive microenvironment.

HIF-1o regulates MMPs and other enzymes that remodel the ECM,
creating structural barriers to immune cell infiltration. ECM remodeling
also releases sequestered growth factors, further supporting angiogenesis
and tumor progression. Hypoxia-induced activity of HIF-1o. leads to
enhanced expression of immune checkpoint molecules like PD-L1,
promoting T cell exhaustion (37, 50). HIF-1c also drives metabolic
changes that favor lactate accumulation and acidosis, suppressing
immune cell activation and function. These HIF-1lo-mediated
hypoxia-induced changes present significant challenges for
immunotherapy. Targeting HIF-1ot or its downstream pathways offers
a potential strategy for IVM reprogramming, normalized vasculature,
and enhanced immune cell function, thereby improving the efficacy of
immunotherapeutic interventions.

HIF-1ois a central regulator of hypoxia-induced changes in the
TME, with far-reaching effects on angiogenesis, immune
modulation, and ECM remodeling. Its activation and downstream
signaling pathways orchestrate a coordinated response to oxygen

Frontiers in Immunology

deprivation, enabling tumors to thrive in hypoxic conditions while
evading immune surveillance.

3 Immune vascular microenvironment
in cancer

The IVM is a dynamic and intricate component of the TME,
characterizing the interplay of immune cells, blood vessels, and the
ECM. These elements are profoundly affected by hypoxia, a
hallmark of solid tumors, and contribute to tumor progression,
immune evasion, and therapeutic resistance. This section explores
the defining features of the IVM, immune cell behavior in hypoxic
conditions, and the potential benefits of vascular normalization in
overcoming the challenges posed by the tumor IVM.

3.1 Defining features of immune
vasculature microenvironment in tumors

The IVM in tumors characterizes abnormal vasculature, immune
cell exclusion zones, and hypoxia-induced immunosuppression. These
features create a conducive microenvironment for tumor growth and
immune evasion.

Abnormal structure and function are a few hallmarks of tumor
vasculature. The rapid proliferation of tumor cells triggers an
overexpression of pro-angiogenic factors, including VEGF, largely
regulated by HIF-1o (51, 52). This results in abnormal and leaky
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blood vessels that are unable to provide adequate oxygen and
nutrients to the tumor (53, 54). The resulting hypoxic conditions
perpetuate a cycle of HIF-1lol activation, further exacerbating
vascular abnormalities. These disorganized vessels also impair
efficient trafficking of immune cells into the tumor, leading to the
formation of immune cell exclusion zones. CTLs and NK cells,
which are crucial for tumor cell killing, unable to penetrate the
dense stroma, often remain confined to the tumor periphery.
Hypoxia-induced immunosuppression further compounds these
challenges. Through the activation of HIF-10,, hypoxia alters immune
responses by promoting the expression of immune checkpoint
molecules such as PD-LI on tumor and immune cells, leading to T
cell exhaustion (55, 56). Additionally, hypoxia enhances the
recruitment and function of immunosuppressive cells, including
Tregs, MDSCs, and M2-polarized macrophages. These features
collectively create an IVM that fosters tumor progression while
resisting immune surveillance and therapeutic interventions.

3.2 Immune cell behavior in the hypoxic
immune vasculature microenvironment

Hypoxia significantly influences immune cell behavior and
function within the IVM, altering their roles in anti-tumor
immunity and contributing to immune evasion. Macrophages
exhibit a high degree of plasticity and are among the most
abundant immune cells in the IVM. They can polarize into two
functional phenotypes: the pro-inflammatory, anti-tumor M1
phenotype or the immunosuppressive, pro-tumor M2 phenotype.
Hypoxic conditions driven by HIF-1o shift macrophages toward
the M2 phenotype by upregulating factors such as VEGF, IL-10, and
arginase-1 (57, 58). These M2 macrophages support tumor
progression by promoting angiogenesis, suppressing CTL activity,
and remodeling the ECM to facilitate tumor invasion and
metastasis (59). In contrast, the pro-inflammatory functions of
M1 macrophages, such as their ability to produce cytokines and
reactive oxygen species (ROS) that kill tumor cells, are largely
suppressed in the hypoxic IVM. Reprogramming macrophages
from the M2 to M1 phenotype is an area of active research aimed
at enhancing anti-tumor immunity.

The function of CTLs and NK cells, the primary effectors of anti-
tumor immunity, is also severely compromised in the hypoxic IVM.
Hypoxia-induced HIF-1o. upregulates PD-L1 expression on tumor
cells and antigen-presenting cells, leading to T cell exhaustion—a state
characterized by reduced proliferation, cytokine production, and
cytotoxicity. Hypoxia also alters the chemokine landscape of the
TME, downregulating the expression of factors like CXCL9 and
CXCL10 that are essential for T cell recruitment. Likewise, hypoxia
also negatively affects NK cells. HIF-1ot reduces the expression of
activating receptors on NK cells, impairing their ability to recognize
and kill tumor cells. The accumulation of lactate in the hypoxic tumor
environment further inhibits NK cell function, reducing their
production of interferon-gamma and cytotoxic granules (60, 61).
These immune cell dysfunctions collectively create a profoundly
immunosuppressive IVM that supports tumor growth and
undermines the efficacy of immunotherapies. Understanding these
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mechanisms is critical for developing strategies to restore immune cell
activity in the TME.

3.3 Vascular normalization hypothesis

According to this hypothesis, restructuring the abnormal tumor
vasculature to resemble normal vasculature more closely can alleviate
hypoxia, reduce immunosuppression, and enhance the efficacy of
immunotherapies. This approach has gained traction to address the
challenges posed by the disorganized and dysfunctional vasculature in
tumors. Vascular normalization aims to create functional, evenly
distributed blood vessels that improve oxygenation and facilitate the
infiltration of immune cells into the tumor. By reducing hypoxia,
vascular normalization decreases HIF-1ot activity and its downstream
effects on immunosuppression. This results in a more favorable
microenvironment for immune cell activity and less conducive to
tumor progression.

The normalization of tumor vasculature for immunotherapy has
several advantages. First, it enhances the infiltration of CTLs, NK cells,
and other effector immune cells into the tumor core, thereby increasing
the likelihood of effective anti-tumor responses. This is particularly
critical for ICIs, which rely on CTLs within the tumor to unleash their
cytotoxic activity (10, 62). Second, improved oxygenation reduces
hypoxia-driven immunosuppressive mechanisms, such as lactate
accumulation and immune checkpoint expression. Finally, vascular
normalization, by reducing interstitial fluid pressure and improving
drug distribution within the tumor, optimizes the delivery of
immunotherapeutic agents, such as monoclonal antibodies and
adoptive cell therapies.

Several strategies for achieving vascular normalization have
been explored. Anti-angiogenic therapies targeting VEGF, such as
bevacizumab, have shown promise in providing temporary
normalization of tumor vasculature and enhancing the delivery of
immune cells and drugs. However, excessive VEGF inhibition can
lead to vessel regression and exacerbate hypoxia, underscoring the
need for balanced approaches. Other strategies, such as targeting
angiopoietin-2 (Ang-2) or using blood vessel stabilizing agents,
have shown potential in promoting vascular normalization (63, 64).
Combining vascular normalization agents with immunotherapies
has demonstrated synergism in preclinical and clinical studies,
paving the way for innovative combination therapies.

The IVM in cancer is shaped by abnormal vasculature, immune cell
exclusion zones, and hypoxia-induced immunosuppression, all of which
hinder effective anti-tumor immunity and therapeutic outcomes.
Advances in vascular normalization, particularly in combination with
immunotherapies, hold significant potential for transforming cancer
treatment by overcoming the unique challenges of the tumor IVM.

4 Impact of hypoxia inducible factor-
1o on immunotherapy

HIF-1a profoundly influences the immune response and
therapeutic outcomes in cancer by shaping the TME. This section
explores the mechanisms through which HIF-low impacts
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immunotherapy, focusing on its role in immune checkpoint
regulation, modulation of tumor-infiltrating immune cells,
resistance to immunotherapy, and potential therapeutic strategies
targeting HIF-1ow (Figure 2).

4.1 Influence on immune checkpoints

HIF-1o plays a key role in upregulating immune checkpoint
molecules, such as PD-L1, which are critical mediators of immune
evasion. In the hypoxic TME, HIF-1a. directly binds to the HREs
within the promoter regions of PD-L1, enhancing its transcription.
Elevated PD-L1 expression on tumor cells and antigen-presenting cells
interacts with programmed death-1 (PD-1) on T cells, leading to T cell
exhaustion (50, 65). Exhausted T cells possess reduced proliferative
capacity, diminished cytokine production, and impaired cytotoxic
activity, allowing tumor cells to escape immune surveillance. Beyond
PD-L1, HIF-1a. also regulates other inhibitory molecules, such as
CTLA-4 and lymphocyte activation gene-3 (LAG-3), which further
suppress T cell activity. Additionally, HIF-1o upregulates galectin-9
and its ligand, TIM-3, which contribute to the exhaustion of CD8+ T
cells and the expansion of Tregs.

4.2 Modulation of tumor-infiltrating
immune cells

HIF-1o profoundly alters the composition and behavior of
tumor-infiltrating immune cells, altering the immune response

10.3389/fimmu.2025.1549276

towards immunosuppression and tumor progression. Hypoxia
and HIF-lo impair the function of CD8+ T cells, the primary
effectors of anti-tumor immunity (5, 66). HIF-lo-mediated
upregulation of PD-L1 on tumor cells and antigen-presenting
cells inhibits T cell activation, leading to exhaustion. The acidic
pH reduces the production of key cytokines like IFN-vy, which is
essential for effective cytotoxic responses. These metabolic barriers
suppress CD8+ T cell activity and also promote their exclusion from
hypoxic tumor regions.

HIF-1lo. promotes the recruitment and polarization of
immunosuppressive cell populations, including Tregs and
MDSCs. Tregs, characterized by the expression of FoxP3,
suppress effector T cell activity through the production of
inhibitory cytokines such as IL-10 and transforming growth
factor-beta (TGF-B) (67, 68). Hypoxia enhances Treg infiltration
and stability via HIF-1o-induced CCL28 expression, which recruits
Tregs to the tumor site. Similarly, MDSCs are recruited to the TME
through HIF-lo-regulated chemokines, such as CXCL12. Once
within the tumor, MDSCs exert potent immunosuppressive effects
by producing arginase-1, ROS, and nitric oxide, which inhibit T cell
activation and proliferation.

4.3 Role in resistance to immunotherapy

HIF-1o-mediated changes in the TME contribute significantly
to resistance against immunotherapy, particularly ICIs. Clinical and
preclinical studies have demonstrated that tumors with high HIF-
low activity exhibit poor responses to checkpoint inhibitors. For
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HIF-1o inhibitors modulate different levels of the HIF-1o activation pathway.
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instance, patients with non-small cell lung cancer (NSCLC) and
melanoma with hypoxic tumors are less likely to benefit from
therapies involving anti-PD-1 or anti-PD-L1. This resistance is
attributed to HIF-lo-driven upregulation of PD-L1, Treg
accumulation, and CD8+ T cell exclusion from the TME. HIF-
lo-induced metabolic changes, such as lactate production, further
impair T cell function and survival. HIF-1o. orchestrates multiple
adaptations in the TME that render tumors refractory to
immunotherapy. These include the remodeling of the ECM to
create physical barriers against immune cell infiltration, the
recruitment of immunosuppressive cell populations, and
angiogenic induction that perpetuates vascular abnormalities and
hypoxia. Collectively, these adaptations create an environment
inherently resistant to T cell-mediated cytotoxicity and immune
checkpoint blockade.

4.4 Therapeutic strategies targeting
hypoxia inducible factor-1a

Given its central role in shaping the TME and mediating
immunotherapy resistance, HIF-1ow is an attractive therapeutic
target. Several strategies have been demonstrated to inhibit HIF-1o.
activity or mitigate its effects on the TME. Combining HIF-1o
inhibitors with ICIs has shown promise in preclinical models
(69, 70). For instance, pharmacological inhibitors of HIF-10, such as
acriflavine and echinomycin, reduce PD-L1I expression, enhance CD8
+ T cell infiltration, and improve the efficacy of anti-PD-1 therapies.
These inhibitors disrupt the transcriptional activity of HIF-1a, thereby
reversing hypoxia-induced immunosuppression. Additionally,
combining HIF-1o inhibitors with adoptive T cell therapies or
cancer vaccines can enhance immune cell trafficking and activation
within the TME. Preclinical studies have demonstrated that targeting
HIF-1ou enhances the efficacy of these therapies and prevents the
recruitment of immunosuppressive cell populations like Tregs
and MDSCs.

Prodrugs such as evofosfamide are activated under hypoxic
conditions, selectively targeting hypoxic tumor cells and not affecting
normoxic tissues (71, 72). By reducing tumor hypoxia, HAPs indirectly
inhibit HIF-1ot activity and enhance the efficacy of ICIs. Agents such as
hemoglobin-based oxygen carriers or perfluorocarbon emulsions can
improve oxygen delivery to tumors, reducing hypoxia and HIF-1o
stabilization (73). These treatments have improved immune cell
infiltration and function within the TME. Therapies targeting VEGF
or Ang-2 can normalize tumor vasculature, improving oxygenation
and immune cell access to the tumor core. This approach has shown
synergistic effects when combined with ICIs in preclinical studies.
Nanotechnology has been employed to develop hypoxia-responsive
drug delivery systems that target HIF-1a activity. For instance,
nanoparticles loaded with HIF-1o. inhibitors or oxygen-releasing
agents can deliver their payload selectively to hypoxic tumor regions,
minimizing off-target effects. These technologies in combination with
ICIs and other immunotherapies, are being explored to enhance
treatment outcomes.

HIF-1o plays a central role in shaping the TME to favor immune
evasion and resistance to immunotherapy. By upregulating immune
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checkpoint molecules, suppressing effector immune cells, and
recruiting immunosuppressive populations, HIF-1o. undermines
the efficacy of ICIs and other immunotherapies.

5 Potential interventions: targeting
HIF-1o in the IVM

Targeting HIF-10t represents a promising strategy to overcome
the immunosuppressive and tumor-promoting effects of the
hypoxic IVM. A range of innovative approaches have been
developed to inhibit the activity of HIF-10, modulate the hypoxic
TME, and enhance the efficacy of immunotherapy. These strategies
include pharmacological inhibitors, gene editing technologies,
hypoxia modulation, and nanotechnology-based delivery systems.

5.1 Pharmacological Inhibitors

Small molecule inhibitors targeting HIF-10. are being actively
investigated as therapeutic agents in preclinical and clinical studies.
These inhibitors aim to block the activity, stability, or
transcriptional function of HIF-1a, thereby suppressing its
downstream effects on angiogenesis, immune evasion, and
metabolic reprogramming. Several compounds directly inhibit
HIF-1ow activity by interfering with its ability to bind DNA or
dimerize with HIF-1P. Acriflavine, for example, disrupts the HIF-
1o/HIF-1f dimerization, preventing the transcriptional activation
of hypoxia-responsive genes (74, 75). Preclinical studies have
demonstrated that acriflavine reduces tumor growth and
improves the efficacy of checkpoint inhibitors by enhancing
immune cell infiltration into the TME. Histone deacetylase
(HDAC) inhibitors, such as vorinostat, have been shown to
downregulate HIF-la expression by altering chromatin
accessibility (76, 77). These agents not only inhibit HIF-1o but
also affect multiple pathways involved in immune regulation,
making them attractive candidates for combination therapy.
Agents targeting VEGF, a major downstream effector of HIF-10,
have been clinically validated in cancer therapy. Bevacizumab, a
monoclonal antibody against VEGF, has shown efficacy in
normalizing tumor vasculature and reducing hypoxia, indirectly
inhibiting HIF- 1o activity (78, 79). HAPs, such as evofosfamide, are
designed to release cytotoxic agents specifically under hypoxic
conditions. By selectively targeting hypoxic tumor regions, HAPs
reduce the viability of HIF-lo-expressing cells, alleviating the
hypoxic burden on the IVM (80, 81). Despite their promise, the
clinical application of HIF-1a. inhibitors faces challenges related to
off-target effects, pharmacokinetics, and resistance mechanisms.
Ongoing research aims to develop more selective and potent
compounds to overcome these limitations.

5.2 Gene editing approaches

Gene editing technologies offer precise tools to target HIF-1ot at
the genomic level, providing a long-term solution to suppress its
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activity. Two major approaches, CRISPR-Cas9 and RNA interference
(RNAI), have shown potential in preclinical studies. The CRISPR-Cas9
system allows the precise editing of the HIF-1o. gene, leading to its
permanent knockout. This approach eftectively abolishes HIF-1o
expression, preventing its stabilization under hypoxic conditions. In
preclinical cancer models, CRISPR-mediated HIF-1o. deletion has
been shown to reduce tumor growth, inhibit angiogenesis, and
enhance T cell-mediated immunity (82, 83). However, challenges
related to delivery systems and off-target effects need to be addressed
before clinical translation. RN Ai-based approaches, including small
interfering RNA (siRNA) and short hairpin RNA (shRNA), target
HIF-1o. mRNA to prevent its translation. siRNA nanoparticles
targeting HIF-1ot have demonstrated efficacy in reducing hypoxia-
driven angiogenesis and immunosuppression in preclinical models.
Advances in delivery technologies, such as lipid nanoparticles and
conjugation with targeting ligands, have improved the stability and
specificity of RNAI therapeutics. Gene editing technologies hold great
promise for selectively targeting HIF-1o.. However, issues related to
delivery, immune activation, and potential off-target effects require
further investigation to ensure safety and efficacy.

5.3 Modulating the
hypoxic microenvironment

Modulating the hypoxic microenvironment is an indirect but
effective approach to inhibit HIF-1o activity. By alleviating hypoxia,
these strategies reduce the stabilization of HIF-lo. and its
downstream effects on the IVM. Oxygen carriers, such as
perfluorocarbon emulsions and hemoglobin-based oxygen
carriers, enhance oxygen delivery to tumors, mitigating hypoxia
and reducing HIF-1ov activity (73, 84). Preclinical studies have
shown that these carriers improve immune cell infiltration and
function, enhancing the efficacy of checkpoint inhibitors and
adoptive cell therapies. Vascular normalization aims to
restructure abnormal tumor vasculature to improve perfusion and
oxygenation. Anti-angiogenic agents targeting VEGF, such as
bevacizumab, have demonstrated the ability to transiently
normalize blood vessels, reducing hypoxia and improving
immune cell access to the tumor. Ang-2 inhibitors have also
shown promise in promoting vascular stabilization and enhancing
the delivery of immunotherapeutic agents. HBOT involves exposing
patients to high-pressure oxygen, increasing oxygen levels in the
bloodstream and improving tissue oxygenation (85, 86). By
reducing tumor hypoxia, HBOT has been shown to enhance the
efficacy of immunotherapy in preclinical models. Modulating the
hypoxic microenvironment provides a complementary approach to
direct HIF-1ow inhibition, addressing the root cause of hypoxia-
driven immunosuppression and therapeutic resistance.

5.4 Nanotechnology and drug
delivery systems

Nanotechnology offers innovative solutions for delivering
therapeutics to hypoxic tumor regions with high specificity and
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minimal off-target effects. Hypoxia-responsive nanoparticles have
been developed to deliver HIF-1ow inhibitors, siRNA, or oxygen-
releasing agents selectively to the TME. These nanoparticles are
designed to release their payload in response to hypoxic conditions.
For example, nanoparticles loaded with acriflavine or siRNA
targeting HIF-10. are coated with hypoxia-sensitive polymers that
degrade under low oxygen levels, ensuring targeted delivery to
hypoxic tumor cells (87, 88). Nanoparticles loaded with oxygen-
generating agents, such as calcium peroxide or catalase, release
oxygen into the TME, alleviating hypoxia and reducing HIF-1o
stabilization. These particles have been shown to enhance immune
cell infiltration and improve the efficacy of checkpoint inhibitors in
preclinical models. Multifunctional nanoparticles capable of
delivering multiple agents simultaneously have been developed to
target multiple aspects of the hypoxic TME. For instance,
nanoparticles combining HIF-1ow inhibitors, ICIs, and oxygen-
releasing agents have demonstrated synergistic effects in reducing
tumor growth and enhancing immune responses. Nanotechnology-
based delivery systems offer a versatile platform for targeting HIF-
low and modulating the hypoxic TME. Ongoing research focuses on
optimizing their design, biocompatibility, and scalability for
clinical use.

Targeting HIF-1c in the IVM offers a multifaceted approach to
overcoming hypoxia-driven immunosuppression and therapeutic
resistance in cancer. Pharmacological inhibitors, gene editing
technologies, hypoxia-modulating treatments, and nanotechnology-
based delivery systems represent complementary strategies to inhibit
HIF-lov activity and enhance immunotherapy outcomes. While
significant progress has been made, challenges related to delivery,
specificity, and safety remain to be addressed. Continued research
and innovation in these areas hold the potential to transform the
landscape of cancer treatment by leveraging the full therapeutic
potential of HIF-1o targeting interventions.

6 Challenges and future directions

The role of HIF-1a: in the IVM presents both challenges and
opportunities for advancing cancer immunotherapy. Successfully
targeting HIF-1o. requires addressing the complexity of the IVM,
developing reliable biomarkers, integrating multi-omics
approaches, and tailoring treatments to individual patients. This
section explores these challenges and outlines potential
future directions.

6.1 Complexity of IVM dynamics

The IVM is a dynamic and multifaceted system composed of
immune cells, vascular structures, and stromal components that are
interconnected through intricate signaling networks. This
interdependence creates a highly heterogeneous microenvironment
that is further shaped by HIF-1ot activity and hypoxia. The immune,
vascular, and stromal elements of the IVM are deeply intertwined.
Hypoxia-induced HIF-1at activation promotes vascular abnormalities,
including disorganized and leaky blood vessels, which impede immune
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cell infiltration and nutrient delivery. These changes further amplify
hypoxia and perpetuate HIF-1o. activity. Similarly, stromal cells such
as cancer-associated fibroblasts (CAFs) produce ECM components
that act as physical barriers to immune cells while sequestering growth
factors like VEGF, exacerbating the immunosuppressive environment
(89, 90). Spatial and temporal heterogeneity within the IVM adds
another layer of complexity. Hypoxic regions often exclude cytotoxic T
cells while fostering the accumulation of Tregs and MDSCs. This
uneven distribution of immune cells poses significant challenges for
the efficacy of immunotherapies, which rely on the ability to penetrate
the entire TME. Addressing these challenges will require advanced
models that accurately reflect the complexity of the IVM, such as 3D
tumor organoids, organ-on-a-chip systems, and in vivo
imaging technologies.

6.2 Biomarker development

Biomarkers are essential for predicting responses to therapies
targeting HIF-1o. and hypoxia-driven processes in the IVM. The
identification and validation of reliable biomarkers can enable
patient stratification, monitoring of therapeutic efficacy, and the
design of tailored combination therapies. Hypoxia-associated gene
signatures represent one avenue for biomarker development. HIF-
1o regulates a suite of genes involved in angiogenesis, metabolism,
and immune modulation, such as VEGF, GLUTI1, and PD-L1.
These gene signatures may provide insights into the activity of
HIF-1o. and hypoxia-related pathways, but tumor-specific panels
are needed to account for variability across cancer types. Imaging-
based biomarkers provide a non-invasive means to assess hypoxia
and vascular abnormalities. Techniques like positron emission
tomography (PET) and magnetic resonance imaging (MRI) using
hypoxia-specific radiotracers, such as [18F] FMISO, have
demonstrated utility in visualizing hypoxic regions within tumors.
These imaging biomarkers could help guide patient selection for
hypoxia-targeted therapies. Circulating biomarkers detected in
liquid biopsies offer a minimally invasive alternative for
monitoring HIF-1ov activity. Circulating levels of VEGF, lactate,
and soluble PD-LI, as well as exosomes containing HIF-1lo-
regulated transcripts, have shown promise in reflecting the state
of the IVM. However, standardized assays and large-scale validation
studies are needed to translate these biomarkers into
clinical practice.

6.3 Integration with multi-
omics approaches

The integration of genomics, proteomics, metabolomics, and
transcriptomics provides a powerful framework for decoding the
complexities of the IVM. Multi-omics approaches can uncover
novel insights into the molecular mechanisms underlying HIF-1o
activity and its impact on the TME. Genomics enables the
identification of mutations and epigenetic changes that influence
HIF-1a activity. For example, mutations in the VHL gene, which
destabilize HIF-10., are common in renal cell carcinoma and drive
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hypoxia-associated phenotypes. Genomic profiling can also reveal
tumor-specific vulnerabilities that may be targeted therapeutically.
Proteomics focuses on the downstream effectors of HIF-la,
including secreted factors like VEGF and interleukins that shape
the IVM. Advanced mass spectrometry techniques have been used
to identify post-translational modifications of HIF-1o, such as
hydroxylation, which regulate its stability and activity.
Metabolomics sheds light on the metabolic reprogramming
induced by HIF-1a, such as the shift to glycolysis and lactate
production. Elevated levels of lactate and other metabolites
associated with hypoxia have been linked to immune suppression
and therapeutic resistance, offering potential targets for
intervention. The integration of multi-omics data through
computational modeling and machine learning can identify
critical pathways and networks driving HIF-1o. activity in the
IVM. These approaches hold the potential to uncover novel
biomarkers and therapeutic targets that might not be evident
from individual datasets.

6.4 Personalized medicine

Personalized medicine represents the future of cancer
treatment, offering the potential to tailor immunotherapy
strategies based on the unique characteristics of a patient’s IVM
(91). This approach seeks to optimize therapeutic outcomes by
accounting for the heterogeneity of the TME. Patient stratification is
a cornerstone of personalized medicine. Biomarkers that reflect
hypoxia, HIF-1ot activity, and immune cell composition can be used
to classify patients into subgroups most likely to benefit from
specific therapies. For instance, patients with high HIF-l1o and
PD-LI expression may respond well to a combination of HIF-1o
inhibitors and ICIs. Combination therapies can be designed to
address multiple aspects of the IVM simultaneously. Combining
HIF-1o inhibitors with angiogenesis blockers, metabolic
modulators, or adoptive T cell therapies can synergistically
enhance anti-tumor responses. For example, targeting HIF-1o
alongside VEGF inhibition may normalize tumor vasculature,
improving immune cell infiltration and therapy delivery. Adaptive
therapy strategies, which adjust treatment regimens in response to
dynamic changes in the TME, are another promising avenue. By
monitoring biomarkers during treatment, clinicians can modify
therapeutic approaches to counteract resistance mechanisms and
maintain efficacy. Artificial intelligence (AI) can play a critical role
in personalized medicine by analyzing complex datasets and
predicting treatment outcomes. Al-driven algorithms can
integrate multi-omics data, imaging results, and clinical
parameters to guide therapeutic decision-making and optimize
treatment regimens.

The challenges associated with targeting HIF-1ot in the IVM
highlight the complexity of this critical therapeutic axis. The
interdependence of immune, vascular, and stromal components,
the need for robust biomarkers, and the integration of multi-omics
approaches emphasize the necessity of multidisciplinary strategies.
Personalized medicine, supported by advances in biomarker
development and adaptive therapy approaches, represents a
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promising pathway for overcoming these challenges. By addressing
these issues, researchers and clinicians can unlock the full potential
of targeting HIF-1ol to improve immunotherapy outcomes and
patient survival.

7 Conclusion

HIF-1o. occupies a central role in cancer biology, exerting
profound effects on tumor progression and the IVM. Its
stabilization under hypoxic conditions orchestrates a suite of
adaptations that enable tumors to thrive in oxygen-deprived
environments while evading immune surveillance. HIF-1o’s dual
role in promoting tumor progression and reshaping the IVM
underscores its significance as both a mechanistic driver of cancer
pathology and a promising therapeutic target.

HIF-1o plays a pivotal role in facilitating tumor growth by
adapting cellular and microenvironmental processes to low oxygen
conditions. Through its regulation of genes involved in angiogenesis,
metabolism, and immune modulation, HIF-10: drives critical aspects of
tumor progression. For example, by upregulating VEGF, HIF-1o
promotes the formation of abnormal, leaky blood vessels that sustain
tumor growth but also exacerbate hypoxia. This self-perpetuating cycle
of vascular dysfunction and hypoxia amplifies the tumor’s ability to
resist immune attack and therapeutic intervention. Beyond its direct
effects on tumor cells, HIF-1a: profoundly influences the IVM by
fostering an immunosuppressive environment. It upregulates immune
checkpoint molecules such as PD-L1, leading to T cell exhaustion and
impaired cytotoxic responses. Moreover, HIF-1o. promotes the
recruitment and polarization of immunosuppressive cells, including
Tregs and MDSCs, while inhibiting the infiltration and activity of
effector immune cells like cytotoxic T lymphocytes (CTLs) and NK
cells. This immunosuppressive landscape, coupled with HIF-1a-driven
ECM remodeling, creates physical and biochemical barriers that
further protect tumors from immune-mediated destruction. The
dual role of HIF-lo—as a driver of tumor progression and a
mediator of immune suppression—positions it as a central player in
the interplay between cancer cells and their microenvironment. Its
broad range of effects highlights its potential as a critical target for
therapeutic intervention.

Given its multifaceted role in tumor biology, HIF-10. represents an
attractive target for therapeutic strategies aimed at enhancing
immunotherapy outcomes. Current immunotherapies, such as ICIs,
CAR-T cell therapy, and cancer vaccines, often face challenges due to
the hypoxic and immunosuppressive conditions in the IVM. By
targeting HIF-1o or its downstream pathways, these challenges can
be mitigated, creating a more favorable environment for immune-
based interventions. Combination therapies that integrate HIF-1ou
inhibitors with existing immunotherapies offer a promising strategy to
enhance efficacy. For example, combining HIF- 1o inhibitors with anti-
PD-1/PD-LI checkpoint inhibitors can reduce immunosuppression
and improve T cell infiltration into tumors. Similarly, HIF-1o
inhibition can synergize with CAR-T cell therapies by improving
immune cell trafficking and survival within the hypoxic TME.
Hypoxia modulation strategies, such as the use of oxygen carriers
and vascular normalization agents, indirectly target HIF-1o activity by
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alleviating tumor hypoxia. These approaches not only reduce the
stabilization of HIF-1o but also restore immune cell function,
enhance drug delivery, and improve the overall efficacy
of immunotherapies.

Advanced drug delivery systems, particularly those leveraging
nanotechnology, offer precise and efficient methods for targeting
HIF-1o. Hypoxia-responsive nanoparticles can selectively deliver
therapeutic agents to hypoxic regions, minimizing off-target effects
and maximizing therapeutic impact. Combining these delivery
systems with immunotherapies can produce synergistic effects,
improving both efficacy and safety. Despite its promise as a
therapeutic target, challenges remain in effectively targeting HIF-1oL.
These include potential off-target effects, resistance mechanisms, and
the difficulty of disrupting its transcriptional activity without affecting
other critical pathways. Addressing these challenges will require
innovative approaches and interdisciplinary collaboration.

Targeting HIF-10 and the hypoxic IVM requires a comprehensive
understanding of the interplay between hypoxia biology and immune
responses. Achieving this goal necessitates interdisciplinary research
that bridges the fields of tumor biology, immunology, and
bioengineering. A deeper understanding of the IVM’s complexity is
essential for designing effective therapies. The IVM is a highly dynamic
and heterogeneous environment that integrates immune cells,
vasculature, and stromal components. Advanced 3D models,
imaging technologies, and computational simulations can provide
valuable insights into the spatial and temporal dynamics of these
interactions under hypoxic conditions.

Biomarker development is another critical area for advancing
therapies targeting HIF-1o. Reliable biomarkers for HIF-1o activity
and hypoxia-driven immunosuppression are essential for patient
stratification and monitoring therapeutic efficacy. Biomarkers
derived from multi-omics approaches, imaging modalities, and
liquid biopsies can guide the selection of patients most likely to
benefit from HIF-1lo-targeted therapies and enable real-time
assessment of therapeutic responses. Integrating multi-omics data
offers powerful tools for uncovering the molecular underpinnings of
HIF-1lo-driven changes in the IVM. Genomics, proteomics,
metabolomics, and transcriptomics can reveal novel therapeutic
targets, predict resistance mechanisms, and inform the design of
personalized treatment strategies. Computational modeling and
machine learning can further integrate these data streams to identify
critical pathways and networks. Personalized and adaptive therapies are
the future of immunotherapy. Tailoring treatments to the unique
characteristics of each patient’s IVM can optimize therapeutic
outcomes while minimizing adverse effects. Adaptive therapies that
adjust regimens in response to real-time biomarker data will be
particularly valuable for countering the dynamic and evolving nature
of the IVM.

HIF-1o serves as both a driver of tumor progression and a
mediator of immune suppression, making it a critical target for
therapeutic intervention. Its role in regulating angiogenesis, immune
evasion, and metabolic reprogramming highlights its central
importance in shaping the IVM. Targeting HIF-1o. through
innovative approaches, such as combination therapies, hypoxia
modulation, and advanced delivery systems, has the potential to
enhance the efficacy of immunotherapies and overcome the
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challenges posed by the hypoxic TME. The complexity of the IVM
demands interdisciplinary research that integrates insights from tumor
biology, immunology, and bioengineering. By advancing our
understanding of HIF-1o-driven processes and leveraging emerging
technologies, researchers and clinicians can unlock new opportunities
to improve cancer immunotherapy outcomes and patient survival.
This integrated approach will pave the way for a new era of
personalized and adaptive cancer treatment strategies that effectively
target the hypoxic IVM.

Author contributions

SS: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Software, Validation,
Visualization, Writing - original draft, Writing - review &
editing. XO: Data curation, Formal analysis, Investigation,
Methodology, Software, Validation, Visualization, Writing -
original draft, Writing - review & editing. CL: Data curation,
Formal analysis, Investigation, Methodology, Software, Validation,
Visualization, Writing — original draft, Writing - review & editing.
HW: Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing - original draft,
Writing - review & editing. JK: Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Software, Supervision,
Validation, Visualization, Writing - original draft, Writing -
review & editing.

References

1. Li HS, Zhou YN, Li L, Li SF, Long D, Chen XL, et al. HIF-1ot protects against
oxidative stress by directly targeting mitochondria. Redox Biol. (2019) 25:101109.
doi: 10.1016/j.redox.2019.101109

2. Zhao Y, Xing C, Deng Y, Ye C, Peng H. HIF-1o signaling: essential roles in
tumorigenesis and implications in targeted therapies. Genes Dis. (2024) 11:234-51.
doi: 10.1016/j.gendis.2023.02.039

3. Wang X, de Carvalho Ribeiro M, Iracheta-Vellve A, Lowe P, Ambade A,
Satishchandran A, et al. Macrophage-specific hypoxia-inducible factor-lo
contributes to impaired autophagic flux in nonalcoholic steatohepatitis. Hepatology.
(2019) 69:545-63. doi: 10.1002/hep.30215

4. Huang R, Zhang L, Jin J, Zhou Y, Zhang H, Lv C, et al. Bruceine D inhibits HIF-
lo-mediated glucose metabolism in hepatocellular carcinoma by blocking ICAT/B-
catenin interaction. Acta Pharm Sin B. (2021) 11:3481-92. doi: 10.1016/
j.apsb.2021.05.009

5. Zhang H, Yang Z, Yuan W, Liu J, Luo X, Zhang Q, et al. Sustained AhR activity
programs memory fate of early effector CD8+ T cells. Proc Natl Acad Sci USA. (2024)
121(11):2317658121. doi: 10.1073/pnas.2317658121

6. LuS, CaiY, Kang T, Zhu C, Feng Z, Chen S. Arsenic sulfide inhibits hepatocellular
carcinoma metastasis by suppressing the HIF-10/VEGF pathway. Front Biosci
(Landmark Ed). (2023) 28(7):152. doi: 10.31083/j.fb12807152

7. Dang Y, Hua W, Zhang X, Sun H, Zhang Y, Yu B, et al. Anti-angiogenic effect of
exo-LncRNA TUGI in myocardial infarction and modulation by remote ischemic
conditioning. Basic Res Cardiol. (2023) 118(1):1. doi: 10.1007/s00395-022-00975-y

8. Song S, Zhang G, Chen X, Zheng J, Liu X, Wang Y, et al. HIF-1o. increases the
osteogenic capacity of ADSCs by coupling angiogenesis and osteogenesis via the HIF-
10/ VEGF/AKT/mTOR signaling pathway. J Nanobiotechnology. (2023) 21(1):257.
doi: 10.1186/5s12951-023-02020-z

9. Lim JS, Shi Y, Park SH, Jeon SM, Zhang C, Park YY, et al. Mutual regulation
between phosphofructokinase 1 platelet isoform and VEGF promotes
glioblastoma tumor growth. Cell Death Dis. (2022) 13(11):1002. doi: 10.1038/
541419-022-05449-6

Frontiers in Immunology

11

10.3389/fimmu.2025.1549276

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

10. Palazon A, Tyrakis PA, Macias D, Veli¢a P, Rundqvist H, Fitzpatrick S, et al. An
HIF-10/VEGF-A axis in cytotoxic T cells regulates tumor progression. Cancer Cell.
(2017) 32(5):669-83.€5. doi: 10.1016/j.ccell.2017.10.003

11. Song W, Li D, Tao L, Luo Q, Chen L. Solute carrier transporters: the metabolic
gatekeepers of immune cells. Acta Pharm Sin B. (2020) 10(1):61-78. doi: 10.1016/
j.apsb.2019.12.006

12. Huang Y, Kim BYS, Chan CK, Hahn SM, Weissman IL, Jiang W. Improving
immune-vascular crosstalk for cancer immunotherapy. Nat Rev Immunol. (2018) 18
(3):195-203. doi: 10.1038/nri.2017.145

13. Chen L, Xu YX, Wang YS, Ren YY, Dong XM, Wu P, et al. Prostate cancer
microenvironment: multidimensional regulation of immune cells, vascular system, stromal
cells, and microbiota. Mol Cancer. (2024) 23(1):229. doi: 10.1186/s12943-024-02137-1

14. Wang-Bishop L, Kimmel BR, Ngwa VM, Madden MZ, Baljon JJ, Florian DC, et al.
STING-activating nanoparticles normalize the vascular-immune interface to potentiate cancer
immunotherapy. Sci Immunol. (2023) 8(83):eadd1153. doi: 10.1126/sciimmunol.add1153

15. Zhang L, Xu J, Zhou S, Yao F, Zhang R, You W, et al. Endothelial DGKG
promotes tumor angiogenesis and immune evasion in hepatocellular carcinoma. J
Hepatol. (2024) 80(1):82-98. doi: 10.1016/j.jhep.2023.10.006

16. Koelwyn GJ, Corr EM, Erbay E, Moore KJ. Regulation of macrophage
immunometabolism in atherosclerosis. Nat Immunol. (2018) 19(6):526-37.
doi: 10.1038/s41590-018-0113-3

17. Jian Y, Zhou X, Shan W, Chen C, Ge W, Cui J, et al. Crosstalk between
macrophages and cardiac cells after myocardial infarction. Cell Commun Signal. (2023)
21(1):109. doi: 10.1186/s12964-023-01105-4

18. Li S, Liu M, Do MH, Chou C, Stamatiades EG, Nixon BG, et al. Cancer
immunotherapy via targeted TGF- signalling blockade in TH cells. Nature. (2020)
587(7832):121-5. doi: 10.1038/s41586-020-2850-3

19. Song Y, Fu Y, Xie Q, Zhu B, Wang J, Zhang B. Anti-angiogenic agents in
combination with immune checkpoint inhibitors: a promising strategy for cancer
treatment. Front Immunol. (2020) 11:1956. doi: 10.3389/fimmu.2020.01956

frontiersin.org


https://doi.org/10.1016/j.redox.2019.101109
https://doi.org/10.1016/j.gendis.2023.02.039
https://doi.org/10.1002/hep.30215
https://doi.org/10.1016/j.apsb.2021.05.009
https://doi.org/10.1016/j.apsb.2021.05.009
https://doi.org/10.1073/pnas.2317658121
https://doi.org/10.31083/j.fbl2807152
https://doi.org/10.1007/s00395-022-00975-y
https://doi.org/10.1186/s12951-023-02020-z
https://doi.org/10.1038/s41419-022-05449-6
https://doi.org/10.1038/s41419-022-05449-6
https://doi.org/10.1016/j.ccell.2017.10.003
https://doi.org/10.1016/j.apsb.2019.12.006
https://doi.org/10.1016/j.apsb.2019.12.006
https://doi.org/10.1038/nri.2017.145
https://doi.org/10.1186/s12943-024-02137-1
https://doi.org/10.1126/sciimmunol.add1153
https://doi.org/10.1016/j.jhep.2023.10.006
https://doi.org/10.1038/s41590-018-0113-3
https://doi.org/10.1186/s12964-023-01105-4
https://doi.org/10.1038/s41586-020-2850-3
https://doi.org/10.3389/fimmu.2020.01956
https://doi.org/10.3389/fimmu.2025.1549276
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shi et al.

20. Rodriguez-Garcia A, Palazon A, Noguera-Ortega E, Powell DJ Jr, Guedan S.
CAR-T cells hit the tumor microenvironment: strategies to overcome tumor escape.
Front Immunol. (2020) 11:1109. doi: 10.3389/fimmu.2020.01109

21. Altvater B, Kailayangiri S, Spurny C, Fliigge M, Meltzer ], Greune L, et al. CAR T cells
as microbeads for solid tumors: shaping the anti-tumor response in the microenvironment.
Mol Cancer Ther. (2023) 22(12):2136-45. doi: 10.1158/1535-7163.MCT-22-0307

22. Hao N, Bhakti VL, Peet DJ, Whitelaw ML. Reciprocal regulation of the basic
helix-loop-helix/Per-Arnt-Sim partner proteins, Arnt and Arnt2, during neuronal
differentiation. Nucleic Acids Res. (2013) 41(11):5626-38. doi: 10.1093/nar/gkt206

23. LiZL, Ding L, Ma RX, Zhang Y, Zhang YL, Ni W], et al. Activation of HIF-1o C-
terminal transactivation domain protects against hypoxia-induced kidney injury
through hexokinase 2-mediated mitophagy. Cell Death Dis. (2023) 14(5):339.
doi: 10.1038/541419-023-05854-5

24. Liao Q, Zhang Y, Li X, Wang Z, Chen H, Liu J, et al. Deletion of prolyl
hydroxylase domain-containing enzyme 3 (phd3) in zebrafish facilitates hypoxia
tolerance. J Biol Chem. (2023) 299:105420. doi: 10.1016/j.jbc.2023.105420

25. Wang Z, Li H, Zhang Q, Chen Y, Liu X, Zhao Y, et al. Hypoxia-responsive
nanocarriers for chemotherapy sensitization via dual-mode inhibition of hypoxia-
inducible factor-1 alpha. J Colloid Interface Sci. (2022) 628:106-15. doi: 10.1016/
,jcis.2022.08.060

26. Cabaj A, Kowalski J, Nowak M, Wojcik K, Zielinski R, Baranowska-Bosiacka I,
et al. Functional and HRE motifs count analysis of induction of selected hypoxia-
responsive genes by HIF-1 and HIF-2 in human umbilical endothelial cells. Cell Signal.
(2022) 90:110209. doi: 10.1016/j.cellsig.2021.110209

27. LiuL, Wang Y, Li Y, Zhang X, Zhao L, Li S, et al. MiRNA-21-HIF-10- VEGF axis
is associated with myopic choroidal neovascularization in Guinea pigs. Ophthalmic Res.
(2022) 65:493-505. doi: 10.1159/000522511

28. Zhao K, Li D, Yang Y, Chen X, Zhang Y, Wang J, et al. Celastrol inhibits
pathologic neovascularization in oxygen-induced retinopathy by targeting the miR-17-
5p/HIF-100/VEGF pathway. Cell Cycle. (2022) 21:2091-108. doi: 10.1080/
15384101.2022.2087277

29. Dong S, Zhang X, Liu Y, Zhang P, Sun Y, Lin J, et al. ROS/PI3K/Akt and Wnt/B-
catenin signalings activate HIF-1o-induced metabolic reprogramming to impart 5-
fluorouracil resistance in colorectal cancer. J Exp Clin Cancer Res. (2022) 41:15.
doi: 10.1186/s13046-021-02229-6

30. Shigeta K, Datta M, Hato T, Kitahara S, Chen IX, Matsui A, et al. IDH2 stabilizes
HIF-la-induced metabolic reprogramming and promotes chemoresistance in
urothelial cancer. EMBO J. (2023) 42:€110620. doi: 10.15252/embj.2022110620

31. Bailey CM, Liu J, Devarajan E, Huang X, Karpinos M, He L, et al. Targeting HIF-
1o, abrogates PD-L1-mediated immune evasion in tumor microenvironment but
promotes tolerance in normal tissues. J Clin Invest. (2022) 132:e150846.
doi: 10.1172/JCI150846

32. Ding XC, Wang Y, Ma C, Wang YZ, Zhao ZF, Chen Z, et al. The relationship
between expression of PD-L1 and HIF-10. in glioma cells under hypoxia. ] Hematol
Oncol. (2021) 14:92. doi: 10.1186/s13045-021-01102-5

33. WuW, WangV, Liu Y, WangJ, Zhao F, Li T, et al. Hypoxia-induced scleral HIF-
20 upregulation contributes to rises in MMP-2 expression and myopia development in
mice. Invest Ophthalmol Vis Sci. (2022) 63:2. doi: 10.1167/i0vs.63.8.2

34. Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al.
mTOR- and HIF-1lo-mediated aerobic glycolysis as metabolic basis for trained
immunity. Science. (2014) 345(6204):1250684. doi: 10.1126/science.1250684

35. BaX, Zhang Y, Wang X, Chen H, Li X, Li Y, et al. WTD attenuating rheumatoid
arthritis via suppressing angiogenesis and modulating the PI3K/AKT/mTOR/HIF-1o
pathway. Front Pharmacol. (2021) 12:696802. doi: 10.3389/fphar.2021.696802

36. Jin W, Liang X, Liu X, Zhang Q, Yan Z, Xu Z, et al. Neuronal STAT3/HIF-10/
PTRF axis-mediated bioenergetic disturbance exacerbates cerebral ischemia-reperfusion
injury via PLA2G4A. Theranostics. (2022) 12(7):3196-216. doi: 10.7150/thno.71029

37. Lee SY, Lee JH, Kim HJ, Lee SM, Yoo HJ, Park SH, et al. IL-17 induces autophagy
dysfunction to promote inflammatory cell death and fibrosis in keloid fibroblasts via
the STAT3 and HIF-1a dependent signaling pathways. Front Immunol. (2022)
13:888719. doi: 10.3389/fimmu.2022.888719

38. Huang X, Liu J, Liu L, Li M, Li D, Li X, et al. Dapagliflozin attenuates contrast-
induced acute kidney injury by regulating the HIF-10/HE4/NF-«kB pathway. ]
Cardiovasc Pharmacol. (2022) 79(6):904-13. doi: 10.1097/FJC.0000000000001268

39. LiY, Zhang J, Wang Y, Liang R, Li X, Xie J, et al. An ROS-responsive artesunate
prodrug nanosystem co-delivers dexamethasone for rheumatoid arthritis treatment
through the HIF-10/NF-kB cascade regulation of ROS scavenging and macrophage
repolarization. Acta Biomater. (2022) 152:406-24. doi: 10.1016/j.actbio.2022.08.054

40. Peng Y, Wu S, Tang Q, Li Y, Xu T, Wang X, et al. Type H blood vessels in bone
modeling and remodeling. Theranostics. (2020) 10(1):426-36. doi: 10.7150/thno.34126

41. Cheng J, Yang H, Wang X, Yao W, Li S, Gao Y, et al. Melatonin restricts the
viability and angiogenesis of vascular endothelial cells by suppressing HIF-10/ROS/
VEGEF. Int ] Mol Med. (2019) 43(2):945-55. doi: 10.3892/ijmm.2018.4010

42. Wu H, Li Z, Yang P, Zhang L, Fan Y, Li D, et al. Mitochondrial dysfunction
promotes the transition of precursor to terminally exhausted T cells through HIF-1o.-
mediated glycolytic reprogramming. Nat Commun. (2023) 14(1):6858. doi: 10.1038/
541467-023-42634-3

Frontiers in Immunology

12

10.3389/fimmu.2025.1549276

43. Tian X, Zhang Y, Wu H, Li ], Zhang M, Zhang Y, et al. Modified Biejia Jianwan
decoction restrains PD-L1-mediated immune evasion through the HIF-10/STAT3/NF-
B signaling pathway. ] Ethnopharmacol. (2024) 322:117577. doi: 10.1016/
jjep.2023.117577

44. Minoves M, Casanova A, Pijuan J, Sanz MA, Pijuan L, Pijuan J, et al. Differential
impact of intermittent vs. sustained hypoxia on HIF-1, VEGF and proliferation of
HepG2 cells. Int ] Mol Sci. (2023) 24(3):1234. doi: 10.3390/ijms24031234

45. Wang N, Zhang F, Yang L, Zou ], Wang H, Liu K, et al. Berberine improves
insulin-induced diabetic retinopathy through exclusively suppressing Akt/mTOR-
mediated HIF-10/VEGF activation in retina endothelial cells. Int J Biol Sci. (2021)
17(15):4316-26. doi: 10.7150/ijbs.62868

46. Xu T, Zhang Y, Li X, Zhang J, Wang Y, Wang Y, et al. HIF-1a/VEGF pathway
mediates 1,3,6,8-tetrabromo-9H-carbazole-induced angiogenesis: a potential vascular
toxicity of an emerging contaminant. ] Hazard Mater. (2022) 432:128718. doi: 10.1016/
jjhazmat.2022.128718

47. Li X, Zhang Y, Zhang Y, Li ], Li Y, Zhang Y, et al. Panax quinquefolium L. and
Salvia miltiorrhiza Bunge. enhances angiogenesis by regulating the miR-155-5p/HIF-
10/ VEGF axis in acute myocardial infarction. Drug Des Devel Ther. (2023) 17:3249-67.
doi: 10.2147/DDDT.S426345

48. Chen ZQ, Li F, Zhang L, Wang H, Liu Y, Zhang Y, et al. Hypoxia-associated
circPRDM4 promotes immune escape via HIF-la regulation of PD-L1 in
hepatocellular carcinoma. Exp Hematol Oncol. (2023) 12:17. doi: 10.1186/s40164-
023-00378-2

49. Palsson-McDermott EM, O'Neill LAJ, McGettrick AF, Fallon PG, Higgins SC,
Byrne A, et al. Pyruvate kinase M2 regulates Hif-1a activity and IL-1b induction and is a
critical determinant of the Warburg effect in LPS-activated macrophages. Cell Metab.
(2015) 21:65-80. doi: 10.1016/j.cmet.2014.12.005

50. Fecher RA, Stanley SA, Greenberg Z, Johnston P, Greenberg E, Shapiro T, et al.
Inverse correlation between IL-10 and HIF-la in macrophages infected with
Histoplasma capsulatum. J Immunol. (2016) 197:565-79. doi: 10.4049/
jimmunol.1600342

51. Ao X, Zhang Y, Chen J, Li W, Song Y, Yang X, et al. Angiopoietin-2 promotes
mechanical stress-induced extracellular matrix degradation in annulus fibrosus via the
HIF-1a/NF-kB signaling pathway. Orthop Surg. (2023) 15:2410-22. doi: 10.1111/
08.13797

52. Alexander RK, Palaniappan S, Jaskowski T, McKinley N, Liu J, Tang Z, et al.
Bmall integrates mitochondrial metabolism and macrophage activation. Elife. (2020) 9.
doi: 10.7554/eLife.54090

53. Han Y, Zhang J, Li X, Zhang Y, Yang X, Liu B, et al. Axl promotes intracranial
aneurysm rupture by regulating macrophage polarization toward M1 via STAT1/HIF-
la. Front Immunol. (2023) 14:1158758. doi: 10.3389/fimmu.2023.1158758

54. Reuter S, Gupta SC, Chaturvedi MM, Goel A, Yadav VR, Kannappan R, et al.
Oxidative stress, inflammation, and cancer: how are they linked? Free Radic Biol Med.
(2010) 49:1603-16. doi: 10.1016/j.freeradbiomed.2010.09.007

55. Nagaraju GP, Dhananjayan S, Naik R, El-Rayes BF, Rao S, Ganti AK, et al.
Antiangiogenic effects of ganetespib in colorectal cancer mediated through inhibition of
HIF-1a and STAT-3. Angiogenesis. (2013) 16:903-17. doi: 10.1007/s10456-013-9373-6

56. Wada H, Tanaka M, Iwata S, Ohta K, Yoshida T, Takahashi Y, et al. Expression
pattern of angiogenic factors and prognosis after hepatic resection in hepatocellular
carcinoma: importance of angiopoietin-2 and hypoxia-induced factor-1 alpha. Liver
Int. (2006) 26:414-23. doi: 10.1111/j.1478-3231.2006.01243 x

57. Sanmarco LM, Roberts E, Lin Y, Lu X, Chang H, Li Z, et al. Lactate limits CNS
autoimmunity by stabilizing HIF-1a in dendritic cells. Nature. (2023) 620:881-9.
doi: 10.1038/541586-023-06409-6

58. Zou P, Zhang M, Zhang X, Zhang Y, Zhang T, Liu X, et al. Occludin promotes
adhesion of CD8(+) T cells and melanocytes in vitiligo via the HIF-1a signaling
pathway. Oxid Med Cell Longev. (2022) 2022:6732972. doi: 10.1155/2022/6732972

59. Dang EV, Barbi J, Yang HY, Jinasena D, Yu H, Zheng Y, et al. Control of T(H)
17/T(reg) balance by hypoxia-inducible factor 1. Cell. (2011) 146:772-84. doi: 10.1016/
j.cell.2011.07.033

60. Jou YC, Tseng YH, Su CY, Lee LY, Chen CH, Lai CY, et al. Foxp3 enhances HIF-
la target gene expression in human bladder cancer through decreasing its ubiquitin-
proteasomal degradation. Oncotarget. (2016) 7:65403-17. doi: 10.18632/
oncotarget.11395

61. Jiang M, Liu J, Li Q, Sun Y, Wang S, Zhang L, et al. A clinically acceptable
strategy for sensitizing anti-PD-1 treatment by hypoxia relief. ] Control Release. (2021)
335:408-19. doi: 10.1016/j.jconrel.2021.06.001

62. Min AKT, Lee Y, Park KS, Kim H, Lee S, Lee JW, et al. Therapeutic potential of
anti-VEGF receptor 2 therapy targeting for M2-tumor-associated macrophages in
colorectal cancer. Cancer Immunol Immunother. (2021) 70:289-98. doi: 10.1007/
500262-020-02676-8

63. Luo X, Zhang J, Lin Z, Liu T, Yang X, Hu Z, et al. Hypoxia-activated prodrug
enabling synchronous chemotherapy and HIF-1a downregulation for tumor treatment.
Bioconjug Chem. (2021) 32:983-90. doi: 10.1021/acs.bioconjchem.1c00131

64. Zhang TQ, Lv QY, Jin WL. The cellular-centered view of hypoxia tumor
microenvironment: Molecular mechanisms and therapeutic interventions. Biochim
Biophys Acta Rev Cancer. (2024) 1879:189137. doi: 10.1016/j.bbcan.2024.189137

frontiersin.org


https://doi.org/10.3389/fimmu.2020.01109
https://doi.org/10.1158/1535-7163.MCT-22-0307
https://doi.org/10.1093/nar/gkt206
https://doi.org/10.1038/s41419-023-05854-5
https://doi.org/10.1016/j.jbc.2023.105420
https://doi.org/10.1016/j.jcis.2022.08.060
https://doi.org/10.1016/j.jcis.2022.08.060
https://doi.org/10.1016/j.cellsig.2021.110209
https://doi.org/10.1159/000522511
https://doi.org/10.1080/15384101.2022.2087277
https://doi.org/10.1080/15384101.2022.2087277
https://doi.org/10.1186/s13046-021-02229-6
https://doi.org/10.15252/embj.2022110620
https://doi.org/10.1172/JCI150846
https://doi.org/10.1186/s13045-021-01102-5
https://doi.org/10.1167/iovs.63.8.2
https://doi.org/10.1126/science.1250684
https://doi.org/10.3389/fphar.2021.696802
https://doi.org/10.7150/thno.71029
https://doi.org/10.3389/fimmu.2022.888719
https://doi.org/10.1097/FJC.0000000000001268
https://doi.org/10.1016/j.actbio.2022.08.054
https://doi.org/10.7150/thno.34126
https://doi.org/10.3892/ijmm.2018.4010
https://doi.org/10.1038/s41467-023-42634-3
https://doi.org/10.1038/s41467-023-42634-3
https://doi.org/10.1016/j.jep.2023.117577
https://doi.org/10.1016/j.jep.2023.117577
https://doi.org/10.3390/ijms24031234
https://doi.org/10.7150/ijbs.62868
https://doi.org/10.1016/j.jhazmat.2022.128718
https://doi.org/10.1016/j.jhazmat.2022.128718
https://doi.org/10.2147/DDDT.S426345
https://doi.org/10.1186/s40164-023-00378-2
https://doi.org/10.1186/s40164-023-00378-2
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.4049/jimmunol.1600342
https://doi.org/10.4049/jimmunol.1600342
https://doi.org/10.1111/os.13797
https://doi.org/10.1111/os.13797
https://doi.org/10.7554/eLife.54090
https://doi.org/10.3389/fimmu.2023.1158758
https://doi.org/10.1016/j.freeradbiomed.2010.09.007
https://doi.org/10.1007/s10456-013-9373-6
https://doi.org/10.1111/j.1478-3231.2006.01243.x
https://doi.org/10.1038/s41586-023-06409-6
https://doi.org/10.1155/2022/6732972
https://doi.org/10.1016/j.cell.2011.07.033
https://doi.org/10.1016/j.cell.2011.07.033
https://doi.org/10.18632/oncotarget.11395
https://doi.org/10.18632/oncotarget.11395
https://doi.org/10.1016/j.jconrel.2021.06.001
https://doi.org/10.1007/s00262-020-02676-8
https://doi.org/10.1007/s00262-020-02676-8
https://doi.org/10.1021/acs.bioconjchem.1c00131
https://doi.org/10.1016/j.bbcan.2024.189137
https://doi.org/10.3389/fimmu.2025.1549276
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shi et al.

65. Xu P, Liu D, Zhang X, Li Z, Zhou Y, Guo W, et al. Erythrocyte transglutaminase-2
combats hypoxia and chronic kidney disease by promoting oxygen delivery and carnitine
homeostasis. Cell Metab. (2022) 34:299-316.¢6. doi: 10.1016/j.cmet.2021.12.019

66. Serganova I, Shestov AA, Leung SW, Reizes O, Koutcher JA, Blasberg RG. LDH-
A regulates the tumor microenvironment via HIF-signaling and modulates the
immune response. PloS One. (2018) 13:€0203965. doi: 10.1371/journal.pone.0203965

67. Liu XY, Zhan L, He R, Zhang Q, Chen Y, Wang X, et al. Alkaloid derivative (Z)-
3b-ethylamino-pregn-17(20)-en inhibits triple-negative breast cancer metastasis and
angiogenesis by targeting HSP90a. Molecules. (2022) 27. doi: 10.3390/
molecules27207132

68. Kim YH, Mehta N, Reddy A, Wallenstein G, McDonagh J, Park J, et al.
Mogamulizumab versus vorinostat in previously treated cutaneous T-cell lymphoma
(MAVORIC): an international, open-label, randomized, controlled phase 3 trial. Lancet
Oncol. (2018) 19:1192-204. doi: 10.1016/S1470-2045(18)30379-6

69. Patra S, Dhawan A, Roy S, Banerjee P, Patel S, Bhattacharyya S. Vorinostat in
autophagic cell death: A critical insight into autophagy-mediated, -associated and
-dependent cell death for cancer prevention. Drug Discovery Today. (2022) 27:269-79.
doi: 10.1016/j.drudis.2021.08.004

70. Zhang Y, Zhang Q, ZhangJ, Li Y, Zuo ], Zhang P, et al. Tumor-derived exosomal
miRNA-21 suppresses the anti-tumor immune response by targeting PTEN in glioma.
Oncol Rep. (2021) 45:667-75. doi: 10.3892/0r.2021.8089

71. Yang D, Xu X, Liang X, Li X, Wei W, Xu J, et al. Hypoxia-inducible factor-1o
inhibition via nanotechnology-based delivery of small molecule inhibitors for cancer
therapy. Front Oncol. (2021) 11:625161. doi: 10.3389/fonc.2021.625161

72. Cao Z, Ren X, Huang X, Zhang Z, Liang J, Zhang X, et al. Interfering with
integrin awv3 via nanoparticles suppresses glioma growth and angiogenesis. J Control
Release. (2021) 337:214-24. doi: 10.1016/j.jconrel.2021.07.027

73. Zhang Z, Xu Z, Shi Y, Chen L, Zuo W, Tian L, et al. Regulation of hypoxia-
inducible factor-lot in glioma: A potential target for therapeutic interventions. J
Neurooncol. (2020) 147:373-81. doi: 10.1007/s11060-019-03435-7

74. Wang C, Liu T, Du L, Li W, Zeng X, Zeng Y, et al. Modulation of tumor hypoxia
via nanomaterials in cancer therapy. J Control Release. (2022) 339:310-28. doi: 10.1016/
j.jeconrel.2022.05.013

75. LiuH, Lin H, Liu F, Zhao X, Han S, Zhang X, et al. Inhibition of hypoxia-induced
gene expression with silencing RNA for glioblastoma therapy. J Biol Chem. (2017)
292:8769-77. doi: 10.1074/jbc. M117.781491

76. Wu H, Ma X, Wei X, Li J, Lin X, Liu M, et al. CD147 blockade enhances
antitumor immunity by activating the immune response in hepatocellular carcinoma. J
Immunother Cancer. (2020) 8:e000799. doi: 10.1136/jitc-2020-000799

77. Liu X, Zhang X, Fu Y, Zhang Z, Lu M, Wu Q, et al. Targeting the tumor hypoxic
microenvironment with a hypoxia-responsive nanocarrier for tumor immunotherapy.
Nano Lett. (2022) 22:4815-23. doi: 10.1021/acs.nanolett.2c02046

78. Li Y, Zhang W, Li S, Xu W, Wang X, He J, et al. Cancer-associated fibroblasts
promote the progression of glioma through secretion of exosomal miRNA. Cell Death
Dis. (2020) 11:83. doi: 10.1038/s41419-020-2445-9

Frontiers in Immunology

13

10.3389/fimmu.2025.1549276

79. Zhang B, Yu Q, Yu Y, Li Y, Zhou T, Liu H, et al. Macrophage polarization
regulated by tumor microenvironment: Implication for therapy. Cancer Cell Int. (2021)
21:112. doi: 10.1186/s12935-021-01664-3

80. Zhang L, Zhang C, Wang Z, Wu ], Wang H, Li F, et al. Metabolic reprogramming
of tumor cells in response to hypoxia: An overview. Front Cell Dev Biol. (2020)
8:595377. doi: 10.3389/fcell.2020.595377

81. Zhao T, Li H, Zhou Z, Xie X, Li G, Liu Y, et al. Glioblastoma-targeting near-
infrared fluorescence probes for accurate imaging of hypoxia. ACS Appl Mater
Interfaces. (2022) 14:49477-85. doi: 10.1021/acsami.2c11873

82. Zhou S, Huang X, Gu X, Zhu Y, Wu X, Liu M, et al. Tumor vasculature-targeting
nanomedicine for enhancing anti-cancer therapies. Theranostics. (2021) 11:2957-74.
doi: 10.7150/thno.53017

83. Bourgonje AR, Zhang J, Wu Y, Li C, Jiang J, Wang L, et al. Personalized redox
medicine in inflammatory bowel diseases: an emerging role for HIF-1a and NRF2 as
therapeutic targets. Redox Biol. (2023) 60:102603. doi: 10.1016/j.redox.2023.102603

84. Krishnan A, Du W, Fechter L, Gotlib J, Maecker H, Natu V, et al. Platelet
transcriptome yields progressive markers in chronic myeloproliferative neoplasms and
identifies putative targets of therapy. Exp Hematol. (2021) 100:S82. doi: 10.1016/
j.exphem.2021.12.300

85. Krishnan A, Du W, Fechter L, Gotlib J, Maecker H, Natu V, et al. Platelet
transcriptome yields progressive markers in chronic myeloproliferative neoplasms and
identifies putative targets of therapy. Exp Hematol. (2021) 100:S82. doi: 10.1016/
j.exphem.2021.12.300

86. Shen Z, Du W, Perkins C, Fechter L, Natu V, Maecker H, et al. Platelet
transcriptome identifies progressive markers and potential therapeutic targets in
chronic myeloproliferative neoplasms. Cell Rep Med. (2021) 2. doi: 10.1016/
jxcrm.2021.100425

87. Bejan CA, Sochacki A, Zhao S, Xu Y, Savona M. Abstract 5303: Identification of
myelofibrosis from electronic health records with novel algorithms and JAKextractor.
Cancer Res. (2018) 78:5303. doi: 10.1158/1538-7445.AM2018-5303

88. Li W, Zhao Y, Wang D, Ding Z, Li C, Wang B, et al. Transcriptome research
identifies four hub genes related to primary myelofibrosis: a holistic research by
weighted gene co-expression network analysis. Aging. (2021) 13:23284-307.
doi: 10.18632/aging.203619

89. Ryou H, Sirinukunwattana K, Wood R, Aberdeen A, Rittscher J, Weinberg OK,
et al. Quantitative analysis of bone marrow fibrosis highlights heterogeneity in
myelofibrosis and augments histological assessment: An Insight from a phase II
clinical study of zinpentraxin alfa. HemaSphere. (2024) 8:¢105. doi: 10.1002/hem3.105

90. Verstovsek S, Heidel FH, De Stefano V, Zuurman M, Bryan K, Afsharinejad A,
et al. Prediction of Resistance to Hydroxyurea Therapy in Patients with Polycythemia
Vera: A Machine Learning Study (PV-AIM). Blood. (2022) 140:6823-5. doi: 10.1182/
blood-2022-157268

91. Qureshi R, Basit SA, Shamsi JA, Fan X, Nawaz M, Yan H, et al. Machine learning
based personalized drug response prediction for lung cancer patients. Sci Rep. (2022)
12:18935. doi: 10.1038/s41598-022-23649-0

frontiersin.org


https://doi.org/10.1016/j.cmet.2021.12.019
https://doi.org/10.1371/journal.pone.0203965
https://doi.org/10.3390/molecules27207132
https://doi.org/10.3390/molecules27207132
https://doi.org/10.1016/S1470-2045(18)30379-6
https://doi.org/10.1016/j.drudis.2021.08.004
https://doi.org/10.3892/or.2021.8089
https://doi.org/10.3389/fonc.2021.625161
https://doi.org/10.1016/j.jconrel.2021.07.027
https://doi.org/10.1007/s11060-019-03435-7
https://doi.org/10.1016/j.jconrel.2022.05.013
https://doi.org/10.1016/j.jconrel.2022.05.013
https://doi.org/10.1074/jbc.M117.781491
https://doi.org/10.1136/jitc-2020-000799
https://doi.org/10.1021/acs.nanolett.2c02046
https://doi.org/10.1038/s41419-020-2445-9
https://doi.org/10.1186/s12935-021-01664-3
https://doi.org/10.3389/fcell.2020.595377
https://doi.org/10.1021/acsami.2c11873
https://doi.org/10.7150/thno.53017
https://doi.org/10.1016/j.redox.2023.102603
https://doi.org/10.1016/j.exphem.2021.12.300
https://doi.org/10.1016/j.exphem.2021.12.300
https://doi.org/10.1016/j.exphem.2021.12.300
https://doi.org/10.1016/j.exphem.2021.12.300
https://doi.org/10.1016/j.xcrm.2021.100425
https://doi.org/10.1016/j.xcrm.2021.100425
https://doi.org/10.1158/1538-7445.AM2018-5303
https://doi.org/10.18632/aging.203619
https://doi.org/10.1002/hem3.105
https://doi.org/10.1182/blood-2022-157268
https://doi.org/10.1182/blood-2022-157268
https://doi.org/10.1038/s41598-022-23649-0
https://doi.org/10.3389/fimmu.2025.1549276
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Research progress of HIF-1a on immunotherapy outcomes in immune vascular microenvironment
	1 Introduction
	2 HIF-1α: molecular mechanisms and regulation
	2.1 Structure and activation
	2.2 Downstream targets of hypoxia-inducible factor-1α
	2.3 Crosstalk with other signaling pathways
	2.4 Hypoxia-induced changes in immune vascular microenvironment mediated by hypoxia inducible factor-1α

	3 Immune vascular microenvironment in cancer
	3.1 Defining features of immune vasculature microenvironment in tumors
	3.2 Immune cell behavior in the hypoxic immune vasculature microenvironment
	3.3 Vascular normalization hypothesis

	4 Impact of hypoxia inducible factor-1α on immunotherapy
	4.1 Influence on immune checkpoints
	4.2 Modulation of tumor-infiltrating immune cells
	4.3 Role in resistance to immunotherapy
	4.4 Therapeutic strategies targeting hypoxia inducible factor-1α

	5 Potential interventions: targeting HIF-1α in the IVM
	5.1 Pharmacological Inhibitors
	5.2 Gene editing approaches
	5.3 Modulating the hypoxic microenvironment
	5.4 Nanotechnology and drug delivery systems

	6 Challenges and future directions
	6.1 Complexity of IVM dynamics
	6.2 Biomarker development
	6.3 Integration with multi-omics approaches
	6.4 Personalized medicine

	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


