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Oxygen availability and fluctuation are common changes in tissues and
organs undergoing infection and damage. While acute hypoxia can rapidly
alterimmune cell metabolism and activity, chronic hypoxia caninduce

long-lasting changes in immune responses via oxygen-guided adaptationin
signaling cascades and epitranscriptomic programs. These adaptations are
orchestrated mainly by oxygen-sensing hydroxylases and oxygen-sensing
epigenetic modifiers that regulate downstream hypoxia-inducible factor
pathways and epigenetic reprogramming. In this Review, we summarize
how acute and chronic hypoxiainfluence innate immune cell function

and metabolism, thereby tailoring immune cell behavior within the tissue
microenvironment. We further highlight the dual roles of hypoxiain
regulating innate immune cell function in different (patho)physiological
contexts and evaluate therapeutic strategies that target oxygen-sensing
pathways to restore immune competence and tissue homeostasis.

Oxygen s essential for aerobic organisms, particularly for sustaining
cellular energy production through oxidative metabolism. To main-
tain bioenergetic homeostasis, cells require a continuous supply of
molecular oxygen. While the partial pressure of atmospheric oxygen
(pO,) levelsis around 160 mm Hg, pO, decreases notably under normal
physiological conditions asblood circulates through peripheral tissues
due to local oxygen consumption. Consequently, most tissues oper-
ate at much lower pO, levels (30-76 mm Hg), arange known as physi-
oxia'. By contrast, the gastrointestinal tractand bone marrow naturally
function at even lower pO, levels under homeostatic conditions*>.
Itis generally believed that these hypoxic niches critically influence
immune celllocalization and function, particularly inregions of active
cellproliferationand elevated metabolic demand. Conversely, patho-
logical hypoxia, arising ininflamed, fibrotic or neoplastic tissues, can
profoundly alter immune cell metabolism, gene expression profiles
and effector function. To maintain tissue homeostasis in response to
physiological and pathological scenarios,immune cells should rapidly
adapt to fluctuating oxygen levels. Among immune cells, myeloid cells
areuniquely positioned as frontline sentinels due to their broad tissue

distribution and prompt responsiveness to changes in the microenvi-
ronment, especially oxygen availability.

Inthis Review, we focus on how myeloid cells detect and respond
to oxygen availability in the local tissue microenvironment and discuss
how acute and chronic hypoxia modulates myeloid cell functions
and influences their overall outcomes. We summarize the molecular
mechanisms underlying these responses and highlight their relevance
ininflammation, fibrosis and cancer. This understanding could serve as
aspringboard for us to delineate adaptation engaged by other immune
cells, which can be applied for developing treatments and synthetic
circuits for cellular therapies.

Oxygen sensing and downstream signaling axes

The 2-oxoglutarate (2-OG)-dependent dioxygenases (2-OGDDs) are
an oxygen-sensitive protein family. Their catalytic activity begins with
binding2-OG andferrousironattheactivesites, followed by molecular
oxygen that drives the decarboxylation of 2-OG to succinate*. While
oxygen availability is the main regulator, 2-OGDDs are also highly sensi-
tive to metabolic and redox cues. Metabolites such as succinate and
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Fig.1|Mechanisms of oxygen sensing. The family of 2-OGDDs has distinct
affinities to oxygen measured by the Michaelis constant (K, value). PHDs and
FIH regulate HIF-a and bind to von Hippel-Lindau (VHL) protein, which results
in polyubiquitylation for proteasomal degradation in normoxia. When oxygen
levels drop, PHDs and FIH are inactivated and HIF-a translocates to the nucleus

Low

'~ HIF-o degradation

,( (HIF-a)

(p300/CBP
HIF-B
TRIRONINT

HRE fi
Me~

ax

(b

to create a heterodimeric complex with HIF-1p that binds to hypoxia-responsive
elements (HREs) on HIF target genes. Demethylation of histones and DNA by
KDMs and TET enzymes, respectively, are carried out by HIF-independent
epigenetic regulators that modify chromatin accessibility and transcription. Me,
methyl; Ub, ubiquitin; 5mC, 5-methylcytosine; 5ShmC, 5-hydroxymethylcytosine.

fumarate actas competitive inhibitors>®, and oxidative stress caninac-
tivate theiriron center and impair enzymatic activity’’. These features
integrate metabolic and redox stress into oxygen-sensing pathways.

Among2-OGDDs, prolyl hydroxylase domain proteins1-3 (PHD1-
PHD3) and factor inhibiting hypoxia-inducible factor (HIF) (FIH) are
well-characterized oxygen sensors'®" (Fig.1). These enzymes regulate
the stability and transcriptional activity of HIFs, which are key tran-
scriptional regulators of hypoxic responses. HIF-1a is ubiquitously
expressed in immune cells, whereas HIF-2a is more restricted and is
particularly expressed among myeloid cellsin tumor-associated mac-
rophages (TAMs) and neutrophils’”, The functions of HIF-3a remain
largely unknown, although it may antagonize HIF-1a and HIF-2a™.
Under normoxia, PHDs hydroxylate proline residues on HIF-a subunits
(HIF-1a, HIF-2ac and HIF-3at), which marks their ubiquitination by the
vonHippel-Lindau E3 ubiquitinligase complex and leads to subsequent
proteasomal degradation®. Meanwhile, FIH hydroxylates asparagine
residues within the HIF-a C-terminal transactivation domain, which
blocksitsinteraction with their transcriptional coactivators'®, By con-
trast, hypoxia inactivates these enzymes, allowing HIF-a to stabilize,
dimerize with HIF-1p (also called aryl hydrocarbon nuclear transloca-
tor), translocate to the nucleus and recruit cofactors, including p300
and CBP, to bind hypoxia-responsive elements located in the promoter
regions of HIF target genes'. The coordination of these actions pro-
motes hypoxia-induced signaling cascades and metabolic reprogram-
ming. Of note, PHDs and FIH preferentially hydroxylate HIF-1a more
efficiently than HIF-2a", which may contribute to context-specific
functionin tissues such as the liver. For instance, HIF-2a activation in
hepatic macrophages canlimitinflammationinacetaminophen-driven
liver injury'®, highlighting the context-dependent roles of HIF isoforms
in tissue immunity.

In addition to modulating signaling cascades and metabolic
reprogramming via HIFs, other 2-OGDDs, including Jumonji C
domain-containing lysine demethylases (KDMs) and ten-eleven
translocation (TET) enzymes, can orchestrate dynamic alterations
in histone and DNA methylation patterns in an oxygen-dependent
manner, independently of HIFs'', For instance, hypoxia-induced

inactivation of KDM5A and KDM6A alters chromatin accessibility and
can mimic an acute hypoxic transcriptional landscape®’?. Similarly,
TET enzymes mediate DNA demethylation through 5-methylcytosine
oxidationto 5-hydroxymethylcytosine and alter their epigenetic profile
in oxygen- and metabolic-dependent responses**.

Because multiple 2-OGDD enzymes can modulate cellular behav-
iors by sensing oxygen availability, it is critical to have a tight con-
trol on governing the participation of those enzymes. Intriguingly,
2-OGDD enzymes exhibit distinct oxygen affinities that result in a
graded sensitivity to varying hypoxia. PHDs with low oxygen affinity
(Michaelis constant (K,,,) = 230-250 pM) are rapidly inactivated in
response to hypoxia*!. By contrast, FIH with substantially higher affin-
ity (K,,=90 = 20 pM) remains active at moderate hypoxia”, suggesting
that FIH may continue to repress HIF transcriptional activity after
PHDs are inactivated and FIH may provide a particular significance in
fine-tuned responses across oxygen gradients. Onthe other hand, TETs
and KDMs have even higher oxygen affinities (TETs, K, = 30 uM; KDMs,
K, =20-180 pM)**?¢ whichimplies that they are inhibited only during
severe or sustained hypoxia. As TETs and KDMs have higher oxygen
affinities, they may function as oxygen-dependent effectors that shape
transcriptional and epigenetic networks under chronic hypoxia, rather
thanas precise sensors of oxygen availability”. Their sustained activity
over longer hypoxic exposures may contribute to epigenetic changes
that alterimmune cell functionin a context-dependent manner.

Modulation of inflammatory responses during
acute hypoxia

Inflammationis often accompanied by acute hypoxia thatis driven by
several converging mechanisms. First, tissue and vascular damages
impair oxygen delivery”. Second, the increased metabolic demand
frominfiltratingimmune cells for ATP production, cytokine synthesis
and other biosynthetic processes heightens oxygen consumptioninthe
inflamed microenvironment®, Lastly, the oxidative burst fromimmune
cells, such as neutrophils, consumes large amounts of oxygen®. Of note,
theresulting hypoxic environment could further orchestrate both pro-
and anti-inflammatory effects in innate immune cells by modulating
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Fig. 2 |Influence of acute hypoxia onimmune cells during inflammation.
Acute hypoxia develops during inflammation due to decreased oxygen

supply from vascular damage and increased oxygen demand from recruited
leukocytes, which consume oxygen through oxidative bursts to produce reactive
oxygen species. Hypoxia plays a dual role in inflammation, exerting both pro-
inflammatory and anti-inflammatory effects. On the pro-inflammatory side,
hypoxia enhances neutrophil survival and degranulation while modulating

their metabolism to adapt to low-oxygen conditions. Additionally, HIF signaling
is crucial for regulating macrophage and DC functions. Conversely, hypoxia
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suppresses inflammation, mainly through HIF-mediated mechanisms. HIF
signaling preserves epithelial barrier integrity, thereby limiting tissue damage.
Hypoxia also induces the upregulation of CD39 and CD73, leading to the
accumulation of extracellular adenosine, aprominent anti-inflammatory
mediator. HIF enhances adenosine signaling by upregulating its receptors on
immune cells and suppresses leukocyte transmigration through upregulation
of netrin 1. Additionally, hypoxia facilitates resolution of inflammation by
promoting secretion of lipid mediators and enhancing efferocytosis.
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downstream signaling pathways, which increases the complexity of
the regulation of inflammation (Fig. 2).

Hypoxia-driven pro-inflammatory responses
Neutrophils, the first responders during inflammation, are strongly
influenced by hypoxia. Neutrophils depend mainly on glycolysis and
have minimal reliance on mitochondrial respiration for their bioener-
geticdemands®. Under hypoxia, glycolytic gene expression is upregu-
lated in a HIF-1-dependent manner®'. Low oxygen tension enhances
neutrophil survival by suppressing apoptosis and promotes their
bioenergetic activity through increased degranulation, collectively
contributing to heightened neutrophilic inflammation and tissue
damage®*. Loss of PHD2 leads to excessive neutrophilic inflammation
duetoincreased glycolysis and glycogen storage**. Hypoxia promotes
glycogen accumulation through upregulation of glycogen synthase 1
(ref. 35). Glucose derived from glycogen also fuels the pentose phos-
phate pathway to support NADPH regeneration, whichis required for
oxidative bursts®. Additionally, hypoxia further facilitates nutrient
uptake and recycles extracellular proteins by modulating mTOR activ-
ity, which can be used for de novo protein synthesis to meet biosyn-
thetic demands of activated neutrophils®.

Macrophagesare alsoinfluenced by hypoxia during inflammation.
Hypoxia potentiates production of the pro-inflammatory cytokine
IL-1 in bone marrow-derived macrophages after lipopolysaccharide
stimulation via HIF-1a-driven metabolic reprogramming®. HIF-1x also
controls macrophage motility, aggregation, invasiveness and micro-
bicidal capacity. Thus, the genetic ablation of HIF-1a. in myeloid cells
alleviates pathology in several inflammatory models®. Similarly, HIF-2a
canalsoregulate the expression of pro-inflammatory cytokines under

hypoxic conditions'. In contrast to macrophages, the influence of
hypoxia on dendritic cell (DC) functions is largely underexplored.
Monocyte-derived DCs exposed to hypoxia exhibit increased pro-
duction of pro-inflammatory cytokines while simultaneously down-
regulating costimulatory molecules and having impaired migration
tolymphnodes®. Furthermore, hypoxia caninduce the expression of
triggering receptor expressed on myeloid cells1in DCs, atleastin part
through HIF-1a activity. Subsequentinteraction of triggering receptor
expressed on myeloid cells 1 with its adaptor protein DAP12 activates
downstream signaling pathways that promote pro-inflammatory
cytokine production®. Altogether, the impact of acute hypoxia on
myeloid cells, however, is highly context dependent. In certain settings,
acute hypoxia can enhanceinflammatory responses by influencing sur-
vival, metabolism and effector functions in neutrophils, macrophages
and DCs. Yet other studies demonstrate that HIF signaling can also
restrictinflammatory activity in these cells during acute hypoxia. This
duality highlights the complexity of HIF biology, and, in the following
section, we further discuss its anti-inflammatory functions.

Anti-inflammatory roles of HIF signaling

Although acute hypoxia promotes inflammation responses in myeloid
cells, pharmacological stabilization of HIFs via hydroxylase inhibition
can paradoxically elicit anti-inflammatory effects that are essential
for tissue-protective adaptive responses* . These contradictory
outcomes in immune cells and animals treated with stabilizers of
HIFs raise a possibility that HIF signaling can elicit cell type-specific
and/or duration-dependent regulation of inflammation and tissue
repairing. Supporting this, a recent clinical trial of HIF stabilizers in
patients with acute respiratory distress syndrome showed significant
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improvement in disease outcomes and greater overall benefit after
treatment**. Similarly, HIF stabilization driven by local hypoxia dur-
ing intestinal inflammation results in transcriptional changes in the
localttissue that enhance barrier function”. HIF-1a upregulates genes
encoding tight junction proteins and mucus production in intesti-
nal epithelial cells, strengthening gut barrier integrity*. HIF-2a can
also promote myocardial protection during ischemia-reperfusion
injury by inducing amphiregulin expression in cardiac myocytes,
thereby enhancing ischemia tolerance*. Interestingly, myocardial
infarction is influenced by diurnal amphiregulin expression, which
is regulated by BMAL1-HIF-2ac under acute hypoxia. In line with this
diseasekinetic, pharmacological stabilization of HIF-2a provides sig-
nificant protectionin patients with myocardial infarction*. In addition,
HIFs also exert anti-inflammatory effects through modulation of the
adenosine signaling pathway. Adenosine, anucleoside integral toboth
nucleic acid structure and energy metabolism, also functions as a
potent anti-inflammatory mediator*®, During inflammation, activated
immune cells, especially neutrophils, and dying cells release large
amounts of ATP, which acts as a pro-inflammatory danger signal**°.
Under hypoxic conditions, HIF-la.and SP1coordinately upregulate the
expression of CD39 and CD73, ectoenzymes that convert extracellular
ATP and ADP into adenosine®*2, This shift results in the accumulation
of anti-inflammatory extracellular adenosine and the depletion of
pro-inflammatory ATP. The relevance of this pathway is supported
by findings that deficiency in CD39 or CD73 exacerbates disease
severity in mouse acute lung injury through excessive inflammation,
whereas treatment with adenosine A2B receptor agonist ameliorates
the disease™. In addition to promoting adenosine production, HIFs
enhance this pathway by upregulating adenosine receptors on vari-
ous immune cells, further amplifying the anti-inflammatory effects
of adenosine’**. In addition to the adenosine signaling axis, HIF-1x
can stimulate anti-inflammatory responses by upregulating netrin 1
expression, aneuronal guidance molecule. Under hypoxic conditions,
epithelial cells upregulate netrin 1, which interacts with the adeno-
sine A2B receptor on neutrophils to inhibit their transmigration and
reduce inflammation®®. Furthermore, netrin1expressed by endothe-
lial cells also inhibits leukocyte migration by binding to its receptor
UNC5B?. Myeloid cells can also substantially upregulate netrin 1
expression in response to hypoxia®. Inlipopolysaccharide-induced
lung injury models, myeloid-derived netrin 1suppresses inflamma-
tion by limiting natural killer cell infiltration®’. During myocardial
ischemia and reperfusion injury, netrin 1 expression is upregulated
in neutrophils in a HIF-la-dependent manner, contributing to car-
dioprotection by limiting tissue damage®. In sum, HIF stabilization
elicits anti-inflammatory effects through adaptive responses in tis-
sues, particularly by enhancing barrier functions. These effects are
further mediated by the increase in anti-inflammatory molecules
such as extracellular adenosine and netrin 1, reinforcing the role of
HIF signaling as a crucial modulator of inflammation. Overall, the
HIF-mediated transition from pro- to anti-inflammatory responses
under acute hypoxia warrants further investigation.

Resolution of inflammation and hypoxia

In addition to anti-inflammatory responses, emerging evidence sug-
geststhat hypoxiamay play aroleinresolving inflammation. Resolution
of inflammation is a highly coordinated and active process involving
multipleimmune cells®’. Macrophages play a central role in resolving
inflammation by clearing apoptotic cells through efferocytosis. Nota-
bly, hypoxia promotes macrophage-mediated efferocytosis®>*>. Mecha-
nistically, oxidative bursts during inflammation create local hypoxia,
which activates erythropoietin (EPO) signaling in macrophages. EPO
promotes efferocytosis of apoptotic neutrophils, and macrophages
egress from inflamed tissue via peroxisome proliferator-activated
receptor y-dependent pathways®. In addition to EPO, several lipids
are reported as critical components of ‘resolution metabolomes’ for

limiting acute inflammatory responses and modulating the clearance
of pathogens, debris and apoptotic cells®*. Among these lipid media-
tors participating in resolving inflammation, hypoxia can promote
the biosynthesis of lipoxins and resolvins in both macrophages and
neutrophils. These emerging findings further support the involve-
ment of hypoxia in the resolution of inflammation and restoring tis-
sue homeostasis®. However, it remains unclear how coordination
among the responsible oxygen sensors, the severity and duration of
hypoxiaandthe cell type determine which outcome (pro-inflammation,
anti-inflammation or resolution of inflammation) occurs.

Modulation ofimmune responses during

chronic hypoxia

Oxygen tensionis dynamically regulated during the progression of tis-
suerepair’. However, nonresolving inflammation profoundly depletes
oxygen levels within dysregulated tissue architectures, which drives
context-dependent effects oninnateimmune cells. Compared to struc-
turally intact tissues, fibrotic and tumor tissues often exhibit oxygen
levels below 2% (ref. 1). Fibrotic tissues and tumors are classified as a
‘condensed’ microenvironmentand likely experience reduced oxygen
supply due to decreased capillary density and abnormal vasculature®,
Inresponse to this hypoxic stress, innate immune cells must promptly
adapt metabolic processes and alter their functional features on the
basis of the nature of the deregulated microenvironment. Here, we
summarize the key changes elicited by chronic hypoxiain fibrotic tis-
sues and tumors (Fig. 3).

Hypoxia and immune dynamics in fibrosis

Fibrosis is a hallmark of many chronic diseases, including pulmonary
fibrosis and liver cirrhosis, that are driven by chronic injury and non-
resolving inflammation. Fibroblasts maintain extracellular matrix
(ECM) homeostasis by depositing fibrous collagen, fibronectin and
proteoglycans, which are essential components of the wound-healing
process®. While sufficient oxygen supply is critical for the later stages
of wound repair, acute hypoxia occurring during the early phase of
repair promotes transforming growth factor 3 (TGF-3) secretion and
fibroblast proliferation®. Persistent tissue hypoxia, however, leads
to the activation of HIF-mediated signaling pathways, sustaining an
environment conducive to fibrogenesis®. Prolonged differentiation
of fibroblasts to myofibroblasts under hypoxic conditions further
drives excessive ECM deposition, disrupting normal tissue architecture
and resulting in pathological fibrosis®”. The development of fibrosis
involves a complex interplay between immune cells, fibroblasts and
ECM components, highlighting the critical role of theimmune system
in orchestrating and exacerbating fibrotic processes.

Under hypoxic conditions, neutrophils exhibit heightened activi-
ties to secrete excessive neutrophil elastases and promote neutrophil
extracellular trap (NET) formation, which is a glycolysis-dependent
process. NET-driven inflammation significantly contributes to exces-
sive myofibroblast proliferation, linking neutrophil activity to pul-
monary fibrotic amplification®’°. Enhanced NET formation further
intensifies inflammatory signaling cascades by activating fibroblasts
through TGF-f signaling, which establishes a critical link between
neutrophil-driveninflammationand fibrotic progression” % Moreover,
HIF-2a supports neutrophil survival via clAP-1 signaling and delays
engulfment by macrophages, thereby promoting cardiac fibrosis
after myocardial infarction®. Together, these HIF-mediated processes
underscore the pivotal role of neutrophils in driving pathological
fibrosis progression. However, it remains largely unclear whether
spatial oxygen gradients within fibrotic tissues can dynamically shape
neutrophil survival, effector functions and their interactions with stro-
maland immune cells, potentially opening new avenues for targeting
fibrotic diseases. By leveraging new toolsin spatial analyses, the infor-
mation on this topic may further reveal how hypoxia can orchestrate
neutrophil-mediated immune responsesin vivo.
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Fig. 3| Myeloid cell adaptation to hypoxiain the fibrotic microenvironment
and the TME. a, In the fibrotic microenvironment, persistent hypoxia drives
neutrophil infiltration and the release of NETs and elastase, promoting TGF-
B-mediated fibroblast activation and excessive ECM deposition. DCs secrete
TNFand epiregulin, facilitating fibroblast-to-myofibroblast differentiation.
Macrophages with increased glycolytic activity upregulate HIF-2« signaling
and produce TGF-B, further contributing to myofibroblast activationand
fibrosis. b, In the TME, granulocyte colony-stimulating factor (G-CSF) induces

the premature release of immature neutrophils, which differentiate into

mature neutrophils with impaired effector function due to TET enzyme activity.
TAMs undergo metabolic reprogramming, marked by enhanced fatty acid
oxidation and glutamine metabolism, supporting tumor growth and immune
suppression. Agonistic anti-CD40 signaling reprograms macrophages toward a
pro-inflammatory phenotype. Tumor-derived oxysterols inhibit DC migration by
downregulating CCR7 expression.

Monocyte-derived macrophages infiltrate into injured tissues
and modaulate fibrotic processes’. For instance, monocyte-derived
macrophages secrete growth factors such as TGF-f3 to activate myofi-
broblasts”. Hypoxia further supports survival of monocyte-derived
macrophages by inducing HIF-1a-dependent metabolic reprogram-
ming’®. In addition, low oxygen tension activates HIF-2a-dependent
signalinginmacrophages, skewing their polarization toward an M2-like
phenotype that exacerbates cardiac fibrosis after infarction”. In line
with this, macrophage-specific deletion of the oxygen-sensing enzyme
PHD3 can reduce fibrosis by promoting an anti-inflammatory phe-
notype, characterized by altered Cyp2s1 expression and increased
PGE2 secretion, without impairing blood flow recovery after ischemic
injury’®, These observations point to hypoxia as a key modulator of
macrophage-driven fibrotic progression via HIF-and PHD3-dependent
signaling cascades that shape the profibrotic activation states of mac-
rophages and potentially coordinate their interactions with stromal
and immune cells to sustain fibrosis. Notably, monocyte-derived

alveolar macrophages express profibrotic gene signatures and drive
the progression of bleomycin-induced lung fibrosis, whereas resident
alveolar macrophages do not contribute to this pathology’. This sug-
geststhat the origin of macrophages may ‘imprint’ their ability to sense
oxygen and elicit hypoxia-driven functional specialization.

Instiffer environments, suchas fibrotic tissues, DCs are subjected
to mechanical stress, which induces metabolic reprogramming of
DCs toward a pro-inflammatory phenotype®. This involves increased
tumor necrosis factor (TNF) secretion, which amplifies tissue fibrosis
by stimulating fibroblast-mediated fibronectin release®. Moreover,
DC-derived epiregulin is implicated in the pathogenesis of skin and
lung fibrosis, reinforcing its profibrotic function. The secretion of
epiregulinisalsoinduced by typelinterferon, which activates epider-
mal growth factor receptor on fibroblasts, creating a positive feedback
loop through NOTCH signaling®. However, the exact role of hypoxia
and HIF stabilization in DCs residing in fibrotic tissues remains elusive.
Inconclusion, fibrosis is driven by the interplay betweenimmune cells,
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stromal components and the hypoxic microenvironment. Hypoxia
reprograms myeloid cells through HIF signaling and oxygen-sensing
enzymes such as PHDs, promoting profibrotic phenotypes. These
insights highlight the critical role ofimmune cells and hypoxia-induced
feedback loops in sustaining fibrosis and suggest new therapeutic
opportunities to restore tissue homeostasis.

Hypoxia-driven tumorimmune dysregulation
Tumors have been proposed as wounds that do not heal since the
1980s, and this intertwined relationship between unhealed wounds and
hypoxia can be commonly observed in the tumor microenvironment
(TME)®***, The combined effects of rapid cancer cell proliferationand
immune cellinfiltration generate and exacerbate these hypoxic niches
intumors.Inresponse to low-oxygen availability, tumor cells can more
efficiently shift their metabolic preference toward glycolysis and other
adaptive pathways to support their growth®. Concurrently, hypoxia
reshapes theimmunelandscape, favoring the infiltration ofimmuno-
suppressive myeloid cells, including regulatory T cells and neutrophils,
which canadapt to hypoxic conditions and drive immune evasion®*.In
addition, theactivation of HIF-1a and HIF-2a. can empower cancer cells
torestrain T cell-mediated antitumor responses by promoting PD-L1
expression in cancer cells¥’. Deregulated tumor metabolic programs
can simultaneously hinder immunotherapy efficacy by perturbing
immunometabolic regulation in tumor-infiltratingimmune cells® %,
Neutrophils are among the first responders in cancer-associ-
ated ‘emergency’ granulopoiesis, a process driven by elevated
tumor-derived granulocyte colony-stimulating factor, which prompts
their premature release into circulation®*®*. However, the extent of
functional differences between mature and immature neutrophils
remains elusive. Recent studies demonstrated that tumor-infiltrating
neutrophils exhibit context-dependent functions, classified into three
tumor-associated neutrophil (TAN) subsets: immature T1, mature T2
and long-lived T3 subsets. T3 neutrophils, preferentially localized in
regions enriched with the hypoxia signature, highly express genes
related to glycolytic flux and exhibit a protumorigenic phenotype.
Moreover, the abundance of T3 neutrophils in tumors correlates with
poor prognosis in pancreatic and other solid tumors®. Although a
direct mechanisticlink between HIFs and functional polarizationin the
T3 subset remains unestablished, hypoxia-related signaling pathways
have been speculated to influence neutrophil function and TAN het-
erogeneity. Insupport of this, neutrophils lacking HIF-2a produce less
inflammatory mediators and delayed colon tumorigenesis, highlight-
ingarole for HIFsin shaping TAN activity and tumor-promoting ability
inneutrophils®. Furthermore, hypoxiaalso leads to DNA hypermeth-
ylation by suppressing TET enzyme-mediated DNA methylation, which
mightimpair neutrophil motility, phagocytosis and NET formation®’.
Although HIF-1 and HIF-2 mediate both short- and long-term
hypoxicresponses, emerginginsights suggest that hypoxiamay actively
reprogram DC functionin the TME, not only by impairing migration and
survival, but potentially by altering their antigen-presenting capac-
ity and crosstalk with other immune cells. Mechanistically, hypoxia
in the TME impairs DC function by hindering their maturation and
inducing HIF-mediated expression of proapoptotic genes, including
BAX and Bcl2. These alterations limit DC migration to lymph nodes
and tumor-specific T cell priming by reducing expression of the G
protein-coupled receptor CCR7 (refs. 98-100). Together, these effects
allow tumorsto evade immune surveillance and promote disease pro-
gression'”’, TAMs preferentially accumulate in hypoxic tumor regions,
where HIF-1a enhances glycolysis and suppresses tricarboxylic acid
cycle activity'®. Additionally, upregulation of CD36 enables lipid scav-
enging and fuels fatty acid oxidation despite low oxygen levels, rein-
forcing the protumorigenic phenotype'®. Tumor-derived lipids further
drive the metabolic reprogramming of TAMs, accumulating as lipid
dropletsandgivingrisetolipid-laden TAMs. Lipid-laden TAMs secrete
protumorigenic factors, thereby accelerating disease progression by

dampening typelinterferon signaling®°*'*, Inaddition to lipid over-
loading, lacticacids enriched in the hypoxic TME promote acquisition
of protumorigenic features in TAMs'®, Targeting these metabolic pro-
grams offers therapeutic potential, as agonistic anti-CD40 monoclonal
antibodies have recently been shown to reprogram TAMs toward an
antitumor state by rewiring engagement of fatty acid oxidation or
glutamine metabolism'**'”’. Conversely, tumor-induced alterations in
lipid composition can stimulate TAM-mediated immunosuppression”,
which indicates the importance of metabolic cues in defining mac-
rophage functions. Recent studies also showed that genetic ablation
of HIF-22ain macrophages reduces TAM abundance, lowers tumor cell
proliferation and delays progressionin both hepatocellular carcinoma
and colitis-associated cancer models™. These findings underscore the
criticalrole of HIF-22ain TAM recruitment, highlighting the potential of
targeting hypoxia-driven metabolic pathways in TAMs to reprogram
their functionand inhibit tumor progression. Insupport of this, arecent
study also revealed that hyperbaric oxygentherapy can switchthe TAM
phenotypeinto antitumorigenic onesinglioblastoma mouse models'*®,

In summary, hypoxia plays a central role in shaping the immuno-
suppressive TME by reprogramming immune cells such as neutrophils,
macrophages and DCs toward protumorigenic phenotypes. Through
HIF-mediated metabolic and functional changes, these cells contrib-
ute to immune evasion and tumor progression. Collectively, these
findings highlight the potential of targeting hypoxia-driven immune
modulation as astrategy torestore antitumor immunity and improve
therapeutic outcomes.

Oxygen gradient as a key regulator of

immune responses

Inaddition to fibrosis and the TME, dynamic oxygen gradients can form
in the normal physiological context due to local metabolic activity,
vascular architecture and cellular composition, which create distinct
microenvironmental cues in some organs. Immune cells are sensi-
tive to such gradients, as their metabolic profiles, effector function
and interaction with neighboring cells are influenced by these condi-
tions. The liver represents an example for how oxygen availability in
anatomic niches may influence resident immune cell functionality.
Anatomically, itis organized into hexagonal lobules, each containing
acentral vein atits core and branches of the portal vein and hepatic
artery atthe corners. Thisarrangement results ina well-defined zonal
oxygen gradient that ranges from lower pO, near pericentral regions to
higher oxygenation at periportal regions'”. Zonal variation in hepatic
oxygenation affects metabolism and regeneration, partly by influenc-
ing the behavior of Kupffer cells (KCs), liver-resident macrophages.
KCs that reside in the periportal region respond to systemic bacteria
transported from the gut to the liver via the portal vein°, whereas KCs
inthe hypoxic pericentral regions exhibit lower lysosomal enzymatic
activity and phagocytic capacity than those near the periportal region™.
This example illustrates how oxygen availability can alter immune
homeostasis in a tissue-specific manner, implicating that disruption
inoxygengradients, especially in disease settings, can fundamentally
alter the overallimmune response.

Therapeutic approaches

Pharmacological inhibition of PHD activity offers potential therapeutic
avenues for inflammatory resolution. By preventing the hydroxyla-
tion and proteasomal degradation of HIF-a, PHD inhibitors stabilize
HIF-a and activate downstream transcriptional programs. Notably,
FDA-approved daprodustat (GlaxoSmithKline) and vadadustat (Akebia
Therapeutics) are oral PHD inhibitors used to treat anemia in chronic
kidney disease by enhancing endogenous EPO production™?. Inter-
estingly, EPO expression in the kidney is regulated mainly by HIF-2,
not HIF-1, supported by the broader role of HIF-2 in iron metabo-
lism™. In addition to erythropoiesis, these compounds also influ-
ence immune responses, including macrophage polarization toward
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profibrotic or wound-healing phenotypes™*"*. However, current PHD
inhibitors activate both HIF-a isoforms, which may lead to unwanted
context-dependent side effects'™. Generating isoform-specific inhibi-
torsthatselectively modulate HIF-a target gene expressionin atissue-
or disease-specific manner remains animportant future challenge.

By contrast, direct inhibition of HIF signaling represents an
alternative therapeutic strategy particularly in cancer. Compounds,
including EZN-2968 and PX-478, inhibit HIFIA translation and have
shown promising outcomes in preclinical cancer models, charac-
terized by limiting angiogenesis and tumor growth'? Acriflavine,
which disrupts the HIF-1a-p300 transcriptional interaction, has
demonstrated potential in models of retinal neovascularization™®.
In some tumors in which both HIF-a isoforms promote disease, dual
inhibition of both HIF-1a and HIF-2a may provide synergistic thera-
peutic benefits, as targeting one isoform can lead to compensatory
upregulation of the other'”. Together these strategies highlight the
therapeutic value of context-dependent modulation of HIF signaling
in pathological diseases.

Overall, therapeuticinterventions targeting oxygen-sensing path-
ways must be carefully tailored to the specific context. Intervention
could inadvertently impair healing or weaken immune responses in
cases of ‘beneficial’ transient hypoxia during inflammation or repair.
Conversely, targeting oxygen-sensing mechanisms in ‘pathological’
hypoxia, such as within the TME or chronic inflammatory diseases,
may offer therapeutic advantages by improving oxygenation, mitigat-
ing inflammation or suppressing tumor progression. Given that the
activity of oxygen-sensing enzymes can be altered under normoxia
through cytokines, metabolicintermediates and reactive oxygen spe-
cies, furtherresearchis needed to encompass a wider oxygen-sensing
regulatory network for safe and context-specific targeting®"'s.

Concluding remarks
Tissue oxygenation is not a static but adynamic process that changes
over time andisinfluenced by microenvironmental cues and anatomic
structures. During inflammation, local oxygen tension fluctuates with
vascular perfusion, metabolic demands and immune cell infiltration.
Inchronic pathological settings, hypoxia becomes sustained and may
shape immune function differently than acute exposure. Yet how the
duration and intensity of hypoxia exposure influence immune cell
adaptationinvivo remains poorly understood, as we lack experimen-
tal models that accurately capture and record the temporal changes
of hypoxia inimmune cells. Current methodologies still rely on fixed
oxygeninvitro systems or indirect pimonidazole staining, which lack
sensitivity and spatial resolution to detect intermittent or cumula-
tive oxygen exposure patterns in living tissues. Emerging technolo-
gies, such as intracellular oxygen nanoprobes, intravital imaging and
three-dimensional organoids or organ-on-chip platforms, could offer
innovative solutions to overcome the limitations by providing real-time,
in situ oxygen mapping"’. Developing more physiologically relevant
modelsis essential for recording the kinetic and spatial complexity of
oxygen exposure and to understand how oxygen-sensing pathways
contribute to functionalimmune responses in vivo.
Oxygen-sensitive signaling pathways can drive both pro- and
anti-inflammatory responses. Although HIFs contribute to both
immune responses, the net outcomes of HIF activation tend to be
anti-inflammatory, as evident from protective effects following phar-
macological HIF stabilization. We speculate that this duality may
depend on the severity and duration of hypoxia. During the early
stages of inflammation, rapid infiltration of leukocytesinduces severe
acute hypoxia, which may amplify pro-inflammatory responses. As
inflammation resolves and tissue injury subsides, oxygen demand
decreases, leading to a milder hypoxic environment that may favor
anti-inflammation. Another possible factor is the dynamic changesin
immune cell composition within the tissue at different stages of inflam-
mation. Different immune subsets likely interpret hypoxic signals

distinctively, which further influences the balance between pro- and
anti-inflammatory outcomes. Inaddition to HIFs, epigenetic enzymes
regulated by oxygen levels could contribute to an additional layer of
control as modulators of inflammation. However, most findings rely
on global inhibition or genetic deletion without directly addressing
therole of these enzymesin hypoxic environments. Thus, developing
tools that allow temporal and spatial perturbation of these epige-
netic regulators inimmune cells could unveil the dynamic nature and
contribution of these oxygen sensors in tailoring hypoxia-induced
immune responses.

Finally, we still lack a unifying model that explains how varying
oxygen levels elicit distinct cellular responses. A key factor may lie in
the differential oxygen affinities of various oxygen sensors. PHDs are
inhibited by mild hypoxia, while TETs and KDMs require more severe or
sustained oxygendeprivation tolose activity. As epigenetic regulators
typically induce slower changes than transcription factors, they may
shape immune phenotypes mainly under chronic hypoxia. Mapping
the sensitivity ranges of these sensors uncovers a hierarchy of oxygen
thresholds that helps govern immune responses across fluctuating
oxygen availability.

References

1. McKeown, S. R. Defining normoxia, physoxia and hypoxia in
tumours—implications for treatment response. Br. J. Radiol. 87,
20130676 (2014).

2. Zheng, L., Kelly, C. J. & Colgan, S. P. Physiologic hypoxia and
oxygen homeostasis in the healthy intestine. A review in the
theme: cellular responses to hypoxia. Am. J. Physiol. Cell Physiol.
309, C350-C360 (2015).

3. Spencer, J. A. et al. Direct measurement of local oxygen
concentration in the bone marrow of live animals. Nature 508,
269-273 (2014).

4. Schofield, C. J. & Ratcliffe, P. J. Oxygen sensing by HIF
hydroxylases. Nat. Rev. Mol. Cell Biol. 5, 343-354 (2004).

5. Xiao, M. et al. Inhibition of a-KG-dependent histone and DNA
demethylases by fumarate and succinate that are accumulated
in mutations of FH and SDH tumor suppressors. Genes Dev. 26,
1326-1338 (2012).

6. Tannahill, G. M. et al. Succinate is an inflammatory signal that
induces IL-1B through HIF-1o. Nature 496, 238-242 (2013).

7.  Mole, D. R. Iron homeostasis and its interaction with prolyl
hydroxylases. Antioxid. Redox Signal. 12, 445-458 (2010).

8. Chouchani, E. T. et al. Ischaemic accumulation of succinate
controls reperfusion injury through mitochondrial ROS. Nature
515, 431-435 (2014).

9. Brunelle, J. K. et al. Oxygen sensing requires mitochondrial
ROS but not oxidative phosphorylation. Cell Metab. 1, 409-414
(2005).

10. Mahon, P. C., Hirota, K. & Semenza, G. L. FIH-1: a novel protein
that interacts with HIF-1a and VHL to mediate repression of HIF-1
transcriptional activity. Genes Dev. 15, 2675-2686 (2001).

1. Jaakkola, P. et al. Targeting of HIF-a to the von Hippel-Lindau
ubiquitylation complex by O,-regulated prolyl hydroxylation.
Science 292, 468-472 (2001).

12. Imtiyaz, H. Z. et al. Hypoxia-inducible factor 2a regulates
macrophage function in mouse models of acute and tumor
inflammation. J. Clin. Invest. 120, 2699-2714 (2010).

13. Piccolo, E. B. et al. Hypoxia-inducible factor-2a enhances
neutrophil survival to promote cardiac injury following
myocardial infarction. Am. J. Physiol. Heart Circ. Physiol. 327,
H1230-H1243 (2024).

14. Heikkila, M., Pasanen, A., Kivirikko, K. I. & Myllyharju, J.

Roles of the human hypoxia-inducible factor (HIF)-3a variants
in the hypoxia response. Cell. Mol. Life Sci. 68, 3885-3901
(20M).

Nature Immunology


http://www.nature.com/natureimmunology

Review article

https://doi.org/10.1038/s41590-025-02317-1

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Maxwell, P. H. et al. The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent proteolysis.
Nature 399, 271-275 (1999).

Wenger, R. H., Stiehl, D. P. & Camenisch, G. Integration of oxygen
signaling at the consensus HRE. Sci. STKE 2005, re12 (2005).
Koivunen, P, Hirsila, M., Gunzler, V., Kivirikko, K. I. & Myllyharju, J.
Catalytic properties of the asparaginyl hydroxylase (FIH) in the
oxygen sensing pathway are distinct from those of its prolyl
4-hydroxylases. J. Biol. Chem. 279, 9899-9904 (2004).

Gao, R. Y. et al. Hypoxia-inducible factor-2a reprograms liver
macrophages to protect against acute liver injury through the
production of interleukin-6. Hepatology 71, 2105-2117 (2020).

Li, L., et al. Searching for molecular hypoxia sensors among
oxygen-dependent enzymes. eLife 12, e87705 (2023).

Batie, M. et al. Hypoxia induces rapid changes to histone methylation
and reprograms chromatin. Science 363, 1222-1226 (2019).

Wu, H. & Zhang, Y. Reversing DNA methylation: mechanisms,
genomics, and biological functions. Cell 156, 45-68 (2014).
Chakraborty, A. A. et al. Histone demethylase KDMBA directly
senses oxygen to control chromatin and cell fate. Science 363,
1217-1222 (2019).

Tahiliani, M. et al. Conversion of 5-methylcytosine to
5-hydroxymethylcytosine in mammalian DNA by MLL partner
TET1. Science 324, 930-935 (2009).

Tarhonskaya, H. et al. Investigating the contribution of the active
site environment to the slow reaction of hypoxia-inducible factor
prolyl hydroxylase domain 2 with oxygen. Biochem. J. 463,
363-372(2014).

Thienpont, B. et al. Tumour hypoxia causes DNA hypermethylation
by reducing TET activity. Nature 537, 63-68 (2016).

Laukka, T. et al. Fumarate and succinate regulate expression of
hypoxia-inducible genes via TET enzymes. J. Biol. Chem. 291,
4256-4265 (2016).

Campbell, E. L. et al. Transmigrating neutrophils shape the
mucosal microenvironment through localized oxygen depletion
to influence resolution of inflammation. Immunity 40, 66-77
(2014).

Kominsky, D. J., Campbell, E. L. & Colgan, S. P. Metabolic shifts in
immunity and inflammation. J. Immunol. 184, 4062-4068 (2010).
Holmstrom, K. M. & Finkel, T. Cellular mechanisms and
physiological consequences of redox-dependent signalling.

Nat. Rev. Mol. Cell Biol. 15, 411-421 (2014).

Burn, G. L., Foti, A., Marsman, G., Patel, D. F. & Zychlinsky, A.

The neutrophil. Immunity 54, 1377-1391 (2021).

Semenza, G. L., Roth, P. H., Fang, H. M. & Wang, G. L. Transcriptional
regulation of genes encoding glycolytic enzymes by hypoxia-
inducible factor 1. J. Biol. Chem. 269, 23757-23763 (1994).
Walmsley, S. R. et al. Hypoxia-induced neutrophil survival is
mediated by HIF-1a-dependent NF-kB activity. J. Exp. Med. 201,
105-115 (2005).

Hoenderdos, K. et al. Hypoxia upregulates neutrophil
degranulation and potential for tissue injury. Thorax 71,
1030-1038 (2016).

Sadiku, P. et al. Prolyl hydroxylase 2 inactivation enhances
glycogen storage and promotes excessive neutrophilic
responses. J. Clin. Invest. 127, 3407-3420 (2017).

Pescador, N., et al. Hypoxia promotes glycogen accumulation
through hypoxia inducible factor (HIF)-mediated induction of
glycogen synthase 1. PLoS ONE 5, 9644 (2010).

Sadiku, P. et al. Neutrophils fuel effective immune responses
through gluconeogenesis and glycogenesis. Cell Metab. 33,
411-423 (2021).

Watts, E. R., et al. Hypoxia drives murine neutrophil protein
scavenging to maintain central carbon metabolism. J. Clin. Invest.
131, €134073 (2021).

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

Cramer, T. et al. HIF-1a is essential for myeloid cell-mediated
inflammation. Cell 112, 645-657 (2003).

Mancino, A. et al. Divergent effects of hypoxia on dendritic cell
functions. Blood 112, 3723-3734 (2008).

Bosco, M. C. et al. Hypoxia modulates the gene expression profile
of immunoregulatory receptors in human mature dendritic cells:
identification of TREM-1 as a novel hypoxic marker in vitro and

in vivo. Blood 117, 2625-2639 (2011).

Cummins, E. P. et al. The hydroxylase inhibitor
dimethyloxalylglycine is protective in a murine model of colitis.
Gastroenterology 134, 156-165 (2008).

Robinson, A. et al. Mucosal protection by hypoxia-inducible
factor prolyl hydroxylase inhibition. Gastroenterology 134,
145-155 (2008).

Lee, J. W., Ko, J., Ju, C. & Eltzschig, H. K. Hypoxia signaling in
human diseases and therapeutic targets. Exp. Mol. Med. 51,

1-13 (2019).

Bobrow, B., et al. Identification of HIF1A as a therapeutic target
during SARS-CoV-2-associated lung injury. JCI Insight 10, 191463
(2025).

Pral, L. P., Fachi, J. L., Correa, R. O., Colonna, M. & Vinolo, M. A. R.
Hypoxia and HIF-1 as key regulators of gut microbiota and host
interactions. Trends Immunol. 42, 604-621(2021).

Koeppen, M. et al. Hypoxia-inducible factor 2-a-dependent
induction of amphiregulin dampens myocardial ischemia-
reperfusion injury. Nat. Commun. 9, 816 (2018).

Ruan, W. et al. BMAL1-HIF2A heterodimer modulates circadian
variations of myocardial injury. Nature 641, 1017-1028 (2025).
Eltzschig, H. K., Sitkovsky, M. V. & Robson, S. C. Purinergic
signaling during inflammation. N. Engl. J. Med. 367, 2322-2333
(2012).

Colgan, S. P. & Eltzschig, H. K. Adenosine and hypoxia-inducible
factor signaling in intestinal injury and recovery. Annu. Rev.
Physiol. 74,153-175 (2012).

Eltzschig, H. K. et al. ATP release from activated neutrophils
occurs via connexin 43 and modulates adenosine-dependent
endothelial cell function. Circ. Res. 99, 1100-1108 (2006).
Synnestvedt, K. et al. Ecto-5'-nucleotidase (CD73) regulation by
hypoxia-inducible factor-1 mediates permeability changes in
intestinal epithelia. J. Clin. Invest. 110, 993-1002 (2002).
Eltzschig, H. K. et al. Central role of Sp1-regulated CD39 in
hypoxia/ischemia protection. Blood 113, 224-232 (2009).

Eckle, T. et al. Identification of ectonucleotidases CD39 and CD73
in innate protection during acute lung injury. J. Immunol. 178,
8127-8137 (2007).

Kong, T., Westerman, K. A., Faigle, M., Eltzschig, H. K. & Colgan, S.
P. HIF-dependent induction of adenosine A2B receptor in hypoxia.
FASEB J. 20, 2242-2250 (2006).

Eckle, T. et al. Identification of hypoxia-inducible factor HIF-1A as
transcriptional regulator of the A2B adenosine receptor during
acute lung injury. J. Immunol. 192, 1249-1256 (2014).
Rosenberger, P. et al. Hypoxia-inducible factor-dependent
induction of netrin-1 dampens inflammation caused by hypoxia.
Nat. Immunol. 10, 195-202 (2009).

Ly, N. P. et al. Netrin-1inhibits leukocyte migration in vitro and

in vivo. Proc. Natl Acad. Sci. USA 102, 14729-14734 (2005).
Ramkhelawon, B. et al. Hypoxia induces netrin-1and Unc5b in
atherosclerotic plaques: mechanism for macrophage retention
and survival. Arterioscler. Thromb. Vasc. Biol. 33, 1180-1188 (2013).
Berg, N. K. et al. Hypoxia-inducible factor-dependent induction of
myeloid-derived netrin-1 attenuates natural killer cell infiltration
during endotoxin-induced lung injury. FASEB J. 35, €21334 (2021).
Heck-Swain, K. L. et al. Myeloid hypoxia-inducible factor HIF1A
provides cardio-protection during ischemia and reperfusion via
induction of netrin-1. Front. Cardiovasc. Med. 9, 970415 (2022).

Nature Immunology


http://www.nature.com/natureimmunology

Review article

https://doi.org/10.1038/s41590-025-02317-1

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Buckley, C. D., Gilroy, D. W., Serhan, C. N., Stockinger, B. &

Tak, P. P. The resolution of inflammation. Nat. Rev. Immunol. 13,
59-66 (2013).

Liu, S. et al. The evolution and heterogeneity of neutrophils in
cancers: origins, subsets, functions, orchestrations and clinical
applications. Mol. Cancer 22,148 (2023).

Luo, B. et al. Phagocyte respiratory burst activates macrophage
erythropoietin signalling to promote acute inflammation
resolution. Nat. Commun. 7,12177 (2016).

Basil, M. C. & Levy, B. D. Specialized pro-resolving mediators:
endogenous regulators of infection and inflammation. Nat. Rev.
Immunol. 16, 51-67 (2016).

Norris, P. C., Libreros, S. & Serhan, C. N. Resolution metabolomes
activated by hypoxic environment. Sci. Adv. 5, eaax4895 (2019).
Higgins, D. F. et al. Hypoxia promotes fibrogenesis in vivo via HIF-1
stimulation of epithelial-to-mesenchymal transition. J. Clin. Invest.
117, 3810-3820 (2007).

Younesi, F. S., Miller, A. E., Barker, T. H., Rossi, F. M. V. & Hinz, B.
Fibroblast and myofibroblast activation in normal tissue repair
and fibrosis. Nat. Rev. Mol. Cell Biol. 25, 617-638 (2024).

Siddiqui, A. et al. Differential effects of oxygen on human dermal
fibroblasts: acute versus chronic hypoxia. Wound Repair Regen. 4,
211-218 (1996).

Yan, S., Li, M., Liu, B., Ma, Z. & Yang, Q. Neutrophil extracellular
traps and pulmonary fibrosis: an update. J. Inflamm. 20, 2 (2023).
Chua, F. et al. Mice lacking neutrophil elastase are resistant to
bleomycin-induced pulmonary fibrosis. Am. J. Pathol. 170, 65-74
(2007).

Rodriguez-Espinosa, O., Rojas-Espinosa, O., Moreno-Altamirano,
M. M., Lopez-Villegas, E. O. & Sanchez-Garcia, F. J. Metabolic
requirements for neutrophil extracellular traps formation.
Immunology 145, 213-224 (2015).

Frangogiannis, N. Transforming growth factor-f3 in tissue fibrosis.
J. Exp. Med. 217, €20190103 (2020).

lkeda, N., et al. Emergence of immunoregulatory Ym1*Ly6C"
monocytes during recovery phase of tissue injury. Sci. Immunol.
3, eaat0207 (2018).

Ingersoll, M. A., Platt, A. M., Potteaux, S. & Randolph, G. J.
Monocyte trafficking in acute and chronic inflammation.

Trends Immunol. 32, 470-477 (2011).

Jiang, Y., et al. Macrophages in organ fibrosis: from pathogenesis
to therapeutic targets. Cell Death Discov. 10, 487 (2024).
Corcoran, S. E. & O'Neill, L. A. HIF1a and metabolic reprogramming
in inflammation. J. Clin. Invest. 126, 3699-3707 (2016).

Wang, Y. et al. Hypoxia induces M2 macrophages to express
VSIG4 and mediate cardiac fibrosis after myocardial infarction.
Theranostics 13, 2192-2209 (2023).

Beneke, A. et al. Loss of PHD3 in myeloid cells dampens the
inflammatory response and fibrosis after hind-limb ischemia.
Cell Death Dis. 8, €2976 (2017).

Misharin, A. V. et al. Monocyte-derived alveolar macrophages
drive lung fibrosis and persist in the lung over the life span.

J. Exp. Med. 214, 2387-2404 (2017).

Chakraborty, M. et al. Mechanical stiffness controls dendritic cell
metabolism and function. Cell Rep. 34, 108609 (2021).

Stefania, K., Ashok, K. K., Geena, P. V., Katarina, P. & Isak, D. TMAO
enhances TNF-a mediated fibrosis and release of inflammatory
mediators from renal fibroblasts. Sci. Rep. 14, 9070 (2024).
QOdell, I. D. et al. Epiregulin is a dendritic cell-derived EGFR ligand that
maintains skin and lung fibrosis. Sci. Imnmunol. 7, eabg6691(2022).
Dvorak, H. F. Tumors: wounds that do not heal. Similarities
between tumor stroma generation and wound healing. N. Engl. J.
Med. 315, 1650-1659 (1986).

Thomlinson, R. H. Hypoxia and tumours. J. Clin. Pathol. Suppl.

(R. Coll. Pathol.) 11,105-113 (1977).

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Paredes, F., Williams, H. C. & San Martin, A. Metabolic adaptation
in hypoxia and cancer. Cancer Lett. 502, 133-142 (2021).
Yamauchi, M., Barker, T. H., Gibbons, D. L. & Kurie, J. M. The fibrotic
tumor stroma. J. Clin. Invest. 128, 16-25 (2018).

Ding, X. C., et al. The relationship between expression of PD-L1
and HIF-1a in glioma cells under hypoxia. J. Hematol. Oncol. 14,
92 (2021).

Franco, F., Jaccard, A., Romero, P., Yu, Y. R. & Ho, P. C. Metabolic
and epigenetic regulation of T-cell exhaustion. Nat. Metab. 2,
1001-1012 (2020).

Ho, P. C. et al. Phosphoenolpyruvate is a metabolic checkpoint of
anti-tumor T cell responses. Cell 162, 1217-1228 (2015).

Wang, H. et al. CD36-mediated metabolic adaptation supports
regulatory T cell survival and function in tumors. Nat. Immunol.
21, 298-308 (2020).

Di Conza, G. et al. Tumor-induced reshuffling of lipid composition
on the endoplasmic reticulum membrane sustains macrophage
survival and pro-tumorigenic activity. Nat. Immunol. 22,
1403-1415 (2021).

Tsai, C. H. et al. Immunoediting instructs tumor metabolic
reprogramming to support immune evasion. Cell Metab. 35,
118-133 (2023).

Sagiv, J. Y. et al. Phenotypic diversity and plasticity in circulating
neutrophil subpopulations in cancer. Cell Rep. 10, 562-573
(2015).

Manz, M. G. & Boettcher, S. Emergency granulopoiesis. Nat. Rev.
Immunol. 14, 302-314 (2014).

Ng, M. S. F. et al. Deterministic reprogramming of neutrophils
within tumors. Science 383, eadf6493 (2024).

Singhal, R. et al. Disruption of hypoxia-inducible factor-2a in
neutrophils decreases colitis-associated colon cancer. Am. J.
Physiol. Gastrointest. Liver Physiol. 326, G53-G66 (2024).

Quin, C., et al. Neutrophil-mediated innate immune resistance to
bacterial pneumonia is dependent on Tet2 function. J. Clin. Invest.
134, e171002 (2024).

Fan, C. et al. Hypoxia promotes the tolerogenic phenotype of
plasmacytoid dendritic cells in head and neck squamous cell
carcinoma. Cancer Med. 11, 922-930 (2022).

Jantsch, J. et al. Hypoxia and hypoxia-inducible factor-1 a
modulate lipopolysaccharide-induced dendritic cell activation
and function. J. Immunol. 180, 4697-4705 (2008).

100. Traversari, C., Sozzani, S., Steffensen, K. R. & Russo, V.

101.

102.

103.

104.

105.

106.

107.

LXR-dependent and -independent effects of oxysterols on
immunity and tumor growth. Eur. J. Imnmunol. 44, 1896-1903
(2014).

Jhunjhunwala, S., Hammer, C. & Delamarre, L. Antigen
presentation in cancer: insights into tumour immunogenicity and
immune evasion. Nat. Rev. Cancer 21, 298-312 (2021).

Wenes, M. et al. Macrophage metabolism controls tumor

blood vessel morphogenesis and metastasis. Cell Metab. 24,
701-715 (2016).

Su, P. et al. Enhanced lipid accumulation and metabolism are
required for the differentiation and activation of tumor-associated
macrophages. Cancer Res. 80, 1438-1450 (2020).

Xu, Z. et al. Scavenger receptor CD36 in tumor-associated
macrophages promotes cancer progression by dampening type-I
IFN signaling. Cancer Res. 85, 462-476 (2025).

Pathria, P., Louis, T. L. & Varner, J. A. Targeting tumor-associated
macrophages in cancer. Trends Immunol. 40, 310-327 (2019).
Liu, P. S. et al. CD40 signal rewires fatty acid and glutamine
metabolism for stimulating macrophage anti-tumorigenic
functions. Nat. Immunol. 24, 452-462 (2023).

Liu, P. S. et al. o-ketoglutarate orchestrates macrophage
activation through metabolic and epigenetic reprogramming.
Nat. Immunol. 18, 985-994 (2017).

Nature Immunology


http://www.nature.com/natureimmunology

Review article

https://doi.org/10.1038/s41590-025-02317-1

108. Yuen, C. M. Hyperbaric oxygen therapy as a novel approach
to modulating macrophage polarization for the treatment of
glioblastoma. Biomedicines 12, 1383 (2024).

109. Kietzmann, T. Metabolic zonation of the liver: the oxygen gradient
revisited. Redox Biol. 11, 622-630 (2017).

110. Balmer, M. L., et al. The liver may act as a firewall mediating
mutualism between the host and its gut commensal microbiota.
Sci. Transl. Med. 6, 237ra266 (2014).

111. Sleyster, E. C. & Knook, D. L. Relation between localization and
function of rat liver Kupffer cells. Lab. Invest. 47, 484-490 (1982).

12. Yuan, X., Ruan, W., Bobrow, B., Carmeliet, P. & Eltzschig, H. K.
Targeting hypoxia-inducible factors: therapeutic opportunities
and challenges. Nat. Rev. Drug Discov. 23, 175-200 (2024).

113. Kapitsinou, P. P. et al. Hepatic HIF-2 regulates erythropoietic
responses to hypoxia in renal anemia. Blood 116, 3039-3048 (2010).

114. Nagashima, R., Ishikawa, H., Kuno, Y., Kohda, C. & lyoda, M. HIF-PHD
inhibitor regulates the function of group2 innate lymphoid cells and
polarization of M2 macrophages. Sci. Rep. 13,1867 (2023).

115. Hirota, K. HIF-a prolyl hydroxylase inhibitors and their implications
for biomedicine: a comprehensive review. Biomedicines 9, 468
(2021).

116. Zeng, M. et al. The HIF-1 antagonist acriflavine: visualization in
retina and suppression of ocular neovascularization. J. Mol. Med.
95, 417-429 (2017).

117. Cowman, S. J. & Koh, M. Y. Revisiting the HIF switch in the tumor
and its immune microenvironment. Trends Cancer 8, 28-42 (2022).

118. Hellwig-Burgel, T., Rutkowski, K., Metzen, E., Fandrey, J. &
Jelkmann, W. Interleukin-1f3 and tumor necrosis factor-a
stimulate DNA binding of hypoxia-inducible factor-1. Blood 94,
1561-1567 (1999).

119. Mirchandani, A. S., Sanchez-Garcia, M. A. & Walmsley, S. R.

How oxygenation shapes immune responses: emerging roles
for physioxia and pathological hypoxia. Nat. Rev. Immunol. 25,
161-177 (2024).

Acknowledgements

P.-C.H. is supported by Ludwig Cancer Research, the Swiss National
Science Foundation, the Cancer Research Institute (Lloyd J. Old STAR
award), the Swiss Cancer League and the Helmut Horten Stiftung.

Author contributions
JT.L. and P.-C.H. contributed to the conceptualization. JT.L., Y.K., M.M.
and P.-C.H. wrote the manuscript.

Competinginterests
P.-C.H. is a cofounder of Pilatus Biosciences.

Additional information
Correspondence and requests for materials should be addressed to
Mai Matsushita or Ping-Chih Ho.

Peer review information Nature Immunology thanks Navdeep Chandel
and the other anonymous reviewers for their contribution to the

peer review of this work. Primary Handling Editor: loana Staicu, in
collaboration with the Nature Immunology team.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature America, Inc. 2025

Nature Immunology


http://www.nature.com/natureimmunology
http://www.nature.com/reprints

	Role of oxygen sensing and hypoxia-inducible factors in orchestrating innate immune responses

	Oxygen sensing and downstream signaling axes

	Modulation of inflammatory responses during acute hypoxia

	Hypoxia-driven pro-inflammatory responses

	Anti-inflammatory roles of HIF signaling

	Resolution of inflammation and hypoxia

	Modulation of immune responses during chronic hypoxia

	Hypoxia and immune dynamics in fibrosis

	Hypoxia-driven tumor immune dysregulation

	Oxygen gradient as a key regulator of immune responses

	Therapeutic approaches

	Concluding remarks

	Acknowledgements

	Fig. 1 Mechanisms of oxygen sensing.
	Fig. 2 Influence of acute hypoxia on immune cells during inflammation.
	Fig. 3 Myeloid cell adaptation to hypoxia in the fibrotic microenvironment and the TME.




