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1 | INTRODUCTION

Kai-Uwe Eckardt! | Ralph Kettritz'2

Abstract

Hypoxia describes limited oxygen availability at the cellular level. Myeloid cells are exposed to
hypoxia at various bodily sites and even contribute to hypoxia by consuming large amounts of
oxygen during respiratory burst. Hypoxia-inducible factors (HIFs) are ubiquitously expressed het-
erodimeric transcription factors, composed of an oxygen-dependent a and a constitutive g sub-
unit. The stability of HIF-1a and HIF-2« is regulated by oxygen-sensing prolyl-hydroxylases (PHD).
HIF-1a and HIF-2a modify the innate immune response and are context dependent. We provide a
historic perspective of HIF discovery, discuss the molecular components of the HIF pathway, and
how HIF-dependent mechanisms modify myeloid cell functions. HIFs enable myeloid-cell adapta-
tion to hypoxia by up-regulating anaerobic glycolysis. In addition to effects on metabolism, HIFs
control chemotaxis, phagocytosis, degranulation, oxidative burst, and apoptosis. HIF-1a enables
efficient infection defense by myeloid cells. HIF-2«a delays inflammation resolution and decreases
antitumor effects by promoting tumor-associated myeloid-cell hibernation. PHDs not only con-
trol HIF degradation, but also regulate the crosstalk between innate and adaptive immune cells
thereby suppressing autoimmunity. HIF-modifying pharmacologic compounds are entering clini-
cal practice. Current indications include renal anemia and certain cancers. Beneficial and adverse
effects on myeloid cells should be considered and could possibly lead to drug repurposing for

inflammatory disorders.
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low oxygen concentration. Hypoxia describes low oxygen availability
at the tissue level that is further categorized into hypoxemic, anemic,

Myeloid cells consist of granulocytes, mostly neutrophils, and mono-
cytes. Once released from the bone marrow, these cells circulate in
the blood and are recruited to inflammatory sites where they execute
functions that protect the host from infectious and noninfectious chal-
lenges. Myeloid cells perform efficiently even under hostile conditions,

such as extreme temperatures, mechanical and osmotic stress, and

circulatory, and histotoxic hypoxia.l During their life span, myeloid
cells encounter a wide range of oxygen partial pressures. Bone marrow
is a rather hypoxic niche with 13 mm Hg mean oxygen tension.?
Measurements in healthy humans indicate a large variation in partial
oxygen pressures with 100 mm Hg in arterial blood and 8 mm Hg in
the epidermis (reviewed in Ortiz-Prado et al.3). Kidneys exhibit a large
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gradient with >70 mm Hg in the cortex and 10 mm Hg in the medulla.4
Importantly, hypoxia is also characteristic of inflamed tissues,>® where
activated myeloid cells migrate against a low oxygen supply.”

With reduced oxygen supply, mitochondrial oxidative phosphoryla-
tionis strongly decreased, and most ATP is provided by the conversion
of pyruvate into lactate.” Hypoxia-inducible factors (HIFs) are ubiqui-
tous transcriptional regulators of gene expression in response to low
oxygen availability. HIFs help myeloid cells to cope with low oxygen
conditions by modifying several metabolic and inflammatory aspects.
Currently, drugs that either activate or inhibit HIF-mediated effects
are being explored in clinical studies. We discuss the HIF system with
its implications for myeloid cell functions together with the potential

effects of HIF-directed treatments.

2 | HISTORIC PERSPECTIVE OF HIF
DISCOVERY

The scientific interest in hypoxia dates back to Paul Bert, who identi-
fied hypoxemic hypoxia as the cause of altitude sickness in the second
half of the 19th century.®? Over decades, hypoxia-mediated effects
on erythropoiesis became a main research focus that more recently
extended to inflammation. However, it took more than a century
until molecular hypoxia mechanisms were characterized, the term HIF
was introduced?® and pharmacologic HIF modulators were developed
along a timeline outlined in Fig. 1.

In 1906, Carnot reported a serum factor extracted from anemic
rabbits that stimulated erythropoiesis in recipient animal bone mar-
row and termed this putative factor “hémopoiétine.”1112 Yet, the
nature of this factor remained elusive for several decades. In the
1950s  Jacobson suggested that erythropoietin (EPO) was secreted
by the kidneys.13 The investigators observed that bilateral nephrec-
tomy abrogated the erythropoietic effect of CoCl, in rats and
rabbits.14 Later, the liver was identified as an additional extrarenal
EPO source.1>-22 Most clinical observations supported the importance
of the kidneys for erythropoiesis with complete erythroblastopenia
in anuric renal failure patients?3 and after nephrectomy,24 and poly-
cythemia in patients with renal pathologies, such as renal cysts, hyper-
nephroma, or hydronephrosis.2>-33 |n the 1970s, EPO was isolated
from the urine of anemic patients34-3¢ followed by cloning and recom-
binant expression a decade later.37-42 Allan Erslev and his research led
to the discovery of EPO.*3 The hormone causes the body to make more
red blood cells and is now the pivotal drug to treat anemia caused by
cancer therapy, dialysis, and kidney disease. Erslev made rabbits ane-
mic. When he injected their anemic plasma into normal rabbits, the rab-
bits increased production of red blood cells and as the number of red
blood cells increased so hematocrit increased. In contrast, injection of
normal plasma into normal rabbits did not lead to an increase in red
blood cells. Erslev concluded that a hormone (EPO) was responsible
for the increase in red blood cells. Yet, the molecular mechanisms of
hypoxia-regulated EPO transcription and, as it later turned out, many
additional genes were still unknown.

In the late 1980s, Goldberg et al. suggested a ferroprotein as
the oxygen sensor.** The investigators used metals (i.e., manganese,
nickel,>~#8 and cobalt as CoCl,) that interact with protoporphyrin
structures and compete with iron in heme prosthetic groups to induce
EPO.444? Locking heme-bearing proteins in a deoxy conformation
with these metals induced EPO mRNA and protein. Hypoxia was not
synergistic with this deoxy state, whereas carbon monoxide, which
created an oxy state of hemoglobin, reduced the EPO-enhancing effect
of hypoxia. Together, these experiments led to the reasonable assump-
tion that the cellular oxygen sensor is a heme protein. However, as it
turned out later, the free iron was bound to a nonheme protein that
was yet to be discovered.

In the 1990s, reporter assays unmasked cis-acting elements
responsive to hypoxia.>®5! Transgenic mice carrying the human EPO
gene produced nuclear factors selectively binding to 3’ flanking
sequences of the human EPO transgene.l? Consecutive mutational
analysis of a 50 nt 3’ flanking sequence of the human EPO gene
revealed a proteinaceous DNA binding that the authors termed
HIF-1.10 HIF-1 was characterized as a protein complex generated
in hypoxic cells that binds to a DNA sequence crucial for hypoxic
activation of EPO transcription.>253 More than 10 yr passed until
prolyl-hydroxylase domain containing enzymes (PHD) were finally
identified as the long-assumed sensor of cellular oxygen tension that
regulate HIF abundance. Although the earlier suggested iron-binding
domain was confirmed, the implied heme-involving mechanism was
not.>4-57 In 2019, William G. Kaelin Jr,, Sir Peter J. Ratcliffe, and Gregg
L. Semenza received the Nobel Prize for explaining how cells sense
and adapt to different oxygen concentrations.

3 | MOLECULAR HIF PATHWAY
COMPONENTS

3.1 | HIFa subunitisoforms and dimerization
with aryl hydrocarbon receptor nuclear
translocator (ARNT)

HIFs are transcription factors with an N-terminal basic helix-loop-
helix (bHLH) followed by a Per-ARNT-Sim (PAS) domain®® and
C-terminal transcription activation domains. HIFs function mostly as
heterodimers consisting of HIFg, formerly named ARNT>8>? and one
of three HIFa subunits.3¢061 Similar to other members of bHLH-
PAS transactivators,62 the basic domain is indispensable for DNA
binding®34* by recognizing the consensus core sequence of hypoxia-
response elements (HRE): 5/-TACGTG-3,65¢¢ whereas the HLH and
PAS domains promote « and g heterodimerization.’8¢4 However, the
PAS-A domain also enhances DNA binding of the HIF heterodimer
illustrating the synergistic interplay of elements from the entire bHLH-
PAS region.® Studying fusion and chimeric proteins of HIFa monomers
revealed additional domains, namely two oxygen-dependent degrada-
tion domains (ODD)%7-%? as well as two transactivation domains, N ter-
minal transactivation domain (N-TAD) and C terminal transactivation
domain (C-TAD).6%70-72 HIF structure details are illustrated in Fig. 2.
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FIGURE 1 Timeline and milestones of hypoxia-inducible factors (HIFs) discovery

3.2 | Oxygen-dependent HIF regulation by
proteasomal degradation

The HIFa isoforms and HIF-1p are all constitutively transcribed and
translated. The cellular abundance of the former, but not the latter, is
controlled by oxygen concentration. Under normoxic conditions, the
HIFa proteins reside in the cytoplasm where they interact with heat
shock protein (Hsp)90 through the bHLH-PAS domain.”3-7> However,
under normoxia, HIFa proteins are continuously degraded in the
proteasome mediated by the von-Hippel-Lindau (pVHL) protein.”®
pVHL serves as a substrate-recognizing subunit of an E3 ubiquitin

ligase complex>*77.78 and forms a ternary complex with elongins

B and C7? thereby recruiting Cul-2 and Rbx-1.80-82 The resulting
multimeric complex acquires E3 ligase activity and, in concert with
the E1 ligase Uba and the E2 ligases Ubc5a, Ubc5b, and Ubc5c,83
leads to oxygen- and iron-dependent ubiquitination and subse-
quent proteasomal degradation of the HIFa subunits.?”8485 Mass
spectrometry established that hydroxylation of proline residues
within the HIF ODD was indispensable for pVHL recognition of
degradation-designated HIFa subunits under normoxic conditions.
identified that
were responsible for posttranslational oxygen-dependent HIFa

Subsequently, new dioxygenase isoforms were
hydroxylation.>® Thus, the cellular oxygen sensor was finally charac-

terized as PHD. C. elegans expresses a HIF system that is homologous
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FIGURE 2 Schematic of hypoxia-inducible factor (HIF)-1a and HIF-2a protein structure and hydroxylation sites at proline and asparagine
residues. The basic submotif and the helix-loop-helix domain (bHLH) are located close to the N terminus, followed by the Per-ARNT-Sim (PAS)
domain. The PAS domain comprises repetitive amino acid sequences PAS-A and -B. The oxygen-dependent degradation domain (ODD) overlaps
with the N terminal transactivation domain (N-TAD), followed by the C terminal transactivation domain (C-TAD). Hydroxylation of proline residues
within the ODD and of asparagine residues within the C-TAD of HIF-1a and HIF-2« are highlighted. The nonequilibrium hydroxylation by the prolyl-
hydroxylases (PHD) and the asparagine hydroxylase factor inhibiting HIF-1 (FIH-1) including substrates and products is depicted exemplarily for

two of the three hydroxylation sites of HIF-1a
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FIGURE 3 Hypoxia-inducible factor (HIF) pathway components and regulating mechanisms in myeloid cells. HIFa and HIFg subunits are
constitutively transcribed and translated. The HIF-1a antisense strand transcript ahif decreases HIFa protein expression. In hypoxia, nonhydrox-
ylated HIFa dimerizes with HIF$ and binds to hypoxia-response elements (HRE) enhancing target gene transcription upon recruitment of co-
transactivators, including CREB-binding protein (CBP) and p300. Under normoxia, prolyl-hydroxylase domain-containing enzymes (PHD) hydrox-
ylate HIFa subunits, thus enabling von-Hippel-Lindau gene product (pVHL) binding to HIFa subunits and subsequent proteasomal degradation.
Factor inhibiting HIF-1 (FIH-1)-mediated HIFa hydroxylation under normoxia prevents HIFa association with indispensable co-transactivators
for target gene transcriptional enhancement. Phosphorylated receptor of activated protein kinase C (RACK1) induces HIF« proteasomal degra-
dation, which is inhibited by endothelin-receptor-dependent calcineurin activation. NO inhibits PHD activity. Hypoxia, infectious (gram-positive
bacteria as blue circles, gram-negative bacteria in red) and noninfectious (endothelin in violet and ET receptor) stimuli activate the HIF pathway in

myeloid cells

to humans and was instrumental in PHD characterization. The egl-9
gene, so named because of a presumed egg-laying defect of the gene-
deficient worm, encodes an oxygen-dependent prolyl-hydroxylase
and egl-9-deficient mutants up-regulated the human HIF homolog
constitutively.®® Subsequently, three human PHD isoforms were iden-
tified, encoded by the genes EGLN 1 (egg-laying defective nine homolog
1), EGLN2, and EGLN3, respectively.86 A conserved 2-histidine-1-
carboxylate motif serves as iron-binding structure.®® The catalyzed
proline-4-hydroxylation requires dioxygen, divalent iron (Fe2*), and
the co-substrates 2-oxoglutarate and ascorbate.5587 PHDs catalyze
HIF-1a hydroxylation at Pro402%7 and Pro564,%” whereas HIF-2a is
hydroxylated at Pro405 and Pro531.67 Site-specific proline hydroxyla-
tion by PHDs is controlled by both an LXXLAP amino acid motif of the
target protein and cellular oxygen availability.>¢¢7 PHD activities are
inhibited by co-substrate competitors such as dimethyloxalylglycine>”
and roxadustat888? as well as products of the nonequilibrium reaction
such as succinate.87.70 PHD inhibition is of particular interest in
inflammation as reactive oxygen species (ROS) that are produced
in this process induced HIF stabilization irrespective of normoxia.”?
ROS-dependent 2-oxoglutarate decarboxylation to succinate,’! pros-
thetic Fe2+ oxidation,?2

discussed as underlying PHD inhibition mechanisms.

and disulfide-bond PHD dimerization?3 were

Despite cellular hypoxic adaptation by the HIF pathway, HIF
abundancy and target gene expression are also under the control of
oxygen-independent mechanisms. HSC70, LAMP2a, and Cezanne?*
concert HIF-1a lysosomal degradation by cyclin-dependent kinase reg-
ulated chaperone-mediated autophagy.”>?¢ The HIF subunit specific
E3 ubiquitin ligases hypoxia-associated factor?” and mammary tumor
integration site 6 (Int6)?8 initiate HIF-1a, and HIF-2« proteasomal

degradation irrespective of oxygen tension and pVHL, respectively.

3.3 | Oxygen-dependent HIF regulation by
transcriptional inhibition

In addition to directing HIF degradation, oxygen controls the trans-
activation efficacy of HIF heterodimers by factor inhibiting HIF-1
(FIH-1).9? FIH-1 is an asparaginyl-hydroxylase belonging to the same
oxygen- and 2-oxoglutarate-dependent dioxygenase superfamily as
the PHDs.10 However, FIH-1 activity persists even under hypoxic
conditions of 1% oxygen when PHD2 activity is abolished.191 Under
normoxic oxygen tensions, FIH-1 hydroxylates Asn803 of HIF-1q,
and Asn851 of HIF-2a, respectively.192 These hydroxylation sites are
located within the C-TAD. Their hydroxylation prevents indispensable
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co-transactivator recruitment that initiate target gene transcription.
Fig. 3 depicts important components of the HIF pathway.

3.4 | HIF-regulated target genes and signaling
pathways

CREB-binding protein (CBP) and p300 bind to HIFa/p heterodimers
with nonhydroxylated asparagine residues in the C-TAD,101,103104
All HIFa isoforms recognize the same HRE 5-TACGTG-3’ motif, but
result in unique differential target gene expression19> with the N-TAD
determining target gene selectivity.196:107 Nonetheless, comparison of
cell-specific target gene regulation highlighted the importance of the
cell type for the HIF-controlled transcriptome.106:107

HIF-1a primarily controls metabolic pathways, including adaptation
to anaerobic energy supply by up-regulating glycolysis and the hexose
monophosphate pathway.108-110 These effects facilitate cell survival
in low-oxygen conditions. In addition, HIF-1a regulates apoptosis-
related genes, for example, members of the B-cell lymphoma 2 (BCL-2)

111

family,11! and proinflammatory genes including IL-15,112 |L-6,113 and

IL-8.124 HIF-1« also prevents excessive cellular reactions to hypoxia
by up-regulating PHD transcription.11%116

In contrast, HIF-2a fine-tunes embryonic development and cellular
differentiation.19> Despite the initial discovery of HIF-1 in the context
of EPO expression, we and others have shown predominant EPO tran-

scriptional control by HIF-2.117.118

4 | HIF-CONTROLLED MYELOID CELL
FUNCTIONS IN HUMANS

Human neutrophils express all PHD isoforms?1? and do not express
HIF-1a protein under normoxia.!2° However, neutrophil HIF-1a
protein is induced at low oxygen tensions.120 Some,120 but not all
studies??! described HIF-2a expression in human granulocytes under
normoxia with preserved response to hypoxia. Possibly, differences
are explained by the use of different culture media as for example the
presence of the NO donor GEA3162120 inhibits PHD activity.122:123 |
human monocytes, hypoxic induction of the HIF-1a natural antisense
transcript ahif contributes to a negative feedback mechanism on
HIF-1a activity.124

Evolutionary adaptation of high-altitude populations, as well as
monogenetic mutations affecting the HIF pathway, provide insight
in HIF-controlled mechanisms that help myeloid cells to cope with
low oxygen concentrations and to maintain their functions. Additional
information comes from human individuals or isolated myeloid cells

exposed to hypoxia.

4.1 | Adaptive genetic variations in HIF pathway
components provide an opportunity to study
consequences for myeloid cell functions

Despite living above 4000 m, Tibetan communities, in contrast to
communities residing at similar altitudes in the Andes, have mostly
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normal red-blood-cell and hemoglobin values. A missense mutation
in the EGLN1 gene results in a PHD2 variant with a lower K, and
higher V.., value for oxygen.12>126 Consequently, HIF hydroxylation
is facilitated even under hypoxia. Other studies in Tibetans correlated
SNPs in EPAS1 (HIF-2a) with hemoglobin levels127-129 and SNPs in
the EGLN3 (PHD3) and PPP1R2P1 (protein phosphatase 1 regulatory
inhibitor subunit 2) genes with altitude polycythemia.13® However,
these Tibetan adaptations of the HIF pathway provide an interesting
opportunity to study myeloid cell functions, immunity, and inflamma-
tory disorders.

Chuvash polycythemia, named after the Chuvash republic in
Russia, is another endemic genetic variation of the HIF pathway
accompanied by elevated EPO and VEGF plasma levels.131 The C598T
base exchange in the third VHL exon causes a missense mutation
(R200W)132 that stabilizes predominantly HIF-2« over HIF-1¢.133
Th1 (IL-2, IL-12, IFNy, TNFa, GM-CSF) and Th2 cytokine (IL-4, IL-5,
IL-10, IL-13) plasma levels in affected individuals were found to be
elevated together with decreased CD4* T-cell frequency and reduced
CD4/CD8 ratio.132 Transcriptome analysis in PBMCs from Chuvash
polycythemia patients showed up-regulated HIF target genes involved
in the inflammatory response (TNFa, IL-1p, TLR4) as well as in myeloid
cell differentiation, phagocytosis, and bacterial defense (FCGR2A,
HCK, GAB2, ITGB).13! Pro-apoptotic genes (CASP8, CASP2) and TCR
elements were down-regulated.’3! The reasons for the apparent
discrepancy between TCR down-regulation found in this!3! and
increased Th1 and Th2 cytokines in the other study!32 are not clear.
Myeloid cell functions in the Chuvash polycythemia cohort have not
been investigated.

4.2 | Genetic diseases highlight the interplay of
metabolism and HIF pathway components

Patients with VHL syndrome harbor heterozygous germline VHL
mutations predisposing to hemangiomas, paragangliomas, and renal
carcinomas. Neutrophils from these patients showed decreased
spontaneous apoptosis as well as increased phagocytic activity against
bacteria.134X Hypoxia further enhanced these functions in both VHL
neutrophils and cells from healthy controls.134 Thus, VHL neutrophils
showed a partial hypoxic phenotype under normoxic conditions
indicating that HIF indeed regulates neutrophil functions. However,
whether or not enhanced neutrophil function contributes to the
clinical phenotype of patients with the VHL syndrome remains unclear.

Glycogen storage disease Ib (GSD1b) is characterized by a nonfunc-
tional glucose-6-phosphate transporter, neutropenia, and recurrent
infections. Myeloid cells13> from GSD1b patients comprise a defective
energy metabolism leading to endoplasmic reticulum stress with Hsp
induction and elevated ROS.13¢ In some of the GSD1b patients, con-
stitutive neutrophil HIF-1« stabilization, attributed to the Hsp90 and
ROS increase, was observed.13” Nevertheless, the metabolic impair-
ment in GSD1b neutrophils led to accelerated constitutive apoptosis,
reduced respiratory burst, phagocytosis, and chemotaxis despite
stabilized HIF-1¢.135136 As expected, HIF stabilization improves
cellular energy supply that is indispensable for neutrophil survival and
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functioning. In fact, HIF-1a target genes, including peroxisome
proliferator-activated receptor y (PPARy), were up-regulated in
GSD1b neutrophils. PPARy up-regulation contributed to neutrophil
dysfunction because PPARy inhibition improved chemotaxis and
the respiratory burst.137 Accordingly, neutrophils isolated from
healthy controls mimicked GSD1b-associated neutrophil dysfunc-
tion upon pharmacologic HIF stabilization and PPARy activation by
rosiglitazone.13”7 These data suggest that HIFs control myeloid cell
functions not only by providing cellular energy supply but also through
PPARy activation.

Succinate is a powerful PHD inhibitor inasmuch as it is an end
product of the hydroxylation reactions mediated by PHDs.© Patients
with heterozygous germline mutations of succinate dehydrogenase B
(SDHB) had elevated succinate levels in neutrophils and their effects
on the HIF pathway were analyzed.138 Neutrophil glycolytic activ-
ity and HIF-1a protein expression did not differ from healthy con-
trols under normoxic culture conditions but were increased with
hypoxia. However, neutrophils from patients with SDHB deficiency
demonstrated a reduced apoptotic rate and a lower intracellular ROS
stress under both normoxia and hypoxia that could be mimicked in
control neutrophils by selective inhibition of SDHB.138 These obser-
vations suggest that the neutrophil phenotype was caused by the
metabolic consequences of the SDHB mutation and not by HIF path-
way activation. The observations obtained in neutrophils from patients
with these Mendelian diseases underscore the importance of HIF-
dependent effects on neutrophil survival and functions. However,
these studies reveal additional HIF-independent metabolic pathways
that modify HIF-dependent actions.

4.3 | Exposure of human individuals to hypoxia
enhances myeloid cell performance

Several studies investigated myeloid cells isolated from healthy vol-
unteers who were exposed to hypoxic conditions before blood
donation. Following hypoxic donor exposure neutrophil phagocytosis
increased139-142 and decreased with normoxia.143-147 More mech-
anistically, low oxygen tension increased cytokine-induced expres-
sion of phagocytosis receptors on the neutrophil surface, including F.
receptors CD32w, CD16, CD64, and complement receptor CD35.14¢
Other phagocytic receptors (C5aR, CD16b) and adhesion molecules
(LFA-1, L-selectin) were also up-regulated.139:140.142

increased  stimulated

139

Blood donor
burst 140,148,149

hypoxia respiratory

chemotactic motility,*>” and degranulation in isolated
neutrophils.24? However, plasma neutrophil elastase (NE), IL-1, IL-6,
and 1L-8,14? and ROS concentration in resting blood neutrophils>©
were not increased.

Together, these experiments indicate that hypoxia exposure of
humans, which leads to HIF stabilization, enhances inflammatory
myeloid cell functions. However, these observations cannot estab-
lish that HIFs play a causal role in this process. Another caveat
is that although the blood donors were exposed to hypoxia, iso-
lated myeloid cells were studied under normoxia. Conceivably,

normoxia led to rapid HIF degradation of in vivo stabilized HIFs,

whereas HIF-induced effects on transcription and metabolism may
have persisted.

4.4 | Myeloid-cell exposure to hypoxia in vitro
prolongs survival and increases activation responses

Several studies analyzed neutrophils that were isolated from normoxic
donors and exposed to hypoxia in vitro. McGovern and coworkers
found that hypoxic culture of human neutrophils did not affect the
secretion of IL-6, IL-8, TNFa, or IL-10,2°1 whereas ROS-dependent
bactericidal activity was reduced. Limited molecular oxygen lead-
ing to reduced NADPH oxidase-dependent respiratory burst was the
possible explanation for the latter observation. In contrast, ROS-
independent killing by hypoxic neutrophils was increased.151

Hypoxia augmented the release of granule proteins from activated
neutrophils as shown for NE,151 myeloperoxidase, lactoferrin, and
matrix metalloproteinase-9 (MMP-9).152 Consequently, supernatants
from activated hypoxic neutrophils caused more epithelial cell dam-
age compared to normoxic neutrophils.2>2 The hypoxic degranulation
increase was reduced by a selective PI3Ky inhibitor that abrogated the
hypoxic degranulation augmentation.1>2 The fact that pharmacologic
HIF stabilization by PHD inhibitors did not mimic augmented degranu-
lation and increased epithelial cell injury seen with hypoxic neutrophils,
questions a causal role for HIF but does not exclude involvement of
components upstream from HIF mediated by PHDs or FIH-1.

Hypoxic inhibition of constitutive neutrophil apoptosis in vitro was
reported by several investigators121.134151,153.154 ossibly via HIF-
1la mediated NFxB activation.1?! By contrast, other groups reported
HIF-1a stabilization to be downstream of NFxB13> or mammalian
target of rapamycin activation.1>-158 Anoxia also attenuated TNFa-
accelerated neutrophil apoptosis in vitro. Moreover, hypoxic culture
conditions abrogated the pro-apoptotic effect of synovial fluid from
rheumatoid arthritis patients on healthy control neutrophils.15?

Hypoxia also has effects on monocytes and macrophages that, sim-
ilar to neutrophils, express HIFs.124160-162 Hynhoxia up-regulated the
LPS163- and phytohemagglutinin-induced¢* secretion of proinflam-
matory cytokines 1L-8,163 |L-2, IL-4, IL-6, and IFNy, whereas anti-
inflammatory IL-10 was repressed.16* HIF-1a-mediated f,-integrin
up-regulation enhanced monocyte adhesion to endothelial cells under
hypoxia.16>

Hypoxia increased efferocytosis, the phagocytosis of apoptotic neu-
trophils by monocytes or macrophages. This effect was, at least in part,
mediated by HIF-1a-dependent induction of the class B scavenger
receptor CD36 and its ligand thrombospondin-1 conveying apoptotic
material.166 HIF-mediated CD36 induction is supported by the obser-
vation that CD36 and HIF-1a expressing macrophages correlated in
biopsies from patients with inflammatory bowel disease.166

Altogether, these studies support the notion that hypoxia exposure
in vitro prolongs myeloid cell survival and promotes proinflammatory
responses that are important for host defense. The exact role of HIFs
in these adaptive processes remains unclear and needs to be addressed
in animal studies that allow HIF manipulations.
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5 | HIF-CONTROLLED MYELOID CELL
FUNCTIONS—LESSONS FROM ANIMAL
EXPERIMENTS

5.1 | Hypoxic modulation of myeloid cells controls
inflammation in animals

Various animal models were employed to study oxygen-dependent
modifications of myeloid cell-driven inflammation. In rats, hypoxic pre-
conditioning protected the animals from gastrointestinal ischemia-
reperfusion injury, including bacterial translocation.1é? Neutropenic
rats lacked the protective effect suggesting a neutrophil-dependent
mechanism.2¢” In agreement with this suggestion, neutrophils con-
sumed oxygen during respiratory burst thereby creating a hypoxic
environment for epithelial cells that promoted HIF stabilization and
induction of HIF target genes. As a result, the epithelial barrier
was increased.1%8 Neutrophils from NADPH oxidase gene-deficient
chronic granulomatous disease (CGD) mice are unable to produce
superoxide anions and therefore did not create a hypoxic environ-
ment. Consequently, CGD neutrophils did not increase the epithelial
barrier and CGD mice displayed a more severe phenotype of chemi-
cal colitis.2é8 Further evidence supporting HIF driven epithelial barrier
stabilization is provided by murine colitis models showing beneficial
effects of PHD inhibitors,168-172

5.2 | Inflammatory and mechanical challenges
imitate oxygen-dependent HIF stabilization

Myeloid cell studies in animals elucidated HIF stabilizing mechanisms
above and beyond hypoxia. Bacterial antigens from gram-negative and
gram-positive species!’3174 as well as TLR4 stimulation by LPS158
stabilized HIFs in myeloid cells. Mechanistically, combined PHD down-
regulation and up-regulation of HIF transcription were suggested to
increase HIF proteins.162173.174 More recently, HIF induction by phys-
ical forces was reported in murine bone marrow-derived monocytes.
Cyclical hydrostatic pressure, for example, due to in- and expiration,
activated the monocytic ion channel PIEZO1 leading to paracrine
endothelin-1 secretion. Subsequently, endothelin receptor stimulation
activated calcineurin that dephosphorylated receptor of activated
protein kinase C (RACK1).175 Phosphorylated RACK1 competes with
cytoplasmic Hsp90 for binding HIFa subunits and promotes their
proteasomal degradation.1’¢177 Finally, mechanotransduced RACK1
dephosphorylation contributed to HIF-1a protein accumulation.1”>

5.3 | HIF-1a improves myeloid cell functions in
infectious and noninfectious inflammation models

Myeloid-specific HIF-1a gene deletion severely reduced intracellular
ATP concentrations in murine macrophages and neutrophils leading

173 adhesion, and motility

to reduced intracellular bactericidal activity,
of monocytes.” HIF-1a gene-deficient murine neutrophils displayed
decreased NE and cathepsin G activities that were restored by VHL

deletion, hence, by constitutive HIF-1a stabilization.1”3 Likewise,
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pharmacologic HIF stabilization by PHD inhibition enhanced mono-
cyte bactericidal properties in murine skin abscesses by inducing
monocytic cathelicidin and IL-8 production.1”8 HIF-1a gene-deleted
myeloid cells demonstrated decreased killing of Helicobacter pylori
resulting in aggravated murine H. pylori gastritis.113 Biopsies from
patients with H. pylori gastritis showing local macrophage HIF-1a
stabilization strengthened the clinical significance of myeloid HIF-1«
for providing antibacterial defense.113

We demonstrated HIF-1a and HIF-2« up-regulation in human
psoriatic skin lesions.1”? Compared to control mice, myeloid-specific
HIF-1a gene deficiency caused ameliorated leukocyte skin infiltra-
tion in bacteriall”3 and chemical” skin inflammation, alleviated acute
pathology of chemical colitis with reduced macrophage infiltration, and
reduced colonic TNFa, IFNy, and IL-17 expression.180181 Conflicting
results were reported in ARNTfo¥/flox: | ysM-Cre mice. These mice that
were not able to form HIF heterodimers showed prolonged myeloid
cell infiltration in a colitis model despite expected accelerated myeloid
cell apoptosis.182 Pronounced numbers of infiltrating cells were possi-
bly explained by colonic up-regulation of antiapoptotic factors serum
amyloid A3 and leukotriene B4 in the inflamed colon sections.182

LPS-induced HIF-1a up-regulated proinflammatory cytokines IL-1,
IL-4, IL-6, IL-12, and TNFa in macrophages resulting in increased
mortality in murine sepsis.}’4 Acute hypoxic HIF stabilization at
inflammation induction increased mortality in murine skin infection
and pneumonia models.183 Complementarily, myeloid-specific HIF-
la gene-deletion reduced shock and hypothermia in murine sepsis
and decreased mortality,174183 whereas hypoxia prior to infection
improved infection control.183 Hypoxic preconditioning for 1 wk
induced a myeloid cell memory effect as bone marrow from these
hypoxic mice reduced sepsis morbidity in normoxic recipients.183
Together, these results imply a temporal component of HIF activation
that determines the outcome of infection and systemic inflammation.
Hypoxic preconditioning prior to the infection reduced inflamma-
tion, whereas HIF activation at the onset of inflammation induced
collateral damage.

In addition to infection, reparative healing processes after physical
trauma also depend on the HIF pathway in myeloid cells. Myeloid
HIF-1a gene deletion delayed macrophage-driven resorption of mus-
cle necrosis leading to reduced revascularization of the regenerated
muscle tissue.’®* In contrast, myeloid-specific HIFa subunit stabi-
lization in VHLo/flox: | ysM-Cre mice preserved myocardial muscle
integrity in fully MHC-mismatched murine cardiac allotransplantation,
at least in part, by myeloid HIF« stabilization-dependent production
of anti-inflammatory IL-10. In addition, myeloid-derived suppressor
cells reduced T-cell proliferation. Ultimately, HIF signaling reduced
acute rejection and ischemia-reperfusion injury leading to prolonged
allograft survival.185

Synovial tissue from rheumatoid arthritis patients161186 and exper-
imental arthritis mice® both up-regulated HIFs and myeloid-specific
HIF-1a and HIF-2a gene deficiency alleviated inflammation in a murine
rheumatoid arthritis model.”-186 Neutrophils isolated from rheumatoid
arthritis patients showed enhanced PHD2 and PHD3 mRNA expres-
sion in line with induction of proinflammatory HIF target genes.11?
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However, myeloid HIF pathway activation as well as myeloid HIF defi-
ciency did not affect the rheumatoid arthritis-associated uveitis phe-
notype in an intravitreal LPS-induced mouse model.187 Conceivably,
this discrepancy is due to the divergent inflammatory stimuli under-

scoring the importance of the inflammatory context.

5.4 | HIF-2a mitigates myeloid cell destructive
capacity, but prolongs inflammation

In contrast to HIF-1a deletion, myeloid-specific HIF-2a gene deficiency
in mice did not affect ATP generation in macrophages.'88 However,
macrophage motility and tissue infiltration were significantly dimin-
ished accompanied by down-regulation of chemokine receptor CXCR4
and fibronectin-1.188 Secretion of proinflammatory cytokines IL-18,
IL-6, IL-12, TNFa, and CXCL2 following stimulation with IFNy or LPS
was significantly decreased, whereas these mice up-regulated anti-
inflammatory IL-10 upon LPS injection.188

Studies in a murine LPS-induced acute lung injury model revealed
differential effects of the HIFa subunits during neutrophil-mediated
inflammation. A HIF-2« gain-of-function mutation did not affect
neutrophil effector functions such as oxidative burst and phago-
cytosis but decreased constitutive apoptosis similar to what was
aforementioned for HIF-1¢.120 Acute pulmonary inflammation pre-
dominantly induced neutrophil HIF-1a at an early stage, whereas
HIF-2a induction was prominent during the resolution phase. Myeloid
HIF-2a gene deficiency shortened and alleviated pulmonary inflam-
mation, particularly in later stages of acute lung injury, presumably by
increased neutrophil apoptosis.120 Inflammation models in zebrafish
with HIF-2a gain-of-function mutation and myeloid-specific HIF-2«
gene-deficient mice further underscored the fact that HIF-2« prolongs
inflammation, 120,182,188

We previously demonstrated that HIF-2¢ controls EPO
transcription.!1” In addition to its role in erythropoiesis, EPO
was proposed to have anti-inflammatory effects. In a murine peri-
tonitis model, hypoxia induced EPO as well as EPO receptors (EPOR)
on infiltrating macrophages.18? Macrophage EPOR signaling led to
PPARy activation thereby inducing anti-inflammatory cytokines,
down-regulating proinflammatory cytokines, enhancing macrophage
efferocytosis and phagocytosis. CGD mice that were unable to mount
a respiratory burst and therefore did not consume oxygen failed to
develop peritoneal hypoxia. Consequently, endogenous EPO was not
induced.18? Exogenous EPO therapy restricted peritoneal inflamma-
tion. The authors discuss this observation as a consequence of HIF-1a,
despite the fact that EPO is rather a HIF-2« target gene.

Tumor-associated macrophages and neutrophils (TAM and TAN)
contribute to the progression of solid tumors. We showed previ-
ously that these cells also promoted chronic lymphatic leukemia in a
murine disease model and that selective depletion of myeloid subpop-
ulations retarded leukemia progression.1?0 TAM express HIF-2¢160
and several observations suggest that HIF-2a restrains their anti-
cancer effects. Thus, HIF-2afloX/flox; | ysM-Cre mice developed fewer
chemically induced colon carcinomas.’®® In contrast, the number

and size of chemically induced hepatocellular carcinomas were not

reduced in HIF-2a-deficient mice, but both tumor entities demon-
strated lower grading, delayed tumor progression, and decreased
mitotic indices compared to wild-type (WT) mice.188 Moreover,
tumor histology showed a significant reduction of TAM numbers in
HIF-2a-deficient mice, in line with HIF-2a-dependent macrophage
invasiveness mentioned earlier.188 Conceivably, HIF-2a-dependent
macrophage cytokine secretion possibly accounts for the observed
tumor cell proliferation reduction and lower grading in HIF-2a-
deficient mice. More recently, a murine endometrial cancer model
established the importance of the hypoxic tumor microenvironment
for controlling TAN tumoricidal properties. Tumor hypoxia prevented
neutrophil NADPH-oxidase-dependent ROS production and MMP-9
secretion, which both promoted tumor cell sloughing by detachment
from the basement membrane.1?? Hyperoxia reduced HIF in tumors
and increased neutrophil antitumor actions. Mechanistically, ROS and
MMP-9 were increased, whereas NE secretion was reduced result-
ing in diminished tumor cell proliferation.1?1 Thus, hyperoxia reversed
neutrophil hibernation in hypoxic tumors enhancing myeloid cell anti-

tumor effects independent of adaptive immune cells.1?1

5.5 | Genetic PHD deletion controls myeloid cell
metabolism survival, and myeloid cell-mediated
inflammation

Myeloid-specific gene-deletion of PHD enzymes facilitated the inves-
tigation of the HIF pathway in innate immunity in vivo. PHD2 is the
most critical regulator of HIFs.192 Deciphering PHD2 involvement in
myeloid cell-mediated inflammation and immunity in vivo is compli-
cated by the fact that homozygous PHD2 gene-deletion (PHD2~/~)
is embryonically lethal.1?3 Myeloid-specific PHD2 deletion using
PHD2flox/flox: | ysM-Cre mice highlighted that PHD2 controls both
neutrophil metabolism and inflammatory neutrophil responses.1?4
PHD2 gene-deleted neutrophils up-regulated HIF-1a protein, but not
HIF-2a, delayed constitutive apoptosis, and increased chemotactic
motility while phagocytic activity was unaltered. Absence of PHD2
enhanced typical HIF-1«a target genes that increase glucose uptake,
glycogen storage, and glycolytic flux, culminating in an augmented
extracellular acidification rate by lactate generation and increased
intracellular ATP levels. Pharmacologic glycolysis inhibition reduced
neutrophil chemotaxis and survival, suggesting a mechanistic link
between these metabolic changes and the neutrophil effector
functions.1?4 Myeloid-specific PHD2 gene deficiency resulted in ear-
lier and faster pulmonary neutrophil recruitment in acute lung injury
models compared to WT controls. In addition, pulmonary inflamma-
tion persisted longer because of delayed neutrophil apoptosis rather
than reduced efferocytosis.1?4 Prolonged neutrophil persistence due
to HIF stabilization was also demonstrated in chemical colitis induced
in heterozygous PHD2*/~ mice.1?4 It was suggested that the delayed
apoptosis in PHD2 gene-deficient neutrophils is mediated by IL-4
and the neutrophil IL-4 receptor. In WT mice, but presumably not
in PHD2 gene-deficient mice, IL-4 treatment reverses hypoxia- and
HIF-1a-mediated neutrophil apoptosis delay by PPARy-dependent
PHD2 up-regulation. Thus, IL-4-dependent PHD2 expression limited
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inflammation and promoted its resolution.1?> In another study,
inducible PHD2 knock-down in mice, stabilizing both HIF-1a and
HIF-2a, resulted in a lupus-like phenotype with antinuclear antibodies,
leukocytosis, spontaneous weight loss, dermal lymphohistiocytic
infiltration, splenomegaly, and lymphadenopathy. The phenotype
depended largely on intact HIF-2a as combined PHD2 and HIF-2«
shRNA-induced knockdown completely prevented the pathology.
Hematopoietic cells were the main contributors to the phenotype
as shown by bone marrow chimeric mice. Mechanistically, defective
suppressive functionality of regulatory T cells (Treg) explained the
autoimmune phenomena.1?¢ By contrast, others reported that den-
dritic cell HIF-1a was indispensable for T, induction and T, tissue
recruitment by HIF-1a-controlled homing receptor expression.1?”
These observations suggest that a postnatal inducible model, but
not constitutive myeloid-specific PHD2 gene-deletion resulted in a
spontaneous autoimmune phenotype that was linked to HIF-2a con-
trolling interactions of innate and adaptive immune cells. PHD1~/~
mice were also protected from chemical colitis.1?8 In human ulcerative
colitis tissue intestinal PHD1 expression correlated with the degree
of inflammation,178:199 which is also consistent with a protective role
of HIF.

However, several murine genetic PHD3 deletion models revealed
opposite effects with increased intestinal inflammation and decreased
mucosal integrity. PHD3 inhibits the E3 ubiquitin-ligase Itch that
orchestrates occludin-proteasomal degradation. Enterocyte-specific
PHD3 gene-deleted (PHD3'EC-KO) mice developed spontaneous
colitis without intestinal up-regulation of HIFa subunits, suggesting
compensation by PHD2 or PHD1.87:200 pPHD3 contributes to the
mucosal barrier by securing epithelial occludin expression in the bowel
independent of HIF stabilization.20 PHD3-dependent intestinal
inflammation is further suggested by colonic biopsies from ulcerative
colitis patients showing inverse correlation of local inflammation with
PHD3 expression.199:200

Under normoxic conditions, neutrophil inflammation was unaf-
fected in PHD3~/~ mice in LPS-induced acute lung injury or chemical
colitis.11%198 Hypoxic conditions significantly reduced neutrophil
lung and colon infiltration, possibly by hypoxia-induced PHD1 and 2
expression with subsequent HIF hydroxylation and degradation.1?
PHD3~/~ mice demonstrated normal white blood cell count and
granulocyte functioning, but neutrophil apoptosis was increased due
to up-regulated pro-apoptotic SIVA1 and suppressed antiapoptotic
BCL-X| thereby contributing to decreased numbers of infiltrating
neutrophils.11? The role of HIFs was not explicitly established. In
contrast to neutrophils, PHD3 gene deficiency severely affected
murine monocyte functionality by enhancing migration and phagocy-
tosis in zymosan-induced peritonitis also under normoxia.2°! PHD3
gene-deficient macrophages demonstrated pronounced HIF-1a
and NFxB activation polarizing macrophages toward a proinflam-
matory M1 phenotype. PHD3~/~ mice as well as mice with PHD3
gene deficiency in hematopoietic cells only, were more susceptible
to sepsis by LPS injection or cecal ligation with higher mortal-
ity rate compared to WT, PHD1~/~, and PHD2*/~ haplodeficient
mice. Moreover, monocytic tissue infiltration and peripheral blood
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cytokines (TNFa, IL-15) were increased whereas neutrophil infiltration
remained unaffected.201

Together, these studies indicate that PHD2 links innate and adap-
tive immunity. PHD2-dependent HIF-regulation is indispensable for
limiting inflammation and autoimmunity. PHD1 and PHDS3 reduce
inflammation by preserving mucosal barriers with some of these
effects being possibly HIF independent. PHD3 keeps specifically
monocytes in check. Reasons for differential PHD effects remain ill-
defined but could be related to cell type, HIFe subunit, and HIF-

independent effects on additional pathways.

6 | PHARMACOLOGIC HIF MODIFIERS

Strategies to either stabilize or reduce HIFs are of major clinical
interest and are currently explored in clinical studies. Given the
profound HIF effects on myeloid cells, it will be important to carefully
observe the effect of these pharmacologic substances on inflammation

and immunity.

6.1 | HIF stabilization

HIF stabilization is a new strategy currently tested in renal anemia
patients. Various compounds were developed to inhibit PHD-mediated
HIFa hydroxylation and subsequent degradation. PHD inhibitors that
compete with the indispensable PHD co-substrates, including iron and
2-oxoglutarate are now available. These substances comprise roxadu-
stat (FG-4592),8889 vadadustat (AKB-6548),292 molidustat (Bay85-
3934),203 daprodustat (GSK1278863),204 desidustat (ZYAN1)205
AKB-4924,171 and JNJ1935.206 Most of these compounds are cur-
rently investigated in phase 2 and phase 3 clinical trial programs for
renal anemia treatment. Of note, roxadustat treatment was associ-
ated with an increased rate of upper respiratory infections compared
to standard therapy with recombinant human EPO in phase 3 study in
dialysis-dependent patients with kidney disease (18.1% vs. 11.0%).87
Beyond the correction of renal anemia, preclinical evidence
suggests that PHD inhibition offers novel opportunities for organ
protection, an area of unmet clinical need. We showed potent
PHD inhibition

amido)acetate (ICA) with beneficial effects in murine models of kidney

by 2-(1-chloro-4-hydroxyisoquinoline-3-carbox-

ischemia-reperfusion injury, allotransplantation, and chronic kidney
disease.207-210 Tissue and organ protective effects of PHD inhibition
have also been demonstrated in models of myocardial injury,21! brain
injury,212 lung injury,213 and—as mentioned earlier—inflammatory
bowel disease.16%172 AKB-4924 is evaluated for the treatment of
inflammatory bowel disease (NCT02914262).

6.2 | HIF inhibition

Cancer research incentivized the development of HIF inhibitors.
Agents that inhibit HIF heterodimerization, DNA binding, or trans-
activation are classified as direct HIF inhibitors, whereas indirect
HIF inhibitors reduce HIF de novo synthesis or increase proteasomal
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degradation.214215 Various compounds were reported in the litera-
ture (as reviewed in Bhattarai et al. and Ban et al.214215) put only
a few substances are currently available for clinical applications. PT-
2385 is a direct HIF-2« inhibitor interfering with the HIF-2a-ARNT
heterodimerization that is currently under investigation for treatment
of renal cell carcinoma (NCT02293980, NCT03108066) and glioblas-
toma (NCT03216499).21¢ Furthermore, in vitro testing of the HIF
inhibitor PX-478 in prostate carcinoma cells?1” and a phase | clini-
cal trial enrolling lymphoma and solid cancer patients (NCT00522652)

were reported.

7 | CONCLUDING REMARKS

Human and animal data implicate HIFs as important regulators of
myeloid cell metabolism, survival, and functioning. HIFs modify both
the magnitude and the duration of the inflammation response. PHDs
regulate HIF activity, preserve epithelial barrier function, and provide
a bridge between innate and adaptive immunity thereby controlling
autoimmunity. HIF pathway-modifying drugs are entering clinical
medicine. Given the emerging evidence for the role of the HIF pathway
in inflammation, patients should be monitored for inflammatory com-
plications. At the same time, the opportunity may arise to repurpose

HIF-modifying drugs for the treatment of inflammatory disorders.

AUTHORSHIP

L.K. and R.K. wrote the manuscript and designed the figures. R.K.
conceived the project. K.-U.E. and A.S. supervised and reviewed the

manuscript and figures.

ACKNOWLEDGMENT

Grant 394046635-SFB 1365 from the Deutsche Forschungsgemein-
schaft (DFG) supported this work.
Open access funding enabled and organized by Projekt DEAL.

DISCLOSURES

L.K.,, R.K., and A.S. declare no conflicts of interest. K.-U.E. is co-chair of
the executive steering committee of the global phase 3 program for the

treatment of renal anemia with vadadustat.

ORCID

Ralph Kettritz ([2) https://orcid.org/0000-0001-5821-6718

REFERENCES

1. Vaupel P, Mayer A, Hockel M. Tumor hypoxia and malignant progres-
sion. Methods Enzymol. 2004;381:335-354.

2. Spencer JA, Ferraro F, Roussakis E, et al. Direct measurement of local
oxygen concentration in the bone marrow of live animals. Nature.
2014;508:269-273.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Ortiz-Prado E, Dunn JF, Vasconez J, et al. Partial pressure of oxygen

in the human body: a general review. Am J Blood Res. 2019;9:1-14.

. Epstein FH, Agmon Y, Brezis M. Physiology of renal hypoxia. Ann N 'Y

Acad Sci. 1994;718:72-81. discussion 81-2.

. Fuchs K, Kuehn A, Mahling M, et al. In vivo hypoxia PET imaging quan-

tifies the severity of arthritic joint inflammation in line with overex-
pression of hypoxia-inducible factor and enhanced reactive oxygen
species generation. J Nucl Med. 2017;58:853-860.

. Niinikoski J, Hunt TK, Dunphy JE. Oxygen supply in healing tissue. Am

JSurg. 1972;123:247-252.

. Cramer T, Yamanishi Y, Clausen BE, et al. HIF-1« is essential for

myeloid cell-mediated inflammation. Cell. 2003;112:645-657.

. Kellogg RH. La pression barométrique: paul Bert’s hypoxia theory and

its critics. Respir Physiol. 1978;34:1-28.

. Bert P. La pression barométrique. Recherche de physiologie experimen-

tale. Paris: Libraire de 'académie de médecine; 1878.

Semenza GL, Nejfelt MK, Chi SM, et al. Hypoxia-inducible nuclear fac-
tors bind to an enhancer element located 3’ to the human erythropoi-
etin gene. Proc Natl Acad Sci US A. 1991,;88:5680-5684.

Carnot P, Deflandre C-C. Sur l'activité hémopoiétique du sérum au
cours de la régénération du sang. Comptes rendus I'’Académie des Sci.
1906;143:384-386.

Carnot P, Deflandre C-C. Sur l'activité hémopoiétique des dif-
férents organes au cours de la régénération du sang. Comptes rendus
I'Académie des Sci. 1906;143:432-435.

Barron AG. Mechanism of cobalt polycythemia. Effect of Ascorbic
Acid. Proc Soc Exp Biol Med. 1936;35:407-409.

Jacobson LO, Goldwasser E, Fried W, et al. Role of the kidney in ery-
thropoiesis. Nature. 1957;179:633-634.

Carmena A, Lucarelli G, Carnevali C, et al. Regulation of erythro-
poiesis XIX. Effect of hypoxia on erythropoiesis in the newborn ani-
mal. Proc Soc Exp Biol Med. 1966;121:652-655.

Lucarelli G, Porcellini A, Carnevali C, et al. Fetal and neonatal erythro-
poiesis. Ann N 'Y Acad Sci. 1968;149:544-559.

Carmena AO, Howard D, Stohlman F. Regulation of erythropoiesis.
XXII. Erythropoietin production in the newborn animal. Blood.
1968;32:376-382.

Zanjani E, Horger E, 3rd, Gordon A, et al. Erythropoietin production
in the fetal lamb. J Lab Clin Med. 1969;74:782-788.

Kurtz A, Jelkmann W, Pfuhl A, et al. Erythropoietin production by
fetal mouse liver cells in response to hypoxia and adenylate cyclase
stimulation. Endocrinology. 1986;118:567-572.

Fried W. The liver as a source of extrarenal erythropoietin produc-
tion. Blood. 1972;40:671-677.

Naughton B, Kaplan S, Roy M, et al. Hepatic regeneration and ery-
thropoietin production in the rat. Science (80-). 1977;196:301-302.
Anagnostou A, Schade S, Barone J, et al. Effects of partial hep-
atectomy on extrarenal erythropoietin production in rats. Blood.
1977;50:457-462.

Richet G, Alagille D, Fournier E. L'erythroblastopénie aigue de
I'anurie. Presse Med. 1954;62:50-53.

Naets JP, Wittek M. Erythropoiesis in anephric man. Lancet.
1968;291:941-943.

Ny Y. The kidney and erythropoiesis. Br Med J. 1961;1:1744-1745.
Jaworski ZF, Hirte WE. Polycythemia (erythrocytosis) and non-
neoplastic renal disease. Report of a case and review of the literature.
Can Med Assoc J. 1961;84:1421-1427.

Rosse WF, Waldmann TA, Cohen P. Renal cysts, erythropoietin and
polycythemia. Am J Med. 1963;34:76-81.

Donati RM, Lange RD, Gallagher NI. Nephrogenic erythrocytosis.
Arch Intern Med. 1963;112:960-965.

Cooper WM, Tuttle WB. Polycythemia associated with a benign kid-
ney lesion: report of a case of erythrocytosis with hydronephrosis,
with remission of polycythemia following nephrectomy. Ann Intern
Med. 1957;47:1008-1015.


https://orcid.org/0000-0001-5821-6718
https://orcid.org/0000-0001-5821-6718

KLINGET AL.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Gardner FH, Freymann JG. Erythrocythemia (polycythemia) and
hydronephrosis; report of a case with radio-iron studies, with recov-
ery after nephrectomy. N Engl J Med. 1958;259:323-327.

Damon A, Holub DA, Melicow MM, et al. Polycythemia and renal car-
cinoma. Report of ten new cases, two with long hematologic remis-
sion following nephrectomy. Am J Med. 1958;25:182-197.

Jones NF, Payne RW, Hyde RD, et al. Renal Polycythaemia. Lancet.
1960;275:299-303.

Ellis H. Polycythaemia due to hydronephrosis. Proc R Soc Med.
1961;54:157.

Espada J, Gutnisky A. Purificacion de eritropoyetina urinaria humana.
Acta Physiol Lat Am. 1970;20:122-129.

Miyake T, Kung CKH, Goldwasser E. Purification of human erythro-
poietin. J Biol Chem. 1977;252:5558-5564.

Garcia J, Sherwood J, Goldwasser E. Radioimmunoassay of erythro-
poietin. Blood Cells. 1979;5:405-419.

Law ML, Cai GY, Lin FK, et al. Chromosomal assignment of the human
erythropoietin gene and its DNA polymorphism. Proc Natl Acad Sci U
SA.1986;83:6920-6924.

Browne JK, Cohen AM, Egrie JC, et al. Erythropoietin: gene cloning,
protein structure, and biological properties. Cold Spring Harb Symp
Quant Biol. 1986;51:693-702.

Watkins PC, Eddy R, Hoffman N, et al. Regional assignment of the
erythropoietin gene to human chromosome region 7pter—q22. Cyto-
genet Genome Res. 1986;42:214-218.

Jacobs K, Shoemaker C, Rudersdorf R, et al. Isolation and characteri-
zation of genomic and cDNA clones of human erythropoietin. Nature.
1985;313:806-810.

Lin FK, Suggs S, Lin CH, et al. Cloning and expression of the human
erythropoietin gene. Proc Natl Acad Sci U S A. 1985;82:7580-7584.
Powell JS, Berkner KL, Lebo RV, et al. Human erythropoietin gene:
high level expression in stably transfected mammalian cells and chro-
mosome localization. Proc Natl Acad Sci. 1986;83:6465-6469.

Tanne JH. Allan J Erslev. BMJ. 2004;328:52-52.

Goldberg M, Dunning S, Bunn H. Regulation of the erythropoietin
gene: evidence that the oxygen sensor is a heme protein. Science (80-).
1988;242:1412-1415.

Jasmin G, Solymoss B. Polycythemia induced in rats by intrarenal
injection of nickel sulfide Ni3S2. Exp Biol Med. 1975;148:774-776.
Solymoss B, Jasmin G. Studies of the mechanism of polycythemia
induced inrats by Ni3S2. Exp Hematol. 1978;6:43-47.

Morse EE, Lee TY. Reiss andSunderman RFFW. Dose response and
time response study of erythrocytosis in rats after intrarenal injec-
tion of nickle subsulfide. Ann Clin Lab Sci. 1977;7:17-24.

Hopfer SM, Reid MC, Shen SK. Erythropoietin-mediated erythrocy-
tosis in rodents after intrarenal injection of nickel subsulfide. Anal
Quant Cytol. 1982;4:123-136.

Goldberg MA, Imagawa S, Dunning PS, et al. Oxygen sensing and
erythropoietin gene regulation. Contrib Nephrol. 1989;76:39-54.
discussion 54.

Imagawa S, Goldberg M, Doweiko J, et al. Regulatory elements of the
erythropoietin gene. Blood. 1991;77:278-285.

Blanchard KL, Acquaviva AM, Galson DL, et al. Hypoxic induction of
the human erythropoietin gene: cooperation between the promoter
and enhancer, each of which contains steroid receptor response ele-
ments. Mol Cell Biol. 1992;12:5373-5385.

Semenza GL, Wang GL. A nuclear factor induced by hypoxia via
de novo protein synthesis binds to the human erythropoietin gene
enhancer at a site required for transcriptional activation. Mol Cell Biol.
1992;12:5447-5454.

Wang GL, Semenza GL. Purification and characterization of hypoxia-
inducible factor 1. J Biol Chem. 1995;270:1230-1237.

Yu F, White SB, Zhao Q, et al. HIF-1« binding to VHL is regulated
by stimulus-sensitive proline hydroxylation. Proc Natl Acad Sci U S A.
2001;98:9630-9635.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

JOURNAL OF
JLB LEUKOCYTE 71
BIOLOGY
Bruick RK, McKnight SL. A conserved family of prolyl-4-hydroxylases

that modify HIF. Science. 2001;294:1337-1340.

Epstein ACR, Gleadle JM, McNeill LA, et al. C. elegans EGL-9 and mam-
malian homologs define a family of dioxygenases that regulate HIF by
prolyl hydroxylation. Cell. 2001;107:43-54.

Jaakkola P, Mole DR, Tian Y-M, et al. Targeting of HIF-alpha to the
von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl
hydroxylation. Science (80-). 2001;292:468-472.

Wang GL, Jiang BH, Rue EA, et al. Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 ten-
sion. Proc Natl Acad Sci US A. 1995;92:5510-5514.

Hoffman E, Reyes H, Chu F, et al. Cloning of a factor required
for activity of the Ah (dioxin) receptor. Science (80-). 1991;252:
954-958.

Tian H, McKnight SL, Russell DW. Endothelial PAS domain protein
1 (EPAS1), a transcription factor selectively expressed in endothelial
cells. Genes Dev. 1997;11:72-82.

Gu YZ, Moran SM, Hogenesch JB, et al. Molecular characterization
and chromosomal localization of a third alpha-class hypoxia inducible
factor subunit, HIF3alpha. Gene Expr. 1998;7:205-213.

Hogenesch JB, Chan WK, Jackiw VH, et al. Characterization of
a subset of the basic-helix-loop-helix-PAS superfamily that inter-
acts with components of the dioxin signaling pathway. J Biol Chem.
1997;272:8581-8593.

Reisz-Porszasz S, Probst MR, Fukunaga BN, et al. Identification of
functional domains of the aryl hydrocarbon receptor nuclear translo-
cator protein (ARNT). Mol Cell Biol. 1994;14:6075-6086.

Jiang BH, Rue E, Wang GL, et al. Dimerization, DNA binding, and
transactivation properties of hypoxia-inducible factor 1. J Biol Chem.
1996;271:17771-17778.

Wang GL, Semenza GL. Characterization of hypoxia-inducible factor
1 and regulation of DNA binding activity by hypoxia. J Biol Chem.
1993;268:21513-21518.

Melillo G, Musso T, Sica A, et al. A hypoxia-responsive element medi-
ates a novel pathway of activation of the inducible nitric oxide syn-
thase promoter. J Exp Med. 1995;182:1683-1693.

Masson N, Willam C, Maxwell PH, et al. Independent function of two
destruction domains in hypoxia-inducible factor-a chains activated
by prolyl hydroxylation. EMBO J. 2001;20:5197-5206.

Huang LE, Gu J, Schau M, et al. Regulation of hypoxia-inducible
factor 1la is mediated by an O2-dependent degradation domain
via the ubiquitin-proteasome pathway. Proc Natl Acad Sci U S A.
1998;95:7987-7992.

Pugh CW, O’'Rourke JF, Nagao M, et al. Activation of hypoxia-
inducible factor-1; definition of regulatory domains within the a sub-
unit. J Biol Chem. 1997;272:11205-11214.

Jiang BH, Zheng JZ, Leung SW, et al. Transactivation and inhibitory
domains of hypoxia-inducible factor 1a: modulation of tran-
scriptional activity by oxygen tension. J Biol Chem. 1997;272:
19253-19260.

Ema M, Hirota K, Mimura J, et al. Molecular mechanisms of transcrip-
tion activation by HLF and HIF1alpha in response to hypoxia: their
stabilization and redox signal-induced interaction with CBP/p300.
EMBO J. 1999;18:1905-1914.

O’Rourke JF, Tian YM, Ratcliffe PJ, et al. Oxygen-regulated and trans-
activating domains in endothelial PAS protein 1: comparison with
hypoxia-inducible factor-1a. J Biol Chem. 1999;274:2060-2071.
Minet E, Mottet D, Michel G, et al. Hypoxia-induced activation of HIF-
1: role of HIF-1a-Hsp90 interaction. FEBS Lett. 1999;460:251-256.
Gradin K, McGuire J, Wenger RH, et al. Functional interference
between hypoxia and dioxin signal transduction pathways: compe-
tition for recruitment of the Arnt transcription factor. Mol Cell Biol.
1996;16:5221-5231.

Kallio PJ, Pongratz I, Gradin K, et al. Activation of hypoxia-inducible
factor 1a: posttranscriptional regulation and conformational change



JOURNAL OF
72 JLB LEUKOCYTE

76.
77.
78.
79.

80.
81

82.
83.
84.
85.

86.

87.
88.
89.
90.
91.
92.
93.
94.
95.

96.

KLINGET AL.

BIOLOGY

by recruitment of the Arnt transcription factor. Proc Natl Acad Sci USA.
1997,94:5667-5672.

Maxwell PH, Wiesener MS, Chang G-W, et al. The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent
proteolysis. Nature. 1999;399:271-275.

Iwai K, Yamanaka K, Kamura T, et al. Identification of the von Hippel-
Lindau tumor-suppressor protein as part of an active E3 ubiquitin lig-
ase complex. Proc Natl Acad Sci US A. 1999;96:12436-12441.
Lisztwan J, Imbert G, Wirbelauer C, et al. The von Hippel-Lindau
tumor suppressor protein is a component of an E3 ubiquitin-protein
ligase activity. Genes Dev. 1999;13:1822-1833.

Stebbins CE, Kaelin WG, Pavletich NP. Structure of the VHL-
elonginC-elonginB complex: implications for VHL tumor suppressor
function. Science (80-). 1999;284:455-461.

Pause A, Lee S, Worrell RA, et al. The von Hippel-Lindau tumor-
suppressor gene product forms a stable complex with human CUL-
2, a member of the Cdc53 family of proteins. Proc Natl Acad Sci.
1997;94:2156-2161.

Lonergan KM, lliopoulos O, Ohh M, et al. Regulation of hypoxia-
inducible mRNAs by the von Hippel-Lindau tumor suppressor protein
requires binding to complexes containing elongins B/C and Cul2. Mol
Cell Biol. 1998;18:732-741.

Kamura T, Koepp DM, Conrad MN, et al. Rbx1, a component of the
VHL tumor suppressor complex and SCF ubiquitin ligase. Science (80-
). 1999;284:657-661.

Kamura T, Sato S, lwai K, et al. Activation of HIF 1a ubiquitination by
a reconstituted von Hippel-Lindau (VHL) tumor suppressor complex.
Proc Natl Acad Sci U S A. 2000;97:10430-10435.

Cockman ME, Masson N, Mole DR, et al. Hypoxia inducible factor-a
binding and ubiquitylation by the von Hippel-Lindau tumor suppres-
sor protein. J Biol Chem. 2000;275:25733-25741.

lvan M, Kondo K, Yang H, et al. HIFa targeted for VHL-mediated
destruction by proline hydroxylation: implications for O2 sensing. Sci-
ence (80-). 2001;292:464-468.

Taylor MS. Characterization and comparative analysis of the EGLN
gene family. Gene. 2001;275:125-132.

Appelhoffl RJ, Tian YM, Raval RR, et al. Differential function of the
prolyl hydroxylases PHD1, PHD2, and PHD3 in the regulation of
hypoxia-inducible factor. J Biol Chem. 2004;279:38458-38465.

Chen N, Hao C, Peng X, et al. Roxadustat for anemia in patients
with kidney disease not receiving dialysis. N Engl J Med. 2019;381:
1001-1010.

Chen N, Hao C, Liu BC, et al. Roxadustat treatment for anemia
in patients undergoing long-term dialysis. N Engl J Med. 2019;381:
1011-1022.

Selak MA, Armour SM, MacKenzie ED, et al. Succinate links TCA cycle
dysfunction to oncogenesis by inhibiting HIF-alpha prolyl hydroxy-
lase. Cancer Cell. 2005;7:77-85.

Guzy RD, Sharma B, Bell E, et al. Loss of the SdhB, but not the SdhA,
subunit of complex Il triggers reactive oxygen species-dependent
hypoxia-inducible factor activation and tumorigenesis. Mol Cell Biol.
2008;28:718-731.

Gerald D, Berra E, Frapart YM, et al. JunD reduces tumor angiogene-
sis by protecting cells from oxidative stress. Cell. 2004;118:781-794.
Lee G, Won HS, Lee YM, et al. Oxidative dimerization of PHD2 is
responsible for its inactivation and contributes to metabolic repro-
gramming via HIF-1« activation. Sci Rep. 2016;6:1-12.

Bremm A, Moniz S, Mader J, et al. Cezanne (OTUD7B) regulates HIF-
1a homeostasis in a proteasome-independent manner. EMBO Rep.
2014;15:1268-1277.

Hubbi ME, Hu H, Kshitiz, et al. Chaperone-mediated autophagy tar-
gets hypoxia-inducible factor-18(HIF- 1) for lysosomal degradation.
J Biol Chem.2013;288:10703-10714.

Hubbi ME, Gilkes DM, Hu H, et al. Cyclin-dependent kinases regu-
late lysosomal degradation of hypoxia-inducible factor 1a to promote

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

cell-cycle progression. Proc Natl Acad Sci U S A. 2014;111:E3225-
E3334. https://doi.org/10.1073/pnas.1412840111.

Koh MY, Darnay BG, Powis G. Hypoxia-associated factor, a novel
E3-ubiquitin ligase, binds and ubiquitinates hypoxia-inducible factor
1alpha, leading to its oxygen-independent degradation. Mol Cell Biol.
2008;28:7081-7095.

Chen L, Uchida K, Endler A, et al. Mammalian tumor suppressor
Inté specifically targets hypoxia inducible factor 2« for degrada-
tion by hypoxia- and pVHL-independent regulation. J Biol Chem.
2007;282:12707-12716.

Mahon PC, Hirota K, Semenza GL. FIH-1: a novel protein that inter-
acts with HIF-1a and VHL to mediate repression of HIF-1 transcrip-
tional activity. Genes Dev. 2001;15:2675-2686.

Lando D, Peet DJ, Gorman JJ, et al. FIH-1 is an asparaginyl hydrox-
ylase enzyme that regulates the transcriptional activity of hypoxia-
inducible factor. Genes Dev. 2002;16:1466-1471.

Hewitson KS, McNeill LA, Riordan MV, et al. Hypoxia-inducible fac-
tor (HIF) asparagine hydroxylase is identical to factor inhibiting
HIF (FIH) and is related to the cupin structural family. J Biol Chem.
2002;277:26351-26355.

Lando D, Peet DJ, Whelan DA, et al. Asparagine hydroxylation of
the HIF transactivation domain a hypoxic switch. Science. 2002;295:
858-861.

Freedman SJ, Sun ZYJ, Poy F, et al. Structural basis for recruitment
of CBP/p300 by hypoxia-inducible factor-1a. Proc Natl Acad Sci U S A.
2002;99:5367-5372.

Arany Z, Huang LE, Eckner R, et al. An essential role for p300/CBP
in the cellular response to hypoxia. Proc Natl Acad Sci U S A.
1996;93:12969-12973.

Hu C-J, Wang L-Y, Chodosh LA, et al. Differential roles of hypoxia-
inducible factor 1« (HIF-1a) and HIF-2a in hypoxic gene regulation.
Mol Cell Biol. 2003;23:9361-9374.

Hu C-J, Sataur A, Wang L, et al. The N-terminal transactivation
domain confers target gene specificity of hypoxia-inducible
factors HIF-1lalpha and HIF-2alpha. Mol Biol Cell. 2007;18:
4528-4542.

Lau KW, Tian Y-M, Raval RR, et al. Target gene selectivity of hypoxia-
inducible factor-a in renal cancer cells is conveyed by post-DNA-
binding mechanisms. Br J Cancer. 2007;96:1284-1292.

Semenza GL, Roth PH, Fang HM, et al. Transcriptional regulation
of genes encoding glycolytic enzymes by hypoxia-inducible factor 1.
J Biol Chem. 1994,269:23757-23763.

Firth JD, Ebert BL, Pugh CW, et al. Oxygen-regulated control ele-
ments in the phosphoglycerate kinase 1 and lactate dehydrogenase A
genes: similarities with the erythropoietin 3’ enhancer. Proc Natl Acad
SciUSA.1994;91:6496-6500.

Kim J, Tchernyshyov I, Semenza GL, et al. HIF-1-mediated expression
of pyruvate dehydrogenase kinase: a metabolic switch required for
cellular adaptation to hypoxia. Cell Metab. 2006;3:177-185.

Sermeus A, Genin M, Maincent A, et al. Hypoxia-induced modulation
of apoptosis and BCL-2 family proteins in different cancer cell types.
PLoS One. 2012;7:€47519.

Tannahill GM, Curtis AM, Adamik J, et al. Succinate is an inflammatory
signal that induces IL-1p through HIF-1a. Nature. 2013;496:238-242.
Matak P, Heinis M, Mathieu JRR, et al. Myeloid HIF-1 is protective
in Helicobacter pylori-mediated gastritis. J Immunol. 2015;194:3259-
3266.

Kim KS, Rajagopal V, Gonsalves C, et al. A novel role of hypoxia-
inducible factor in cobalt chloride- and hypoxia-mediated expres-
sion of IL-8 chemokine in human endothelial cells. J Immunol.
2006;177:7211-7224.

Del Peso L, Castellanos MC, Temes E, et al. The von Hippel
Lindau/hypoxia-inducible factor (HIF) pathway regulates the tran-
scription of the HIF-proline hydroxylase genes in response to low
oxygen. J Biol Chem. 2003;278:48690-48695.


https://doi.org/10.1073/pnas.1412840111

KLINGET AL.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Fujita N, Markova D, Anderson DG, et al. Expression of prolyl hydrox-
ylases (PHDs) is selectively controlled by HIF-1 and HIF-2 proteins
in nucleus pulposus cells of the intervertebral disc: distinct roles of
PHD2 and PHD3 proteins in controlling HIF-1« activity in hypoxia. J
Biol Chem. 2012;287:16975-16986.

Warnecke C, Zaborowska Z, Kurreck J, et al. Differentiating the func-
tional role of hypoxia-inducible factor (HIF)-1a and HIF-2«a (EPAS-
1) by the use of RNA interference: erythropoietin is a HIF-2« target
gene in Hep3B and Kelly cells. FASEB J. 2004;18:1462-1464.

Gruber M, Hu CJ, Johnson RS, et al. Acute postnatal ablation of Hif-2a
results in anemia. Proc Natl Acad Sci U S A. 2007;104:2301-2306.
Walmsley SR, Chilvers ER, Thompson AA, et al. Prolyl hydroxylase 3
(PHD3) is essential for hypoxic regulation of neutrophilic inflamma-
tion in humans and mice. J Clin Invest. 2011;121:1053-1063.
Thompson AAR, Elks PM, Marriott HM, et al. Hypoxia-inducible
factor 2a regulates key neutrophil functions in humans, mice, and
zebrafish. Blood. 2014;123:366-376.

Walmsley SR, Print C, Farahi N, et al. Hypoxia-induced neutrophil
survival is mediated by HIF-1a-dependent NF-«B activity. J Exp Med.
2005;201:105-115.

Metzen E, Zhou J, Jelkmann W, et al. Nitric oxide impairs normoxic
degradation of HIF-1« by inhibition of prolyl hydroxylases. Mol Biol
Cell. 2003;14:3470-3481.

Tug S, Reyes BD, Fandrey J, et al. Non-hypoxic activation of the neg-
ative regulatory feedback loop of prolyl-hydroxylase oxygen sensors.
Biochem Biophys Res Commun. 2009;384:519-523.

Poitz DM, Augstein A, Hesse K, et al. Regulation of the HIF-system in
human macrophages-differential regulation of HIF-a subunits under
sustained hypoxia. Mol Immunol. 2014;57:226-235.

Lorenzo FR, Huff C, Myllymaki M, et al. A genetic mechanism for
Tibetan high-altitude adaptation. Nat Genet. 2014;46:951-956.
Xiang K, Ouzhuluobu, Peng, et al. Identification of a Tibetan-specific
mutation in the hypoxic gene EGLN1 and its contribution to high-
altitude adaptation. Mol Biol Evol. 2013;30:1889-1898.

Yi X, Liang Y, Huerta-Sanchez E, et al. Sequencing of 50 human
exomes reveals adaptation to high altitude. Science (80-).
2010;329:75-78.

Beall CM, Cavalleri GL, Deng L, et al. Natural selection on
EPAS1 (HIF2a) associated with low hemoglobin concentra-
tion in Tibetan highlanders. Proc Natl Acad Sci U S A. 2010;107:
11459-11464.

Yang J, Jin ZB, Chen J, et al. Genetic signatures of high-altitude
adaptation in Tibetans. Proc Natl Acad Sci U S A. 2017;114:
4189-4194.

Gesang L, Gusang L, Dawa C, et al. Whole-genome sequencing iden-
tifies the Egl nine homologue 3 (egIn3/phd3) and protein phos-
phatase 1 regulatory inhibitor subunit 2 (PPP1R2P1) associated with
high-altitude polycythemia in Tibetans at high altitude. Dis Markers.
2019;2019:5946461. https://doi.org/10.1155/2019/5946461.
Zhang X, Zhang W, Ma S-F, et al. Iron deficiency modifies gene
expression variation induced by augmented hypoxia sensing. Blood
Cells Mol Dis. 2014;52:35-45.

Niu X, Miasnikova GY, Sergueeva Al, et al. Altered cytokine profiles in
patients with Chuvash polycythemia. Am J Hematol. 2009;84:74-78.
Hickey MM, Lam JC, Bezman NA, et al. Von Hippel-Lindau muta-
tion in mice recapitulates Chuvash polycythemia via hypoxia-
inducible factor-2a signaling and splenic erythropoiesis. J Clin Invest.
2007;117:3879-3889.

Walmsley SR, Cowburn AS, Clatworthy MR, et al. Neutrophils from
patients with heterozygous germline mutations in the von Hippel Lin-
dau protein (pVHL) display delayed apoptosis and enhanced bacterial
phagocytosis. Blood. 2006;108:3176-3178.

So YK, Nguyen AD, Gao JL, et al. Bone marrow-derived cells require a
functional glucose 6-phosphate transporter for normal myeloid func-
tions. J Biol Chem. 2006;281:28794-28801.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

JOURNAL OF
JLBLEUKOCYTE 73
BIOLOGY
Kim SY, Jun HS, Mead PA, et al. Neutrophil stress and apoptosis
underlie myeloid dysfunction in glycogen storage disease type Ib.

Blood. 2008;111:5704-5711.

Jun HS, Weinstein DA, Lee YM, et al. Molecular mechanisms of
neutrophil dysfunction in glycogen storage disease type Ib. Blood.
2014;123:2843-2853.

Jones R, McDonald KE, Willson JA, et al. Mutations in succinate
dehydrogenase B (SDHB) enhance neutrophil survival independent
of HIF-1a expression. Blood. 2016;127:2641-2644.

Wang JS, Liu HC. Systemic hypoxia enhances bactericidal activities of
human polymorphonuclear leucocytes. Clin Sci. 2009;116:805-817.
Wang JS, Chiu YT. Systemic hypoxia enhances exercise-mediated
bactericidal and subsequent apoptotic responses in human neu-
trophils. J Appl Physiol. 2009;107:1213-1222.

Fritzenwanger M, Jung C, Goebel B, et al. Impact of short-term sys-
temic hypoxia on phagocytosis, cytokine production, and transcrip-
tion factor activation in peripheral blood cells. Mediators Inflamm.
2011;2011:429501.

Chen YC, Chou WY, Fu TC, et al. Effects of normoxic and hypoxic
exercise training on the bactericidal capacity and subsequent apop-
tosis of neutrophils in sedentary men. Eur J Appl Physiol. 2018;118:
1985-1995.

Knowles R, Keeping H, Nguyen K, et al. Hypoxemia up-regulates
interleukin-8 stimulated phagocytosis of polymorphonuclear leuko-
cytes by differential regulation of CD32w and CD35 messenger RNA
expression. Surgery. 1995;118:177-183. discussion 183-4.

Knowles R, Keeping H, Nguyen K, et al. Hypoxemia/reoxygenation
down-regulates interleukin-8-stimulated bactericidal activity of
polymorphonuclear neutrophil by differential regulation of CD16
and CD35 mRNA expression. Surgery. 1996;120:382-388.

Knowles R, Keeping H, Grabber T, et al. Cytokine control of
PMN phagocytosis: regulatory effects of hypoxemia and hypoxemia-
reoxygenation. Am J Physiol—Cell Physiol. 1997;272:C1352-C1364.
https://doi.org/10.1152/ajpcell.1997.272.4.c1352.

Simms HH, D’Amico R. Regulation of whole blood polymorphonu-
clear leukocyte phagocytosis following hypoxemia and hypox-
emia/reoxygenation. Shock. 1994;1:10-18.

Serebrovskaya TV, Nikolsky IS, Nikolska VV, et al. Intermittent
hypoxia mobilizes hematopoietic progenitors and augments cellular
and humoral elements of innate immunity in adult men. High Alt Med
Biol. 2011;12:243-252.

Hitomi Y, Miyamura M, Mori S, et al. Intermittent hypobaric hypoxia
increases the ability of neutrophils to generate superoxide anion in
humans. Clin Exp Pharmacol Physiol. 2003;30:659-664.

Tamura DY, Moore EE, Partrick DA, et al. Acute hypoxemia in
humans enhances the neutrophil inflammatory response. Shock.
2002;17:269-273.

Thake CD, Mian T, Garnham AW, et al. Leukocyte counts and neu-
trophil activity during 4 h of hypocapnic hypoxia equivalent to 4000
m. Aviat Sp Environ Med. 2004,;75:811-817.

McGovern NN, Cowburn AS, Porter L, et al. Hypoxia selectively
inhibits respiratory burst activity and killing of Staphylococcus aureus
in human neutrophils. J Immunol. 2011;186:453-463.

Hoenderdos K, Lodge KM, Hirst RA, et al. Hypoxia upregulates
neutrophil degranulation and potential for tissue injury. Thorax.
2016;71:1030-1038.

Gaber T, Hahne M, Strehl C, et al. Disentangling the effects
of tocilizumab on neutrophil survival and function. Immunol Res.
2016;64:665-676.

Mecklenburgh Kl, Walmsley SR, Cowburn AS, et al. Involvement of
a ferroprotein sensor in hypoxia-mediated inhibition of neutrophil
apoptosis. Blood. 2002;100:3008-3016.

Rius J, Guma M, Schachtrup C, et al. NF-«B links innate immunity to
the hypoxic response through transcriptional regulation of HIF-1a.
Nature. 2008;453:807-811.


https://doi.org/10.1155/2019/5946461
https://doi.org/10.1152/ajpcell.1997.272.4.c1352

JOURNAL OF
74 JLB LEUKOCYTE

156.
157.
158.

159.

160.

161.
162.

163.

164.
165.
166.

167.
168.

169.
170.
171
172.
173.
174.

175.

KLINGET AL.

BIOLOGY

Jiang H, Sen ZhuY, Xu H, et al. Inflammatory stimulation and
hypoxia cooperatively activate HIF-1a in bronchial epithelial cells:
involvement of PI3K and NF-xB. Am J Physiol—Lung Cell Mol Physiol.
2010;298:660-669.

Gibbs BF, Yasinska IM, Pchejetski D, et al. Differential control of
hypoxia-inducible factor 1 activity during pro-inflammatory reac-
tions of human haematopoietic cells of myeloid lineage. Int J Biochem
Cell Biol. 2012;44:1739-1749.

Mcinturff AM, Cody MJ, Elliott EA, et al. Mammalian target of
rapamycin regulates neutrophil extracellular trap formation via
induction of hypoxia-inducible factor 1 a. Blood. 2012;120:3118-
3125.

Cross A, Barnes T, Bucknall RC, et al. Neutrophil apoptosis in rheuma-
toid arthritis is regulated by local oxygen tensions within joints. J
Leukoc Biol. 2006,;80:521-528.

Talks KL, Turley H, Gatter KC, et al. The expression and distribution
of the hypoxia-inducible factors HIF-1a and HIF-2a in normal human
tissues, cancers, and tumor-associated macrophages. Am J Pathol.
2000;157:411-421.

Giatromanolaki A, Sivridis E, Maltezos E, et al. Upregulated hypoxia
inducible factor-1alpha and -2alpha pathway in rheumatoid arthritis
and osteoarthritis. Arthritis Res Ther. 2003;5:R193-R201.

Frede S, Stockmann C, Freitag P, et al. Bacterial lipopolysaccharide
induces HIF-1 activation in human monocytes via p44/42 MAPK and
NF-xB. Biochem J. 2006;396:517-527.

Metinko AP, Kunkel SL, Standiford TJ, et al. Anoxia-hyperoxia induces
monocyte-derived interleukin-8. J Clin Invest. 1992;90:791-798.
Naldini A, Carraro F, Silvestri S, et al. Hypoxia affects cytokine pro-
duction and proliferative responses by human peripheral mononu-
clear cells. J Cell Physiol. 1997;173:335-342.

Kong T, Eltzschig HK, Karhausen J, et al. Leukocyte adhesion during
hypoxia is mediated by HIF-1-dependent induction of beta2 integrin
gene expression. Proc Natl Acad Sci U S A. 2004;101:10440-10445.
Ortiz-Masia D, Diez I, Calatayud S, et al. Induction of CD36 and
thrombospondin-1 in macrophages by hypoxia-inducible factor 1 and
its relevance in the inflammatory process. PLoS One. 2012;7:e48535.
Lu YZ, Wu CC, Huang YC, et al. Neutrophil priming by hypoxic pre-
conditioning protects against epithelial barrier damage and enteric
bacterial translocation in intestinal ischemia/reperfusion. Lab Inves-
tig. 2012;92:783-796.

Campbell EL, Bruyninckx WJ, Kelly CJ, et al. Transmigrating neu-
trophils shape the mucosal microenvironment through localized oxy-
gen depletion to influence resolution of inflammation. Immunity.
2014;40:66-77.

Cummins EP, Seeballuck F, Keely SJ, et al. The hydroxylase inhibitor
dimethyloxalylglycine is protective in a murine model of colitis. Gas-
troenterology. 2008;134:156-165.e1.

Robinson A, Keely S, Karhausen J, et al. Mucosal protection by
hypoxia-inducible factor prolyl hydroxylase inhibition. Gastroenterol-
ogy.2008;134:145-155.

Keely S, Campbell EL, Baird AW, et al. Contribution of epithelial
innate immunity to systemic protection afforded by prolyl hydroxy-
lase inhibition in murine colitis. Mucosal Immunol. 2014;7:114-123.
Marks E, Goggins BJ, Cardona J, et al. Oral delivery of prolyl hydrox-
ylase inhibitor: aKB-4924 promotes localized mucosal healing in a
mouse model of colitis. Inflamm Bowel Dis. 2015;21:267-275.
Peyssonnaux C, Datta V, Cramer T, et al. HIF-1alpha expression
regulates the bactericidal capacity of phagocytes. J Clin Invest.
2005;115:1806-1815.

Peyssonnaux C, Cejudo-Martin P, Doedens A, et al. Cutting edge:
essential role of hypoxia inducible factor-1alpha in development of
lipopolysaccharide-induced sepsis. J Immunol. 2007;178:7516-7519.
Solis AG, Bielecki P, Steach HR, et al. Mechanosensation of cycli-
cal force by PIEZO1 is essential for innate immunity. Nature.
2019;573:69-74.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Liu Y V, Baek JH, Zhang H, et al. RACK1 competes with HSP90
for binding to HIF-1a and is required for O2-independent and
HSP90 inhibitor-induced degradation of HIF-1a. Mol Cell. 2007;25:
207-217.

Isaacs JS, Jung YJ, Mimnaugh EG, et al. Hsp90 regulates a von Hippel
Lindau-independent hypoxia-inducible factor-1 alpha-degradative
pathway. J Biol Chem. 2002;277:29936-29944.

Okumura CYM, Hollands A, Tran DN, et al. A new pharmacological
agent (AKB-4924) stabilizes hypoxia inducible factor-1 (HIF-1) and
increases skin innate defenses against bacterial infection. J Mol Med
(Berl). 2012;90:1079-1089.

Rosenberger C, Solovan C, Rosenberger AD, et al. Upregulation of
hypoxia-inducible factors in normal and psoriatic skin. J Invest Derma-
tol. 2007;127:2445-2452,

Backer V, Cheung F-Y, Siveke JT, et al. Knockdown of myeloid cell
hypoxia-inducible factor-1« ameliorates the acute pathology in DSS-
induced colitis. PLoS One. 2017;12:e0190074.

Kim Y-E, Lee M, Gu H, et al. HIF-1a activation in myeloid
cells accelerates dextran sodium sulfate-induced colitis pro-
gression in mice. Dis Model Mech. 2018;11:dmm033241.
https://doi.org/10.1242/dmm.033241.

Lin N, Shay JES, Xie H, et al. Myeloid cell hypoxia-inducible fac-
tors promote resolution of inflammation in experimental colitis. Front
Immunol. 2018;9:5265. https://doi.org/10.3389/fimmu.2018.02565.
Thompson AAR, Dickinson RS, Murphy F, et al. Hypoxia deter-
mines survival outcomes of bacterial infection through HIF-1a-
dependent reprogramming of leukocyte metabolism. Sci Immunol.
2017;2:eaal2861.

Scheerer N, Dehne N, Stockmann C, et al. Myeloid hypoxia-inducible
factor-1a is essential for skeletal muscle regeneration in mice.
JImmunol. 2013;191:407-414.

Keranen MAI, Raissadati A, Nykanen Al, et al. Hypoxia-inducible fac-
tor controls immunoregulatory properties of myeloid cells in mouse
cardiac allografts—an experimental study. Transpl Int. 2019;32:
95-106.

Ryu J-H, Chae C-S, Kwak J-S, et al. Hypoxia-inducible factor-2« is an
essential catabolic regulator of inflammatory rheumatoid arthritis.
PLoS Biol. 2014;12:e1001881.

Gardner PJ, Liyanage SE, Cristante E, et al. Hypoxia inducible factors
are dispensable for myeloid cell migration into the inflamed mouse
eye. Sci Rep. 2017;7:40830.

Imtiyaz HZ, Williams EP, Hickey MM, et al. Hypoxia-inducible fac-
tor 2« regulates macrophage function in mouse models of acute and
tumor inflammation. J Clin Invest. 2010;120:2699-2714.

Luo B, Wang J, Liu Y, et al. Phagocyte respiratory burst activates
macrophage erythropoietin signalling to promote acute inflamma-
tion resolution. Nat Commun. 2016;7:1-14.

Gétjen M, Brand F, Grau M, et al. Splenic marginal zone granulocytes
acquire an accentuated neutrophil B-cell helper phenotype in chronic
lymphocytic leukemia. Cancer Res. 2016;76:5253-5265.

Mahiddine K, Blaisdell A, Ma S, et al. Relief of tumor hypoxia
unleashes the tumoricidal potential of neutrophils. J Clin Invest.
2020;130:389-403.

Berra E, Benizri E, Ginouves A, et al. HIF prolyl-hydroxylase 2 is the
key oxygen sensor setting low steady-state levels of HIF-1« in nor-
moxia. EMBO J. 2003;22:4082-4090.

Takeda K, Ho VC, Takeda H, et al. Placental but not heart defects
are associated with elevated hypoxia-inducible factor « levels in
mice lacking prolyl hydroxylase domain protein 2. Mol Cell Biol.
2006;26:8336-8346.

Sadiku P, Willson JA, Dickinson RS, et al. Prolyl hydroxylase 2 inac-
tivation enhances glycogen storage and promotes excessive neu-
trophilic responses. J Clin Invest. 2017;127:3407-3420.

Harris AJ, Mirchandani AS, Lynch RW, et al. IL4RA signaling
abrogates hypoxic neutrophil survival and limits acute lung


https://doi.org/10.1242/dmm.033241
https://doi.org/10.3389/fimmu.2018.02565

KLINGET AL.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

injury responses in vivo. Am J Respir Crit Care Med. 2019;200:
235-246.

Yamamoto A, Hester J, Macklin PS, et al. Systemic silencing of
PHD2 causes reversible immune regulatory dysfunction. J Clin Invest.
2019;130:3640-3656.

Fliick K, Breves G, Fandrey J, et al. Hypoxia-inducible factor 1 in den-
dritic cells is crucial for the activation of protective regulatory T cells
in murine colitis. Mucosal Immunol. 2016;9:379-390.

Tambuwala MM, Cummins EP, Lenihan CR, et al. Loss of prolyl
hydroxylase-1 protects against colitis through reduced epithelial
cell apoptosis and increased barrier function. Gastroenterology.
2010;139:2093-2101. https://doi.org/10.1053/j.gastro.2010.
06.068.

Van Welden S, Laukens D, Ferdinande L, et al. Differential expres-
sion of prolyl hydroxylase 1 in patients with ulcerative colitis versus
patients with Crohn’s disease/infectious colitis and healthy controls.
J Inflamm (United Kingdom). 2013;10:36.

ChenY, Zhang HS, Fong GH, et al. PHD3 stabilizes the tight junction
protein occludin and protects intestinal epithelial barrier function. J
Biol Chem. 2015;290:20580-20589.

Kiss J, Mollenhauer M, Walmsley SR, et al. Loss of the oxygen sensor
PHD3 enhances the innate immune response to abdominal sepsis. J
Immunol. 2012;189:1955-1965.

Haase VH, Chertow GM, Block GA, et al. Effects of vadadustat on
hemoglobin concentrations in patients receiving hemodialysis pre-
viously treated with erythropoiesis-stimulating agents. Nephrol Dial
Transplant. 2019;34:90-99.

Yamamoto H, Taguchi M, Matsuda Y, et al. Molidustat for
the treatment of renal anaemia in patients with non-dialysis-
dependent chronic kidney disease: design and rationale of two
phase IIl studies. BMJ Open. 2019;9:e026704. https://doi.org/
10.1136/bmjopen-2018-026704.

Akizawa T, Tsubakihara Y, Nangaku M, et al. Effects of daprodustat,
a novel hypoxia-inducible factor prolyl hydroxylase inhibitor on ane-
mia management in Japanese hemodialysis subjects. Am J Nephrol.
2017;45:127-135.

Parmar D V, Kansagra KA, Patel JC, et al. Outcomes of desidustat
treatment in people with anemia and chronic kidney disease: a phase
2 study. Am J Nephrol. 2019;49:470-478.

Manresa MC, Smith L, Casals-Diaz L, et al. Pharmacologic inhibition of
hypoxia-inducible factor (HIF)-hydroxylases ameliorates allergic con-
tact dermatitis. Allergy Eur J Allergy Clin Immunol. 2019;74:753-766.
Heim C, Bernhardt W, Jalilova S, et al. Prolyl-hydroxylase inhibitor
activating hypoxia-inducible transcription factors reduce levels of

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

JOURNAL OF
JLB LEUKOCYTE 75
BIOLOGY
transplant arteriosclerosis in a murine aortic allograft model. Interact
Cardiovasc Thorac Surg. 2016;22:561-570.
Heim C, Motsch B, Jalilova S, et al. Reduction of obliterative bron-
chiolitis (OB) by prolyl-hydroxylase-inhibitors activating hypoxia-
inducible transcription factors in an experimental mouse model.
Transpl Immunol. 2016;39:66-73.
Wang Z, Schley G, Tirkoglu G, et al. The protective effect of prolyl-
hydroxylase inhibition against renal ischaemia requires application
prior to ischaemia but is superior to EPO treatment. Nephrol Dial
Transplant. 2012;27:929-936.
Schley G, Klanke B, Kalucka J, et al. Mononuclear phagocytes
orchestrate prolyl hydroxylase inhibition-mediated renoprotection
in chronic tubulointerstitial nephritis. Kidney Int. 2019;96:378-396.
Ockaili R, Natarajan R, Salloum F, et al. HIF-1 activation attenuates
postischemic myocardial injury: role for heme oxygenase-1 in mod-
ulating microvascular chemokine generation. Am J Physiol Heart Circ
Physiol. 2005;289:H542-H548.
Siddiq A, Ayoub IA, Chavez JC, et al. Hypoxia-inducible factor prolyl
4-hydroxylase inhibition. A target for neuroprotection in the central
nervous system. J Biol Chem. 2005;280:41732-41743.
Zhang SXL, Miller JJ, Gozal D, et al. Whole-body hypoxic precondi-
tioning protects mice against acute hypoxia by improving lung func-
tion. J Appl Physiol. 2004;96:392-397.
Bhattarai D, Xu X, Lee K. Hypoxia-inducible factor-1 (HIF-1)
inhibitors from the last decade (2007 to 2016): a “structure-activity
relationship” perspective. Med Res Rev. 2018;38:1404-1442.
Ban HS, Uto Y, Won M, et al. Hypoxia-inducible factor (HIF)
inhibitors: a patent survey (2011-2015). Expert Opin Ther Pat.
2016;26:309-322.
Courtney KD, Infante JR, Lam ET, et al. Phase | dose-escalation trial
of PT2385, a first-in-class hypoxia-inducible factor-2« antagonist in
patients with previously treated advanced clear cell renal cell carci-
noma. J Clin Oncol. 2018;36:867-874.
Palayoor ST, Mitchell JB, Cerna D, et al. PX-478, an inhibitor
of hypoxia-inducible factor-lalpha, enhances radiosensitivity of
prostate carcinoma cells. Int J cancer. 2008;123:2430-2437.

How to cite this article: Kling L, Schreiber A, Eckardt K-U, Ket-
tritz R. Hypoxia-inducible factors not only regulate but also are
myeloid-cell treatment targets. J Leukoc Biol. 2021;110:61-75.
https://doi.org/10.1002/JLB.4R10820-535R



https://doi.org/10.1053/j.gastro.2010.06.068
https://doi.org/10.1053/j.gastro.2010.06.068
https://doi.org/10.1136/bmjopen-2018-026704
https://doi.org/10.1136/bmjopen-2018-026704
https://doi.org/10.1002/JLB.4RI0820-535R

