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Abstract

Recent years have witnessed an emergence of interest in understand-
ing metabolic changes associated with immune responses, termed im-
munometabolism. As oxygen is central to all aerobic metabolism, hypoxia
is now recognized to contribute fundamentally to inflammatory and im-
mune responses. Studies from a number of groups have implicated a promi-
nent role for oxygen metabolism and hypoxia in innate immunity of healthy
tissue (physiologic hypoxia) and during active inflammation (inflammatory
hypoxia). This inflammatory hypoxia emanates from a combination of re-
cruited inflammatory cells (e.g., neutrophils, eosinophils, and monocytes),
high rates of oxidative metabolism, and the activation of multiple oxygen-
consuming enzymes during inflammation. These localized shifts toward hy-
poxia have identified a prominent role for the transcription factor hypoxia-
inducible factor (HIF) in the regulation of innate immunity. Such studies
have provided new and enlightening insight into our basic understanding of
immune mechanisms, and extensions of these findings have identified po-
tential therapeutic targets. In this review, we summarize recent literature
around the topic of innate immunity and mucosal hypoxia with a focus on
transcriptional responses mediated by HIF.
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INTRODUCTION

The last decade has witnessed developing recognition of the importance of understanding the in-
terface between metabolism and immune development and function, termed immunometabolism
(1). Since O; is a central component either directly or indirectly to all of tissue oxidative
metabolism, it would stand to reason that a clear understanding of cell and tissue responses to the
lack of O, (hypoxia) may provide important insight into immune function. Studies detailing im-
munometabolism of inflammatory processes have identified profound shifts in tissue metabolism
with active inflammation (2). These changes are strongly associated with increases in oxygen con-
sumption and the generation of reactive oxygen intermediates as well as the localized depletion
of nutrients. Such responses can result in profound tissue hypoxia (3). Some studies have shown
that changes in tissue oxygenation correlate with the active recruitment of innate immune cells
such as neutrophils [polymorphonuclear leukocytes (PMNs)], eosinophils, macrophages, and in-
nate lymphoid cells (ILCs) (4). By contrast, the development of adaptive immunity is associated
with high rates of local T and B cell proliferation that require different metabolic demands (5, 6).
It is therefore important to understand the intersection of metabolism with active immunity in
the local tissue environment.

Studies in mucosal tissue (i.e., tissues lined by an epithelium and exposed to the outside world)
have provided important insight into the balance between metabolism and productive inflamma-
tion. The gastrointestinal tract, for example, is defined by a unique oxygenation profile, where
the mucosa experiences fluctuations in blood perfusion at regular intervals (3). Even at baseline,
epithelial cells lining the mucosa exist at a relatively low-oxygen-tension environment, previously
defined as physiologic hypoxia (7). In older studies examining blood flow in the intestine, coun-
tercurrent oxygen exchange in the small intestine showed that oxygen from arterial blood supply
along the crypt-villus axis diffuses to adjacent venules and results in graded hypoxia from the lu-
men to the serosa (8). Migrating leukocytes encounter this steep oxygen gradient during active
inflammation (see below).

The transcription factor hypoxia-inducible factor 1a (HIF-1a) was cloned by the Semenza lab
in 1993 (9) and is recognized as one of the central regulators of global metabolism in mammals.
Original studies, based largely on analysis of the erythropoietin gene, revealed that HIF regulates
the expression of target genes that enable adaptation to low-oxygen environments (10-13). Given
the substantial shifts in metabolism and oxygen availability during inflammation, a number of
studies have shown that stabilization of hypoxia-inducible factor (HIF) in low oxygen triggers the
expression of genes that enhance the ability of epithelial cells to function effectively as a barrier
(14-17).

With this background, here we review pertinent literature related to HIF signaling in innate
immune responses, a timely review given the awarding of the 2019 Nobel Prize in Physiology
or Medicine for the discovery of the HIF pathway and its O,-dependent regulation. Given the
availability of a number of excellent reviews on the influence of HIF on adaptive immunity (18—
20), this review focuses primarily on innate immunity in the mucosa.

WHY INVESTIGATE HYPOXIA IN INNATE IMMUNITY?

Because of its vital role as the final electron acceptor of the electron transport chain during mito-
chondrial oxidative phosphorylation, a constant and sufficient supply of molecular O, is essential
for the maintenance of cell, tissue, and organism viability in all respiring organisms. However, hy-
poxia, which arises when O, demand exceeds supply, is a commonly encountered biological stress
and can be associated with a large number of physiologic and pathophysiologic states ranging from
ascent to high altitude and rigorous exercise to tissue ischemia and cancer (21). More recently, it
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has become clear that hypoxia is also a prominent microenvironmental feature during innate im-
munological activity atsites of inflammation. For example, tissue hypoxia has been documented in
the inflamed colon (7, 22), esophagus (23), skin (24), and arthritic joint (25, 26). Furthermore, tis-
sue hypoxia has been documented at sites of inflammation associated with pathogenic infection in-
cluding Mycobacterium-infected granuloma (27), Leishmania-infected cutaneous wounds (28), and
Pseudomonas-infected airways (29). Therefore, a significant amount of evidence now supports the
concept that focal hypoxia is a common and prominent microenvironmental feature at sites where
the innate immune system is activated and therefore should be considered as a potential microen-
vironmental influence on disease progression.

WHY ARE INFLAMED SITES HYPOXIC?

While at first glance the occurrence of hypoxia at sites of inflammation may appear paradoxical
during the acute phase of inflammation (e.g., blood flow is known to increase—a cardinal feature
of inflammation), in states of chronic inflammation multiple factors can contribute to the occur-
rence of hypoxia. Firstly, chronic inflammation is often associated with a significant degree of
vascular damage and infarction (30). This is likely due to the activation of platelets (and associated
thrombosis) and the production of reactive oxygen species, which can block and damage the deli-
cate capillaries responsible for the delivery of blood to surface tissues. Secondly, inflammation is a
metabolically expensive process, and levels of oxygen consumption in inflamed tissues are high in
order to provide sufficient ATP for cells to support synthesis, processing, and release of the high
levels of inflammation-associated proteins such as inflammatory enzymes, cytokines, and antibod-
ies, all of which are highly induced during inflammation. Thirdly, some specialized cells of the
innate immune system, most prominently infiltrating neutrophils and eosinophils, consume high
levels of oxygen during the oxidative burst (22, 23). This is driven by the highly induced activity of
neutrophilic NADPH oxidase. Finally, at most body surfaces, including the gastrointestinal tract,
lung, and skin, there is an intimate association between the microbiota and the underlying tissue.
The low—partial O, pressure (pO,) environment of the intestine, for example, provides a home
for the growth of anaerobes and is likely acquired shortly after birth. Indeed, microbial growth
and microbe-derived molecules likely deplete luminal mucosal O, content during colonization.
Studies in germ-free mice have shown that the measurable pO, (e.g., visualized using pimonida-
zole adduct staining) in the intestine is significantly higher than in conventionalized mice (31)
(Figure 1). Extensions of this work demonstrated that depletion of butyrate-producing micro-
biota increases mucosal oxygenation allowing for the aerobic expansion of Sa/monella (32). Not
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Figure 1

The microbiome is a vital determinant of mucosal oxygen levels in the gastrointestinal tract. Pimonidazole
staining (red), which detects areas of severe hypoxia (pO; < 10 mm Hg) in tissues, demonstrates a lack of
physiologic hypoxia in the large intestine of germ-free mice lacking a microbiome (#) compared to
conventional mice with an intact microbiome (4).
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surprisingly, similar methods (e.g., pimonidazole adduct localization) demonstrated that physio-
logic hypoxia is not a common feature of the normal healthy lung (33).

Thus, cells undergoing immune activity at sites of high innate immune activity and inflam-
mation, be they resident cells or leukocytes that have been recruited from the well-oxygenated
circulation, are often subjected to environmental hypoxia. Importantly, it has now been clearly
shown in multiple studies that exposure to hypoxia has a profound and complex impact upon im-
mune cell function through the activation of HIF in a highly cell-type-specific manner (reviewed
in 34). The impact of hypoxia and mechanisms of HIF stabilization on cells of the innate immune
system is described in detail below.

MECHANISMS OF HIF STABILIZATION IN INNATE IMMUNITY

The three o isoforms of HIF (HIF-1a, HIF-2a, and HIF-3a) are Per-ARNT-Sim (PAS) mem-
bers of the basic helix-loop-helix ((HLH) family of transcription factors and function as central
regulators of tissue O, metabolism (35). The stabilization of the o subunit in the cytoplasm de-
pends on the O,-dependent degradation domain (ODD) and subsequent nuclear localization to
form a functional heterodimeric complex with the common B subunit HIF-1B, also called the
aryl hydrocarbon receptor nuclear translocator (ARNT) (36). When oxygen supply is sufficient,
oxygen- and iron-dependent hydroxylation of two proline motifs within the ODD of the a subunit
of HIF initiates von Hippel-Lindau tumor suppressor protein (pVHL)-dependent ubiquitylation
and degradation by the proteasome (37). These hydroxylase responses are mediated by one or
more of a family of three HIF prolyl hydroxylases (PHDs) (38). These PHDs were discovered in
a search of the Caenorbabditis elegans genome database for sequences that could encode members
of the 2-oxoglutarate-dependent oxygenases (39). This search led to the eg/-9 gene. egl-9 mu-
tant worms constitutively expressed the C. elegans ortholog to mammalian HIF-1a, and use of the
EGL-9 sequence resulted in the identification of three ubiquitously expressed EGL-9 orthologs in
mammals, designated PHD1, PHD2, and PHD?3, each of which hydroxylates HIF-a. Each of the
PHD enzymes are encoded by different genes, and their expression shows some tissue specificity
(38). It is also notable that these PHDs have been shown to hydroxylate substrates other than
HIF-a subunits, including proteins associated with innate immunity, such as NF-«B, MAPKG6,
FOXO3a, and p53 (40). The hypoxia response is further refined by the asparagine hydroxylase
factor inhibiting HIF-1 (FIH-1) on the carboxy terminal transactivation domain of HIF-o, where
hypoxia blocks the hydroxylation of Asp80, facilitating the recruitment of CBP/p300 (41).
Inflammation-associated HIF stabilization can occur through at least five distinct mechanisms
(Figure 2). The most direct and best understood involves diminished blood flow, such as oc-
curs with ischemia and vasculitis (42). Hypoxia can also occur through rapid increases in oxygen
consumption. For instance, some studies have shown that during PMIN migration across colonic
epithelial cells (22), oxygen becomes rapidly depleted within the tissue microenvironment. Such
changes in local oxygen were attributable to gene expression changes within the epithelium and the
consumption of local O, by PMNs through the NADPH oxidase complex (NOX-2) (Figure 2).
These studies revealed that O, consumption by activated PMNs resulted in the stabilization of
HIF within the epithelium. Utilizing murine models of colitis, it was shown that both the pres-
ence of PMNs as well as PMN-elicited hypoxia were necessary for mucosal protection during
inflammation. Depletion of PMNss led to exacerbated tissue destruction during colitis (Figure 2).
While most studies have focused on diminished oxygen supply as the key regulator of HIF ac-
tivity, nonhypoxic HIF stabilization has also been described. For example, inflammatory cytokines
such as IL-1, IL-6, and TNF are known to regulate the activity of HIF-1 in both normoxia and
hypoxia (43) (Figure 2). Such regulation occurs through a variety of pathways, including increased
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Mechanisms of HIF activation in the inflamed intestinal mucosa. HIF activation in the inflamed intestinal
mucosa can occur as a result of at least five distinct mechanisms. (D) Decreased oxygen supply caused by
vascular damage or ischemia leading to mucosal hypoxia. (2)) Increased oxygen demand caused by high
levels of oxygen consumption by transmigrating neutrophils and eosinophils leading to mucosal hypoxia.
(®) Cytokine-mediated increases in HIF-1a transcription. (@) Extracellular purinergic signaling through
PMNs and platelet-derived ATP and Ap3A. ((®) Increased epithelial oxygen consumption or iron chelation
induced by components of the microbiome. Abbreviation: PMN, polymorphonuclear leukocyte.

HIF-1 transcript, protein stabilization, common signaling loops, and increases in HIF-DNA in-
teractions (44, 45).

Adenosine is generated at high levels during inflammation and influences a plethora of immune
responses. Itis notable that a number of adenosine metabolic target genes are regulated by hypoxia
and HIF (46). Recent work has implicated a role for adenosine in the inhibition of degradation
and therefore stabilization of HIF-a. Indeed, previous studies had demonstrated a connection be-
tween HIF-o degradation and Cullin-2 (Cul-2) protein neddylation (47, 48). Analysis of the ned-
dylation status of Cul-2 after adenosine receptor stimulation revealed that adenosine modulated
Cul-2 neddylation and further influenced HIF-a protein stabilization and downstream targets.
Regulated protein degradation is an essential part of cell signaling for many adaptive processes.
The proteasomal degradation of HIF-a (Figure 2) is but one example of a rapid response by the
cell to signal for growth, differentiation, apoptosis, or inflammation. The E3 SCF ubiquitin ligase
responsible for HIF-a degradation is comprised of Elongin B/C, Cul-2, and the F-box domain
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of the vHL protein and is responsible for the polyubiquitination and subsequent degradation of
HIF-a (49-51). The COP9 signalsome (CSN) must conjugate the small protein Nedd8 to Cul-2
in order for the E3 SCF to be active, and deneddylated Cul-2 therefore inhibits the ubiquitination
of HIF-a (52). One mechanism of deneddylation occurs through the deneddylase-1 (DEN-1, also
called SENPS8) protein. DEN-1 is a Nedd8-specific protease that has isopeptidase activity capable
of directly deneddylating Cullin targets (53, 54).

Finally, as shown in Figure 2, microbe-derived products found within the mucosa can also
stabilize HIF through a number of diverse mechanisms. For example, multiple microbial tox-
ins and their iron-binding siderophores (salmochelin, aerobactin, yersiniabactin) cause dose-
dependent HIF-1 stabilization in endothelial and epithelial cells (55, 56). Likewise, microbial
by-products of fermentation such as short-chain fatty acids can stabilize HIF and induce HIF-
target genes through mechanisms that involve B-oxidation of butyrate and increases in oxidative
phosphorylation-dependent epithelial O, consumption (57). These studies have shown that bu-
tyrate, but not propionate or acetate, locally depletes O, content to the extent that HIF is stabilized
and transcriptionally active (31, 58). Finally, some studies have shown that the toxin liberated by
Clostridium difficile induces epithelial HIF-1 through mechanisms that likely involve both HIF-1
transcription and posttranslational modifications (59).

In summary, a diverse set of mechanisms have been established to stabilize HIF at sites of
inflammation and innate immune activity.

HIF ACTIVITY IN INNATE IMMUNE CELLS

The HIF pathway is evolutionarily conserved across all multicellular organisms (60). Furthermore,
the role of HIF in the regulation of immunity also appears to be evolutionarily conserved (61). For
example, a role for HIF in regulating immune-related gene expression has been proposed for in-
vertebrate species including insects (Drosophila melanogaster) and nematodes (C. elegans). Exposure
of D. melanogaster to hypoxia results in the increased expression of a cohort of genes associated
strongly with immunity (62). Similarly, for C. elegans, a number of studies have demonstrated a
HIF-dependent protective effect of hypoxia against bacterial infection through the regulation of
immune-related genes (63—65). Importantly, neither D. melanogaster nor C. elegans has an adaptive
immune system, thereby underscoring the ancient relationship, in evolutionary terms, that exists
between the hypoxic response and innate immunity. Individual components of the innate immune
system provide specialized roles that function primarily to clear infection and promote inflamma-
tory resolution. As described below, studies using pharmacologic and genetic loss and gain of HIF
function implicate a surprisingly variable response in individual cell types (Figure 3).

Granulocytes

Numerous studies have examined the impact of tissue hypoxia and low tissue pO; on myeloid cell
function and the clearance of infections. HIF is essential in support of glycolytic metabolism of
phagocytes, but it also regulates critical functions such as antimicrobial peptide (AMP) expres-
sion (e.g., serine proteases and cathelicidins) and phagocytosis/killing and enhances the lifespan
of PMNs (66). Interestingly, HIF-1 and HIF-2 appear to support opposing roles in eosinophil
function, especially chemotaxis (67). A consistent observation has been the differences in which
innate and adaptive immune cells procure energy. Cells of myeloid lineages derive energy almost
exclusively from glycolysis, whereas lymphocyte subtypes use a combination of glycolysis (espe-
cially Th17 cells) and oxidative phosphorylation (especially regulatory T cells) (2, 68). HIF-1 is
essential for maintaining metabolic function within both the innate and adaptive immune systems
(68).
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HIF mediates cell-type-specific influences on distinct populations of innate immune cells. When exposed to
hypoxia, HIF becomes stabilized and activated in cells of the innate immune system. However, the cohorts of
HIF-dependent target genes that are activated differ between cell types, which can lead to cell-specific
consequences of HIF activation. Abbreviation: DC, dendritic cell.

Original studies from Peyssonnaux et al. (69) and Cramer et al. (70) revealed an important
role for HIF-1 in innate immune function of myeloid phagocytes. With the use of conditional
deletion approaches in mice, loss of Hifla in myeloid populations showed a decreased capacity for
bacterial killing. Conversely, targeting myeloid VHL (i.e., resulting in stabilized HIF) enhanced
acute inflammatory responses. This issue was complicated by the fact that VHL has a number of
substrates and may influence these responses indirectly.

Activated PMNSs mold the tissue environment in fundamental ways, suggesting that acute in-
flammation triggers repair processes that involve HIF through direct and indirect mechanisms.
As alluded to above, studies in the colon (22), lung (71), and skin (72, 73) have demonstrated that
PMN recruitment and function elicit responses within the parenchyma that can be long-lasting
and resolving. Similar results were recently shown in a murine model of eosinophilic esophagitis
(23). Some studies with myeloid conditional deletion suggest that HIF-1 activation may be detri-
mental to wound healing (74), though the relative contribution of PMNs or other myeloid cell
types remains to be determined.

Neutrophil extracellular traps (NE'TS) are matrices of chromatin that are studded with AMPs
(75) that trap and kill pathogens (76). So-called NETosis is distinct from necrosis and apoptosis
and functions as a safety net to control active infection (77). The formation of such NETs requires
reactive oxygen species (78), PMIN myeloperoxidase, and elastase (79). PMIN HIF-1 was recently
identified as a central component to the release of NETs (80), where it was shown that both ge-
netic and pharmacologic inhibition of HIF-1a expression attenuated NET deployment. Likewise,
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inhibition of mTOR and HIF-1a inhibited NET-associated extracellular bacterial killing. It is
therefore possible that PMN NETosis provides redundancy for insufficient bacterial killing by
innate immune cells in a number of settings.

Most recently, the concept of trained immunity has provided a paradigm shift in our thinking
about the functional roles of innate immune cells such as neutrophils, eosinophils, macrophages,
and natural killer (NK) cells. Prior work suggested that these cells elicit rapid, nonspecific
responses and retain no immune memory (81). In the last decade, multiple studies have revealed
that innate immune cells can acquire long-term functional changes through metabolic repro-
gramming and epigenetic drift (82). Trained immunity has been demonstrated in both NK cells
and monocytes; however, PMNs have been largely ignored due to their relatively short life span.
It is notable that stabilization of HIF (83), particularly the HIF-2 isoform (84), promotes PMIN
longevity by delaying apoptosis. In addition, PMN half-life can be extended in tumors and during
more chronic inflammation, both of which could result in a more important role for trained
immunity in these settings.

Macrophages/Dendritic Cells

Macrophages and dendritic cells (DCs) are central components to innate immunity and provide
the bridge to adaptive immunity. Since macrophages and DCs branch from granulocytes through
myeloid development, targeting HIF in the myeloid compartment (e.g., LysM-Cre) deletes HIF
in both macrophage and DC lineages. It is notable that targeted knockout of HIF-1 in myeloid
cells does not impact the development of either PMNs or monocytes within the bone marrow (70).

In the mucosa, macrophages often encounter bacterial by-products such as lipopolysaccha-
ride (LPS). It is now clear that macrophage polarization and function are significantly influenced
by the stabilization of HIF-1. Studies dating back to the early 2000s have consistently demon-
strated that HIF-1 is central to the polarization of macrophages along the M1 lineage (e.g., LPS
stimulation) (85). These studies have provided important insight into immunometabolic regula-
tory circuits that reveal macrophage M1 polarization toward glycolytic and pentose phosphate
metabolism (86). Our understanding of the mechanism(s) behind this important observation is
only recently developed. Tannahill et al. (87), using LPS-stimulated macrophages and DCs, re-
vealed that succinate, a TCA intermediate (and by-product of HIF hydroxylation), inhibits PHD
enzymes necessary for HIF-a stabilization. While it is clear that succinate accumulates during
hypoxia and ischemia, it is not known exactly how succinate inhibits PHD enzymes. By contrast,
macrophage M2 polarization (e.g., via IL-4 stimulation) tends to favor oxidative phosphorylation
with low to moderate glycolysis (86). Some studies have suggested that these differences result
from selective HIF-2 over HIF-1 induction with M2 polarization, thereby limiting the capacity
for glycolysis (88).

The functional impact of HIF on DCs is more recently studied than its impact on macrophages.
The stabilization of HIF-1 in DCs does not appear to influence their development at baseline
(89), though some work has suggested that LPS-stimulated costimulatory molecule expression
may be decreased in hypoxia (90). The migratory capacity of DCs is most significantly influenced
by hypoxia and HIF-1 stabilization. For example, hypoxia decreases some chemokine receptor
expression (91) and slows DC migration to C-C chemokine receptor type 7 (CCR?7) ligands (90).
Additionally, Flick et al. (92) recently demonstrated that knockout of HIF-1a in the DC com-
partment results in significant attenuation of regulatory T cell development in a murine model of
colitis. Finally, to complement this work, Liu et al. (93) recently showed that the long noncoding
RNA Inc-Dpf3 restrains CCR7-mediated migration through a mechanism that involves inhibition
of HIF-1a transcription and a loss of glycolytic capacity.
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Innate Lymphoid Cells

ILCs are a relatively recently identified population of T cells that provide innate immunity at bar-
rier surfaces. Unlike T cells and B cells, ILCs do not express antigen-specific receptors but rather
provide rapid responses to pathogens and the ability to secrete large amounts of cytokines, and it is
notable that the development of ILCs shares common transcriptional mechanisms with DCs (94).
Our current understanding of ILCs suggests that they represent an arm of the innate immune
system that battles intracellular microbes (i.e., type 1 immunity, called group 1 ILCs or ILC1
cells), helminths and allergic environmental molecules ILC2 cells), and extracellular fungi and
bacteria (ILC3 cells) (94). While ample evidence implicates HIF in T and B cell development and
function (18-20), less is known about HIF and ILC function. One study showed that conditional
deletion of the E3 ligase component VHL resulted in a selective and intrinsic defect in mature
ILC2 function and a dysfunctional type 2 immune response (95). Peripheral ILC2 cells were di-
minished and paralleled loss of the IL-33 receptor ST2. The functional defects were associated
with stabilization of HIF-1 and increased glycolysis; all of this could be rectified by inhibition of
HIF-1. Additional work along this ILC-HIF axis provides a promising pathway for new insight
into innate immunity.

Epithelial Cells

Epithelial cells provide a first line of defense to the outside world. It is more and more appreciated
that epithelial cells constitute an integral part of innate immunity (96). In addition to their primary
roles in ion transport and the formation of a selective barrier, epithelial cells play an active role in
orchestrating immune responses and monitoring host-microbe interactions. The maintenance of
a selectively permeable barrier is provided by interactions of organized transmembrane proteins
found in domains of the plasma membrane (e.g., tight and adherens junctions) and between the
extracellular matrix and the epithelial basement membrane (97). These complex membrane do-
mains define the 3D features of mucosal tissues and establish the classic polarized nature of the
plasma membrane (i.e., the so-called fence function of the epithelium) (98). HIF has been shown to
contribute fundamentally to the epithelial barrier and the regulation of target genes within these
pathways. Other recent reviews have summarized the influence of HIF stabilization on barrier
formation and tight junction regulation (99-101). Here we focus on the role of HIF in epithelial
innate immunity as it relates to direct epithelial-microbial interactions.

Mucosal tissues are classically defined to include a mucous layer. Mucins that form the mixture
of glycoproteins at the epithelial surface are made and secreted by goblet cells. Goblet cells can
secrete up to 10 distinct mucins, characterized as either surface-localized or gel-forming mucins
(102). Under normal conditions, the mucosa is constituted by a sterile adherent mucous layer and
a superficial layer that may be several times the depth of the epithelial layer (103, 104). HIF has
been shown to regulate a number of the components that establish and maintain a healthy mucous
gel layer. For example, Young et al. (105) revealed that the promoter of the mucin MUC5SAC
gene harbors evolutionarily conserved regions proximal to the mRNA-coding region that bind
functional HIF-1a and SMAD4 binding domains. In the colon, mucin-3 (MUC3) and the mucin-
binding protein intestinal trefoil factor (I'TE, aka T'TF3) are HIF-1a target genes (14, 106) shown
to be important for epithelial protection as part of barrier function.

In addition to providing a selective coating to epithelial surfaces, mucous membranes also pro-
vide a reservoir for secreted factors, including AMPs (107). For instance, defensins are a family of
cysteine-rich AMPs that associate with mucins and contribute to innate immunity through broad
antimicrobial activity (108, 109). Human -defensin-1 (hBD1) is secreted into the lumen by in-
testinal epithelia in a constitutive manner, whereas other defensin-like AMPs are released only in
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response to inflammatory mediators (110). Given the low baseline pO; of the intestine (7), consti-
tutive expression of hBD1 was demonstrated to depend on HIF signaling, where hBD1 expression
correlated with other HIF-target genes in human tissue (111). It is also notable that defective ex-
pression of hBD1 is associated with mucosal disease such as inflammatory bowel disease (IBD)
(112-114), dental infections (115), and Candida infections (116). HIF-1 also regulates AMP ex-
pression in keratinocytes (e.g., cathelicidin) (72), where selective deletion of Hifla in keratinocytes
increased susceptibility to group A Streprococcus infections. In this instance, administration of a HIF
stabilizer enhanced the bactericidal capacity of keratinocytes (72, 117).

Epithelial autophagy responses are also an important part of mucosal innate immunity, es-
pecially in the clearance of bacteria (termed xenophagy) (118). Autophagy is a primitive, highly
conserved cellular degradation process that facilitates cell survival during metabolic stress and in
starvation (119). HIF-1 has been shown to regulate the expression of genes in the autophagy/
xenophagy pathways (120, 121). Variants in a number of genes that regulate autophagy have
emerged as risk alleles for diseases such as IBD and include autophagy-related 16-like 1
(ATG16L1)(122,123) and immunity-related GTPase family M (IRGM) (124, 125). Murine models
have been revealing in this regard, where conditional deletion of Atgl16/1 or Atg5 within the in-
testinal epithelial cell compartment impaired xenophagy and increased dissemination of Salmonelln
enterica Typhimurium to distal sites (126, 127). Moreover, germ-free mice infected with invasive
Enterococcus sp., but not noninvasive Lactobacillus sp., demonstrated selective targeting of these
organisms to autophagosomes (126). Thus, these studies provide an essential role for epithelial
xenophagy as an innate immune component to pathogen clearance.

INNATE REGULATION OF DISTINCT ANATOMICAL BARRIERS BY HIF

A key aspect of innate immunity is the provision of anatomical barriers at surface tissues to pre-
vent pathogen entry (128). The tissues that line the body’s surfaces, including the skin and oral,
pulmonary, and intestinal mucosae, are the primary ports of microbial pathogen entry (128). In
health, these surface tissues provide an effective and dynamic barrier between the internal and ex-
ternal compartments through the provision of both a physical (structural) and chemical (secreted)
barrier. Barrier constituents at different anatomical sites share a number of common features that
relate to the provision of innate immunity (96). In the section above we summarize cell-specific
HIF responses within the innate immune system. Below, we compare and contrast tissue-specific
barrier responses and their contribution to HIF-controlled innate immunity.

Physical Barrier Function

All surface tissues provide physical barriers that prevent the free mixing of extracorporeal
pathogens such as parasites, fungi, bacteria, and viruses as well as dead antigenic material into
the inner compartments of the body (96, 128). However, different surface tissues provide a phys-
ical barrier function in distinct ways. For example, in the small and large intestines, a series of
well-defined proteins [including zonula occludins-1 (ZO-1), occludin, E-cadherin, junctional ad-
hesion molecule A (JAM-A) and the claudin family] associate to form physical junctions between
the constituent cells of the intestinal epithelium to maintain a tight, simple columnar epithelial
barrier (129). While effective in maintaining a physical barrier preventing the movement of lumi-
nal antigenic material into the mucosa, the intestinal epithelial barrier is also a dynamic one. This
dynamic barrier allows the selective uptake of macromolecules, nutrients, and antigens as well
as the bidirectional transport of ions and water in order to maintain fluidic and ionic homeosta-
sis (130). The epithelial barrier found in the upper gastrointestinal tract tissue of the esophagus is
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structurally different, again comprising a stratified squamous nonkeratinized epithelium that plays
a more protective rather than absorptive function (131).

Somewhat in contrast to the gastrointestinal mucosa, the physically stronger barrier provided
by the epidermis of the skin is achieved by the presence of a stratified keratinized squamous ep-
ithelium consisting of five distinct layers termed the basal layer, the stratum spinosum, the stratum
granulosum, the stratum lucidum, and the stratum corneum. This is a much thicker, denser, and
consequently less permeable barrier designed to withstand the physical damage associated with
day-to-day interactions with the macroenvironment (132, 133). The physical barrier of the epi-
dermis is provided primarily by the stratum corneum as well as the presence of tight junctions
between constituent epidermal epithelial cells. Important barrier function proteins in the skin
include ZO-1, occludin, JAM-A, claudins, and cingulin as well as the keratin-bundling protein
filaggrin (132).

Finally, the alveoli of the lungs present the most delicate of the epithelial barriers comprising
predominantly squamous alveolar epithelial cells, which rarely encounter severe physical stress
but play a vital role in providing efficient gas exchange between the atmosphere and the internal
compartments of the body. The epithelial apical junctional complex is the primary contributor to
barrier function in the airway and also consists of ZO proteins as well as occludin, JAM-A, and
E-cadherin (134).

A number of studies have demonstrated that HIF plays an important role in the regulation of
physical barrier function. In the gastrointestinal tract, HIF plays a key role as a positive regulator
of intestinal epithelial barrier function (101, 135). This is likely through mechanisms that include
the upregulation of the junctional protein claudin-1 and inhibition of intestinal epithelial cell
apoptosis, which thereby enhances barrier function (136, 137). HIF-1-dependent upregulation of
claudin-1 has also been shown to be prebarrier in the esophagus (23). HIF has also been demon-
strated to be probarrier in airway epithelial cells (138-141). Less is known about the potential
role of HIF in the regulation of the physical barrier provided by the skin; however, pharmacologic
activation of HIF is protective in a model of atopic dermatitis where epidermal barrier function is
compromised (142). In summary, all surface tissues of the body provide physical barrier function
and as such are key players in providing innate immunity. However, due to the differing anatom-
ical location and related required functions, the nature of these barriers differs greatly between
different anatomical sites at both the cellular and molecular levels.

Chemical Barrier Function

A complementary way in which cells of surface tissues contribute to innate immune barriers is
through the secretion of substances that either thwart the entry of pathogens and antigenic mate-
rial into the body or alternatively contain inherent antimicrobial activity. This is generally referred
to as the chemical innate immune barrier (143).

In terms of the intestine, a specialized subtype of epithelial cells termed goblet cells is respon-
sible for the synthesis and release of mucus, which is secreted through the epithelium to act as a
lubricant layer protecting the epithelial surface against physical damage as the intestinal contents
pass through the length of the gastrointestinal tract (144). Mucus is composed of a number of
secreted mucin proteins and stabilizing proteins including I'TF/TFF3 (145). Mucus also acts as an
important addition to the epithelial barrier by producing a viscous layer through which potential
pathogens need to transmigrate before having an opportunity to enter the body (144). A num-
ber of cells present within the intestinal mucosa including Paneth cells produce AMPs including
a-defensins, lysosome C, secretory phospholipase 2, angiogenin 4, lectin, and cathelicidins (146,
147). AMPs are endogenously produced factors that have inherent antimicrobial properties and
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can also modulate innate immune cell function and therefore contribute to the chemical barrier
of the innate immune system. Finally, intestinal epithelial cells possess electrogenic ion transport
mechanisms that, while normally net absorptive, can become secretory in cases of infection in what
has been termed the enteric tear, which reduces pathogen burden but runs the risk of dehydration
and electrolyte loss (148).

In the lung, secreted factors that contribute to innate immunity include surfactant and lung-
specific AMPs (147, 149). Surfactant is a lipoprotein complex that is secreted by type II pulmonary
epithelial cells. As well as contributing to the ability of pulmonary tissue to stretch during breath-
ing by reducing tissue surface tension, it contributes to innate immunity through the activity of
surfactant proteins SP-A and SP-D, which can opsonize bacterial pathogens (149). Surfactant
degradation is associated with increased risk of pulmonary infection. Like other surface tissues,
pulmonary epithelial cells can also produce AMPs (147).

Secretions from the skin that contribute to innate immunity include the secretion of salt and
water in the form of sweat, which creates a tear-like capacity to keep the skin clear of microbial
pathogens. The human skin is also a rich source of AMPs including p-defensins and cathelicidins
(149).

In summary, similar to the provision of the physical barrier, a number of common and tissue-
specific secreted factors including mucins, salt, fluids, and AMPs contribute to the innate immu-
nity provided by the human body’s surface tissues. Interestingly, the integrity and functions of
the chemical barrier are also under the influence of the HIF pathway, with a range of studies
demonstrating the HIF pathway in the regulation of genes including those responsible for mucus
production and stability (MUCS3 and I'TE, respectively) and AMP production (14, 106, 111, 150).

OXYGEN GRADIENTS ACROSS SURFACE TISSUES

As a result of their anatomical location, different surface tissues vary greatly in terms of the oxygen
gradients that they experience in health and disease. Probably the clearest example of this can be
observed when comparing the pulmonary and intestinal mucosa (Figure 4). The air we breathe
at sea level contains a pO, of ~145 mm Hg (approximately 21% O,). Measurements in healthy
lung alveoli revealed a pO, of 100-110 mm Hg (151). By contrast, the most luminal aspect of
the healthy colon is maintained at a pO, of <10 mm Hg (7, 152). The pO, decreases along the
crypt-villus axis from the intestinal submucosa to the lumen (Figure 1), which is home to trillions
of anaerobic microbes. The intestine is supported by a rich underlying mucosal vasculature that
supplies the high bioenergetics requirements of the intestinal epithelium as it maintains ion and
fluid homeostasis, absorbs nutrients, and samples luminal antigens for oral tolerance. This highly
oxygenated capillary bed is juxtaposed with the anoxic lumen of the gut, thereby providing a steep
O, gradient ranging from relatively high O, levels in the subepithelial compartment to anaerobic
conditions in the lumen. In contrast, pulmonary epithelial cells are exposed on the apical surface to
a highly oxygenated lumen and a basolateral compartment designed to efficiently remove oxygen
from the lung to the bloodstream. The pulmonary mucosa therefore normally experiences a steep
oxygen gradient from the lumen to the submucosa, the opposite of that seen in the intestine. The
skin experiences a different type of oxygen gradient, as it is exposed to atmospheric oxygen at the
surface; however, the outer layer of dead cells is poorly oxygen permeable, and most of the oxygen
present in the subdermal compartment is provided for by the mucosal capillary bed.

Therefore, depending on the anatomical positioning, surface tissues experience widely varying
oxygen gradients even in the normal physiologic state. Furthermore, as described above, under
conditions where innate immune activity is heavily increased, such as in chronic inflammation,
these oxygen gradients can be significantly steeper, leading to cells being exposed to hypoxia with
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Opposing mucosal oxygen gradients exist at distinct anatomical barriers. (#) In the gastrointestinal mucosa, a
steep oxygen gradient exists from the well-oxygenated capillary bed to the anoxic lumen of the gut,
rendering the epithelium in a state of physiologic hypoxia. (b)) By contrast, in the alveolar compartment of
the lung, a steep oxygen gradient exists from the highly oxygenated lumen of the airway to the subepithelial
compartment, where oxygen is efficiently removed.

resultant alterations in function. A number of preclinical models have demonstrated that HIF loss-
of-function is detrimental in inflammatory disease, implicating a protective role for activation of
the HIF pathway in inflammatory disease of surface tissues. Likewise, HIF gain of function using
genetic approaches (e.g., deletion of VHL) are protective (7), thus providing a rationale to develop
therapies that promote the stabilization and transcriptional function of HIF.

THERAPEUTIC IMPLICATIONS OF HIF IN INNATE IMMUNITY

The positive impact of HIF-1a stabilization in restoring acute mucosal inflammatory conditions
provides a unique therapeutic opportunity. As discussed above, inflammation-associated stabiliza-
tion of HIF-1a results in induction of a number of protective molecules with important im-
plications for inflammatory resolution. Thus, pharmacologic intervention directed at activating
HIF-1q, stabilizing HIF-1a, or decreasing HIF-1a degradation offers significant potential bene-
fit (Figure 5).

A significant effort has been made to develop pharmacologic activators of HIF through inhi-
bition of PHDs, otherwise called prolyl hydroxylase inhibitors (PHIs). The development of these
molecules has focused on iron chelators and 2-oxoglutarate mimetics (Figure 5). These PHIs have
undergone human studies in phase 1-3 clinical trials examining their influence on erythropoietin

www.annualreviews.org o HIF and Innate Immunity

353



354

2-Oxoglutarate analogs

Iron chelators SCF complex inhibitors

~L

Stabilization

Therapeutic HIF targeting

Inhibition

Allosteric dimerization Promote HIF-a degradation
with HIF-1f (HIF-2)
Inhibit HIF-a synthesis

Figure 5

Therapeutic intervention in the HIF pathway. A range of pharmacologic agents with distinct mechanisms of
action have been developed to either inhibit or activate the HIF pathway.

stimulation in patients with chronic renal anemia (reviewed in 153). These PHIs are generally
well tolerated, and there are promising results using GSK-1278863 and AKB-6548, which pro-
duce an increase in circulating erythropoietin. Targeted delivery of such compounds may provide
a therapeutic impact while limiting the potential for untoward systemic effects in healthy organs
(142, 154).

It is notable that these molecules have been demonstrated to have a positive impact on the
innate immune system. The beneficial aspects of PHIs in the kidney, lung, and liver have been
examined in a number of preclinical models (reviewed in 155). Within the gastrointestinal tract,
PHIs have been studied in acute models of mouse colitis and ileitis (Table 1). Systemic and local
delivery of the nonspecific PHI dimethyloxalylglycine (DMOG), a competitive inhibitor of 2-
oxoglutarate, showed positive results on clinical and histological end points in mice. For instance,
intraperitoneal administration of DMOG during oral administration of dextran sodium sulfate led
to improvement in weight, disease activity, and colitis compared to untreated mice (156). In the
trinitrobenzenesulfonic acid (TNBS) model, intraperitoneal injection of the PHI FG-4497 led to
increase in erythropoietin as well as attenuation of weight loss, preservation of mucosal architec-
ture and colonic length, and improvement in intestinal permeability compared to untreated mice
(157). In the chronic TNF-DARE ileitis mouse model, DMOG reduced the ileal inflammatory
score, restored barrier function, and mechanistically reduced Fas-associated cell death domain
proteins (158). Likewise, the targeted oral delivery of PHIs led to mucosal healing in TNBS col-
itis (159). These findings are likely related to the upregulation of barrier-enhancing genes and
antiapoptotic responses of epithelial cells as well as alterations in NF-kB-related proinflamma-
tory pathways. Finally, recent studies suggest a clinical impact of PHIs in allergic diseases in-
cluding atopic dermatitis and eosinophilic esophagitis. In a chemically induced contact dermatitis
mouse model, DMOG reduced neutrophil and eosinophil, but not lymphocyte, infiltration (142).
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Table 1 PHD inhibitors in preclinical models

PHI Model Year Reference
DMOG DSS colitis 2008 156
DSS colitis 2011 166
Radiation injury 2014 167
TNF-AARE ileitis 2010 158
Clostridium difficile infection 2010 59
Indomethacin-induced gastritis 2011 168
Pseudomonas aeruginosa infection 2013 169
Contact dermatitis 2019 142
Oral Fusobacterium infection 2019 170
Eosinophilic esophagitis 2019 23
Periodontitis 2018 171
FG-4497 TNBS colitis 2008 157
EtOH-induced liver disease 2019 172
AKB-4924 TNBS colitis 2014 159
TNF-AARE ileitis 2014 159
TRC160334 TNBS/DSS colitis 2014 173

Abbreviations: DMOG, dimethyloxalylglycine; DSS, dextran sodium sulfate; PHI, prolyl hydroxylase inhibitor; TNBS,

trinitrobenzenesulfonic acid.

Eosinophil infiltration was diminished in a mouse model of eosinophilic esophagitis following
systemic treatment with DMOG as well as with transgenic expression of HIF-1a signaling (23).

Pharmacological inhibition of cullin neddylation may be an alternative approach for stabilizing
HIF (see Figure 5). The small molecular inhibitor MLLN4924, a structural analog of adenosine
monophosphate, functions by inhibiting the Nedd8-activating enzyme (NAE), thereby inhibiting
the neddylation of cullin proteins necessary for HIF-a degradation (160). As such, MLN4924
stabilizes HIF in a manner similar to PHI. Some studies have suggested that MLLN4924 activates
HIF-1 and HIF-1 target genes in vitro and attenuates disease severity in a chemically induced
colitis model in vivo (161). A pan-cullin inhibitor, such as MLLN4924, may not provide the best
approach, since higher doses resulted in inhibition of other cullins (e.g., Cul-1 necessary for NF-
kB activation) that proved detrimental in murine colitis (162).

Opportunities also exist for the development of selective inhibitors that target HIF pathways.
While no selective PHD-1, -2 or -3 inhibitors have come available, Chen et al. (163) identified an
approach for the selective inhibition of HIF-2a that resulted in the development of PT2977 (164),
currently in clinical trials for renal cell carcinoma. Since some evidence suggests that HIF-2a
stabilization can exacerbate inflammation in the mucosa (165), it is intriguing to consider whether
PT2977 alone, or in combination with a HIF-1a stabilizer, might prove an interesting approach
in the treatment of mucosal disease.

CONCLUSION

In summary, innate immune responses within the mucosa are profoundly influenced by conditions
of the local environment. The discrepancies in local pO, within different mucosal environments
determine shifts in tissue and cellular metabolism. Of particular interest in the last decade are
metabolic shifts toward hypoxia and associated stabilization of HIF and HIF-target genes that
drive innate immune gene expression patterns associated with cell migration, antimicrobial ac-
tivity, tissue barrier function, wound healing, and autophagy. Studies in vitro and in vivo have
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provided new insights toward a better understanding of productive inflammatory responses and

mechanisms that promote inflammatory resolution. Also relevant is the shift in tissue redox po-

tential that mediates collateral tissue damage and end point organ function. A better understand-

ing of the transcriptional programs, environmental clues, and integrated signaling that determine

inflammatory resolution responses will go far in the development of new therapies for mucosal

diseases where boosting innate immunity may be beneficial.
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