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Abstract

Immunological niches are focal sites of immune activity that can have varying microenvironmental
features. Hypoxia is a feature of physiological and pathological immunological niches. The impact
of hypoxia on immunity and inflammation can vary depending on the microenvironment and
immune processes occurring in a given niche. In physiological immunological niches, such as the
bone marrow, lymphoid tissue, placenta and intestinal mucosa, physiological hypoxia controls
innate and adaptive immunity by modulating immune cell proliferation, development and effector
function, largely via transcriptional changes driven by hypoxia-inducible factor (HIF). By contrast,
in pathological immunological niches, such as tumours and chronically inflamed, infected or
ischaemic tissues, pathological hypoxia can drive tissue dysfunction and disease development
through immune cell dysregulation. Here, we differentiate between the effects of physiological and
pathological hypoxia on immune cells and the consequences for immunity and inflammation in
different immunological niches. Furthermore, we discuss the possibility of targeting hypoxia-
sensitive pathways in immune cells for the treatment of inflammatory disease.

Effective immunity in a healthy individual requires the constant involvement of focal sites of
immune activity, which we term physiological immunological niches. Examples of these
niches include the bone marrow, placenta, the mucosal surface of the gastrointestinal tract
and lymph nodes; at these sites, various aspects of immune cell maturation, development,
tolerance and proliferation occur and give rise to immune homeostasis'=3 (FIG. 1). By
contrast, pathological immunological niches are sites of tissue pathology where high levels
of immune activity are associated with inflammation and tissue dysfunction. Examples of
pathological immunological niches include tumours and inflamed, infected or ischaemic
tissues*-8 (FIG. 2). Importantly, in some circumstances, chronic inflammation at
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pathological immunological niches is associated with inflammation-driven
carcinogenesis®-10.

A range of immunological niches with distinct microenvironmental features can exist in the
intermediate states between physiological immune homeostasis and severe pathological
inflammation. In order to address the complexity of these niches in a reductionist way, we
have selected the opposing ends of the range for comparison, terming them physiological
and pathological immunological niches, respectively. Microenvironmental features that can
occur in immunological niches play a key role in the regulation of immune cell function and
consequently modulate the balance between effective immunity and the development of
pathological inflammation. Understanding the nature of immunological niches and how the
niche microenvironment affects immune and inflammatory activity may allow the
identification of new therapeutic targets for the control of inflammatory disease. One
common feature of the immunological niche microenvironment that has a key role in
immunity and inflammation in both health and disease is hypoxia, the condition that arises
when cellular oxygen demand exceeds supplyl1-13 (BOXES 1,2; FIGS 1,2).

Box 1
Physiological hypoxia

Most tissues of the body are provided, through vascular capillaries, with a level of
oxygen that exceeds the basal metabolic requirements of the constituent cells. Thus, there
are sufficient levels of cellular oxygen to satisfy mitochondrial bioenergetic requirements
and an ‘oxygen reserve’, which (by acting as a co-substrate for oxygen-dependent
hydroxylases) induces the degradation of hypoxia-inducible factor. However, in some
tissues, the normal physiological partial pressure of oxygen (o) is comparatively low,
which results in regions of ‘physiological hypoxia’. Six examples of tissues where
physiological hypoxia occurs are outlined below.

First, physiological oxygen gradients exist in the intestinal mucosa due to the anatomical
juxtaposition of the outermost mucosal surface with the oxygen-depleted lumen of the
gut and a counter-current oxygen exchange system in the intestinal villi*4. Second, the
renal medulla experiences physiological hypoxia, probably as a result of a combination of
the high oxygen demand that is associated with active ion transport events and the
counter-current exchange of oxygen in the medullal4C. Third, the limited vascular supply
to the bone marrow in normal physiological conditions renders regions of this tissue
physiologically hypoxicl4L. Fourth, the placenta and fetus experience physiological
hypoxia due to constant outgrowing of the existing local blood supply as the fetus
develops®. Fifth, the limited vasculature of the retina renders it hypoxic in the normal
physiological statel2. Sixth, physiological hypoxia in the light zone of the germinal
centres of lymph nodes occurs as a result of the high level of oxygen consumption
associated with dendritic cell-B cell matching®2.

Therefore, relative hypoxia is a frequently encountered physiological state in a number of
diverse tissues. Physiological oxygen gradients in healthy tissues are generally moderate

and stable and activate what can be considered physiologically hypoxic responses. These
responses are important in processes that maintain physiologic homeostasis, such as
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erythropoiesis and physiological angiogenesis. Furthermore, physiological hypoxia is
important in the maintenance of innate and adaptive immune cell homeostasis and the
control of tissue features such as epithelial barrier function, haematopoietic stem cell

quiescence and self-renewal, and antibody production.

Box 2
Inflammation: a metabolic jungle

Following exposure to inflammatory stimuli such as cytokines or microbial peptides,
immune cells undergo cell type-specific changes in metabolic activity, which lead to the
microenvironment characteristics that are common in pathological immunological niches.
Changes in immune cell metabolism include an increase in oxygen consumption by
recruited activated neutrophils, increased rates of glycolysis by activated macrophages
and lymphocytes and increased rates of metabolic activity by tissue-resident immune
cells, which fuels the increased synthesis of inflammatory mediators. The consequences
of these shifts in metabolism for the inflammatory microenvironment include hypoxia, as
increased oxygen consumption drives down the local availability of oxygen. Increased
rates of glycolysis in macrophages and lymphocytes contribute to a decrease in the
microenvironmental pH as a result of increased lactate production. Altered levels of
metabolites that control immune cell function (immunometabolites) are also a feature of
pathological immunological niches. The altered metabolic environment in turn counter-
regulates immune cell function through the activation of hypoxia-inducible factor (HIF)
in immune cells, thus creating a regulatory feedforward loop that links immune cell
metabolism to inflammation. The cell type specificity of these metabolic changes makes
it likely that sites of inflammation consist of heterogenous and complex sub-
microenvironments that are characterized by varying levels of oxygen, pH and
immunometabolites. Therefore, inflammation gives rise to a heterogenous metabolic
microenvironment, which controls the regulation of HIF activation and of other
transcriptional regulators of immunity and inflammation.

In mammals, oxygen is the terminal electron acceptor of the electron transport chain (ETC)
and as such is essential for oxidative phosphorylation (OXPHOS) and cell survival. In
respiring cells, the maintenance of bioenergetic homeostasis requires a constant supply of
molecular oxygen4. Hypoxia arises when the oxygen requirements of a cell exceed the
vascular supply, and if it is sustained, it can lead to a metabolic crisis that is ultimately lethal
to cells. However, hypoxia is a common feature in a number of physiological immunological
niches, particularly at sites where cell proliferation and consequently metabolic demand are
high. These niches can be considered to be subject to ‘physiological hypoxia’, where a
normally structured tissue maintains controlled and consistent oxygen gradients, which
regulate pathways that are important for controlling physiological processes31516 (BOX 1;
FIG. 1). By contrast, in a number of pathological sites (for example, growing tumours and
ischaemic, infected or chronically inflamed tissues), blood supply and metabolic processes
can be disrupted, which can lead to the tissue being exposed to unstructured and chaotic
oxygen gradients. This exposure can contribute to hypoxia that is typically more severe than
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that found in physiological immunological niches and that may provoke pathophysiological
responses, such as inflammation and cell death, thus contributing to disease
development!’-20 (BOX 2; FIG. 2). Therefore, hypoxia is a common microenvironmental
feature of both physiological and pathological immunological niches. Because of the
importance of oxygen for cell survival, it is perhaps not surprising that over the course of
evolution, metazoans have evolved mechanisms for sensing oxygen levels in the cellular
microenvironment and eliciting appropriate adaptive responses#21. Adaptation to hypoxia
is dependent upon the capacity of a cell to elicit a transcriptional response. In physiological
and pathological immunological niches, it is likely that many of the same pathways
contribute to the regulation of the immune response by hypoxia. The degree and the
temporal and spatial pattern of activation of these pathways is crucial for determining the
overall impact of hypoxia on immunity and inflammation. In this Review, we discuss our
developing understanding of the central role of hypoxia in the regulation of immune cell
function in different immunological niches. We discuss the importance of the temporal and
dynamic nature of the hypoxic stimulus in immune cell function and the consequences of
this stimulus for immunity and inflammation. Furthermore, we outline the implications of
immunological niche hypoxia for the provision of effective immunity in a healthy host or the
development of tissue damage during chronic inflammation and immune-related disease.

Transcriptional responses to hypoxia

Hypoxia elicits a profound change in gene transcription. Multiple transcription factors can
respond to hypoxia and induce or repress genes, which leads to the initiation of an adaptive
transcriptional response?2. Chief among these is hypoxia-inducible factor (HIF), which has
been termed a ‘master regulator’ of the metazoan adaptive response to hypoxia23-2. HIF is
a dimeric transcription factor that comprises an a subunit (HIFa, the stability of which is
oxygen-dependent) and a constitutively expressed p-subunit (HIF1p). Under conditions
where sufficient oxygen is available to a cell to satisfy and exceed metabolic demand
(normoxia), HIFa subunits are synthesized at a high rate but rapidly targeted for ubiquitin-
dependent proteasomal degradation by the E3 ubiquitin ligase termed von Hipple-Lindau
disease tumour suppressor (pVHL). The degradation of HIFa subunits in normoxia is
dependent upon the availability of non-mitochondrial oxygen2.

The oxygen-dependent mechanism by which HIFa is targeted for pVHL-dependent
degradation is well understood and has been expertly reviewed elsewhere?’:28 (FIG. 3).
Briefly, a family of oxygen- dependent dioxygenases termed prolyl hydroxylase domain
(PHD) enzymes and an asparagine hydroxylase, termed factor inhibiting HIF (FIH), repress
HIFa in normoxia through a combination of targeted degradation and transcriptional
repression?8. In hypoxia, these hydroxylases are inhibited owing to the lack of available non-
mitochondrial oxygen. This inhibition leads to the stabilization and derepression of HIF,
which then activates a transcriptional programme that is directed towards adaptation to
hypoxia. Interestingly, recent work has identified that HIF stability may also be controlled
by the lysosomal degradation pathway in an oxygen-independent manner2%-31, Furthermore,
it is also now clear that a number of the products of metabolism, including 2-oxoglutarate, 2-
hydroxyglutarate, succinate and reactive oxygen species (ROS), can also exert control over
the HIF pathway32-36 (FIG. 3). Therefore, in addition to acting as sensors of available
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oxygen levels, HIF hydroxylases have a wider role as sensors that detect the metabolic status
of a cell. There are two major transcriptionally active isoforms of HIF that have been
described, termed HIF1 and HIF2, which are involved in the activation of gene expression.
These factors contain, along with the HIF1p subunit, either a HIF1la or HIF2a subunit and
have distinct but overlapping target gene sets37:38, A third HIFa subunit termed HIF3a has
been reported to have both positive and negative effects on hypoxia-dependent gene
expression3®,

HIF1 is ubiquitously expressed, whereas HIF2 shows more tissue-specific expression
patterns but is expressed in a number of immune cell subtypes, including macrophages,
neutrophils and lymphocytes®0. The expression and role of HIF3 in immune cells is unclear.
General cellular processes that are regulated by HIF include metabolism (HIF1 promotes
glycolysis and represses OXPHOS), angiogenesis (HIF1 and HIF2 promote vascular
endothelial growth factor (VEGF)-dependent angiogenesis) and survival (HIF1 and, to a
lesser extent, HIF2 have been shown to regulate cell survivall). Furthermore, a number of
cell type-specific responses to HIF have been described. For example, HIF promotes the
synthesis and secretion of factors that promote a physiological response to hypoxia (such as
the HIF2-dependent production of erythropoietin (EPO) by interstitial renal fibroblasts and
hepatocytes2). In intestinal epithelial cells, HIF1 induces the expression of an epithelial-
specific array of barrier-protective genes, which contribute to gut homeostasis, although
HIF2 has been reported to be associated with the promotion of inflammation#3-45,
Therefore, HIF is a primary regulator of the adaptive transcriptional response to hypoxia.
Notably, HIF is self-regulated by several negative feedback loops in tissues; these include
the upregulation of the HIF hydroxylases PHD2 and PHD3, and microRNAs, which control
HIF expression levels#®. Furthermore, not all transcriptional responses to hypoxia are under
the control of the HIF pathway, and a range of other transcription factors also display
hypoxic sensitivity and can influence the impact of microenvironmental hypoxia on immune
cell function?2. In this Review, we focus on the specific consequences of HIF activation in
immune cells in the context of immunological niches.

HIF modulation of immune cell function

Hypoxia is a common feature of the microenvironment of physiological and pathological
immunological niches. These niches can contain resident immune cells, or immune cells
may be recruited from the oxygen-rich bloodstream. In either case, cells of the innate and
adaptive immune system are commonly exposed to hypoxia, raising the possibility that HIF
plays a role in their regulation. Importantly, studies using mouse models in which either
HIF1 or HIF2 has been deleted in discrete immune cell subpopulations have indeed shown
that HIF is a crucial regulator of innate and adaptive immunity. HIF has cell type-specific
roles, which have a profound impact on immune cell gene expression and downstream
effector function. The specific functions of HIF in individual immune cell types has been
recently reviewed and will be discussed only briefly here (reviewed in REFS 11,12). In
neutrophils, HIF has a key role in the regulation of lifespan, antimicrobial peptide
production and apoptosis®’48, By contrast, in macrophages, HIF regulates M1 and M2
polarization, motility, bactericidal activity and tumour development*&:4, In dendritic cells
(DCs), HIF modulates survival, migration, antigen presentation, interferon synthesis and

Nat Rev Immunol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor and Colgan

Page 6

differentiation®%:51, Similarly, in T cells, HIF is important for the regulation of not only
survival and differentiation but also proliferation and antitumour capacity33. In B cells, HIF
also regulates survival, in addition to development and antibody processing®2. Finally, in
intestinal epithelial cells (a key innate immune cell), HIF modulates ion transport,
antimicrobial peptide production and barrier function4-5354, Although the focus of the
current Review is on the role of HIF in regulating immune cell function, it should be noted
that other components of the HIF pathway (including both HIF hydroxylases and pVHL) can
also regulate immune cell function through HIF-independent mechanisms®>—>7. Thus,
substantial evidence now exists to support a role for HIF as a major regulator of innate and
adaptive immune cell function, and HIF should therefore be considered as a central
transcriptional regulator of immunity.

The mechanism by which HIF regulates immune cell function is an area of active research;
however, some clear themes have recently evolved. A primary mechanism by which HIF
regulates immune cell function appears to be through the control of cellular metabolism®8. It
is known that the metabolic strategy that an immune cell adopts in any given
microenvironment can determine the immune effector function of that cell>9:60, Thus,
oxygen availability, which regulates HIF activity, may have a substantial impact on immune
cell function. For example, HIF has been demonstrated to increase the rate of glycolysis
through the transcriptional upregulation of glycolytic gene expression®1. An increased rate
of glycolysis is, in turn, associated with the activation of a number of immune cell types, for
example, macrophages, DCs, T cells and B cells®8. Immune cell function can also be altered
in response to changes in other metabolic pathways influenced by HIF activity, including the
tricarboxylic acid cycle, fatty acid oxidation, the pentose phosphate pathway, fatty acid
synthesis and amino acid metabolism (the link between immunity and metabolism, termed
immunometabolism, has been reviewed in REF. 60).

In summary, immune cells frequently encounter hypoxia in both physiological and
pathological states, which leads to the activation of HIF in immunological niches. By
altering the metabolic strategy of immune cells, HIF has an important role in controlling
effector function and the downstream development of inflammation and/or immunity. Of
note, the reverse is also true, as increased immunological activity is associated with
increased HIF signalling. The products of inflammation, which include cytokines,
chemokines, ROS, nitric oxide and others, influence the activity of the HIF pathway.
Therefore, an intimate and complex level of communication between metabolic and immune
pathways determines immune cell function, and HIF is integral to this process®? (BOX 3).

Box 3
Hypoxia—inflammation signalling crosstalk

Hypoxia and inflammation are co-incidental events in a diverse range of pathological
immunological niches, which include chronically inflamed and ischaemic tissues. In
these niches, tissue hypoxia leads to activation of the hypoxia-inducible factor (HIF)
pathway, which is a major transcriptional regulator of immune cell effector function (see
the figure). The nuclear factor-xB (NF-xB) pathway is also of key importance in the
transcriptional regulation of immunity and controls multiple aspects of immune cell
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function. NF-xB is strongly activated by inflammatory stimuli, such as cytokines or
bacterial products, but also demonstrates sensitivity to hypoxia; this sensitivity provides a
second mechanism by which hypoxia regulates inflammatory gene expression in
pathological immunological niches. Interestingly, the same hydroxylases that regulate
HIF also confer hypoxic sensitivity upon the NF-xB pathway through the oxygen-
dependent hydroxylation of key components, which include IKKB143 and ankyrin repeat
domain-containing proteins such as p105 (also known as NFKB1) and 1xBa 144,
Furthermore, extensive crosstalk exists between the HIF and NF-xB pathways. For
example, increased canonical NF-xB activity that is driven by cytokines or bacterial
products promotes the transcription of HIF1la mRNA, thus promoting HIF activity under
conditions of chronic inflammation. Other signalling mediators that are elevated by tissue
inflammation, which include immunometabolites (for example, S-2-hydroxyglutarate),
gasotransmitters (for example, nitric oxide (NO) and H5S) and reactive oxygen species
(ROS) (for example, hydrogen peroxide) also regulate HIF activity in immune cells,
thereby contributing to the regulation of immunity and inflammation. Crosstalk also
exists between HIF and cyclic AMP-responsive element-binding protein (CREB) in the
regulation of MHC class | activation4®. HIF also regulates the balance between T helper
17 cells and regulatory T cells by binding to the transcription factor forkhead box P3
(FOXP3)146 and the FOXP3 promoterl4?. Therefore, in pathological niches, there exists
an extensive level of crosstalk between hypoxic and inflammatory pathways. FIH, factor
inhibiting HIF; p300, histone acetyltransferase p300; PHD, prolyl hydroxylation domain.
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Niche features that shape the HIF response

Although it is clear that hypoxia, via HIF signalling, is a key regulator of immune cells, the
impact on cell function is cell type-dependent. How the activity of HIF regulates functional
immunity and/or inflammation in various immunological niches is probably dependent upon
the temporal, spatial and dynamic nature of the hypoxic stimulus and the immune cell types
present. Furthermore, other microenvironmental factors also contribute to shaping the HIF
response and, consequently, the ultimate immunological outcome. Below, we discuss aspects
of the immunological niche microenvironment that shape the nature of the HIF response and
thereby influence the impact of hypoxia on immunity.
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Similar to all other transcription factors, the dynamics and degree of activation of HIF in a
given cell type will determine the impact upon gene expression and, consequently, immune
cell effector function. Therefore, the HIF response is a temporally dynamic response with
multiple inputs, rather than a binary switch. It is clear that microenvironmental hypoxia
regulates the activity of HIF, which in turn modulates immune cell activity. However, the
consequences of hypoxia for the immune response in a specific tissue depend on the nature
of the hypoxic stimulus and various other niche features. Together, these features will
determine the dynamic and temporal profile of the HIF response, which will in turn dictate
the genes that are transcribed and the eventual downstream immune cell effector function.
With this in mind, a number of key micro-environmental features of physiological and
pathological immunological niches are discussed below.

The temporal and spatial nature of the oxygen gradient

Physiological oxygen gradients are typically ordered and sustained. For example, a
controlled oxygen gradient is sustained in the intestinal mucosa by the juxtaposition of the
rich capillary network of the mucosal vasculature (which supplies the mucosa with oxygen)
with the anoxic lumen of the gut. Furthermore, in the light zones of germinal centres (GCs),
the consumption of oxygen during lymphocyte—-DC matching dictates the controlled oxygen
gradient, which in turn controls B cell function®2. Despite this, fluctuations in physiological
oxygen gradients can occur. For example, the levels of mucosal oxygen increase
substantially following the consumption of a meal, when mucosal blood flow is considerably
increased. In addition, GC oxygen levels drop during the clonal expansion of B cells, which
occurs following the presentation of a receptor-specific antigen®2. These changes can be
considered physiological fluctuations in tissue oxygen levels.

In contrast to the controlled nature of the hypoxic gradient found in physiological
immunological niches, in pathological niches (for example, a growing tumour or a
chronically inflamed tissue), oxygen gradients tend to be more chaotic and intermittent.
These unstable gradients can result in the unpredictable regulation of oxygen-sensitive
transcriptional pathways, such as the HIF pathway®3:64. Notably, the range of patterns of
hypoxic exposure that may be found in pathological immunological niches is likely wide.
For example, in some growing tumours, irregular blood flow may cause an intermittent and
variable pattern of hypoxic exposure®3. By contrast, during established chronic inflammation
such as the mucosal inflammation seen in inflammatory bowel disease (IBD), the pattern of
hypoxia may be more uniform and sustained. Notably, intermittent hypoxia tends to promote
increased inflammatory responses compared with sustained hypoxia®%:66. Therefore, the
spatial and temporal nature of the pattern of hypoxia in a particular niche may dictate the
degree of HIF activation and consequently the downstream effects on immune cell function.

The degree of hypoxia

Depending upon the balance of oxygen supply and demand in a given immunological niche,
the degree of hypoxia to which immune cells are exposed can vary, which results in differing
downstream gene expression profiles. For example, in the physiological state, the intestinal
mucosa experiences partial pressure of Os (0o2) values that, although hypoxic, are
substantially higher than those experienced in chronically inflamed mucosal®. Furthermore,
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in a growing tumour, the degree of hypoxia experienced by immune cells is dependent upon
the size and structure of the tumour. The degree of hypoxia will determine the degree of HIF
activation in immune cells and thus will determine downstream changes in tumour
immunity. Furthermore, in severe hypoxia, the lack of available oxygen contributes to a
bioenergetic crisis within cells, which in turn can lead to cellular necrosis. This necrosis
promotes inflammatory processes in a nonspecific manner through the release of
intracellular contents into the surrounding space. In summary, the degree of hypoxia
experienced in a given immunological niche will determine the extent to which HIF is
activated in immune cells and consequently the downstream effect on immune cell function.

The presence of inflammatory mediators

The presence of cytokines and other immune mediators, such as immunometabolites, in an
immunological niche can have a profound modulatory effect upon the profile of the HIF
response in immune cells. Immunometabolites are products of metabolism, for example,
succinate, 2-oxoglutarate and 2-hydroxyglutarate, which can alter the immune response
through HIF33.80.62 n addition to being sensitive to oxygen and metabolite levels within a
cell, the HIF pathway can be regulated at the transcriptional level by cytokines or other
inflammatory stimuli through the nuclear factor-xB (NF-xB) pathway, which is a pro-
inflammatory pathway that is under the control of immunological mediators67:68. The
increased presence of inflammatory mediators in chronically inflamed tissues or tumours has
been well documented®®:70, These inflammatory mediators may impact the nature of the HIF
response. Furthermore, the presence of bacterial ligands, such as lipopolysaccharide (LPS),
in infected tissues is detected by Toll-like receptors, which can also positively regulate HIF
expression at the mRNA level via the NF-xB pathway’?. It is possible that the specific
profile of cytokines or bacterial products present in an inflamed or infected tissue can dictate
the niche-specific impact on HIF expression. Therefore, the presence of inflammatory
mediators, including cytokines and bacterial products, can promote inflammation that will
substantially impact the level of HIF activity in immune cells and may consequently alter the
effector function of these cells.

Oxidative stress regulates HIF activation

In healthy tissues in the physiological state, ROS that are produced by the mitochondrial
ETC are neutralized by effective intracellular antioxidant systems, such as the presence of
reduced glutathione’2. Therefore, in physiological immunological niches, oxidative stress is
unlikely to be regularly encountered. However, under stressed, pathological conditions, such
as those found in inflamed and infected tissues, the production of ROS is elevated and
endogenous antioxidant defence mechanisms may be saturated, leading to oxidative stress.
ROS have been demonstrated to modulate the HIF pathway36:73.74, However, the mechanism
or mechanisms by which ROS regulate HIF expression and activity are unclear. Therefore,
the presence of oxidative stress in the microenvironment may shape the profile of HIF
activity in immune cells and therefore impact downstream immune effector function.

Gasotransmitters

Although the HIF pathway appears to have evolved to induce an adaptive response to
reduced oxygen levels, it is also clear that other physiological gases with signalling
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properties (gasotransmitters) can also modulate this pathway. Nitric oxide controls HIF
stability, and importantly, the production of this gas increases under inflammatory
conditions26. At high concentrations, nitric oxide inhibits HIF hydroxylases, which leads to
increased HIF activity, whereas lower concentrations of this gas inhibit mitochondrial
oxygen consumption; this inhibition decreases HIF activity as intracellular oxygen is
redistributed from the mitochondria to the oxygen-sensing HIF hydroxylases, such as PHDs
and FIH26.75 We have recently reported that elevated concentrations of carbon dioxide
(CO,), which occur during increased metabolism and dysregulated respiration, can suppress
HIF activity by targeting HIF for lysosomal degradation?®, Recent work has also identified
that hydrogen sulfide (H,S) can also regulate HIF activity’-78. Importantly, all of these
physiological gases have been shown to be altered in pathological states, such as chronically
inflamed or infected tissues or growing tumours. Therefore, the levels of these physiological
gases present in a specific immunological niche will modulate the level of HIF activity and
consequently the metabolic and effector sequelae in immune cells that are present.

Hypoxia in physiological immune niches

As outlined above, the combined effects of hypoxia and multiple other microenvironmental
features determine the overall impact of the immunological niche microenvironment on HIF
activity and downstream immune cell effector function. In turn, these outcomes will dictate
the physiological and/or pathological impacts. The impact of hypoxia in immunological
niches ranges from beneficial physiological responses, for example, improved intestinal
epithelial barrier function, immune cell development and controlled inflammation, to
pathological responses, for example, tumour angiogenesis, cell death, tissue damage and
bioenergetic crisis. The key point is that the degree of HIF activation in specific immune cell
subtypes is dynamically determined by multiple micro-environmental cues, and this
activation will determine the immune effector outcome. To emphasize this point, in the next
section we focus on the nature of hypoxia and its impact on immune cell function in distinct
physiological immunological niches.

Bone marrow

Bone marrow, located in the central cavity of bones, is the primary site of haematopoiesis
(blood cell production and differentiation) during adult life and as such plays a pivotal role
in supplying the adult body with all types of immune cell. Haematopoiesis depends upon the
generation of progenitor cells from a population of pluripotent and self-renewing
haematopoietic stem cells (HSCs)79. Under normal physiological conditions, bone marrow
is hypoxic80, and this hypoxia may be exacerbated during disease, for example, leukaemia82.
The physiological hypoxia in healthy bone marrow has an important role in the maintenance
of HSC homeostasis. It regulates cellular quiescence, metabolism, survival, proliferation and
differentiation, both directly through the regulation of hypoxia-sensitive transcription factors
(for example, HIF in HSCs) and indirectly by stimulating the synthesis and release of
soluble factors from other cell types present (for example, adipocytes and endothelial
cells)82. The exposure of HSCs to hypoxia or pharmacological hydroxylase inhibition
(which activates HIF) promotes HSC quiescence in a HIF-dependent manner83:84, The
mechanism by which hypoxia regulates HSC quiescence, self-renewal and proliferation
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remains an area of considerable investigation; however, some studies indicate that the
mechanism involves HIF1-dependent control of metabolism85:86. Furthermore, hypoxia,
through the HIF pathway, regulates stem cell development in other niches, including the
carotid body87-88, Hypoxia-induced HIF activation also regulates the HSC metabolic
strategy through the promotion of glycolysis and the repression of oxidative metabolism&°.
Removal of HIF1p from HSCs results in a loss of viability in a manner that is dependent
upon the loss of HIF-dependent signalling®C. However, it should be noted that the role of
HIF in HSCs remains controversial, with a different study indicating no role for HIF2a in
HSC maintenance®L. In summary, while controversial, a number of lines of evidence suggest
that physiological hypoxia controls HSC viability and function in bone marrow through the
HIF pathway.

Germinal centres

Placenta

GCs, which are found within secondary lymphoid tissues such as lymph nodes, are the sites
in which mature B cells proliferate, differentiate and undergo mutation in antibody-encoding
genes, thereby allowing the generation of B cell clones, which express a wide range of
antigen-specific receptors. GCs are also the sites at which mature B cells switch their
antibody classes and undergo selection during the normal physiological processes of
immunity. GCs display physiological oxygen gradients, which are important in the
regulation of resident immune cells. The existence of these gradients is exacerbated when B
cell populations are rapidly expanding and oxygen consumption is increased®2:92, It has
recently been demonstrated that the physiological hypoxia experienced in GCs has a role in
determining B cell phenotype and behaviour®292, These studies show that B cell hypoxia in
GCs decreases proliferation and alters immunoglobulin class switching, although the impact
on class switching remains controversial.

The developing placenta is a key site of immunity that provides protection for the
developing fetus while preventing the maternal immune system from attacking the semi-
allogeneic trophoblasts of the fetus%3. As a placenta grows, intra-placental oxygen gradients
are established and HIF becomes activated, even under normal physiological conditions®4.
Interestingly, placental defects are associated with loss or gain of function of HIF in mice%.
Two mechanisms that involve HIF activity and provide immune privilege in the placenta are
immune invisibility (where fetal cells are invisible to the mother’s immune system) and
immune blockade (where the mother’s immune system is blocked in the placenta). The
placenta avoids immune attack mostly through trophoblast expression of the non-classical
class I histocompatibility antigen HLA-G, a HIF1a-dependent gene product that protects
against attack by natural killer cells®>9. Immune blockade in the placenta is provided by
hypoxia-dependent regulation of factors such as programmed cell death 1 ligand 1 (PDL1),
which inactivates or induces cell death in infiltrating T cells®. Notably, PDL1 expression is
under the control of HIF1a97. Therefore, the placenta can also be considered to be a
physiological immunological niche, in which physiological hypoxia contributes to
immunological control.
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It is also known that the fetal microenvironment is relatively hypoxic (compared with adult
tissue) and that the immune system plays a key role in fetal development98-190_ | jttle is
known about the mechanisms by which fetal hypoxia modulates immunity and thus affects
development in this physiological immune niche. However, it is likely that fetal oxygen
levels are important in regulating how the immune system impacts development.

Intestinal mucosa

Recent studies in the gastrointestinal mucosa have provided insight into important shifts in
metabolism that are associated with inflammation1%19, The intestinal mucosa is situated at
the interface of the anaerobic lumen of the gastrointestinal tract and the richly perfused
intestinal vascular bed and lamina propria (the connective tissue layer that lies beneath the
epithelium). An analysis of counter-current blood flow in the intestine has revealed that
oxygen from the arterial supply diffuses to adjacent venules along the crypt-villus axis,
resulting in graded hypoxia from the lamina propria towards the intestinal lumen192, These
anatomic features result in a steep oxygen gradient across the luminal aspect of the tissue
and render intestinal epithelial cells hypoxic, even in the physiological state, which is termed
‘physiological hypoxia’ (REF. 102). Physiological hypoxia in the intestinal mucosa has been
tracked using nitroimidazole dyes, a class of reactive compounds that are metabolized
dependent on the level of tissue oxygenation102103_ Studies using these compounds in the
intestinal mucosa have shown that epithelial cells at the luminal edge of the colon exist
normally at a po> <20 mmHg (REFS 102,104). These observations were supported by
electron paramagnetic resonance oximetry, which was used to image the intestinal
mucosal®. Lumenal po, was shown to decrease proportionally along the length of the small
and large intestine, where measurements in the duodenum, ascending colon and sigmoid
colon were determined to be approximately 30, 10 and 3 mmHg, respectively196.

Notably, the intestinal mucosa exists in a constant state of controlled inflammation (even at
baseline), due to constant exposure to low levels of antigens from the contents of the lumen.
These include components of the intestinal microbiome and non-self peptides derived from
digested food particles. This basal immunological activity is the basis of the development of
oral tolerance. Therefore, the gastrointestinal mucosa is a physiological immunological
niche, in which immune cells are exposed to a combination of hypoxia and immune stimuli,
even in the physiological state. Physiological hypoxia at the intestinal mucosal surface
regulates innate immunity through the promotion of epithelial cell barrier function and the
regulation of resident immune cells15,

Hypoxia in pathological immune niches

Tumours

Hypoxia can also shape immune responses in pathological environments, such as tumours or
inflamed or infected tissue. Next, we discuss the nature of hypoxia and its impact on
immune cell function in distinct pathological immunological niches.

Tumours are one of the best-characterized pathological immunological niches1%7. As
tumours develop, they outgrow the local blood supply, which can lead to a state of profound
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intratumoural hypoxia. Initial studies have focused on the induction of HIF-dependent
proangiogenic factors, such as VEGF, which in turn induces tumour angiogenesis and
promotes tumour development1%8, Furthermore, the vasculature that is induced in tumours
by hypoxia tends to be ‘leaky’ in nature, which provides a route by which tumour cells can
escape the primary tumour, enter the bloodstream and establish metastases!®8. In addition, as
outlined above, HIF is a major regulator of the metabolic switch from OXPHOS to
glycolysis and, as such, can contribute to adaptive metabolism and tumour cell survival
through the promotion of aerobic glycolysis (the Warburg effect; reviewed in REF. 109).

Immune cells are now known to be important in both tumour development and
suppression!10. Immune cells are recruited to tumours from the oxygen-rich bloodstream
and therefore experience a shift to a hypoxic environment. Therapeutic T cell transfer,
termed adoptive immunotherapy, is currently an area of intense investigation and has shown
encouraging clinical results!11, There are multiple possible components that contribute to
successful T cell-based tumour immunity, including innate immune cells. For example, HIF
activity in myeloid-derived suppressor cell (MDSC) interactions with T cells was
demonstrated to have a key role in tumour microenvironment immunity. Although MDSCs
from healthy lymphoid tissues and those from tumours share similar markers, they appear to
harbour vastly different functions. For example, it was recently demonstrated that tumour-
derived MDSCs blocked both antigen-specific and nonspecific T cell responses. By contrast,
normal peripheral organ MDSCs repressed only antigen-specific responses. This difference
was attributed to HIF1-dependent induction of arginase and nitric oxide synthase in MDSCs
within the tumour microenvironment12 Another recent study demonstrated that S-2-
hydroxyglutarate, an immunometabolite elevated in cancer, drives HIF-dependent CD8" T
lymphocyte tumour killing capacity33. In summary, hypoxia in the tumour
microenvironment regulates immune cell effector function, which in turn plays a role in
tumour development.

Inflammation

The hallmarks of acute inflammation include the accumulation of large numbers of
neutrophils and fundamental shifts in tissue metabolism?°. These studies have suggested an
important role for increased oxygen metabolism and the resultant hypoxia, which is termed
‘inflammatory hypoxia’. As such, sites of acute inflammation represent pathological
immunological niches. Inflammatory hypoxia results from a combination of oxygen
consumption by migrating inflammatory cells (for example, monocytes and neutrophils),
local cell proliferation and the consumption of oxygen through activation of oxygenases (for
example, oxidases, monooxygenases and dioxygenases) that are expressed in multiple cell
types in the inflammatory micro-environment®. The role of hypoxia in acute inflammation
can be somewhat tissue-specific. For example, in the lung, neutrophils (the survival of which
is increased by hypoxia) may contribute fundamentally to lung injury13. Furthermore,
antimicrobial factors that are released by activated neutrophils appear to be highly toxic to
pulmonary epithelial cells and can result in bystander tissue damage. The activity of 5 -
AMP-activated protein kinase (AMPK) may be central to these mechanisms, as it was
recently shown that administration of an AMPK activator (metformin) could protect mice in
a model of sepsis-induced lung injury. This protection was thought to be mediated by a
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mechanism that includes decreased neutrophil accumulation, attenuated HIF1 signalling and
decreased epithelial permeability in the lung14.

By contrast, studies in the intestinal mucosa have revealed an essential role for neutrophils
and a hypoxic microenvironment in the resolution of inflammation®1®, Initial studies
examined gene expression changes, termed ‘transcriptional imprinting’, in the epithelium by
transmigrating neutrophils. This analysis revealed a prominent induction of epithelial HIF
target genes elicited by active migration of neutrophils and the consumption of large
amounts of local oxygen by neutrophil-derived NADPH oxidase. Ironically, the environment
generated by this activity promotes inflammatory resolution. HIF target genes induced
within the epithelium were shown to be barrier-protective, and depletion of neutrophils in
this setting resulted in exacerbated tissue damage during colitis. These studies were also
validated in human patients, where human IBD biopsy samples containing neutrophilic crypt
abscesses strongly correlated with expression of the HIF target gene GLUTI. Notably,
patients who lack a functional NADPH oxidase (an enzyme that generates superoxide in
neutrophils, which is lacking in chronic granulomatous disease) often present with an IBD-
like syndromel16. Thus, the acute inflammatory setting, characterized by the accumulation
of oxygen-consuming neutrophils, represents a pathological immunological niche that
experiences profound levels of hypoxia.

Tissue hypoxia in chronically inflamed tissues can be either pro-inflammatory or anti-
inflammatory depending on cell type and context. For example, in IBD, the depth and degree
of hypoxia experienced in the intestinal mucosa dramatically increases. This effect may be
due to the increased metabolic demands triggered by inflammation and diminished vascular
supply resulting from inflammation-induced vascular dysfunction, which can ultimately lead
to tissue fibrosis!’. Intestinal epithelial cell hypoxia leads to barrier protection through
mechanisms that involve multiple HIF target genes, which are expressed in epithelial cells**.
Alternatively, in mucosal immune cells, hypoxia can promote immune cell activity and
survival through HIF activation. In summary, hypoxia has a complex role in inflammation,
but notably, multiple studies have now demonstrated that the net effect of pharmacological
HIF activation through hydroxylase inhibition is profoundly anti-inflammatoryl1,

Bacterial infections

Tissues that have been infected with pathogenic bacteria are frequently found to be hypoxic
and demonstrate elevated levels of HIF activity!18-120, This increase may be due to a
number of factors, including bacterial oxygen consumption, the formation of oxygen-
impermeable biofilms and inflammation-associated hypoxial2C. For example, in cystic
fibrosis patients, Pseudomonas aeruginosais a common opportunistic pathogen that
frequently exists in a hypoxic microenvironment!2L, Through the regulation of immune cell
survival and effector function, hypoxia can have beneficial effects in 2 aeruginosa
infection122. Interestingly, hypoxia is also important in regulating bacterial behaviour in the
microenvironment of an infection. Exposure to hypoxia reduces virulence and infection and
increases the development of drug resistance in 2 aeruginosa, events that support chronic
infection123124_ Recent evidence has also suggested a possible role for bacterial
hydroxylases in the regulation of bacterial virulence in 2. aeruginosain hypoxial2>,
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Therefore, at sites of infection, hypoxia can regulate both host immunity and pathogen
virulence and consequently impact disease progression.

Tissue ischaemia occurs when the blood flow to a tissue is disrupted, which causes the tissue
to become oxygen-deprived and nutrient-deprived and is associated with some common
causes of global morbidity and mortality, such as myocardial infarction and stroke.
Inflammation is thought to contribute to the tissue damage that is associated with ischaemic
disease?0. Ischaemia is also intimately associated with tissue hypoxia. Recent work has
suggested a role for HIF in the regulation of inflammatory tissue damage that is associated
with ischaemic disease in the brain and kidney126-128,

Targeting the HIF pathway

As described above, microenvironmental hypoxia is a key feature of several immunological
niches and may contribute to the development of host immunity and inflammatory disease in
a context-dependent manner. Therefore, interfering with the HIF response may be a potential
therapeutic approach for the control of immune-related disorders3129, A number of
pharmacological options for interference with the HIF pathway exist. The best developed of
these are the hydroxylase inhibitors, which activate the HIF pathway through the inhibition
of HIF hydroxylation130, Hydroxylase inhibitors have recently been shown to elevate EPO
levels and haematocrit, two markers of positive prognosis in patients suffering from chronic
kidney disease-associated anaemial3L. Therefore, activating HIF represents an alternative to
the administration of recombinant EPO, which can be associated with a number of side
effects in some patients. In these studies, hydroxylase inhibitors were well tolerated by
patients and proved beneficial in improving outcomes in anaemial3l, Other potential
pharmacological approaches include HIF inhibitors. Indeed, recent developments have seen
the emergence of HIF2a-specific inhibitors, which have shown some efficacy in the
treatment of renal cancers32.133, However, the pharmacological effects of HIF2a-specific
inhibitors in immunity and inflammation remain largely unknown.

In terms of inflammatory disease, a number of pre-clinical studies have now demonstrated
that hydroxylase inhibitors are effective in reducing inflammation11134 (TABLE 1). This
effectiveness has been demonstrated in models of IBD, renal transplant and renal ischaemia.
In animal models of pulmonary £, aeruginosa infection, the administration of hydroxylase
inhibitors provides protection123. Hydroxylase inhibitors are also protective against sterile
sepsis, which has been induced by administering LPS to mice. However, hydroxylase
inhibitors exacerbate the lethal effects of bacterial sepsis induced by caecal ligation and
puncture, which gives rise to bacterial sepsist3°. The impact of specific pharmacological
HIF inhibitors on inflammation and immunity in patients is currently unknown but is an area
of potentially high therapeutic relevance.

A key function of the immune system is tumour surveillance and the destruction of
transformed cells within the body; this function is carried out predominantly by cytotoxic T
cells. Recent evidence suggests that HIF plays a role in the promotion of tumour killing
capacity33. In summary, our understanding of the clinical potential of pharmacological
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interference of the PHD-FIH-HIF pathway is in its infancy but represents an exciting future
area of clinical research, especially for immune-related disorders.

Perspective

The recent explosion in available information on the impact of hypoxia and the HIF pathway
on immune cell function has identified this pathway as a possible therapeutic target for
diseases including chronic inflammation, infection and autoimmunity. The recent use of
hydroxylase inhibitors such as Roxadustat (FibroGen, USA), Daprodustat (GSK1278863)
and Vadadustat (Akebia Therapeutics, USA) in chronic kidney disease-associated anaemia
suggests that these drugs could have a potential use in immune-related diseasel36-138,
Although much of our understanding of the physiology and therapeutic potential of the HIF
pathway has been derived from preclinical studies, the information obtained from these
clinical trials will give information on the /7 vivo human pharmacology of reagents that
target HIF. However, several factors should be considered to maximize the therapeutic
potential of repurposing these drugs for inflammatory disease. First, in order to achieve
tissue-specific effects without inducing systemic responses (such as unwanted
erythropoiesis), the targeted delivery of drugs to niches should be considered. Recent
approaches to this have been used in models of IBD39, Furthermore, the development of
specific reagents, including isoform-specific PHD inhibitors or selective HIF1 versus HIF2
inhibitors, will improve the therapeutic potential of interfering with this pathway.

One concern regarding the clinical use of hydroxylase inhibitors is the potential for the
promotion of pre-existing tumour growth via the promotion of angiogenesis. However, to
date, there is limited evidence for a tumour-promaoting role in animal models. By contrast,
substantial evidence exists that they effectively raise serum EPO levels, an effect that may
contribute to unwanted erythropoiesis in non-anaemic patients. Therefore, it would be
attractive to develop targeted delivery systems for the administration of hydroxylase
inhibitors to avoid pro-erythropoietic side effects in non-anaemic conditions. In addition to
the gastrointestinal drug delivery systems outlined above, there is potential for the topical
application of hydroxylase inhibitors to the skin or inhalation delivery systems in the lung;
these may represent future delivery systems for organ-specific inflammatory disease.
Furthermore, more sophisticated approaches to drug delivery, such as surface antigen-
directed delivery systems, may be required to target drugs to specific immune cell subtypes.

In summary, these are exciting times for our rapidly developing understanding of the role of
hypoxia in regulating immunity and inflammation in immunological niches. Given the clear
evidence that hypoxia-sensitive pathways are key regulators of immune cell function,
combined with the evidence for patient tolerance and clinical efficacy of hydroxylase
inhibitors, it is likely that the impact of these drugs on inflammatory disease will be an area
of important clinical research in the near future.
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Microenvironmental features
Physiochemical conditions found within a specific niche or tissue.

Hypoxia
The condition that arises when cellular oxygen demand exceeds supply.

Electron transport chain (ETC)
Primary eukaryotic system for the reduction of molecular oxygen and the generation of ATP.
Located within mitochondria.

Oxidative phosphorylation (OXPHOS)
The generation of cellular ATP using energy derived from electron transport during aerobic
respiration.

Lysosomal degradation pathway
A mechanism of intracellular protein degradation that involves proteolysis in lysosomal
compartments.

Glycolysis
The utilization of glucose to generate ATP.

Physiological angiogenesis
The normal growth of blood vessels in healthy tissues.

Carotid body
Small organelle situated at the bifurcation of the carotid artery responsible for sensing blood
oxygen levels and regulating the respiratory rate.

Semi-allogeneic trophoblasts
Fetal cells that express both maternal and paternal surface antigens.

Crypt-villus axis
Structure at the mucosal surface of the small intestine.

Erythropoiesis
The process by which red blood cell production is controlled. Involves the release of
erythropoietin from cells of the kidney and liver.
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Figure 1. Hypoxia in physiological immunological niches
The microenvironment of several physiological immunological niches is characterized by

consistent and sustained oxygen gradients that lead to areas of stable physiological hypoxia.
Depending on the tissue, the determinants of physiological oxygen gradients are varied. In
these niches, physiological hypoxia regulates immune homeostasis through the control of
resident immune cells. EPO, erythropoietin; HSC, haematopoietic stem cell.
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The microenvironment of pathological immunological niches is frequently characterized by

chaotic and severe oxygen gradients that lead to areas of pathological hypoxia. Depending
on the tissue, the determinants of pathological hypoxia are varied. In these niches,

pathological hypoxia can drive immune cell dysfunction, which contributes to disease
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progression. This dysfunction may lead to the promotion of tumour growth, ischaemia,

inflammation and a worse outcome in infection. PMN, polymorphonuclear neutrophil.
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Figure 3. The HIF pathway
Under conditions of normoxia, the majority of cellular oxygen consumption occurs in the

mitochondria during the generation of ATP through oxidative phosphorylation, although
some spare non-mitochondrial oxygen is available. Non-mitochondrial oxygen is utilized by
hypoxia-inducible factor (HIF) hydroxylase enzymes to hydroxylate HIFa, resulting in its
repression through targeted ubiquitylation by the E3 ubiquitin ligase von Hipple-Lindau
disease tumour suppressor (pVHL), which results in proteasomal degradation and
transcriptional repression by factor inhibiting HIF (FIH) (left side). In hypoxia, the absence
of non-mitochondrial oxygen results in hydroxylase inhibition, the derepression of HIF and
the activation of an adaptive transcriptional response (right side). CBP, CREB-binding
protein; HRE, hypoxia response element; p300, histone acetyltransferase p300; PHD, prolyl
hydroxylation domain; po», partial pressure of oxygen; Ub, ubiquitin.
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Table 1

Anti-inflammatory effects of pharmacological hydroxylase inhibition

Model Hydroxylase inhibitor Refs
DSS-induced colitis DMOG 148-150
TNBS-induced colitis FG4497 151
TNFAARE ileitis DMOG 152
Clostridium difficile toxin DMOG 153
Intestinal ischaemia-reperfusion DMOG 154
Indomethacin DMOG 155
TNBS-induced colitis AKB4924 115,156,157
Intestinal radiation injury DMOG 158
TNBS-induced colitis Rosmarinic acid 159
TNBS- and DSS-induced colitis TRC160334 160
LPS-induced sepsis DMOG 135
Ischaemic kidney injury TRC160334 161
Renal transplant FG4497 162
Pseudomonas aeruginosa infection  DMOG 123
Intestinal fibrosis DMOG 163

DMOG, dimethyloxalylglycine; DSS, dextran sulfate sodium; LPS, lipopolysaccharide; TNBS, 2,4,6-trinitrobenzenesulfonic acid; TNFAARE,
targeted disruption in the tumour necrosis factor (TNF) AU-rich element.
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