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Abstract

Sites of inflammation are defined by significant changes in metabolic activity. Recent studies have
suggested that O, metabolism and hypoxia play a prominent role in inflammation so-called
“inflammatory hypoxia,” which results from a combination of recruited inflammatory cells (e.g.,
neutrophils and monocytes), the local proliferation of multiple cell types, and the activation of
multiple O,-consuming enzymes during inflammation. These shifts in energy supply and demand
result in localized regions of hypoxia and have revealed the important function off the transcription
factor HIF (hypoxia-inducible factor) in the regulation of key target genes that promote
inflammatory resolution. Analysis of these pathways has provided multiple opportunities for
understanding basic mechanisms of inflammation and has defined new targets for intervention.
Here, we review recent work addressing tissue hypoxia and metabolic control of inflammation and
immunity.
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INTRODUCTION

The inflammatory response is associated with profound shifts in tissue metabolism (1).
These changes emanate from increased O, consumption, the generation of large quantities of
reactive O, intermediates, and the local depletion of nutrients, resulting in profound tissue
hypoxia (2). A number of recent studies have revealed that changes in tissue oxygenation are
compounded by the recruitment of innate immune cells such as neutrophils, also known as
polymorphonuclear leukocytes (PMN), and macrophages. Because the majority of
inflammatory cells are recruited to inflammatory lesions, these cell types have the potential
to substantially enhance ongoing metabolism and even shift metabolic demand beyond what

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the
objectivity of this review.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colgan et al.

Page 2

can be provided by existing resources (3). Adaptive immunity, in contrast to innate
immunity, is characterized by high rates of local T and B cell proliferation and has
significantly different metabolic demands (4, 5). It is important to understand the
interactions between metabolic changes in the local milieu [e.g., glucose, O,, and adenosine
triphosphate (ATP)] and metabolic triggers and energy for immune cell recruitment/
activation in these areas. Much recent evidence also suggests that metabolic shifts associated
with ongoing inflammation and immunity may serve as important therapeutic targets.

Studies in the mucosa have provided important insight into metabolic demands associated
with inflammatory responses. The gastrointestinal (GlI) tract, for example, is characterized
by a particularly unique oxygenation profile, experiencing profound fluctuations in blood
perfusion at regular intervals (2). Even at baseline, epithelial cells lining the mucosa exist in
a relatively low O, tension environment, herein described as “physiological hypoxia.”
Countercurrent O, exchange mechanisms in the small intestine have revealed that O, from
the arterial blood supply diffuses to adjacent venules along the cryptvillus axis, resulting in
graded hypoxia (6). A steep O, gradient has also been documented in more distal, colonic
regions of the Gl tract, extending from the anaerobic lumen, across the epithelium, and to
the richly vascularized subepithelial mucosa (7). Given the high energy requirements of the
gut and the integral role of the epithelium in maintaining intestinal homeostasis, it is not
surprising that these cells have evolved a number of mechanisms to cope with their austere
metabolic environment. Here, we discuss how such metabolic shifts are regulated,
particularly with regard to changes associated with the inflammatory response.

O, METABOLISM IN HEALTHY AND INFLAMED TISSUES

Mucosal tissue oxygenation in the healthy state is a lesson in contrasts. Breathable air at sea
level contains a partial O, pressure (pO,) of ~145 mm Hg (approximately 21% O,).
Measurements of the healthy lung alveolus have revealed a pO5 of 100-110 mm Hg (8). In
stark contrast, the most luminal aspect of the healthy colon exists at a pO, of less than 20
mm Hg (7, 9). Such differences reflect a combination of O, sources, local metabolism, and
the anatomy of blood flow (Figure 1).

Tissue oxygenation, particularly low O, has been tracked through the use of 2-
nitroimidazole dyes, a class of compounds known to undergo intracellular metabolism
dependent on levels of tissue oxygenation (10). These dyes were originally developed to
image the low-0, environment of growing tumors and to form adducts with thiol groups in
proteins, peptides, and amino acids, where all atoms of the ring and side chain of the 2-
nitroimidazole are retained at pO, < 10 mm Hg (Figure 1). Mucosal tissue localization of
these nitroimidazole dyes has revealed two profound observations. First, in the normal Gl
mucosa, particularly in the colon, physiological hypoxia pre-dominates (9) (Figure 1).
Recent studies have shown that these low-O, conditions are critical for the constitutive
expression of certain innate immune factors found within the mucosa (e.g., human
defensin-1) (11). Second, the inflammatory lesions seen in mouse models [e.g.,
trinitrobenzene sulfonic (TNBS) colitis] are profoundly hypoxic or even anoxic, like some
large tumors, and penetrate deep into the mucosal tissue. It is likely that multiple
contributing factors (e.g., vasculitis, vasoconstriction, edema, and increased O,
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consumption) predispose the inflamed intestinal epithelia to decreased O, delivery and
hypoxia (9). Although these 2-nitroimidazole compounds have not been used to image
inflammatory lesions per se, they have shown significant clinical utility in tumor imaging
and in the identification of stroke regions within the brains of patients (12). As opposed to
other imaging techniques, these compounds have the advantages that they image only viable
tissue and are not active within apoptotic or necrotic regions (13). Studies are under way to
use these compounds as adjunct radiosensitizers for enhancing chemotherapy targeting (14).

Given the substantial shifts in metabolism and O, availability during inflammation, a
number of studies have shown that stabilization of hypoxia-inducible factor (HIF) under
low-O5, conditions triggers the expression of genes that enable epithelial cells to function
effectively as a barrier (15-18). HIF is a member of the Per-ARNT-Sim family of basic
helix-loop-helix transcription factors and is considered one of the central regulators of
overall tissue metabolism (19). HIF stabilization is dependent upon stabilization of an O,-
dependent degradation domain expressed on the a-subunit and subsequent nuclear
translocation to form a functional complex with HIF-1p and cofactors such as CREB-
binding protein and its ortholog p300 (20). Under conditions of normal O, supply, iron- and
Oo—dependent hydroxylation of two prolines (Pro564 and Pro402) within the O,-dependent
degradation of HIF-a initiates the association with the von Hippel-Lindau tumor suppressor
protein and rapid degradation via ubiquitin-E3 ligase proteasomal targeting (21, 22). A
second hypoxic switch operates in the carboxy terminal transactivation domain of HIF-a,
where hypoxia blocks the hydroxylation of Asp80, thereby facilitating the recruitment of
CBP/p300 (23).

The spectrum of basal oxygenation within individual tissues is immense. Given the steep O,
gradient due to countercurrent blood flow, colonic and renal medullary epithelia exist at very
low pO, (24). These cells have proven to be remarkably resistant to hypoxia; even very low
levels of oxygenation allow them to function normally (25, 26). The importance of HIF to
epithelial function was originally shown by microarray analysis of intestinal epithelial cells
cultured under low-O, conditions (pO, ~ 20 mm Hg) (15). These studies have subsequently
been validated in animal models of intestinal inflammation (9, 27-31) and in observations of
inflamed human tissues (32—34). Interestingly, many of the functional proteins encoded by
HIF target genes localize to the most luminal aspect of the polarized epithelium—including
mucins (35) and molecules that modify mucins [e.g., intestinal trefoil factor (36)],
xenobiotic clearance by P-glycoprotein (16), and nucleotide metabolism/signaling (by
ecto-5"-nucleotidase and CD73) (17, 18). Molecular studies of these hypoxia-regulated
pathways have shown a dependence on HIF-mediated transcriptional responses. Extending
these original studies to the in vivo setting, Karhausen et al. (9) generated mice expressing
either mutant Hifla (causing constitutive repression of H/f1a) or mutant von Hippel-Lindau
(causing constitutive overexpression of HIF) targeted to the intestinal epithelial cells. Loss of
epithelial HIF-1a resulted in a more severe colitic phenotype than is expressed by wild-type
animals, with increased weight loss, decreased colon length, and, importantly, increased
intestinal permeability. Conversely, constitutively active intestinal epithelial HIF was
protective for each of the parameters studied. These findings were model dependent, given
that epithelial HIF-based signaling has also been shown to promote inflammation in another
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study (31). However, the results confirmed that intestinal epithelial cells can adapt to
hypoxia and indicated that HIF may contribute to such adaptation.

ENERGY METABOLISM DURING INFLAMMATION

05 is central to most metabolic processes but figures most prominently in the generation of
energy though oxidative phosphorylation. One of the fundamental differences between the
inflammatory response and the immune response is the means by which various leukocyte
populations obtain energy. Cells of myeloid lineages derive their energy almost exclusively
from glycolysis, whereas lymphocytes use predominantly oxidative phosphorylation (4, 37).
In part, these differences shape the appropriateness of the immune response. For example,
evidence in recent years indicates that the abilities of lymphocytes to proliferate and quiesce
are strictly controlled by essential metabolites that support anabolic growth (4).

As opposed to lymphocytes, which proliferate within tissues, myeloid cells (e.g., PMN,
macrophages, and dendritic cells) are recruited to sites of inflammation during immune
responses. In transit, these cells expend copious amounts of energy. Cell migration, for
example, requires large amounts of actin turnover, which by its nature is particularly ATP
demanding (38). Once the cells reach sites of inflammation, nutrient, energy, and O,
demands increase to accomplish processes of phagocytosis and microbial killing. It has long
been known that PMN are primarily glycolytic cells, have few mitochondria, and produce
little energy from respiration (39). Predominantly glycolytic metabolism is believed to
ensure that PMN can function at low O, concentrations (even anoxia) associated with deep
inflammatory lesions. In this regard, recent studies have revealed that PMN have unique
mitochondrial properties, namely that the mitochondria maintain a transmembrane potential
via the glycerol-3-phosphate shuttle, which functions to regulate aerobic glycolysis rather
than produce energy (37). This unique mitochondrial phenotype appears to develop along
the differentiation pathway from myeloid precursor cells.

T and B cells, by contrast, utilize amino acids, glucose, and lipids as energy sources during
oxidative phosphorylation. As one might imagine, mitogenic stimulation of thymocytes or
naive T cells is a highly energy-demanding process. As lymphocytes proliferate, they
become more and more dependent on glucose uptake. Stimulated proliferation of
thymocytes can result in a nearly twenty-fold increase in glucose uptake, which is
accomplished by high expression of glucose transporter-1 (40), which in turn is tightly
controlled by HIF (see below). Nutrient uptake in naive T cells is strictly instructed through
interleukin (IL-)7- and IL-4-dependent pathways (41). During periods of high proliferation,
even in the presence of adequate O, concentration, lymphocytes become progressively more
dependent on aerobic glycolysis for ATP synthesis. Lactate production from glycolysis can
increase as much as 40 fold in mitogen-stimulated T cells. When glucose becomes limiting,
as it often does at sites of high immune activity, T cells can utilize alternative energy
sources, such as glutamine, within the tricarboxylic acid cycle (4).
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TRANSCRIPTIONAL IMPRINTING BY INFILTRATING LEUKOCYTES DURING
INFLAMMATION

Successful inflammatory responses are initiated by recruitment of leukocytes to sites of
infection/injury, requiring leukocyte extravasation (diapedesis) out of the vasculature,
through interstitial tissue, and into/across epithelial layers. This process of transmigration
occurs through a sequence of highly coordinated cell-cell interaction steps, mediated by cell
adhesion molecules and integrins. These steps have been extensively summarized elsewhere
(42, 43). Given the adhesion-based interactions with bidirectional signaling capacity, it
stands to reason that the process of transmigration could significantly impact gene
expression of both the migrating cell and the substrate surface cell. Surprisingly few studies
have explored the influence of transmigration on gene expression. However, some studies
have examined the influence of transmigration on the gene expression profile of the
migrating cell. One study examined the influence of transmigration of melanoma cells
across endothelia and demonstrated an increase in f-catenin nuclear activity within the
melanoma cells postmigration (44). A parallel study examined monocyte transendothelial
migration and found that although an increase in nuclear B-catenin was evident within the
monocyte, no observable change in Wnt target genes was detectable (45). Such divergent
phenotypes may be due to the nature of the migrating cell or to the conditions used to elicit
migration. Yet another study examined the influence of transendothelial migration on
monocyte transcriptional imprinting and identified a dampening of apoptotic programing
and, rather surprisingly, a decrease in antimicrobial peptides (46).

Studies involving the gene expression changes within the tissue or cells across which
migration occurs are more scarce, likely due to the technical challenges involved in
population purification. One group examined the role of PMN migration on gene expression
within IL-1-stimulated human umbilical vein endothelial cells. Here the authors detected
relatively few gene transcriptional changes, with hemoglobin beta being the most highly
upregulated gene. Ultimately the authors concluded that this increase was due to
contamination of their PMN preparation with reticulocytes (47). More recently, two studies
examined the influence of PMN transepithelial migration on epithelial gene programming.
The first was performed using lung epithelial cells and identified p-catenin signaling through
T cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors as a prominent
pathway (48). The second study investigated PMN transepithelial migration across colonic
epithelial cells (49). The authors of this study attributed gene expression changes within the
epithelium to the massive consumption of local O, by PMN NADPH oxidase. These studies
revealed that O, consumption by activated PMN resulted in the stabilization of HIF within
the epithelium, which was shown previously to regulate PMN transmigration (50). Utilizing
murine models of colitis, the authors demonstrated that both the presence of PMN and
PMN-elicited hypoxia were necessary for mucosal protection during inflammation.
Depletion of PMN led to exacerbated tissue destruction during colitis (Figure 2).

These studies have also been validated in human patients. Human inflammatory bowel
disease (IBD) specimens containing crypt abscesses were examined for the localized
expression of the quintessential HIF target gene Glut-1. As shown in Figure 3, areas adjacent
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to the human crypt abscess revealed marked upregulation of Glut-1 relative to control tissue.
Of interest in this regard, patients who lack a functional NADPH oxidase [those with, for
example, chronic granulomatous disease (CGD)] often present with an IBD-like syndrome
(51). CGD patients exhibit congenital defects in genes coding the subunits that compose the
neutrophil NADPH oxidase complex (e.g., mutations in CYBA, CYBB, multiple NCFs,
RAC1, and RAC2). This NADPH oxidase complex is responsible for the generation of
reactive O, species and is used by innate immune cells (especially PMN) to kill invading
pathogens. Approximately 40% of CGD patients develop IBD-like symptoms (52). Such
clinical observations suggest that CGD-associated IBD represents a failure to resolve acute
intestinal insults. Given the opposing roles of B-catenin and HIF in cell proliferation,
coupled with reports that physical interaction between these factors occurs during hypoxia,
sequestering B-catenin from its T cell factor—binding partners and enhancing HIF target gene
expression (53), it is intriguing to speculate about whether PMN transmigration elicits
simultaneous or temporally distinct signaling cascades through these mediators.

Localized O, depletion is not restricted to NADPH oxidase enzymes. Other oxygenase
enzymes, such as the HIF target gene heme oxygenase-1, utilize molecular O,, heme, and
NADPH to release carbon monoxide, biliverdin, and iron. Carbon monoxide in particular
has been shown to have anti-inflammatory properties in macrophages (54). Likewise, nitric
oxide (NO) synthase enzymes, including both endothelial and inducible types, utilize
molecular O, to catalyze the conversion of L-arginine to NO and L-citrulline (55). Locally
generated NO acts on nearby cells to elicit paracrine signaling. In terms of metabolic
regulation, NO can cause an inhibition of prolyl hydroxylase enzymes in normoxia, leading
to HIF stabilization (56). Paradoxically, during hypoxia, mitochondrial cytochrome c can
bind NO, resulting in O, being shuttled away from mitochondria, which in turn provides
sufficient substrate for PHD activity and HIF degradation (57).

Although PMN have a short circulating half-life, local tissue factors (e.g., GM-CSF) can
significantly prolong PMN life span. Given the plethora of cytotoxic granule contents, rapid
clearance of PMN from inflamed tissues is crucial to prevent mucosal damage from
apoptotic or necrotic cell death. PMN transmigration is one possible fate to accelerate the
clearance of PMN from the mucosa. Another, recently appreciated PMN fate is the
generation of neutrophil extracellular traps (NETs). NETs are intricate matrices of
decondensed chromatin studded with antimicrobial peptides (58) that trap and kill pathogens
(59) (Figure 4). This novel PMN fate, distinct from apoptosis or necrosis, has been termed
NETosis and may be employed as a last-ditch effort to control the spread of an infection
(60). The conditions that dictate the release of NETSs are still under investigation, but it is
known that the process requires reactive O, species (61), PMN elastase, and
myeloperoxidase (62). Recently, HIF-1a signaling in PMN has been implicated in
regulating the release of NETs (63). Although PMN have been implicated in establishing
hypoxic microenvironments via NADPH oxidase activity within mucosal tissues (49), the
PMN respiratory chain cannot function efficiently to kill bacteria in hypoxic environments
(64). It is intriguing to postulate that in the event of extreme or prolonged conditions of
hypoxia that preclude bacterial clearance by respiratory burst, resultant HIF stabilization in
PMN may induce NETosis to compensate (Figure 4).
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INFLAMMATORY HYPOXIA AND TRYPTOPHAN METABOLISM

Tryptophan (Trp) is an essential amino acid that is central to a productive inflammatory
response. Trp metabolism leads to the production of serotonin, melatonin, and NAD*, as
well as a growing number of biologically active catabolic intermediates (65). The first and
rate-limiting step in Trp metabolism is catalyzed by the enzyme indoleamine 2,3
dioxygenase-1 (IDO1) resulting in the generation of kynurenine (Kyn) in an O,-dependent
manner. Although IDO1 is not the only enzyme capable of generating Kyn through Trp
catabolism (others being IDO2 and TDO2), IDO1 is the most widely expressed and the best
studied of these enzymes. First identified in the rabbit intestine in the 1960s (66), IDO1
expression has long been known to be induced by proinflammatory signals, most
prominently by interferon-gamma, and to have immune-modulating effects. The
breakthrough observation that IDO activity plays a central role in promoting immune
tolerance and preventing fetal rejection (67) served as a springboard for elucidating the role
of this pathway in other disease states. The mechanisms through which IDO1 promotes
immune tolerance are now known to be multifactorial and include the depletion of
microenvironmental Trp and production of Kyns—which behave as activating ligands of the
transcription factor aryl hydrocarbon receptor (AhR), discussed below, and serve to inhibit
activated T cells, block Ty17 differentiation (68, 69), and promote regulatory T cell
differentiation and function (70, 71). Additionally, it is now appreciated that IDO1 possesses
a nonenzymatic function, acting as a signal transducer in dendritic cells to contribute to
TGF-B-driven tolerance in noninflammatory settings (72).

AhR is a ubiquitously expressed, ligand-activated member of the Per-Arnt-Sim family of
basic helix-loop-helix transcription factors. Normally, AhR exists in the cytosol in complex
with a number of proteins, including heat shock protein 90 (Hsp-90), AhR-interacting
protein, and p23 (73-75). Ligand binding by AhR induces translocation of the AhR complex
into the nucleus, where it complexes with AhR nuclear translocator (Arnt), also called
Hif-1p . The AhR-Arnt heterodimers bind xenobiotic-responsive elements (XRES) in gene
promoters, with members of the cytochrome P450 family being canonical targets (76-78).
AR is best known as the receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). In
response to TCDD binding, AhR activation leads to a variety of deleterious effects,
including liver damage, epithelial changes, cancer, birth defects, and immunosuppression
(79). Although AhR signaling has been well established in field toxicology, knockout mouse
models suggest the presence of a physiologically important endogenous AhR ligand(s) (80,
81). A functional link between IDO1 and AhR was first suggested by the finding that AhR
signaling induces the expression of IDO1 (82). More recently, it was shown that metabolites
in the Trp catabolic pathway act as AhR ligands (83, 84). These initial observations led to a
number of studies demonstrating the importance of Trp metabolites in promoting immune
tolerance in an AhR-dependent manner. Mezrich and colleagues (85) demonstrated that Kyn
specifically activated AhR and promoted the differentiation of Treg cells. Additionally, Kyn
produced in a TDO-dependent manner was found to be immunosuppressive, and this activity
was dependent on AhR (86). These critical observations led to a number of studies
examining the role of Kyn-dependent AhR activation in inflammatory disease. Given its
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ability to modulate immune responses, IDO has been shown to play an important part in a
number of disease models (Table 1).

IDOL1 is expressed at high levels at mucosal surfaces, likely through interferon-gamma
signaling (87). As depicted in Table 1, a number of disease models have demonstrated the
importance of this pathway in the modulation of mucosal inflammatory responses (88).
Importantly, homeostatic expression in the intestine represents an important source of IDO1.
Mouse studies have revealed that basal IDO1 expression is the highest expressed in the
lamina propria of the small intestine. Interestingly, basal colonic IDO expression appears to
occur largely in the epithelium (89). IDO is highly upregulated in response to inflammation,
with expression being markedly induced in both mouse colitis models and human IBD (90,
91). A number of groups have demonstrated the protective nature of the IDO1 pathway in
intestinal inflammation. Gurtner and colleagues (92) examined the impact of IDO1 in
colonic inflammation using the IDO1 inhibitor 1-methyltryptophan in the TNBS mouse
model of IBD. The results demonstrated that IDO1 inhibition significantly exacerbated the
severity of inflammation in this model. Others have used a model of intestinal inflammation
induced by graft-versus-host disease (GVHD) to demonstrate that IDO1-knockout mice
exhibited more severe GVHD-associated colitis (93). The role of IDO1 signaling in the
modulating lymphocyte responses was further demonstrated in a murine model of
Citrobacter rodentium—induced colitis (89). The authors demonstrated that colitis in this
model was improved in IDO1-knockout mice. This phenotype was attributed to increased
levels of IgA in the mutant animals, leading to the proposal that B cell responses to the
intestinal microbiota are regulated in an IDO1-dependent manner (89). These findings are
particularly intriguing in light of recent data elucidating the importance of B cell-mediated
IgA responses in shaping gut commensal communities (94-96). The role of IDOL1 in the
intestinal epithelium in both the basal conditions and particularly during inflammation
remains an intriguingly open question. Our lab first described the concept of inflammatory
hypoxia a number of years ago (9, 97). In this paradigm, the increased metabolic burden
placed on a tissue during ongoing inflammation leads to O, deficit and the stabilization of
HIF-1a. This enhanced HIF-1a activation leads to the induction of gene transcription in a
number of targets that have been shown to play a critical role in barrier reformation and
tissue healing (25). Given the significant upregulation in expression of IDO1 in the intestinal
mucosa during inflammation and the fact that IDO1 utilizes Oy, it is enticing to speculate
about whether IDO1 activity significantly contributes to the establishment of the local
hypoxic environment. In this model, IDO1 is hypothesized both to contribute to the
suppression of immune response and, in part through the stabilization of HIF-1a, to activate
pathways crucial for the process of mucosal healing.

Analogous to the study of IDO1, AhR research has been conducted extensively in a number
of autoimmune disease models, including collagen-induced arthritis (98) and experimental
autoimmune encephalomyelitis (99) (see Table 1). The studies have produced conflicting
data on the proinflammatory versus anti-inflammatory role of AhR in these models, perhaps
due to the differential affinity of AhR for different ligands (100). Due to the presence of a
broad range of antigens at mucosal surfaces, the role of AhR signaling in inflammation in
barrier tissues has also been investigated in a number of models. For instance, Di Meglio and
colleagues (101), using both mouse models and human tissue samples, demonstrated that
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AR plays a critical role in controlling inflammation in psoriasis. Additionally, the role of
AhR in lung inflammation has been investigated, and AhR has been shown to reduce
eosinophilia and suppress T2 cytokine production in a model of allergic asthma (102). AhR
signaling has also been shown to play a critical role in intestinal inflammation. Monteleone
et al. (103) demonstrated that AhR activation, through the administration of the AhR ligand
FICZ, ameliorated disease in both acute TNBS and relapsing DSS models of colitis. The
authors attributed this protective benefit in part to the AhR-dependent upregulation of IL-22.
Finally, it was recently demonstrated that AhR activation plays a protective role in intestinal
inflammation induced by opportunistic fungal infections (104). Again, the authors showed
that these effects were due to the AhR-dependent upregulation of IL-22. Importantly, these
studies also demonstrate that commensal bacterial species, specifically Lactobacillus reuteri,
produce Trp metabolites that can act as AhR ligands. Administration of one of these
compounds, indole-3-aldehyde, ameliorated disease in a DSS model of colitis (104). These
results indicate that the IDO-AR signaling axis may represent a key modulator of metabolic
crosstalk between the microbiome and the host and in the integration of these signals in
mucosal immune responses.

CREATINE METABOLISM AND MUCOSAL INFLAMMATION

Given the strong association between HIF and mucosal inflammation (2), Glover et al. (105)
recently examined the differential contributions of HIF-1a and HIF-2a to transcriptional
changes in intestinal epithelia. For these purposes, they performed chromatin
immunoprecipitation (ChlP) with HIF-1a and HIF-2a antibodies, followed by hybridization
to a promoter microarray. The log, ratio (input-Cy3/HIF-ChIP-Cy5) was analyzed to
identify sequences specific to HIF-1a and HIF-2a binding in hypoxia. Highly enriched
subsets in the HIF-1a ChIP hits included multiple enzymes of the glycolytic pathway,
autophagic targets, and jumonji domain containing histone demethylases. In addition, this
analysis revealed prominent changes associated with immunity, transcription, and
metabolism. Notably, promoter sequences for the cytosolic creatine kinase (CK) genes CKB
(brain) and CKM (muscle) emerged as high-fidelity HIF-2a-selective targets. Likewise, two
mitochondrial isoforms of CK (MT7AZ and MT2), as well as the major creatine transporter
(SLC6A8), were significantly enriched in HIF-2a. ChIP. Morphological analysis revealed
that CK isoforms prominently localize to tight junctional and adherens junctional regions of
confluent intestinal epithelia (Figure 5).

Surprisingly little is known about CK function in the mucosa. The CK pathway is often
neglected in energy metabolism, as it is assumed that high-energy phosphate transport
between sites of ATP production (mitochondria) and ATP consumption (ATPases) relies
solely on the diffusion of ATP and adenosine diphosphate (ADP). Although this may hold
true in tissues devoid of CK and phosphocreatine (PCr), it is clearly inadequate for CK-
containing tissues with high and fluctuating energy demands (e.g., skeletal and cardiac
muscle, brain, retina, and spermatozoa) (106). In these latter tissues, four distinct types of
CK subunits are expressed in a developmental stage—, species-, and tissue-specific manner
(106). Our studies have revealed that each of these CK subunits is expressed in cultured
intestinal epithelial cell lines as well as murine colonic epithelial cells in vivo and human
colonic epithelia ex vivo (105). All CK isoenzymes catalyze the reversible transfer of the
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gamma-phosphate group of ATP to the guanidino group of Cr to yield ADP and PCr (Figure
3). In high CK—expressing tissues, a large pool of PCr is available for rapid regeneration of
ATP hydrolyzed during high energy expenditure. During periods of high energy demand, the
CK reaction remains in a near-equilibrium state, keeping the concentrations of ATP and
ADP constant. In this regard, CK functions to buffer the cytosolic phosphorylation potential
that appears to be critical for the proper functioning of a variety of cellular ATPases (106).

Energy expenditure within the mucosa (and the need for an ATP buffering system
coordinated by CK) is particularly high during the restitution of epithelial cells following
insult (e.g., active inflammation). The dynamic regulation of epithelial junctions is tightly
linked to the circumferential F-actin belt (107). Such F-actin contractility is highly
dependent on the adequate availability of high-energy phosphates and on a ready supply of
ATP. The dynamic nature of this F-actin-ATP interaction has been elegantly demonstrated
through epithelial models of ATP depletion (107), mutagenesis of myosin light chain kinase
(108), and pharmacological targeting of actin polymerization (e.g., phalloidin) (109). G-
actin monomers assemble into filaments with distinct ends (107). Each monomer contains
one nucleotide-binding cleft where ATP is converted to ADP and inorganic phosphate (Pi)
via two processes: ATP cleavage, which produces ADP Pi-actin, and Pi release, which leads
to ADP-actin. ATP cleavage is slow for actin monomers but is strongly increased after the
monomer has been incorporated into a filament and resultant actin protomer. Notably, this
process requires a large amount of cellular energy. It is estimated, for example, that platelets
expend as much as 50% of cellular ATP (110) in actin-myosin-related regulation of the
cytoskeleton. From this perspective, it is not surprising that Cr-PCr may well be central to
energy homeostasis and tissue barrier function during episodes of mucosal inflammation.

HOST-MICROBIAL METABOLISM AND TISSUE HYPOXIA

The mammalian gastrointestinal tract is home to trillions of bacteria. A finely regulated
commensal relationship exists within the intestinal mucosa, where microbes, essential for
host health, can also initiate and perpetuate mucosal disease (111). These microbes, in
addition to aiding in digestion, produce a number of vitamins and benefit the host through
the local synthesis of short-chain fatty acids (SCFAS), including butyrate, propionate, and
acetate. Butyrate, for example, can reach luminal concentrations of 30 mM in the colon and
serves as a preferred metabolic substrate for colonic epithelial cells (112). In contrast to
other SCFAs, butyrate is efficiently absorbed and metabolized by the epithelium. Very little
butyrate is released into portal circulation (112). One factor contributing to the preference of
the colonic epithelium for butyrate is that butyrate stimulates expression of pyruvate
dehydrogenase kinases, which inhibit the pyruvate dehydrogenase complex (113). This
inhibition prevents conversion of glucose-derived pyruvate to acetyl-CoA. Yet, because
formation of acetyl-CoA from butyrate is not dependent on pyruvate dehydrogenase,
butyrate-derived acetyl-CoA is available for oxidative phosphorylation. Kelly et al. (114)
recently demonstrated that SCFAs (especially butyrate) increase epithelial O, consumption
and deplete local O to the extent that HIF is stabilized. These same studies revealed that in
vivo depletion of microbiota through antibiotics reduced colonic butyrate and HIF
expression, both of which were restored by butyrate supplementation. Analysis of germ-free
mice revealed nearly no retention of O,-sensitive dyes and significantly decreased HIF
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stabilization at baseline (Figure 6). Moreover, the level of barrier protection afforded by
butyrate was lost in cells lacking HIF, a fact that links butyrate metabolism to stabilized HIF
and overall barrier function. Given the multiple levels of protection afforded by HIF within
the mucosa (115), these findings implicate the butyrate-HIF axis as a novel host-microbe
crosstalk pathway wherein SCFASs signal protective distal gut functions (Figure 6).

Significant literature supports a homeostatic role for SCFAs in the distal gut during
inflammation (112, 116). For example, the protection elicited by fiber and resistant starch in
experimental colitis is thought to be dependent on SCFA production (117-119), and
administration of exogenous butyrate promotes resistance to experimental colitis (120, 121).
Recent studies investigating dysbiosis in inflammatory bowel disease identified lower
concentrations of luminal butyrate and reduced abundance of butyrate-producing organisms
(e.g., certain Roseburiaand Faecalibacterium genera) with disease (122-124). The
importance of butyrate as the preferred epithelial substrate has been highlighted by the
demonstration that pharmacological inhibition of B-oxidation induces colitis (125) and mice
with mitochondrial polymorphisms that maintain increased oxidative phosphorylation
activity are resistant to colitis (126). Several trials have evaluated the efficacy of butyrate in
the treatment of human disease, primarily ulcerative colitis, with mixed results (112).

The intestinal microbiota shift in fundamental ways during inflammation. It remains unclear
exactly what these shifts in the microbiota might mean to tissue and immune function (127).
Microbial signals, such as those delivered by a mix of Clostridial species, induce mucosal
tolerance by promoting the formation of regulatory T cells (128). Moreover, studies have
implicated SCFAs as critical products of tolerogenic Clostridial species (129). In addition to
functioning as a direct energy source, SCFAs can signal through a series of G protein—
coupled receptors (GPR) to mediate their biological functions (130, 131). In mice, deletion
of Gpr41and Gpr43 mediates protective immunity in inflammatory models (130, 131). Also
notable is the observation that treatment of mice with propionate promotes colonic
protection during inflammation (131) and that the major butyrate receptor (GPR109a)
functions to suppress colonic carcinogenesis and inflammation (132).

THERAPEUTIC IMPLICATIONS OF INFLAMMATORY HYPOXIA

The molecular mechanisms of HIF stabilization have been significantly clarified by the
discovery of critical posttranslational modifications to the a-subunit of HIF. Three HIF
prolyl hydroxylases have been shown to be central to the hypoxic stabilization of HIF (133).
Prolyl hydroxylases were discovered in a search of the C. elegans genome database for
sequences that might encode members of the 2-oxoglutarate-dependent oxygenase family
based on the structural existence of a B-barrel motif that represents the catalytic site of these
oxygenase enzymes (134). This search led to the discovery of the eg/-9 gene. eg/-9 mutant
worms constitutively expressed the C. elegans ortholog to mammalian HIF-1a, a finding
suggesting that eg/-9plays an important role in the regulation of the hypoxia response. Use
of the EGL-9 sequence resulted in the identification of three ubiquitously expressed EGL-9
orthologs in mammals, designated PHD (prolyl hydroxylase domain—containing protein) 1,
2, and 3, each of which hydroxylates human HIF-1a at Pro-564. The proline residues that
are hydroxylated in both worm and mammalian HIF-1a proteins are expressed within the
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amino acid motif LXXLAP. Each of the PHD enzymes is encoded by different genes, and
their gene product enzymes demonstrate tissue-specific expression patterns (133). All three
PHDs are found in the mucosa (27, 30, 135). Significantly different phenotypes exist in mice
genetically lacking individual isoforms of the hydroxylases. Studies in PHD1™~ mice, for
example, have revealed decreased exercise performance, abnormal basal metabolism (136,
137), and increased intestinal barrier function due to decreased epithelial apoptosis (138).
By contrast, homozygous PHD2-knockout is embryonically lethal due to abnormal
developmental angiogenesis (139, 140), and PHD2-heterozygous knockout animals show
enhanced tumor angiogenesis (139). PHD3-homozygous knockout mice show reduced
neuronal apoptosis, abnormal sympathoadrenal development, and reduced blood pressure
(141). These diverse phenotypes strongly suggest distinct, isoform-specific functions in vivo.

The identification of HIF-selective PHDs as controlling HIF expression has provided the
basis for the exploration of PHD-based molecular tools and therapies (142, 143).
Pharmacological inactivation of PHDs by 2-oxoglutarate analogues is sufficient to stabilize
HIF-1a (142) but is nonspecific for individual PHD isoforms. In vitro studies suggest some
significant differences in PHD isoform substrate specificity. For instance, PHD3 does not
hydroxylate proline 564 on HIF-a, and comparison of enzyme activity in vitro has shown
that the O,-dependent degradation sequence is hydroxylated most efficiently by PHD2 (144,
145). These observations have generated significant interest in identifying enzyme-
modifying therapeutics. A number of PHD inhibitors have been described, including
antagonists of alpha-keto-glutarate (142), analogs of naturally occurring cyclic
hydroxamates (146), and direct inhibitors of prolyl hydroxylases (147). For these purposes,
prolyl hydroxylase inhibitors that stabilize HIF-1a and induce the expression of downstream
HIF target genes have been used in a variety of settings. In the mucosa, PHD inhibition has
been shown to provide an overall beneficial influence on clinical symptoms, most likely
through actions on barrier function (27, 30).

HIF-stabilizing agents have been shown to promote erythropoietin (Epo) production
accompanied by significant increases in red blood cell production. Several studies indicate
that Epo production is preferentially regulated by HIF-2a and not HIF-1a. In mice, for
example, extrarenal Epo production in the liver has been shown to require HIF-2a but not
HIF-1a (148). Among humans, a family expressing a mutation in the HIF2A gene has been
reported to exhibit stabilization of the HIF2A protein and erythrocytosis (149). The most
mature work toward development of an HIF stabilizer/PHD inhibitor for therapeutic
purposes is in the area of renal failure and erythropoiesis. The HIF-stabilizing agent
FG-4592 is currently in phase 2 and 3 clinical trials for the treatment of renal anemia in
patients with end-stage kidney disease. There are likely a number of indications where
uncontrolled stimulation of erythropoiesis (e.g., with HIF-2a stabilizer) is unwarranted.
Some recent work has identified PHD inhibitors with relative selectivity for HIF-1a versus
HIF-2a. AKB-4924, a relatively HIF-1a-selective PHD inhibitor, has been explored in
studies of mucosal infection and inflammation (150, 151). The basis for HIF-1a over
HIF-2a selectivity is not known at the present time. AKB-4924 has been shown to enhance
the antibacterial function of phagocytes and skin keratinocytes against a variety of mucosal
pathogens and holds promise for enhancing overall innate immune response to microbial
threats (150, 151). Use of AKB-4924 in models of murine colitis has augmented epithelial
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barrier function and led to an approximately 50-fold reduction in serum endotoxin during
colitis. AKB-4924 also decreased cytokines involved in pyrogenesis and hypothermia,
significantly reducing serum levels of proinflammatory cytokines while increasing anti-
inflammatory IL-10. AKB-4924 offered no protection against colitis in epithelial-specific-
HIF-1a-deficient mice, strongly implicating epithelial-specific HIF-1a as the tissue target
for AKB-4924-mediated protection in colitis. Such findings may provide the basis for a
therapeutic use of PHD inhibitors in inflammatory mucosal disease.

Recent studies have also shown that pathways other than PHD inhibition may be viable
approaches to target HIF stabilization. An example is inhibition of the HIF E3 ubiquitin
ligase. The E3 SCF ubiquitin ligase specific to HIF-a-family members is composed of
Elongin B/C, RBX, CULZ2, and the F-box domain of VHL and is responsible for the
polyubiquitination and degradation of HIF (152). Tight regulation of the E3 SCF is attained
by the covalent modification of the ubiquitin-like protein NEDD8. A functional E3 SCF
complex requires the COP9 signalosome to bind Nedd8 to Cul2 and can be deneddylated by
the Nedd8-specific dual protease Denl (also called SenP8). A small-molecule inhibitor
targeting Nedd8 conjugation to the cullins has become commercially available. This
compound, MLN-4924, functions to inhibit Nedd8-activating enzyme and causes the
deneddylation of Cull and Cul2 (153, 154). MLN-4924 is an adenosine monophosphate
analog (153, 154), and, given previous observations that adenosine deneddylates cullin
proteins (155), MLN-4924 could prove to be a useful investigative tool. Recent studies have
shown, for example, that MLN-4924 is a potent HIF stabilizer in vitro and in vivo (156,
157).

HIF inhibitors have also been identified. Based largely on chemical compound screens,
original studies by Kong et al. (158) identified echinomycin (NSC-13502) as a potent
HIF-1a inhibitor. Accordingly, echinomycin has been profiled among a number of direct
and indirect HIF-1a target drugs that demonstrate promise for cancer therapeutics (159).
Cardiac glycosides, for example, have been shown to potently inhibit HIF (160). A screen of
the Hopkins Drug Library of FDA-approved drugs revealed twenty drugs that inhibit
HIF-1a. Eleven of the most potent inhibitors were cardiac glycosides (e.g., digoxin,
proscillaridin A, and ouabain) and were revealed to act as inhibitors of HIF-1a protein
synthesis. Other HIF inhibitors include Hsp90 inhibitors, HDAC inhibitors, topoisomerase
inhibitors, and PI3K/mTOR inhibitors and have recently been detailed elsewhere (161).

CONCLUSIONS

Differences in baseline O, tension in mucosal tissues and the profound increase in energy
demand within inflammatory lesions provide a unique opportunity to understand tissue
metabolism in health and disease. Studies in model disease systems have provided new
insights toward a better understanding of inflammatory responses and the mechanisms that
promote resolution. Of particular relevance is the shift in tissue oxygenation toward hypoxia,
specifically as it relates to HIF target pathways that are strongly associated with tissue
barrier function and metabolic pathways that contribute fundamentally to inflammatory
resolution. Profound interest in the development of HIF-stabilizing agents (especially PHD
inhibitors) has provided keen insight and shows promise for clinical development. Ongoing
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studies to better define localized metabolomic signatures hold promise in elucidating new
targets for therapeutic development.
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Figurel.
Countercurrent blood flow and physiological hypoxia in the healthy intestinal mucosa. (&) A

model of blood flow dynamics in the healthy intestinal mucosa. Countercurrent blood flow
reduces local pO, along the crypt-villus axis and results in low pO, at the villus tip. (6) The
mechanism of nitroimidazole dye retention in hypoxic regions. These imidazole derivatives
(R-NO,) are taken into cells passively and reduced to highly reactive nitrogen intermediates
(R- NO; ) within the cytoplasm. In the absence of adequate O to regenerate the native
compound, these intermediates react with thiol groups in proteins, peptides, and amino acids
to form adducts (R-NH,) where all atoms of the ring and side chain of the 2-nitroimidazole
are retained at pO, < 10 mm Hg. The adducts can be visualized through the use of labeled
antibodies. (¢) Physiological hypoxia. In the colonic mucosa of healthy mice, small amounts
of nitroimidazole adduct (red) are detected along the luminal aspect, suggesting a degree of
physiological hypoxia in the normal colon. Abbreviation: pO,, partial oxygen pressure.
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Figure 2.
Role of PMN in HIF stabilization during mucosal inflammation. Tissue from the distal

colons of healthy mice and mice with active TNBS colitis, with and without depletion of
systemic PMN through the use of anti-GR-1 antibody, reveals an increase in HIF among
colitic mice with PMN, which is attenuated in the absence of PMN. Staining for HIF

( green) and Ly6g (red) indicates accumulation of PMN in TNBS colitis. DAPI stains (b/ue)
signify areas of high DNA concentration. Scale bars = 100 pm. Abbreviations: HIF, hypoxia-
inducible factor; PMN, polymorphonuclear leukocytes; TNBS, trinitrobenzene sulfonic.
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Figure 3.
Ulcerative colitis patients with crypt abscesses reveal hypoxia-dependent target induction.

Biopsies from uninflamed margins (panels aand ¢) and inflamed regions with active crypt
abscesses (panels b and &) in patients with ulcerative colitis were processed for H&E (fop)
and stained (bottom) for hypoxia-responsive Glut-1 ( green) and neutrophil p47PoX (req).
DAPI stains (b/ue) indicate nuclei. Scale bars = 50 um. Abbreviation: H&E, hematoxylin
and eosin. Figure adapted from Reference 49 with permission.
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Figure 4.
O,-dependent regulation of AMPs; PMN fate in chronic inflammation and during resolution.

(@) Hypoxia: PMN induce localized hypoxia via NADPH oxidase activity, resulting in
bacterial death by ROS generation. Hypoxia prolongs PMN life span, thereby preventing
apoptosis. HIF-dependent AMPs are released and aid in antimicrobial activity. HIF-
dependent glycolytic and proinflammatory genes (e.g., COX-2) are transcribed. RvE/RvD
require the oxygenase activity of COX-2 and are synthesized. Activated PMN convert
arachidonic acid to LXA4. (@) Anoxia: In the absence of infection clearance, PMN
accumulate and localized O, depletion prevents NADPH oxidase activity. Under such
conditions, PMN undergo NETosis or necrosis. (@) Reoxygenation:With pathogenic
bacterial clearance, PMN undergo apoptosis. RVE/RvD enhance clearance of apoptotic PMN
through efferocytosis and induce intestinal ALPI expression on epithelia to restore mucosal
homeostasis. Abbreviations: ALPI, alkaline phosphatase; AMP, antimicrobial peptide; HIF,
hypoxia-inducible factor; PMN, polymorphonuclear leukocytes; ROS, reactive oxygen
species; RVE/RvD, resolvins.

Annu Rev Pathol. Author manuscript; available in PMC 2017 May 23.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Colgan et al. Page 27

o C|H3 Creatine kinase OH ‘|:H3
JVN NH, — )VN NH
HO T + ATP . 0 \f + ADP

NH HN_ oH

Pis

/ N
HO 2

Creatine Phosphocreatine

Figure5.
Creatine kinase expression at epithelial junctions. The images in the upper panels, obtained

through confocal microscopy, show CKB (Zop /ef?), the adherens junction marker E-cad (fop
middle), and two views of a colocalized (merged) stain (fop rightand second row). At the
bottom is the enzymatic reaction catalyzed by creatine kinase. Abbreviations: ADP,
adenosine diphosphate; ATP, adenosine triphosphate; CKB, creatine kinase, brain isoform;
E-cad, E-cadherin. Figure adapted from Reference 105 with permission.
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Figure 6.
Microbial-derived signals deplete local O,. The top panels depict hypoxia localization (red),

illuminated by the nitroimidazole dye pimonidazole, in (a) germ-free and (4) conventional
animals. DAPI stains (b/ue) indicate areas of high DNA concentration. (¢) A model in which
microbial-derived short-chain fatty acids (e.g., butyrate) stimulate epithelial metabolism and
deplete intracellular O, to the extent that HIF-1a is stabilized and promotes epithelial barrier
function. Abbreviation: HIF, hypoxia-inducible factor.
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Table 1

Influence of IDO1 and AhR modulation on model disease endpoints

Disease model | 1DO modulation | Impact on disease outcomes | Reference(s)
Arthritis | Inhibition (IMT) | Exacerbates disease | 162, 163
Asthma | Activation (TLR9 ligand) | Ameliorates disease | 164
EAE | Inhibition (IMT) | Exacerbates disease | 165
Colitis Inhibition (1IMT) Exacerbates disease 92
IDO1 knockout Exacerbates disease 166
EAE Activation (TCDD) Ameliorates disease 100
Activation (FICZ) Exacerbates disease 100, 167
Activation (ITE) Ameliorates disease 168
Arthritis T cell-specific deletion Ameliorates disease 98
Psoriasis Activation (FICZ) Ameliorates disease 101
Whole-body deletion Exacerbates disease 101
Cell-specific deletion(s) Exacerbates disease 101
Allergy-induced airway inflammation | Activation (TCDD) Ameliorates disease 169
Activation (curcumin) Ameliorates disease 170
COPD | Whole-body deletion | Exacerbates disease | 171
Pancreatitis | Activation (biliverdin) | Ameliorates disease | 172
Colitis Activation (FICZ) Ameliorates disease 103, 173
Epithelial-specific deletion | Exacerbates disease 174
T cell-specific deletion Ameliorates disease 174
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