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Targeting Immune Cell Metabolism in the Treatment of

Inflammatory Bowel Disease

Vanessa Zaiatz Bittencourt, PhD,** Fiona Jones, MD,* Glen Doherty, MD, PhD,* and Elizabeth J. Ryan, PhD*"

The cells of the immune system are highly dynamic, constantly sensing and adapting to changes in their surroundings. Complex metabolic path-
ways govern leukocytes’ ability to fine-tune their responses to external threats. Mammalian target of rapamycin complex 1 and hypoxia inducible
factor are important hubs of these pathways and play a critical role coordinating cell activation and proliferation and cytokine production. For
this reason, these molecules are attractive therapeutic targets in inflammatory disease. Insight into perturbations in immune cell metabolic path-
ways and their impact on inflammatory bowel disease (IBD) progression are starting to emerge. However, it remains to be determined whether
the aberrations in immune metabolism that occur in gut resident immune cells contribute to disease pathogenesis or are reflected in the peripheral
blood of patients with IBD. In this review, we explore what is known about the metabolic profile of T cells, monocytes, macrophages, dendritic
cells, and natural killer cells in IBD and discuss the potential of manipulating immune cell metabolism as a novel approach to treating IBD.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a complex, immune-
mediated inflammatory disease characterized by epithelial bar-
rier dysfunction, dysbiosis, and dysregulation of the mucosal
immune response.! It comprises 2 disorders: Crohn’s disease
(CD), in which inflammation can affect any area of the gastro-
intestinal tract, and ulcerative colitis (UC), which is limited to
the colon.! There is no cure for IBD, and treatment consists of
medical and surgical interventions to reduce the inflammatory
burden and to induce and maintain disease remission. Anti-
inflammatory medications (corticosteroids, aminosalicylates),
immunosuppressants (azathioprine, mercaptopurine,
methrotrexate) and biologic drugs (anti-tumor necrosis factor
[TNF] drugs, other anti-interleukin drugs) are the mainstay
of treatment. However, a significant proportion of patients do
not respond to these medications or others in the expanding
repertoire of novel targeted biologic therapies. In addition,
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patients often experience adverse drug effects or secondary loss
of response, meaning that a significant proportion of patients
ultimately require surgery. As we approach the era of person-
alized medicine, considering how to integrate our knowledge
of dysregulated immune metabolism with disease pathogenesis
in IBD may provide a unique opportunity to tailor treatment
based on an individual patient’s metabolic profile.!

Cellular metabolism comprises numerous biochemical
reactions to process microenvironmental molecules, thus al-
lowing energy creation and the generation of secondary prod-
ucts required for cell regulation.? Numerous factors impact on
immune cell metabolism, including mitochondria plasticity; ex-
pression of metabolic enzymes; rate of glycolysis; and levels of
glucose, glutamine, and other metabolites in the environment.?
The emerging research field, termed immunometabolism, in-
vestigates the link between these factors and a variety of im-
portant functions of the immune system such as cell activation
and migration, cytokine production, and cellular plasticity.?

Immune responses are characterized by robust cellular
proliferation with specific changes in cellular metabolism to
provide energy in the form of adenosine triphosphate (ATP)
plus the necessary biosynthetic materials for optimal cell func-
tion. Glucose is the most efficient fuel source for cell energy
production. It is broken down into pyruvate by a metabolic
process called glycolysis and is further reduced to lactate in
the cytosol or is oxidized as acetyl coenzyme A in the mito-
chondria, entering the tricarboxylic acid (TCA) cycle.* The co-
factors nicotinamide adenine dinucleotide (NAD) and flavin
adenine dinucleotide generated by the TCA cycle are used to
drive oxidative phosphorylation (OXPHOS), producing large
quantities of ATP? Amino acids and fatty acids can also fuel
OXPHOS. Amino acids can be a direct substrate in the TCA
cycle or can be further metabolized to support nucleotide and
fatty acids synthesis.>* The pentose phosphate pathway (PPP)
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is a secondary metabolic pathway that functions in parallel
with glycolysis. The PPP is important for the generation of nu-
cleotides, amino acids, and cofactors for metabolic reactions
and the regulation of the cellular redox-state (Fig. 1).>*
Notably, enzymes that regulate cell metabolism are im-
portant for cytokine production. For instance, hexokinase, the
first enzyme in the glycolysis cascade, regulates interleukin (IL)-
1B production.’ Serum and fecal samples from patients with
IBD have shown high levels of pyruvate kinase M2 (PKM2),
which has been proposed as a potential serum biomarker in
IBD.%” Studies have shown that PKM2 catalyzes the last step
within glycolysis and promotes signal transducer and activator
of transcription 3 phosphorylation, inducing IL-13 and IL-6 se-
cretion by macrophages.® The glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (GAPDH) also regulates the ex-
pression of inflammatory cytokines. When it is not participating
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in glycolysis, GAPDH binds TNF-a mRNA in monocytes, re-
pressing TNF-a translation and protein synthesis. Therefore,
when cells are highly glycolytic, TNF-a mRNA is free from
GAPDH and translation is allowed.® Finding new ways to
block glycolysis and the glycolytic enzymes that promote the
production of proinflammatory cytokines may prove clinically
beneficial in inflammatory diseases.’

It is becoming clear that the metabolic status of immune
cells can influence their phenotype, polarization to a pro- or an-
ti-inflammatory state, and the resulting efficacy of the immune
response.* Effector lymphocytes increase their glycolytic ma-
chinery to proliferate, whereas naive and memory cells mostly
rely on OXPHOS and fatty acid oxidation for cell maintenance.*
This shift to glycolysis is a key metabolic change in activated
immune cells, and the manipulation of metabolic signaling has
been proposed as a way to control immunity. Furthermore,
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FIGURE 1. Overview of the main players in immunometabolism. Glucose is transported into the cell and metabolized by glycolysis into pyruvate.
The PPP branches from G6P and is important for NADPH generation (necessary for fatty acid synthesis and glutathione-mediated scavenging of
reactive oxygen species) and synthesis of ribonucleotides. Pyruvate is converted to acetyl-CoA in the mitochondria or to lactate in the cytosol and

is secreted from the cell. Acetyl-CoA feeds into TCA in a reaction with oxaloacetate to citrate. The TCA cycle results in the production of reducing
equivalents (NADH, FADH,), which transfer electrons into the electron transport chain, generating a proton gradient across the inner mitochon-
drial membrane. This proton gradient drives the ATP synthase complex to generate ATP. This metabolic process of energy production is known as
OXPHOS. Fatty acids can also fuel the TCA cycle when converted into acetyl-CoA though B-oxidation. Amino acids can participate in different met-
abolic pathways; for instance, glutamine can be converted into a-ketoglutarate though glutaminolysis and enter as a component of the TCA cycle.
Amino acids such as alanine can also feed glycolysis. Intermediates of metabolic pathways can generate biosynthetic precursors for the biosynthesis
of proteins, nucleotides, and lipids, which are important for cell growth and function. For instance, acetyl-CoA provides building blocks for the syn-
thesis of fatty acids, amino acids, and cholesterol. Acetyl-CoA indicates acetyl-coenzyme A; aKG, a-ketoglutarate; FADH,, flavin adenine dinucleotide;
G6P, glucose-6-phosphate; NADH, nicotinamide adenine dinucleotide plus hydrogen; NADPH, nicotinamide adenine dinucleotide phosphate.
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recent findings show that intermediates of the TCA cycle can
impact immune cell phenotype and function.!® ! These discov-
eries and how they relate to inflammatory processes and treat-
ment options in IBD are discussed throughout this review.

The protein kinase mammalian target of rapamycin
complex 1 (mTORCI), adenosine monophosphate-activated
protein kinase (AMPK), and the transcription factor hypoxia-
inducible factor 1o (HIF-1at) are known as the master regulators
of cell metabolism.* Generally speaking, increased activation of
mTORCI and HIF-1a is associated with proinflammatory re-
sponses and increased glycolysis, and AMPK activation usually
corresponds to memory or an anti-inflammatory cell phenotype
and OXPHOS.">!* Low concentrations of ATP activate AMPK,
which increases the catabolic processes enabling energy conser-
vation and blocks the pathways that utilize ATP, eg, mTORCI.
The activation of mTORCI increases HIF-la expression,
which directly impacts glycolytic enzymes, eg, hexokinase 2,
PKM?2, and lactate dehydrogenase A. Furthermore, mMTORCI
increases other anabolic processes required for cellular biosyn-
thesis and growth, including lipid synthesis through regulation
of the sterol regulatory element-binding protein (SREBP) tran-
scription factor and OXPHOS through the transcription factor
yin-yang 1 and the peroxisome-proliferator-activated receptor
coactivator la axis in the mitochondria (Fig. 2).

Interestingly, many of these metabolic regulators are re-
lated to IBD pathogenesis. For instance, the HIF transcription
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factors (HIF-la and HIF-2a) are sensors of environmental
oxygen levels and are important regulators of intestinal ho-
meostasis.!® It has been posited that an overall reduction in
HIF-1a but increased HIF-2a expression in the mucosa of pa-
tients with IBD supports tissue damage.!* Mammalian target
of rapamycin (mTOR) is a protein kinase present in all eu-
karyotes that senses environmental changes (eg, nutrient
availability, immunoregulatory factors, cytokines) regulating
cell fate and metabolism."” It can be subdivided into 2 com-
plexes: mTORC1 and mTORC?2, differing in signaling activa-
tion and physiological results. Whereas mTORC?2 is less well
studied than mTORCI, recent research has shown its im-
portance in cell regulation.'® The mTORCI protein is highly
activated in the gut mucosa of patients with IBD, and the in-
hibition of mTORCI signaling in animal models of colitis has
beneficial effects.!™?' The mechanism of action of one of the
most commonly used anti-inflammatory drugs to treat UC,
mesalamine (a 5-aminosalicylate), is through inhibition of the
mTORCI signaling pathway.!” Moreover, the mTORCI inhibi-
tors tacrolimus, everolimus, and sirolimus (rapamycin) have
been tested alone or in combination with other drugs in dif-
ferent clinical trials for the treatment of IBD, showing prom-
ising results (eg, clinical trials NCT02675153, NCT01418131,
and EudraCT 2017-003131-11). Finally, AMPK is a master
regulator of energy cell homeostasis, metabolism, and epige-
netic modifications. It plays an important role in maintaining
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FIGURE 2. The interplay between the AMPK, mTORC1, and HIF-1a signaling pathways. (A) During ATP depletion, AMPK is activated, increasing

catabolic processes, which generate ATP, and reducing anabolic processes, which utilize ATP, to restore energy homeostasis. The AMPK activation
blocks the activity of mMTORC1, a metabolic regulator that promotes cellular anabolism. As HIF-1a levels are increased by mTORC1 in many cells, the
activation of AMPK will also repress HIF-1a signaling. (B) Activation of mMTORC1 through the signaling pathways PI3K/AKT/mTORC1 and nutrient
availability promotes glycolysis through the expression of HIF-1a dependent glycolytic genes. mTORC1 activates HIF-1a signaling, which impacts
glycolysis. For instance, HIF-1a upregulates HK2, PKM2, and glucose transporters such as SLC2A1 (Glut1). LDHA, an enzyme responsible for the con-
version of pyruvate into lactate, is also regulated by HIF-1a. (C) mTORC1 senses changes in growth factors and amino acids. Once activated, mTORC1
promotes an increase of cell metabolism by regulating glycolysis (see B), OXPHOS through an increase of the YY1/PGC1a axis, and lipid metabolism
through the regulation of SREBP transcription factors. AKT indicates also known as protein kinase B; HK2: hexokinase 2; LDHA: lactate dehydro-
genase A; SLC2A1, solute carrier family 2 member 1 (also known as Glut1); PGC1a: peroxisome-proliferator-activated receptor coactivator 1g; PI3K,
phosphoinositide 3-kinase; YY1: transcription factor yin-yang 1.
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gut barrier function and suppresses inflammation in multiple
cell types. Therefore, targeting AMPK signaling in patients
with IBD may improve the management of the disease.”> »
Table 1 summarizes the drugs used to treat IBD that target the
mTORCI or AMPK signaling pathways.

Research into other inflammatory diseases such as rheu-
matoid arthritis (RA) has led to huge advances in the un-
derstanding of the contribution of immune cells’ metabolic
profile to disease pathogenesis. In RA, T cells have suppressed
mitochondrial function and increased glycolysis, HIF-1o ex-
pression, and mTORCI activity.** Leakage of mitochondrial
DNA from damaged mitochondria promotes activation of the
inflammasome, perpetuating inflammation.? The macrophages
and dendritic cells of patients with RA also express elevated
levels of proteins that shift cell metabolism to a proinflammatory
state, eg, HIF-1a, mTORCI, and the glycolytic enzyme PKM2.
Changes in the nutrient availability in the microenvironment of
the synovium, eg, the accumulation of lactate and succinate,
and changes in amino acid availability contribute to sustaining
inflammation.”® The mechanism of action of methotrexate, a
drug used to dampen the inflammatory response in both RA
and IBD, is through AMPK activation, which promotes the
downregulation of the glycolytic pathway, thus suppressing T
cell activation and cytokine production.?® The direct inhibition
of glycolysis in immune cells using 2-deoxy-glucose has also
shown positive outcomes in regulating inflammation in RA di-
sease models.?*?’

Other inflammatory diseases such as psoriasis, systemic
lupus erythematous, and obesity are also treated with drugs
targeting cell metabolism, eg, metformin, dimethyl fumarate,
and rapamycin.’® Moreover, immune cell metabolism has been
targeted in the fight against cancer.?® Cancer cells are known to
consume the available nutrients in the microenvironment and to
release immunosuppressive cytokines, consequently impeding
immune cell metabolism and function, limiting cancer cell
elimination.?® One of the approaches for cancer treatment is to
genetically improve patient cell metabolism through the aug-
mentation of metabolic pathways that support T-cell effector
functions. Adoptive transfers of T cells expressing chimeric an-
tigen receptors with improved metabolism have shown to boost
therapeutic efficacy against tumors.”® » We can speculate that
the metabolic manipulation of anti-inflammatory cells, eg, T
regulatory cells (Treg), can be beneficial to improve stability

and anti-inflammatory effects for application in cell therapy in
IBD and other inflammatory diseases.*

Cholesterol and fatty acids can modulate immune cells’
inflammatory responses, which directly impact inflammation.
Studies have shown that IBD is strongly associated with defects
in lipid metabolism often accompanied by microbial dysbiosis
and corresponding alterations in metabolic byproducts.’"- > In
immune cells, lipogenesis is regulated at the transcriptional level
by the SREBPs and enzymes for fatty acid biosynthesis such as
fatty acid synthase. Disrupting lipid synthesis or SREBPs in-
hibits the development of effector T-cell subsets and the activa-
tion of CDS8* cytotoxic T lymphocytes and natural killer (NK)
cells. Immune cell lipid metabolism in patients with IBD is not
well understood; however, the serum of patients with IBD has
a significantly altered profile of circulating lipid metabolites
compared with that of healthy control patients. Therefore, lipid
metabolites may have potential as biomarkers for monitoring
disease progression.*

Microbial metabolites (short-chain fatty acids [SCFAs])
and some dietary fatty acids have therapeutic potential in the
control of inflammation, making them the subject of intense
research.? Diets high in omega-3 fatty acids and/or oleic acid
may support the resolution of inflammation.?® Available data
on how microbial metabolites influence immune cell metabo-
lism are limited, but it is clear that SCFAs have a significant
effect, suppressing proinflammatory cytokine production and
boosting anti-inflammatory responses.* The SCFAs can favor
macrophage differentiation toward an anti-inflammatory phe-
notype though shifting cell reliance on glycolysis to OXPHOS.*
3% Moreover, butyrate enhances the antimicrobial function of
macrophages via the inhibition of mTORCI that upregulates
glycolysis in these cells.’”*

Discovering how changes in microbiota and the re-
sulting metabolic byproducts impact inflammation could in-
form dietary or microbiome-based interventions that would
keep patients in remission for longer. Recently, Effenberger
et al® showed that the microbiota of patients in remission
synthesized more butyrate than that of patients with inad-
equate response to treatment, indicating that quantification
of SCFA production by the microbiota of patients with IBD
may be used as a predictive parameter for therapeutic effi-
cacy. Therefore, investigating the underlying mechanisms
of how these metabolites regulate immune responses and

TABLE 1. Table Summarizing Known Drugs That Target Metabolism to Treat IBD

Drug Impact Upon Metabolic Signaling Consequence for Metabolic Pathways
Immunosuppressants (eg, methotrexate) Activates AMPK, blocks mTORC1 Increases OXPHOS

Corticosteroids Blocks mTORCI1 Inhibits glycolysis

Aminosalicylates Blocks mTORCI1 Inhibits glycolysis

Tacrolimus, everolimus, sirolimus Blocks mTORCI1 Inhibits glycolysis
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metabolism is relevant to discovering crucial immune cell
pathways dysregulated in disease and to tailor treatments to
maximize their efficacy in patients.*’

METABOLIC ADAPTATION OF IMMUNE CELLS

Lymphocytes are highly dynamic cells that respond rap-
idly to microbial antigens and inflammatory signals.*! Upon
activation, lymphocytes increase their expression of glucose
and amino acid transporters and switch their metabolism to
aerobic glycolysis, a process known as the Warburg effect.*
During aerobic glycolysis, ATP is generated in addition to
large quantities of intermediates necessary for the synthesis
of nucleotides, amino acids, and lipids, which are required
for cell growth, proliferation, and function.* The produc-
tion of reactive oxygen species, the generation of NAD phos-
phate/NAD plus hydrogen, and an increase in calcium uptake
occur during OXPHOS and are also essential for the effector
functions of activated lymphocytes.* Lymphocyte subsets
have distinct metabolic profiles to meet the demands of dif-
ferent effector functions. For instance, CD4* T helper (Th)
cells, such as Thl, Th2, Th17, or CD8* cytotoxic T lympho-
cytes are more glycolytic than regulatory and naive T cells.
Subpopulations of T cells also have different levels of mTOR
activity.®

The metabolism of myeloid cells also differs depending
on their environment and stimuli, which impacts their function.
The stimulation of Toll-like receptor 4 with lipopolysaccharide
(LPS) induces a quick switch of monocytes and macrophages
from OXPHOS to glycolysis; however, the stimulation of other
Toll-like receptors, eg, Toll-like receptor 2, by Pam3CysSK4
increases OXPHOS and mitochondrial activity.* In vitro,
macrophages are classified into M1 (proinflammatory) and M2
(anti-inflammatory) macrophages, and each subset has a dis-
tinct metabolic profile. Whereas M1 macrophage polarization
relies on anaerobic glycolysis, M2 macrophage polarization de-
pends on fatty acid metabolism and OXPHOS.* Metabolism
also plays a significant role in reprogramming dendritic cells’
(DCs) state of maturation. Immunogenic DCs have increased
glycolysis and PPP pathway flux, and tolerogenic DCs have
increased OXPHOS. Interestingly, the differentiation of
human DCs from monocytes by culturing in the presence of
granulocyte-macrophage colony-stimulating factor and 1L-4 is
tightly linked to mTORCI1 regulation, increased OXPHOS, and
fatty acid metabolism.*

Circulating human NK cells can be divided into 2 dis-
tinct subpopulations based on CDS56 expression on their
surface, being referred to as CDS56" (cytokine produ-
cers) and CD356Y™ cells (cytotoxic cells).*” 4 These NK cell
subpopulations also differ in their metabolism and reliance on
mTORCI1. Upon cytokine activation, CD56" cells are more
metabolically active than CD56%™ calls, which correlates with
the necessity of CD356" cells to produce large quantities of
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cytokines.*’” All these metabolic differences are relevant for
specific cell function, and any impact on metabolic pathways
can change cell fate.!®

A summary of the metabolic preferences of the different
immune cells and the associated signaling molecules that pro-
mote metabolism are shown in Fig. 3. In the following sections,
we summarize some data on how metabolism has been or can
be targeted in different immune cell types to regulate inflamma-
tion during IBD.

IMMUNE METABOLISM IN IBD
T Cells

There has been tremendous progress in the characteri-
zation of the metabolic pathways that control T-cell function
in health and disease.* The T cells play a fundamental role in
the pathogenesis of IBD. An imbalance between the pro- and
anti-inflammatory T cells may initiate and promote the inflam-
matory process in patients with IBD.> Patients with active IBD
have increased infiltration of proinflammatory T cells into in-
flamed gut tissue, whereas the activity of anti-inflammatory Treg
cells is impaired.*® The initial stimulus to cytokine production
and the promotion of proinflammatory T cell accumulation in

Activated
) DCs
Tolerogenic
DCs ;
M1
/ Treg NK .
It M2 | —
— G cholysﬂ
Cell Metabolic preference Metabolic regulators
T regulatory cells
OXPHOS AMPK
M2 macrophages
Tolerogenic DC
M1 macrophages
T effector cells Glycolysis mTOR, HIF1a

Activated DCs
Activated NK cells

FIGURE 3. Metabolic preference of different cell subsets. T regulatory
cells, M2 macrophages, and tolerogenic DCs have reduced glyco-
lytic metabolism, relying mainly on oxidative phosphorylation for
their survival and to rapidly respond to stimulus. AMPK is one of the
main signaling molecules regulating their metabolism. Activated,
proinflammatory cells like M1 macrophages, T effector cells, activated
DCs, and activated NK cells have increased glucose uptake and high
rates of glycolysis, allowing rapid growth and optimal effector func-
tions. mTOR complexes and HIF-1a play a critical role in maintaining
this metabolic phenotype. Teff indicates T effector cells (Th1,Th2,Th17,
CD8'T cells).
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the gut mucosa is unknown; however, targeting T-cell metabo-
lism can be a beneficial strategy to modulate cell differentiation,
motility, and survival irrespective of antigen specificity.*

Studies have shown that mTORCI signaling regulates
glycolysis and thus multiple facets of T-cell biology including
differentiation, costimulatory receptor expression (eg, CD28),
and migration.'” Blocking mTORCI activity with rapamycin
has been shown to have protective effects in the IL-10 knockout
colitis disease model.”! Rapamycin treatment has limited the
number of infiltrating CD4* T cells in the colonic lamina pro-
pria and reduced interferon (IFN)-y production, promoting
disease amelioration.”' Targeted drugs specifically interacting
with the mTOR complex have been developed. For example,
AZD8055 inhibits both mTORC1 and mTORC?2 and has been
shown to be more effective than rapamycin in blocking mTOR
activity.>> Hu et al® showed that AZD8055 promotes Treg cell
differentiation while suppressing Thl and Th17 responses and
proinflammatory cytokine production, limiting colitis in an
animal model.

Patients with IBD have reduced levels of Treg cells in
the circulation, so boosting Treg numbers, suppressive ca-
pacity, and ability to home in on the gut represents a prom-
ising strategy for the regulation of gut inflammation.” Gut
mucosa is hypoxic, and the local expression of HIFs regulate
genes involved in the cellular adaptation to hypoxia.** Research
has shown that HIF-la is an important metabolic switch con-
trolling Treg cell differentiation. In addition, Treg cells require
HIF-1a stabilization for the relocation of pyruvate to the mito-
chondria to fuel OXPHOS.>> % Furthermore, HIF-1a stability
is required for Treg-cell effector function, which restrains gut
inflammation.’” *® Oxygen-sensing prolyl hydroxylases (PHDs)
regulate the stability of HIF-1a. With normal levels of oxygen,
PHDs hydroxylate HIF-1a, resulting in proteasomal degra-
dation of the transcription factor subunit. The reduction of
oxygen availability limits PHD activity, allowing HIF-1la ac-
cumulation. Targeting PHDs to promote HIF-1a stabilization
is a promising target to promote Treg cell differentiation and
improve cells” anti-inflammatory profile to treat intestinal in-
flammation.’* 5758

The hexosamine pathway, a branch of glycolysis that
generates substrates for protein glycosylation, is important in
the regulation of immune cell function. Mucosal T cells iso-
lated from patients with UC have defective glycosylation, which
correlates to excessive gut inflammation and disease activity.*
Dias et al® showed that mucosal T cells isolated from pa-
tients with UC with active disease supplemented in vitro with
p1,6-N-acetylglucosamine, a monosaccharide that feeds the
hexosamine pathway, were sufficient to limit the production of
TNF-«, IFN-y, and IL-17; limit the T-cell receptor signaling
pathway; and increase T-cell apoptosis. These data suggest
that supplementation with $1,6-N-acetylglucosamine could be
evaluated as an adjuvant therapy in the treatment of patients
with active UC by boosting mucosal T-cell metabolism.>

The aryl hydrocarbon receptor (AhR) regulates meta-
bolic enzymes in immune cells. Activation of the AhR signaling
pathway induces FOXP3 expression and downregulates the
proinflammatory activity of Th17 cells.* Mesalamine, a com-
monly used anti-inflammatory drug used to treat IBD, pro-
motes Treg cell differentiation and accumulation in the colon
of mice though activation of the AhR.®' Lv et al®® showed that
another AhR agonist, norisoboldine, a natural compound iso-
lated from the root of Lindera aggregata, can reduce glycolysis
and glucose uptake, thus enhancing Treg cell differentiation
and alleviating colitis in mice. Further details on how the acti-
vation of AhR limits cell metabolism may provide novel strat-
egies to treat inflammation in IBD.%

Certain microbial metabolites induce Treg cell differen-
tiation, enhancing both FOXP3 and IL-10 expression and lim-
iting IL-17 secretion by Th17 cells in the gut.’!-3* Chang et al®
recently reported that ascorbate may play a key role with pa-
tients with CD with decreased ascorbate metabolism, which
may contribute to limited mucosal healing. Ascorbate has been
shown to dampen CD4* T-cell function by limiting glycolysis.®®
Full understanding of the mechanisms controlling the interplay
between microbial metabolites and T cells in the gut may facili-
tate the development of novel anti-inflammatory drugs.®

Monocytes and Macrophages

Monocytes and macrophages are key cells of the innate
immune response and play a vital role in IBD pathogenesis.
Peripheral blood monocytes can be divided into 3 subcategories
based on the expression of CD14 and CD16 on the cell sur-
face: classical (CD14**CD16%), nonclassical (CD144mCD16"),
and intermediate (CD14*CD16%) monocytes.** These 3 mon-
ocyte populations have distinct effector functions accom-
panied by significant differences in their metabolic profile.®®
Transcriptional studies performed by Schmidl et al® showed
that whereas classical monocytes express genes involved in
anaerobic energy production and carbohydrate metabolism,
nonclassical and intermediate monocytes express genes re-
lated to OXPHOS and mitochondria function. This metabolic
contrast between monocyte subsets is linked to their pheno-
type and function. Classical monocytes are known to have a
superior phagocytosis potential, which requires energy, and
intermediate and nonclassical monocytes are known for their
cytokine production and patrolling function, where long-term
survival is necessary.

Patients with IBD have altered distribution of the dif-
ferent subsets of monocytes and macrophages in their blood
and colon.®”" Patients with CD have increased numbers of cir-
culating intermediate monocytes, and higher concentrations of
CDI14*HLADR™ monocytes, M1 macrophages, and activated
DCs are found in the inflamed colon. This unbalanced distri-
bution of monocyte populations during active disease may be
related to the available metabolites and cytokines in the colonic
microenvironment that induce a proinflammatory metabolic
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state, perpetuating the inflammation. Further investigation is
required to understand how to normalize monocyte subset dis-
tribution and control their function to help dampen inflamma-
tory responses.

Tissue macrophages are derived from either embry-
onic stem cells or recruited blood monocytes.* Different
subpopulations of macrophages can be found in the intestine,
each bearing a specific role in tissue homeostasis, and little is
known of their metabolic preferences.* "' Targeting therapies
to monocyte/macrophage metabolism should consider the dif-
ferent subpopulations and their specific function in the gut or
peripheral blood to avoid adverse clinical outcomes.” Large
quantities of monocytes and M1 macrophages are found in the
inflamed gut tissue of patients with IBD, promoting and per-
petuating the local inflammatory response.®” > Manipulating
the metabolism of proinflammatory macrophages to differ-
entiate into an anti-inflammatory subtype may be beneficial
for patients with IBD. Research has shown that HIF-1a and
mTOR regulate glycolysis and macrophage function.* The
inhibition of HIF-la or mTOR in macrophages leads to di-
sease amelioration in models of colitis.”>™ Ip et al” showed that
IL-10 suppresses macrophage activation in colitis by blocking
mTOR activity and suppressing glycolysis. Furthermore, IL-10
enhances the mitochondria function of macrophages because it
promotes OXPHOS but favors the autophagy of cells with dys-
functional mitochondria.” Unfortunately, clinical trials supple-
menting IL-10 in IBD have shown discrepant results, indicating
that patients respond differently to IL-10. Improvements to
cytokine delivery and the development of better combination
therapies and potentially metabolic profiling will be required to
allow a meaningful clinical impact.”

Itaconate and a-ketoglutarate are metabolites originating
from the TCA cycle. These metabolites are known for their
anti-inflammatory effects on macrophages by inhibiting the
secretion of proinflammatory cytokines like IL-6 and IL-1f
and increasing IL-10 production in response to LPS.** More
research is needed to better understand the role of these metab-
olites as immune effector molecules, but they represent a novel
therapeutic opportunity to control monocyte/macrophage
function in inflammatory disease.!® "7

Monocyte activation and migration to the site of inflam-
mation are intrinsically linked to glycolysis. Lee et al*® showed
that inhibiting glycolysis with 2-deoxy-D-glucose impaired the
adherence of LPS-stimulated monocytes to wells that were
precoated with fibrinogen. Gerner et al”® showed that monocyte
infiltration can also be limited by the administration of an inhib-
itor of nicotinamide phosphoribosyl transferase, which reduces
NAD availability and thus directly inhibits many bioenergetic
processes. Circulating and tissue monocytes from patients with
IBD secrete large quantities of proinflammatory cytokines.* 7
The inhibition of NAD in monocytes impairs IL-6 and CD86
expression and promotes IL-10 secretion,” identifying this as
an important pathway to investigate further in IBD.
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The NLR family pyrin domain containing 3 (NLRP3)
is a component of the inflammasome and is highly expressed
by macrophages. Cytokines, pathogen-associated molecular
patterns, or damage-associated molecular patterns activate
the NLRP3 inflammasome and support the production of
the proinflammatory cytokine IL-1(8.%° Recently, scientists
found a connection between the activation of the NLRP3
inflammasome and glycolysis. The inhibition of hexokinase or
fructose-2,6-biphosphatase 3, an enzyme that catalyzes a rate-
limiting step in glycolysis, is sufficient to limit IL-1f secretion
by macrophages, indicating a promising strategy to limit cyto-
kine secretion.>#

Tofacitinib is a Janus kinase inhibitor that was recently
approved for the treatment of patients with UC. Cordes et al®!
showed that tofacitinib manipulates the monocyte phenotype
to a more anti-inflammatory subtype. Given that LPS activa-
tion of monocytes triggers the Janus kinase/signal transducers
and activators of transcription (JAK/STAT pathway), which
in turn activates mTOR signaling, upregulating glycolysis and
supporting cytokine secretion, it is not difficult to hypothesize
that tofacitinib may have a significant impact on monocyte
metabolism.®

The advances that have been made in understanding
the metabolic regulation of monocytes/macrophages in recent
years will no doubt support the development of new thera-
peutic strategies to treat IBD by the means of manipulating cell
fate through metabolic control.

DCs

The DCs are at the interface of innate and adaptive
immunity and as such are central mediators of microbial
homeostasis because they mediate the detection and subse-
quent elimination of intestinal pathogens.®* 838 In healthy
individuals, intestinal DCs have a regulatory phenotype, but
in patients with IBD, DCs are dysregulated and secrete large
quantities of proinflammatory cytokines upon LPS stimula-
tion and have a higher expression of receptors implicated in
T-cell activation.®® Moreover, increased quantities of DCs
are found in the inflamed gut mucosa of patients with IBD,
and depleting DCs is sufficient to control colitis in a murine
model of disease.”- % The DCs can be divided into numerous
subpopulations with different progenitors. Each DC subtype
has different metabolic requirements reflecting their function.*
The DCs resemble macrophages in their metabolic profile, with
mTORCI, HIF-1a, and mitochondrial fitness playing a signifi-
cant role in cell differentiation and polarization.* Resting DCs
rely on OXPHOS and AMPK signaling to maintain their quies-
cent metabolic state. After activation, DCs switch to glycolysis,
which facilitates the generation of biosynthetic precursors for
cell growth and function.*

Notably, DC metabolism is intrinsically linked to their ability
to control T-cell polarization. Therefore, targeting DC metabolism
is an attractive approach to modulate immunity in patients with
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IBD.# However, the metabolic profile of DCs in IBD is not clear.
Based on available data, we can speculate that DCs localized in the
gut of patients with IBD have metabolic profiles resembling those
of activated DCs, with high glycolysis and an increased capacity to
activate effector CD4" and CD8" T cells.*

It has been shown that glycolysis and the suppres-
sion of AMPK signaling increases IL-12 production by
DCs, thereby promoting Thl polarization.®* Studies have
suggested that Th2 priming depends on the inhibition of
mTOR signaling and lipid metabolism in DCs, but further
studies are required.® In addition, mTOR inhibition in DCs
can inhibit antigen uptake, reducing their ability to prime
antigen-specific T-cell responses.®” This effect could be linked
to the importance of mTOR in the control of cell metabo-
lism and mitochondrial function in DCs, which is necessary
for proper antigen processing and presentation.’® However,
mTOR activity is important for some DC subsets to express
an immunoregulatory phenotype with increased secretion
of IL-10.% Investigation of the different profiles of DCs in
patients with CD vs UC would be of value to evaluate the
potential of targeting differential DC metabolism in person-
alized IBD treatments.

NK Cells

The NK cells are innate lymphocytes best known for their
role in antitumor and antiviral immunity.”® However, NK cells
also have a vital immune regulatory function and may play a
significant role in IBD pathogenesis by the recruiting of im-
mune cells to the area of inflammation.’ Usually, the elimina-
tion of NK cells reduces chronic inflammation.” For instance,
patients with CD treated using mercaptopurine have reduced
numbers of NK cells in both circulation and in the gut mucosa.
However, patients treated with mercaptopurine have an in-
creased risk of lymphoma.®® This increased risk of adverse off-
target effects could be associated with reduced NK cell numbers
observed in the circulation of these patients.”” Therefore, short-
term reductions in NK cells may have beneficial clinical effects,
but chronic elimination could be detrimental.

The NK cell effector functions, including optimal cyto-
kine production, require energy and are dependent on mTORCI1
signaling.*’” Further understanding of specific metabolic path-
ways that regulate cytokine secretion by NK cells involved in
IBD pathogenesis is desired but not easily achieved because
there is a huge amount of information not yet understood
about NK cell metabolic regulation.’’-* The IFN-y production
by NK cells requires upregulation of glycolysis, OXPHOS, and
mTORCI signaling.*’** The role of metabolism in the produc-
tion of other proinflammatory cytokines by NK cells is not
clear; however, preliminary data in our laboratory has shown
that blocking mTORC]1 with rapamycin significantly blocked
NK cell TNF-a production (data not published). Further in-
vestigation of mTORCI activity and cytokine production by

NK cells and innate lymphoid cells isolated from inflamed gut
mucosa would be helpful to understand other consequences
of increased mTORCI activity in IBD.”! Differences between
tissue resident and circulating NK cells have been discussed
elsewhere,” and considering these differences will be important
for the effective translation of any NK cell-based therapy to
the clinic.

Intestinal epithelial cells are constantly releasing immune-
suppressive cytokines including transforming growth factor
(TGF)-p to dampen the proinflammatory effect of immune
cells located in the gut mucosa.”® The dysregulation of TGF-3
signaling is associated with the development of colitis in murine
models of disease. In humans, although TGF-f3 can be found in
high concentrations in the gut mucosa, its activity is strongly
impaired mainly because of the high expression of SMAD7, an
inhibitor of TGF-f signaling.”® Studies have shown that TGF-
[ significantly impairs peripheral-blood NK cell effector func-
tions and metabolism though the canonical TGF-f signaling
pathway.”” Interestingly, chronic exposure of NK cells to TGF-
B inhibits NK cell metabolism and mTORCI function.”*
Mongersen is a SMAD7 antisense oligonucleotide showing
promising results in clinical trials with patients with CD.%
A study found that Mongersen promoted mucosal healing and
led to patient remission; however, drug safety, efficacy, and spe-
cific impacts on NK cells are yet to be fully determined.*

FINAL REMARKS

Inflammation and metabolism are inextricably linked.
Targeting immune cell metabolism may yield effective strat-
egies to control inflammation. Patients with IBD have high
numbers of activated immune cells producing proinflammatory
cytokines, in both the circulation and inflamed mucosa. In
turn, high levels of cytokines in the tissue microenvironment
promote an altered metabolic configuration in resident cells,
consequently diverting a healthy functioning cell to a disease
promoter, thus perpetuating chronic inflammation.

Continued investigation and further understanding of
the metabolic signature of immune cells in IBD will enable the
optimization of treatments. Clinical and demographic param-
eters such as patient symptoms, medication, disease location/se-
verity, and genetic predisposition may have a strong impact on
the metabolic profile of immune cells isolated from the periph-
eral blood and tissue of patients with IBD. This information
should provide insights into which metabolic pathway could be
manipulated. Many current IBD therapies lack specificity and
are associated with significant off-target effects, highlighting
the importance of exploring novel approaches such as meta-
bolic signaling pathways to improve care for these patients (Fig.
4). Understanding the underlying metabolic mechanisms regu-
lating cell motility and cytokine secretion in health and disease
will contribute hugely to the development of novel drugs to reg-
ulate the inflammatory response.
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FIGURE 4. Summary of how metabolism can be targeted to control
inflammation in patients with IBD.
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