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SUMMARY

Metabolic reprogramming is a hallmark of T cell activation and function. As our understanding of
T cell metabolism increases, so does our appreciation of its inherent complexity. The metabolic
heterogeneity of T cells that reside in different locations, such as lymphoid and non-lymphoid
tissues, presents a challenge to developing therapies that exploit metabolic vulnerabilities. The
roots of metabolic heterogeneity are only beginning to be understood. Here, we propose four
factors that contribute to the adaptation of T cells to their dynamic tissue environment: (1)
functional status of T cells, (2) local factors unique to the tissue niche, (3) type of inflammation,
and (4) time spent in a specific tissue. We review emerging concepts about tissue-specific
metabolic reprogramming in T cells with particular attention to explain how such metabolic
properties are used as an adaptation mechanism.

Adaptation of immune cells to the local microenvironment is critical for their persistence and
function. Here, Varanasi et al. review the role and types of metabolic adaptation acquired by T
cells in tissues and how these adaptations might differ between tissue type, disease state, and
functionality of a T cell.

INTRODUCTION

Activation of naive T cells within lymphoid tissues leads to metabolic reprograming from
oxidative catabolic metabolism in naive T cells to anabolic metabolism in activated T cells.
This metabolic reprograming is necessary to support T cell proliferation and differentiation
into different T cell subsets. Metabolic reprogramming in effector T cells subsets (Th1, Th2,
Th17, and CD8* effector T cells) mainly involves increased glycolysis coupled with lactate
production (referred to as aerobic glycolysis), glutaminolysis-driven mitochondrial
respiration, serine, and one carbon metabolism. These features of metabolism are less
evident in a subset of T cells with regulatory functions (referred to as Tregs), which depend
mainly on mitochondrial respiration for their survival and immunosuppressive functions
(Gerriets et al., 2015; Klysz et al., 2015; Ma et al., 2017; Macintyre et al., 2014; Makowski
et al., 2020). However, this dependence has mainly been shown with murine Tregs where
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their canonical transcription factor Foxp3 is known to inhibit expression of Glut-1 needed
for glucose uptake as well as some enzymes involved in glycolysis (Angelin et al., 2017;
Gerriets et al., 2016). Curiously, human Treg cells might engage in glycolytic activity
although identification of human Treg cells is less precise and the effects of gene silencing
on suppressive functions still need to be perfected. Nevertheless, inhibition of metabolic
reprogramming during effector T cell differentiation, as occurs during nutrient deprivation,
either leads to insufficient activation/differentiation/proliferation or in some cases results in
the generation of Tregs (Gerriets et al., 2015; Ho et al., 2015; Klysz et al., 2015; Macintyre
et al., 2014; Michalek et al., 2011).

The rules for T cell subset metabolic requirements were largely developed by using /n vitro
culture conditions rich in nutrients or from cells isolated from lymphoid tissues (mainly
spleen). Upon differentiation /7 vivo, T cell subsets egress from lymphoid tissues and enter
non-lymphoid tissues where their function is mainly focused. We know little about the
metabolic programs that various T cell subsets might need to adopt in order to reside and
function within different non-lymphoid tissue locations. In such environments, nutrient
availability might be significantly different from lymphoid tissues or /n vitro culture
conditions. We expand upon this notion and suggest that the key to survival and function
within non-lymphoid tissues involves adaptation to the metabolic climate unique to different
tissues. Should this fail, the consequences could include tissue-specific inflammatory
diseases. Here, we describe current understanding of how various T cell subsets adjust their
metabolic needs to the local tissue environment during homeostasis and different tissue
pathologies that were described mostly by using murine models. We do not discuss events
involved in initiating tissue location by T cell subsets (i.e., T cell homing), as this topic has
been extensively covered in other reviews (Rosato et al., 2020; Szabo et al., 2019).

ADAPTATION TO LOW-GLUCOSE AND HIGH-LACTATE ENVIRONMENTS

The idea of tissue-specific metabolic reprograming and adaptation was first implied from
studies with Treg cells (Angelin et al., 2017). In conditions where glucose and oxygen are
abundant, Treg cells maintain their characteristic high levels of oxidative phosphorylation
(OXPHOS) by diverting glucose-driven pyruvate to mitochondrial respiration that generates
ATP and metabolites that support their survival and function (Angelin et al., 2017; Gerriets
etal., 2016; Howie et al., 2017). In contrast, when glucose is limiting, along with an
abundance of lactate (such as in some tissues with underlying disease), Treg cells rely on an
alternative energy source. The tissues with high lactate include tumors and inflammatory
sites such as occurs in arthritic joints, atherosclerotic plaques, adipose tissue in obese
individuals or during ischemia, where lactate levels rise to 10-40 mM as opposed to
physiological levels of 1.5-3 mM (Amorini et al., 2014; Pucino et al., 2017, 2019). Lactate
abundance in the tissues or plasma is maintained by plasma bicarbonate buffering of lactic
acid. Lactate and lactic acid can have different effects on T cell subsets. For example, in
circumstances where lactate is abundant, Treg cells use lactate to power mitochondrial
respiration and are able to convert lactate to pyruvate. This mechanism was mainly restricted
to Treg cells and not T effectors, given that Treg cells maintain high levels of NAD™*
generated from mitochondrial respiration, which is required for lactate-dehydrogenase-
dependent oxidation of lactate. However, in effector T cells NAD™ consumption, due to high
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glycolysis, leads to a low NAD*/NADH ratio that is insufficient to support the utilization of
lactate (Angelin et al., 2017). Within inflammatory tissues during autoimmune conditions,
where high lactate levels accumulate, effector T cells display an adaptation mechanism that
enables them to oxidize lactate. For example, CD4* effector T cells within arthritic joints
during rheumatoid arthritis express a lactate transporter, SLC5A12, that feeds lactate to
mitochondrial respiration that in turn supports their survival and differentiation into Th1 and
Th17 cells. However, Treg cells within those inflamed environments expressed lower levels
of SLC5A12 and were less influenced by lactate exposure (Haas et al., 2015; Pucino et al.,
2019). The utilization of lactate over glucose in inflammatory tissues is also supported by
the evidence that T cells within rheumatoid arthritis lesions downregulate their expression of
Phosphofructokinase, an enzyme primarily involved in glycolysis thereby decreasing their
glucose consumption and glycolytic flux (Yang et al., 2013). This suggests that T cells in
synovial joints during rheumatoid arthritis are poised to utilize lactate over glucose as an
alternate source of fuel. Although, lactate exposure can inhibit effector T cell proliferation
both in vitroand in vivo (Angelin et al., 2017; Rundqvist et al., 2019), evidence also
suggests that lactate could significantly increase CD8* T effector functions, mainly the
expression of Gzmb and IFN-y (Rundgvist et al., 2019). Of interest, injection of lactate into
animals reduced tumor growth in a CD8* T cell-dependent manner (Rundgqvist et al., 2019).
This suggests that expression of the lactate transporter (SLC5A12) and the abundance of
lactate within inflamed tissues could positively influence effector functions of T cells. In
contrast to the inflamed tissues, tumors could predominantly accumulate lactic acid over
lactate, which would impede cytotoxic and effector T cell activity but would still support
Treg survival. This represents an obstacle to anti-cancer immunity (Brand et al., 2016;
Rundqvist et al., 2019; Wang et al., 2020a). Thus, exposure of effector T cells to lactic acid,
but not to lactate, inhibits the function and survival of both CD4* and CD8" effector T cells
(Brand et al., 2016; Haas et al., 2015; Rundqyvist et al., 2019). Consequently, rebalancing
lactate and lactic acid within tissues to reshape effector and Treg cell ratios could represent
an effective therapeutic strategy to counteract immune mediated diseases. For instance,
diminishing lactic acid levels in tumors by identifying approaches that can promote the
generation of lactate over lactic acid, could enhance effector T cell responses and tumor
control. Interestingly, lactate and lactic acid were also shown to impair CD4* and CD8* T
cell migratory abilities (in a subset specific manner), so promoting their retention within
tissue sites /in vivo (Haas et al., 2015), a mechanism that also could be attributed to inhibition
of T cell glycolysis.

The differential effects of lactate and lactic acid could be attributed to their utilization of
different transporters such as SLC5A12 or SLC16A1 and fates within T cells. Thus, lactic
acid leads to intracellular acidification and inactivation of NFAT signaling, but lactate
feeding into metabolism mainly favors mitochondrial respiration (Angelin et al., 2017;
Brand et al., 2016; Pucino et al., 2019; Rundqvist et al., 2019). Interestingly, although
inhibition of NFAT signaling inhibited effective T cell responses (Brand et al., 2016; Vaeth
et al., 2012), NFAT signaling had minimal effects on thymus-derived naturally occurring
Treg cells (Vaeth et al., 2012). This implies that some Treg cells might possess the ability to
survive in both lactic-acid- and lactate-rich environments.
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Taken together, the above observations indicate that within different tissues or during
different disease conditions, T cell subsets could gain the ability to utilize and adapt to either
lactate or lactic-acid-rich environments. Thus, identifying factors that drive the distinct
adaptation profiles of T cell subsets could lead to useful therapies to change the pattern of T
cell responsiveness.

MITOCHONDRIAL METABOLISM IS KEY FOR T CELL SURVIVAL WITHIN

TISSUES

In addition to aerobic glycolysis being an important determinant for effector T cell
differentiation, active mitochondrial respiration might be critical for survival and function of
T cells especially within tissue environments. Interestingly, a recent study showed that
mitochondrial respiration occurs at higher rates in physiologically primed effector T cells
compared with cells primed /n vitro (Ma et al., 2019). The latter study used /n vivo infusion
of isotope-labeled glucose and flux analysis and showed that CD8" T cells primed /in vivo
after an acute infection had their glucose diverted to mitochondrial respiration, whereas T
cells that were activated /n vitro used mainly glycolysis (Ma et al., 2019). This /n vivo
preference for mitochondrial respiration over glycolysis might also explain the defective
ability of /in-vitro-activated cells to utilize/oxidize lactate as an alternative energy source.

It is also becoming evident that mitochondrial respiration and more specifically individual
components of the mitochondrial electron transport chain are differentially required to
sustain both effector and Treg functions. For example, under differentiating conditions /n
vitro, expression of IFN-y by Th1 cells requires active complex Il and I1l, whereas, IL-17
expression by Th17 cells is dependent on complex | and 11 (Bailis et al., 2019). Additionally,
T cells lacking complex 111 of the electron transport chain failed to generate mitochondrial-
derived reactive oxygen species (ROS) and displayed defective effector T cell responses (in
both CD4* and CD8™) during acute infection (Sena et al., 2013). In addition, effector T cell
responses were increased in mice that lack MCJ/DnaJC15, an endogenous break for
mitochondrial respiration in cells, because of increased OXPHOS (Champagne et al., 2016).
Additionally, mitochondrial metabolism (biogenesis, morphology, and function) is critical
for memory T cell responses although this has been mostly studied in circulating memory T
cells (Buck et al., 2016; Dumauthioz et al., 2020; O’Sullivan et al., 2014). Similar to
effectors and memory CD8* T cells, Treg cells also display differential dependence on
discrete components of the mitochondrial electron transport chain. For example,
mitochondrial complex 111, but not I, is specifically required to maintain Treg suppressive
capacity, but not their proliferation and survival (Weinberg et al., 2019). However, it is still
unclear which exact mechanism within mitochondrial metabolism supports regulatory
functions of Treg cells such as IL-10 production.

Mitochondrial metabolism within lymphocytes varies depending on the type of tissue where
they reside. For instance, intraepithelial lymphocytes (IELs) located at the intestinal barrier
display a distinct mitochondrial metabolic state to that of effector or memory T cells from
the spleen (Konjar et al., 2018). Despite, harboring high numbers of mitochondria per cell,
IELs displayed reduced spare respiratory capacity that could indicate low availability of fuel
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for mitochondrial metabolism, at least during the quiescent state. However, IELs also have a
distinct mitochondrial membrane cardiolipin composition that is altered to support their
rapid proliferation and effector function upon re-stimulation (Konjar et al., 2018). Similarly,
inducing mitochondrial biogenesis in T cells by using PGC-1a overexpression (which led to
increased mitochondrial number and function) did not influence the abundance of memory T
cells in the liver after listeria infection, despite showing an increased number of circulating
memory T cells (Dumauthioz et al., 2020). It is yet to be ascertained if long term residency
of T cells in the liver is altered in cells that maintain high mitochondrial metabolism.
However, this might not be the case for lung-resident memory T cells as they seem to be
dependent on mitochondrial metabolism. Thus, lung-resident T cells expressed a
transcription factor Bhlhe40 that predominantly regulated genes involved in mitochondrial
metabolism (Li et al., 2019). Subsequently, T cells lacking Bhlhe40 showed diminished
expression of genes involved in mitochondrial metabolism and/or OXPHQOS along with their
defective persistence in the lungs as tissue-resident memory T cells (TRM). However, their
early infiltration into the tissue as well as their persistence as splenic memory T cells
remained unchanged (Li et al., 2019). Besides mitochondrial metabolic genes, Bhlhe40 also
regulated expression of other immune and non-immune genes, but the contribution of
mitochondrial metabolism to the Bhlhe40-knockout T cell phenotype still needs to be
established. Overall, however, it appears that mitochondrial metabolism could be regulated
in a tissue-specific manner, although this issue merits further investigation. Our current
understanding of mitochondrial metabolism of TRM and Treg cells in different tissues is
summarized in Figure 1.

The aspect of regulation of mitochondrial metabolism within tissues was well illustrated by
studies on the maintenance of the mitochondrial genome by mitochondrial transcription
factor A (Tfam). This is a nuclear-encoded mitochondrial protein that regulates replication,
transcription as well as the stability of mitochondrial DNA. Cell-type-specific deletion of
Tfam in T cells by using the CD4-Cre approach causes severe mitochondrial respiration
defects, lysosomal storage disorders, and enhanced IFN-y production by CD4* T cells
(Baixauli et al., 2015), resulting in severe autoimmunity (Desdin-Mico et al., 2020). Tfam
depletion in Treg cell alone led to similar mtDNA depletion and mitochondrial respiratory
deficiencies but had no obvious effect on Treg maintenance in the thymus and spleen.
However, the number and function of Treg cells in non-lymphoid tissues were markedly
impaired in Tfam-deficient Treg cells resulting in severe autoimmunity (Chapman et al.,
2018; Fu et al., 2019). One potential explanation for Tfam deletion causing an increased
effector response in T cells despite showing defective mitochondrial respiration, could be
because of reduced NAD levels. Thus, restoring NAD levels by supplementation with the
nicotinamide precursor NAM partially rescued the Tfam deficiency and ameliorated the
impaired Th1 responses (Desdin-Mico et al., 2020). Another potential explanation for Tfam-
deletion-induced effector T cell responses could be attributed to defective packaging of the
mitochondrial DNA upon Tfam deletion. This would result in mitochondrial DNA release
into the cytoplasm and activation of cytosolic cGAS-stimulator of the interferon gene
(STING) DNA-sensing pathway and inflammatory cytokine expression (Chung et al., 2019;
West et al., 2015). In addition, it remains unclear how the reduced ratio of oxidized NAD* to
its reduced form NADH (leading to reductive stress), regulates the effector functions of T
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cells. It is widely recognized that reactive oxygen and nitrogen species are required for T
cell activation, and one potential way to address the role of reductive stress in modulating T
cell responses is to employ a genetic tool wherein a bacterial NADH oxidase (LbNOX) is
overexpressed in a compartment-specific manner (mitochondrial versus cytosol) to increase
the NAD*/NADH ratio (Goodman et al., 2020; Patgiri et al., 2020). It is also reasonable to
assume that mitochondrial metabolism of Treg cells might possess a tissue homeostatic
advantage over effector T cells in the same tissues.

With regard to mitochondrial metabolism within tumors, mounting evidence suggests that
tumor-specific CD8* T cells when within tumors display impaired mitochondrial function
and increased accumulation of mitochondrial ROS as compared with their circulating
counterparts (Siska et al., 2017; Zhang et al., 2017). This impaired mitochondrial function of
T cells within tumors was associated with their diminished effector function. However, the
effector T cell function could be rescued by overexpression of PGC-1a., specifically within
the CD8* T cells, and this led to an increase in both mitochondrial number and function
(Bengsch et al., 2016; Dumauthioz et al., 2020; Scharping et al., 2016). Although the exact
mechanism by which the functional restoration of mitochondria led to increased effector
functions of T cells is unclear, changes in T cell differentiation state could be one potential
explanation. Thus, increased mitochondrial respiration imposed a memory-like state in the
effector T cells and enhanced their antitumor responses (Buck et al., 2016; Dumauthioz et
al., 2020). It will be interesting to see if PGC-1a-restored cells resemble the recently
described stem-like memory cells that were shown to be highly relevant in immunity to
tumors and some chronic infections (Brummelman et al., 2018; Miller et al., 2019; Siddiqui
et al., 2019; Utzschneider et al., 2016).

In contrast to effector T cells within tumors, Treg cells remain highly functional and show
intact and higher rates of mitochondrial activity (Field et al., 2020; Maj et al., 2017). This is
in contrast to autoimmune lesions where Treg cells display dysfunctional mitochondrial
metabolism. Treg cells from multiple sclerosis patients and in its mouse model experimental
autoimmune encephalitis (EAE) displayed signatures of depolarized mitochondria and the
apoptotic signaling pathway. This status was also associated with reduced mitochondrial
potential, increased production of mitochondrial ROS, and increased apoptotic cell death in
Treg cells from EAE. Additionally, treating EAE mice with MitoTEMPO, a mitochondria-
specific superoxide scavenger increased Treg cell accumulation in the spinal cord and
delayed the disease onset (Alissafi et al., 2020). This suggests that mitochondrial
metabolism plays a central role in conferring T cell adaptation within tissues during both
disease and homeostatic states. And that within the same microenvironment, some T cell
subsets can adapt and stay functional whereas others cannot. Taken together, regulating T
cell function and adaptation by mitochondrial metabolism goes beyond the classical function
of mitochondria, ATP production, but includes other activities such as mitochondrial DNA
signaling, TCA intermediates-dependent signaling, mitochondrial ROS signaling, and levels
of NAD*/NADH. Our current understanding of mitochondrial metabolism of T cells and
Treg cells in different disease contexts is summarized in Figure 2.
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ADAPTATION TO HYPOXIC ENVIRONMENT IS KEY FOR EFFECTIVE T CELL
RESPONSES

It is now known that tissues with an ongoing inflammation or tumors are associated with
increased oxygen consumption resulting in localized tissue hypoxia. A key signaling
molecule that regulates cellular adaptation to hypoxic tissue microenvironments, especially
to regulate both glycolysis and mitochondrial respiration, is HIF1a.. Under hypoxia, HIFla
in Treg cells directed glucose away from mitochondrial respiration and toward glycolysis,
which is critical for Treg migration. Deficiency of HIF1a in Treg cells led to impaired
glycolysis and augmented mitochondrial OXPHOS. Despite displaying high suppressive
capacity, HIF1a-deficient Treg cells had impaired migratory and survival abilities within the
colon and brain, but not in lymphoid tissues. This defective Treg cell migration and survival
led to increased protective effector T cell responses within the colon during T cell-mediated
colitis (Clambey et al., 2012) and in the brain during glioma (Miska et al., 2019).
Additionally, hypoxia-induced HIF1a also plays similar role in effector T cells. For
instance, the hypoxic environment within kidneys during murine lupus nephritis induces the
expression of HIF1a effector T cells (CD4* and CD8*) contributing to T-cell-dependent
injury. In fact, deletion of HIF1a CD4* T cells reduced T cell numbers specifically within
kidneys and protected mice from kidney damage. Whereas, T cell responses in the spleen
remained intact (Chen et al., 2020b). Similarly, CD8* T cells within tumors, but not in
lymphoid tissues, express HIF1a, and the CD8* T cells that lacked HIF1a displayed
reduced infiltration and survival within tumors resulting in increased tumor burden.
Nevertheless, CD8" T cells persisted in the spleen and lymph nodes (Chapman et al., 2018;
Palazon et al., 2017). Given that the loss of HIF1a in Treg and effector T cells resulted in
reduced tissue infiltration (Chapman et al., 2018; Chen et al., 2020b; Clambey et al., 2012;
Miska et al., 2019; Palazon et al., 2017). Additionally inhibition of glycolysis with lactate or
lactic acid inhibited the migration of both CD4* and CD8* T cells (Haas et al., 2015),
indicating a critical role for glycolysis in T cell migration. Subsequently, glucokinase, an
enzyme involved in glycolysis, promotes cytoskeletal rearrangements by associating with
actin. Of interest, Treg cells lacking glucokinase failed to migrate to skin allografts and graft
rejection was augmented (Kishore et al., 2017). Thus, even though glycolysis could be less
critical for Treg cell generation and function, it could be an important factor for Treg cell
migration. Taken together, these observations support the idea that within tissues where
oxygen is limiting, T cells adapt by expressing HIF1a that supports their metabolism and
function within such hypoxic microenvironments (Figure 2).

WITHOUT ADEQUATE FATTY ACIDS IN TISSUES T CELLS MALFUNCTION

An important metabolic constituent of tissues and tumor environments is the abundance of
fatty acids. Many studies reported that tissue-infiltrating T cells, compared with circulating
T cells, express gene signatures involved in fatty acid metabolism, particularly those
associated with fatty acid uptake, binding, or oxidation. For instance, TRM isolated from
tissues such as skin, liver, gut, adipose tissue, and bone marrow (Collins et al., 2019; Frizzell
etal., 2020; Han et al., 2017; Pan et al., 2017) expressed disparate isoforms of fatty-acid-
binding protein (FABP), which are critical for their survival and persistence within those

Cell Metab. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Varanasi et al.

Page 8

tissues. For instance, CD8" TRM in the skin after vaccinia virus infection took up fatty acids
and expressed FABP4/5, which, if knocked down in CD8" T cells, impaired TRM skin
accumulation (Pan et al., 2017). However, circulating T cell responses remained intact.
Similarly, TRM in adipose tissue after Yersinia infection expressed higher levels of FABP4
(Han et al., 2017), and liver derived TRM expressed high FABP1 levels (Frizzell et al.,
2020). Moreover, T cells depleted of FABP1 no longer accumulated in the liver, but their
splenic distribution pattern was unchanged. Curiously, expression of various FABP isoforms
is not permanently imprinted within a particular species of TRM. Instead, these genetic
programs can apparently be rewired in tissue-specific manner. For instance, transfer of liver
TRM into naive mice resulted in TRM accessing the intestines and skin. However, they lost
the liver-specific FABP1 isoform but expressed the isoform characteristic of the respective
tissue (Frizzell et al., 2020). This is in contrast to circulating and /in-vitro-generated memory
T cells that utilize lipolysis of intracellularly stored lipids for their generation and
persistence (Cui et al., 2015; O’Sullivan et al., 2014). The differences in fatty acid
metabolism in different TRM and Treg cells are summarized in Figure 1. Similar to skin
TRM, CD8™" T cells infiltrating skin tumors also take up and catabolize fatty acids and
displayed enhanced expression of FABP4/5. This fatty acid signaling and catabolism was
mainly observed in CD8* T cells from advanced tumors (30 days) compared with early
tumors (14 days), or T cells from the spleen (Zhang et al., 2017). This also correlates well
with the changes in gene expression observed in the skin infiltrating CD8* T cells after acute
infection where gene signatures involved in fatty acid metabolism appears mainly from day
25 post infection, and this was maintained until day 90 (Pan et al., 2017). This indicates that
the time spent by the CD8" T cells within a given tissue during either an acute infection or in
tumors could influence their dependence on fatty acid metabolism.

Interestingly, a key difference in fatty acid metabolism between skin TRM and skin tumor-
infiltrating CD8™ T cells was the expression of peroxisome proliferator-activated receptor
(PPAR), a nuclear receptor involved in fatty acid signaling. Whereas skin TRM expressed
the gamma isoform of PPAR (PPARY) (Pan et al., 2017), CD8" T cells in skin tumors
expressed the alpha isoform (PPARa) (Zhang et al., 2017). It still needs to be shown if these
individual isoforms have different substrate specificities and if they can differently regulate
T cell functions. However, deletion of PPARa in CD8* T cells impaired their persistence
and function within tumors and led to increased tumor burden. In contrast, promoting
PPARa signaling using the PPARa-specific agonist-fenofibrate improved CD8* T cell
function and reduced the tumor burden (Zhang et al., 2017). Similar to skin tumors, CD8* T
cells from human gastric adenocarcinomas with a TRM phenotype (CD69*CD103") also
displayed enhanced fatty acid uptake and expressed FABP4/5. This allowed them to remain
functional compared with the CD8" T cells with the non-TRM phenotype within tumors,
which in consequence became dysfunctional (Lin et al., 2020). Together, these observations
indicate the CD8* T cells within different tissues and during different disease contexts
display elevated signatures of fatty acid metabolism that are critical for their persistence in
those tissues.

As with CD8* T cells, Treg cells also display different fatty acid metabolic signatures within
non-lymphoid tissues compared with lymphoid tissues. For instance, single-cell RNA
sequencing analysis of Treg cells from lymphoid and different non-lymphoid tissues
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revealed that Treg cells in lymphoid tissues expressed genes involved in glycolysis. In
contrast, Treg cells in the colon and skin expressed genes involved in fatty acid metabolism
(Miragaia et al., 2019). The skin Treg cells specifically expressed PPARy and DGAT?2 that
are involved in fatty acid signaling and storage, respectively, compared with Treg cells in
lymphoid tissues (Delacher et al., 2020; Miragaia et al., 2019). Although the role of PPARy
in skin Treg is not yet explored, it is possible that skin Treg cells also express other isoforms
of PPAR such as PPARa.. In support of this possibility, Treg cells from PPARa-deficient
mice display diminished suppressor functions and reduced abundance in skin upon skin
sensitization with an allergen (Dubrac et al., 2011). In addition, Treg cells in visceral
adipose tissues (VATS) take up fatty acids and expressed the lipid transporter CD36 as well
as a nuclear receptor PPARy compared with their counterparts in the spleen. Deletion of
PPARy in Treg cells impaired their survival within VAT tissue, but not in the spleen.
Additionally, promoting PPAR-y signaling, by using the PPARy-specific agonist
(pioglitazone), increased Treg cell numbers specifically in VATSs and reduced high-fat-diet-
induced insulin resistance in a Treg-specific-PPARy-dependent manner (Cipolletta et al.,
2012). The expression of CD36 in both CD4* and CD8* T cells from VATs was also
observed in humans, indicating that some features of metabolism are conserved between
humans and mice (Couturier et al., 2019). Similarly, Treg cells in colonic lamina propria
intestines express receptors for CD36 compared with splenic Treg cells. This might allow
intestinal Treg cells to take up and supply lipids to fuel mitochondrial respiration, but this
still needs to be described (Kabat et al., 2016). Tregs in mouse tumor models might also take
up lipids and express lipid transporters, such as CD36 (Pacella et al., 2018; Wang et al.,
2020a) and FABP4/5 (Field et al., 2020). In addition, the expression of CD36 along with
lipid uptake was also observed in Treg cells from patients with non-small-cell lung
carcinoma and breast cancer (Wang et al., 2020a). In fact, CD36-mediated lipid uptake
promoted mitochondrial respiration in Treg cells via PPARP signaling. This mitochondrial
fitness expressed by Tregs is likely critical for their survival in lactic-acid-rich tumor
microenvironments. Thus, ablation of CD36 or PPARP specifically in Treg cells reduced
their persistence and suppressive activity in tumors but fortunately left Treg cells in
lymphoid tissues intact (Wang et al., 2020a). We can state that both Treg cells and CD8* T
cells express some features of fatty acid metabolism within tissues and also express different
isoforms of nuclear receptors during various disease contexts (Figure 2). It still remains to
be known the role of fatty acid metabolism in both effector T cells and Treg cells within
autoimmune tissue. Understanding if the reliance of Treg cells on fatty acid metabolism
holds true within additional tissues, especially barrier tissues such as the lungs and the eye
where Treg cells were shown to attain tissue repair functions (Arpaia et al., 2015; Varanasi et
al., 2018), will be an important area for future investigation.

We can conclude that fatty acid metabolism might play a central role in the adaptation of T
cells (both effector and regulatory) within the majority of tissues that display lipid-rich
compositions. Because each tissue has a different composition of fatty acid and lipid species,
the fatty acid or lipid preferences of TRM or Treg cells to bind and activate different FABP/
PPAR isoforms in a tissue-specific manner needs further evaluation. It is also not known
whether fatty acid uptake and binding to fatty acids stimulates fatty acid p-oxidation in
lysosomes. Accordingly, CPT1a was shown to be dispensable for the generation and
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maintenance of peripheral T cell responses (CD8™ effector, memory, and Treg cells) (Raud
et al., 2018), although it is still unclear whether CPT1a- or CPT2-dependent fatty acid p-
oxidation might be crucial for maintaining T cells within non-lymphoid tissues or tumors.

TISSUE-SPECIFIC ADAPTATIONS GOES BEYOND CELLULAR
METABOLISM

Along with metabolites that can be utilized for energy provision, T cells also encounter other
metabolites that are enriched in a tissue-specific manner. These metabolites might not only
regulate T cell metabolism but could also be important for regulating immune functions
occurring as a consequence of downstream signaling within T cells. An appreciation of how
these mechanisms might operate within different tissues is only beginning to emerge, and
this information comes mainly from studies of T cells in the intestinal mucosa (Figure 3).
Intestinal sites are abundant in fats, fat-soluble vitamins, bile acids, and microbial-derived
metabolites. Moreover, intestinal segments descending from proximal to distal regions are
responsible for absorption of different nutrients and these can regulate immune responses in
a specific manner. Although the small intestine is responsible for the majority of nutrient
absorption, the abundant microbial community of the large intestine is essential for the
fermentation of indigestible material such as fibers and starch (Flint et al., 2012; Hillman et
al., 2017). This compartmentation appears to have a discrete impact on immune responses
generally and on lymphocyte function more specifically. Germ-free mice lacking microbiota
at barrier surfaces, especially within the gut, displayed reduced Treg cell numbers within the
colon (Lathrop et al., 2011; Sefik et al., 2015). However, Treg cells in other segments of the
intestines and lymphoid tissues were largely unaffected. One mechanism by which the gut
microbiota regulates Treg cell abundance, especially in the colon, is by producing short-
chain fatty acids and secondary bile acids. In addition, SCFA derived from bacterial
fermentation of dietary fiber regulate Treg cell (RORy*) abundance via free fatty acid
receptor (FFAR2/GPR43)-dependent inhibition of histone deacetylase (HDAC) activity
(Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013). In contrast, secondary bile
acids regulate the abundance of RORy™ Treg in a vitamin D receptor (VDR)-dependent
manner (Song et al., 2020). Subsequently, Treg cells within the colon, but not in the small
intestine and spleen, expressed FFAR2/GPR43 or VDR. Additionally, mice lacking FFAR2
or VDR specifically in Treg cells displayed reduced numbers and function of colonic RORy
* Treg. However, Treg abundance within other locations was intact. Consequently, feeding
mice with short-chain fatty acids, or various secondary bile acid metabolites, increased
colonic RORy* Treg and ameliorated intestinal inflammation (Arpaia et al., 2013; Furusawa
etal., 2013; Sefik et al., 2015; Smith et al., 2013; Song et al., 2020). Interestingly, the gut-
microbiota-derived colonic Treg cells were mostly restricted to a subset of Treg cells that
express the transcription factor RORy (these constitute to more than 50% of colonic Treg
cells). Thus, mice depleted of gut microbiota, or germ-free mice, were deficient in RORy*
Treg in part dependent on secondary bile acids and short-chain fatty acid stimulation (Sefik
et al., 2015; Song et al., 2020). The metabolic consequences of dysbiosis observed during
different disease conditions such as inflammatory bowel disease or cancer, particularly the
impact on SCFA and bile acid profiles, could provide new mechanistic insight into how
dysbiosis alters T cell adaptation and function during disease pathogenesis.

Cell Metab. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Varanasi et al.

Page 11

Whereas microbial-derived metabolites drove Treg cell differentiation and persistence within
the colon, Treg cells within the small intestine are primarily driven by dietary antigens or
dietary supplements. In fact, germ-free mice devoid of dietary antigens derived from solid
foods had fewer Treg cells (Kim et al., 2016). Another dietary factor that shapes the small
intestinal immune response is vitamin A, a fat-soluble vitamin that is absorbed in the
proximal parts of the small intestine where it is metabolized to its bioactive form, retinoic
acid. Together with TGF-B, retinoic acid drives the generation of Treg cells mainly within
the small intestine and its draining lymph nodes (Sun et al., 2007). In support of this, feeding
mice that are deficient in vitamin A prevented the development of Treg cells and promoted
Th17 cells (Ohnmacht et al., 2015). Together with TGF-p, retinoic acid drives the generation
of RORy™ Treg within the small intestine and its draining lymph nodes (Sun et al., 2007).
Feeding mice that are deficient in vitamin A prevented the development of RORy™* Tregs in
the small intestine (Ohnmacht et al., 2015). Interestingly, within different regions of the
small intestine, zonation occurs with metabolites and immune subsets differing in
abundance. While the proximal small intestine and its draining LNs (deodenum/jejunum)
preferentially accumulate tolerogenic T cell responses, distal LNs (cecum) favors pro-
inflammatory responses, mainly mediated by Th17 cells (Esterhazy et al., 2019). However,
the link between metabolite abundance within different zones of the small intestine and the
spectrum of immune cell types present requires further study.

Of interest, other metabolites generated by host cells, diet, and microbiota (e.g., amino acid
tryptophan metabolites) that trigger the transcription factor aryl hydrocarbon receptor (AHR)
in both small and large intestines also are involved in Treg maintenance. Thus, Treg cells in
the colon and small intestine express higher levels of AHR than Treg cells in other locations
express. In consequence, mice with Treg-specific AHR deficiency display a reduction in the
number of Treg cells in both intestinal compartments (Ye et al., 2017). Additionally, tissue-
infiltrating T cells need to manage some of the toxic metabolites within the intestines to
avoid toxic stress and to remain functionally effective. For instance, CD4* and CD8* T cells
that are within the small intestine lamina propria, but not in lungs, express a xenobiotic
transporter-MDR1 (multidrug resistance protein) that is critical for efflux of bile acids that
were engulfed (Cao et al., 2017; Chen et al., 2020a). CD4* T cells lacking MDR1 failed to
persist within intestinal inflammatory sites (Cao et al., 2017), and as a consequence, bile
acids induced mitochondrial toxicity (Cao et al., 2017; Chen et al., 2020a). Interestingly, the
expression of MDR1 in T cells is regulated in part by a group of Runt-related transcription
factors (Runx). Thus, knockdown of Runx1 or Runx3 inhibited the expression of MDR1
(Chen et al., 2020a). We still need to understand how and when the various adaptation
signals are acquired by tissue-infiltrating T cells and if the adaptations change over time in
the case of cells that are short lived compared with cells that establish long term residence.

A possible mechanism by which tissue-infiltrating T cells acquire adaptation signals is by
interacting with dendritic cells that drain the tissue to the lymph nodes. For instance,
migratory dendritic cells that express both the transcription factor Batf3 and aV integrins
are critical for the generation of skin-resident memory cells, especially cells that reside in
the epidermis, but not the dermis or circulating memory T cells (Iborra et al., 2016; Mani et
al., 2019). Although it remains to be shown if priming by these dendritic cells imprints any
metabolic features onto skin-resident memory cells, dendritic cells draining other tissues can
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imprint some metabolic signatures. For example, the expression of MDR1 within intestinal
T cells could be induced by migratory dendritic cells isolated from the gut (Cao et al., 2017).
Similarly, Treg cells generated within the small intestine depend on dendritic-cell-mediated
conversion of vitamin A to retinoic acid via oxidation by retinal dehydrogenases (Coombes
etal., 2007; Sun et al., 2007). However, within the colon, secondary bile acids (SBAs) such
as isoDCA-induced colonic Treg cells required activation via the bile acid nuclear receptor-
FXR on dendritic cells (Campbell et al., 2020). We summarize these adaptations in Figure 3.
Another potential explanation for adaptation is that the metabolites or compounds within the
tissues could directly regulate the expression of various tissue-specific metabolic proteins.
For example, culturing /n-vitro-activated T cells with tissue lysates from the skin or liver
induced the expression of tissue-specific FABP isoforms (Fabp4 when cultured with skin
extracts and the expression of Fabpl when cultured with liver extracts) (Frizzell et al., 2020).
However, the exact factors present in these tissues and the mechanisms that drive the
expression of tissue-specific isoforms of FABP are yet to be discovered. Taken together, this
indicates that different zones within tissues (especially the intestinal tract) present some
unique and different metabolic microenvironments. These effects could influence T cell
responses, and this presents a need for them to differentially adapt to stay functional.

CONCLUDING REMARKS

Research on immunometabolism has transformed our understanding and control of diseases
that include cancers, autoimmunity, cardiovascular diseases, and infections. Different T cell
subsets and other cell types involved in those diseases rely on different metabolic pathways
to support their functions, and these pathways can potentially be manipulated therapeutically
to change the disease outcome. We have discussed evidence showing how cells with
different functions take cues from their tissue location and adjust their metabolism to carry
out their activities at that tissue site. Many, but not all, of the cues are metabolic precursors
or products, with different immune cells responding differentially to the cues to perform
their functions. For example, upon entering into the various tissues, T cells can sense
nutrient levels present at the site and can then rewire their metabolic activities to a pattern
that allows them to survive and function optimally at that site. We refer to these metabolic
adjustments made by T cells at tissue-reactive sites as T cell adaptations as was also recently
reviewed for Tregs (Wang et al., 2017; Wang et al., 2020b). We propose that 4 factors
contribute to the adaptation of T cells to their dynamic tissue environment. These are (1)
functional status of T cells, (2) local factors unique to a niche of the tissue, (3) type of
inflammation that might be occurring in the tissue, and (4) time spent in a specific tissue.
These adaptations differ between different tissue locations and disease events, and this can
be either beneficial or detrimental for disease control. Identifying the mechanisms of T cell
adaptation could result in developing therapeutic approaches to change such events when
untoward happenings occur. We have described the observations pertinent to this topic and
highlight some of the open questions that remain to be answered at a mechanistic level.
Thus, although it is possible that some adaptations are tissue specific, others might be global
and common to all tissues. So far, our understanding of T cell adaptations within different
tissues is restricted to few genes or pathways and is also focused on one specific tissue per
study. Future studies should resolve how adaptations are controlled at a global scale and
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should compare multiple tissues simultaneously. Moreover, these adaptations need to be
comparatively studied within both functional and dysfunctional T cells.

Other issues needing evaluation that could affect adaptations include differences between
humans and mouse models and the influence of sex, diet, and age. With recent
advancements in measuring changes in T cell metabolism at the single-cell level (Hartmann
et al., 2020), and in the near future spatial level, we could correlate differences in
metabolism to the T cell function in space and time and to be able to develop more focused
therapeutic approaches. The ultimate payoff will be to identify extracellular and intracellular
factors that regulate tissue-specific adaptations and then be able to modulate them
specifically at a tissue level with currently available or developing drugs. This approach
could overcome the problem that most currently used immune or metabolic modulating
drugs are designed on the basis of changes observed in lymphoid tissues or blood as opposed
to tissues and act at a whole-body level that can result in low efficacy or unwanted
complications and toxicity. As a rapidly maturing field, immunometabolism is now poised to
move forward to address.
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Figure 1. Tissue-Specific M etabolic Adaptations of T Cells
Tissue-resident memory and Tregs from different tissues share a core metabolic program

involving in fatty acid metabolism and mitochondrial metabolism compared with their
counterparts in lymphoid tissues. Beyond this core metabolic program, each population
possesses additional tissue-specific programs shaped by the local environment. For instance,
skin TRM show the expression of PPARy and express fatty-acid-binding protein isoform,
FABP4/5, whereas liver TRM and adipose tissue express the isoform FABP1 and FABP4,
respectively. Another notable difference is the altered cardiolipin content of mitochondrial
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membranes in the intestinal interepithelial lymphocytes. Interestingly, skin Treg cells
express either PPARa/y isoforms whereas, adipose-tissue-specific Tregs express only
PPAR-y. However, Treg cells in non-lymphoid tissues, but not in the lymphoid tissues,
depended on mitochondrial DNA replication and transcription orchestrated by Tfam. For
each tissue, we have shown Treg (gray box) and CD8* TRM (green box) depicting known
metabolic pathways or genes related to metabolism. The dotted lines indicate mechanism/
pathway that are unclear.
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Figure 2. Different T Cell Subsets Adapt Differently within Tissues of Different Disease States
Tumors and autoimmune tissues consist of metabolically distinct environments where both

Treg and T effector display distinct metabolic features. Treg cells in tumors display high
suppressor functions that is correlated with intact mitochondrial metabolism that is powered
by PPARP signaling and/or lactate utilization (due to high NAD*/NADH ratio). Although
both Treg and CD8 T cells in tumor express FABP4/5 and take up fatty acids, PPARa-driven
signaling in tumor-infiltrating CD8™* T cells is insufficient to sustain their effector functions
as CD8 T cells in tumors also display dysfunctional mitochondrial metabolism with
increased mitochondrial ROS production that contributes to CD8* T cell dysfunction. CD8*
T cells in tumors also lack the ability to utilize either lactate or lactic acid (due to low NAD
*/NADH ratio), which later inhibits T cell glycolysis and T effector functions. In contrast to
Treg cells in tumors, Treg cells in autoimmune lesions display dysfunctional mitochondrial
metabolism with increased mitochondrial ROS production (similar to CD8* T cells in
tumors), which is associated with their inadequate suppressor functions. Whereas, effector T
cells (mainly CD4) in autoimmune tissue display heightened ability to utilize lactate (due to
high NAD*/NADH ratio) to power their mitochondrial metabolism and sustain high effector
functions. Thus, intact mitochondrial metabolism is essential for sustaining T cell function
(both Treg and T effector) within tissues during different disease states. Although there are
some distinct metabolic features between Treg cells and effector T cells within tumors and
autoimmune tissue, there are some common adaptation mechanisms such as expression of
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HIFla in the infiltrating T cell subsets (both Treg and T effector) that is critical for their
infiltration and survival within these tissues. Thus, 4 factors contribute to the adaptation of T
cells to their dynamic tissue environment. These are (1) functional status of T cells (Treg/
effector or highly functional/dysfunctional), (2) local factors unique to a niche of the tissue
(lactate/lactic acid or type of fatty acids), (3) type of inflammation that might be occurring in
the tissue (cancer/autoimmune), and (4) time spent in a specific tissue (early infiltrators/long
term resident T cells). The dotted lines indicate mechanism/pathway that are unclear, red
dots on mitochondria represent mitochondrial ROS, and CD8* TIL represent CD8* tumor-
infiltrating lymphocytes.
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Figure 3. Tissue-Specific Adaptationsof T Cells Goes beyond Cellular Metabolism
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To survive within different tissues that harbor a variety of metabolites, Treg cells and
effector T cells evolve new ways to adapt. cTregs (colonic Treg cells) and siTregs (small
intestine Treg cells) sense and signal the AHR. Ligands that activates AHR induced
expression of different target genes are key to survival within these tissues. Additionally,
cTreg cells also sense colon-specific metabolites such as retinoic acid via the retinoid acid
receptor (RAR). siTreg cells sense and respond to SCFAs via FFAR2-mediated HDAC
signaling and SBAs via VDR signaling, both of which are critical for generation and
survival of siTreg cells. CD4/CD8 Teff cells adapt to bile acids in the small intestine by

efflux of bile acid (BA) via MDR1.
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