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Summary
The interplay of the immune system with other aspects of physiology is continually being revealed
and in some cases studied in considerable mechanistic detail. A prime example is the influence of
metabolic cues on immune responses. It is well appreciated that upon activation, T cells take on a
metabolic profile profoundly distinct from that of their quiescent and anergic counterparts;
however, a number of recent breakthroughs have greatly expanded our knowledge of how aspects
of cellular metabolism can shape a T-cell response. Particularly important are findings that certain
environmental cues can tilt the delicate balance between inflammation and immune tolerance by
skewing T-cell fate decisions toward either the T-helper 17 (Th17) or T-regulatory (Treg) cell
lineage. Recognizing the unappreciated immune modifying potential of metabolic factors and
particularly those involved in the generation of these functionally opposing T-cell subsets will
likely add new and potent therapies to our repertoire for treating immune mediated pathologies. In
this review, we summarize and discuss recent findings linking certain metabolic pathways,
enzymes, and byproducts to shifts in the balance between Th17 and Treg cell populations. These
advances highlight numerous opportunities for immune modulation.
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Introduction
An effective adaptive immune system must possess the ability to respond to a wide variety
of infectious and malignant insults. This versatility is achieved in large part by the functions
of highly specialized effector T-helper (Th) subsets generated by the activation of
uncommitted precursors. These T-effector lineages and their characteristic cytokines can
mean the difference between host resistance and susceptibility to a range of pathogens and
diseases. For instance, naive CD4+ T cells can differentiate into Th1 cells that produce
interferon-γ (IFNγ) and offer protection against intracellular viral, bacterial, and parasitic
infection. The Th1 response is also beneficial for anti-tumor immunity. Alternatively,
commitment to the Th2 lineage yields producers of interleukin-4 (IL-4) that are critical for
controlling extracellular parasites such as helminthes. A more recently appreciated subset,
the Th17 cells are responsible for combating extracellular bacteria and fungi through
secretion of interleukin-17A (IL-17A), IL-17F and IL-22 but are far better known for their
role in autoimmune responses (1).

*Correspondence to: Fan Pan, 1650 Orleans Street, Cancer Research Building 1, Baltimore, MD 21231, Tel.: +1 443 287 7264, Fax:
fpan1@jhmi.edu.

The authors have no conflicts of interest to declare.

NIH Public Access
Author Manuscript
Immunol Rev. Author manuscript; available in PMC 2014 March 01.

Published in final edited form as:
Immunol Rev. 2013 March ; 252(1): 52–77. doi:10.1111/imr.12029.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The activity of all these effector T cells is attenuated by the anti-inflammatory action of
regulatory T cells (Tregs) that inhibit T-cell proliferation and T-effector function. Tregs are
often classified as one of two subpopulations. Induced regulatory T cells (iTregs) arise in the
periphery from naive T cells upon exposure to transforming growth factor-β (TGF-β) and
are propagated by IL-2. Like their thymus-derived counterparts the naturally occurring
regulatory T cells (nTregs), iTregs are an important mechanism for the regulation of all
types of effector responses. Both iTregs and nTregs express forkhead box protein 3 (Foxp3)
as a core subset-specific transcription factor that is key for maintaining both their
characteristic function (2) and gene expression profile typified by repression of effector
genes and upregulation of those needed for immune suppression. These cells are critical for
the prevention of excessive immune activation and autoimmune responses perpetrated by
self-reactive T cells (3-6).

Generation of effector T cells or iTregs from naive precursors is referred to as T-cell
differentiation – a process heavily influenced by the prevailing environmental inputs present
during T-cell activation. This series of events consists of signal transduction initiated at the
T cell’s receptors for antigen, cytokine, and costimulatory molecules. The predominance of
certain key cytokines over others in the microenvironment can drive the differentiation of
naive CD4+ T cells into certain effector lineages, while antagonizing the acquisition of other
phenotypes. These cytokine signals are relayed by well-characterized signal transducer and
activator of transcription (STAT) pathways also linked to particular lineages. These signals
in turn skew the gene expression machinery at work in the cell in a like-wise lineage specific
manner dramatically remodeling of the gene expression landscape. The result of this cascade
is a committed, functionally specialized T cell.

Recent developments have uncovered that in addition to cytokines and costimulatory
molecules, an expansive number of environmental cues linked to various metabolic states
and processes can impact T-cell differentiation. These metabolic factors can indeed mean
the difference between the generation of suppressive anergic T cells or Tregs and activated
T-effector cells (7-10). Furthermore, a considerable body of literature identifies specific
metabolic sensors, enzymes, and byproducts as regulators of the highly medically important
balance between the developmentally linked yet functionally divergent Th17 and iTreg
lineages. The relative dominance of these populations can mean the difference between
autoimmune pathology and tolerance. Therefore a clear understanding of the role played by
metabolism in shifting this balance and the identification of novel targets for modulation is
directly relevant to a number of human diseases. In this review, we discuss a number of
breakthroughs that have greatly enhanced our understanding of the interplay between
metabolism and the processes governing the relative Th17 and Treg cell balance and the
exciting implications they hold for potential immune modulating therapies.

The reciprocal nature of Th17/Treg differentiation
Th17 and Treg cells represent two CD4+ T-cell subsets that share important developmental
elements but ultimately bifurcate into distinct phenotypes with remarkably opposite
activities, Th17 cells being pro-inflammatory and Tregs being anti-inflammatory. The initial
events of Th17 differentiation require functional IL-6 signaling in addition to TGF-β.
Subsequently, IL-23 and IL-21 play a key role in the maintenance of the Th17 lineage by
enhancing the transcription of IL-17 and other Th17 signature cytokines. Interestingly, the
signaling pathways initiated by IL-6, IL-21, and IL-23 all activate STAT3, which is critical
for the effects of these cytokines on Th17 cell differentiation (11-13). It is now known that
STAT3 is required for Th17 differentiation. Demonstrating this, CD4+ T cells from STAT3
deficient mice fail to upregulate IL-17 and fail to induce severe disease in the experimental
autoimmune encephalitis (EAE) model of multiple sclerosis (MS). These observations
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reflect the importance of STAT3 signaling for induction of retinoid orphan receptor γt
(RORγt) gene expression, the key transcription factor required for Th17 development (14).
Interestingly, the defect in Th17 differentiation seen in the absence of STAT3 can be only
partially reversed by ectopic RORγt expression (15), suggesting additional factors
contribute to the generation of Th17 cells.

Th17 cells are important for host defense at mucosal sites and mediating immunity to
extracellular bacterial and fungal pathogens. However, dysregulated Th17 responses,
characterized by over-production of IL-17A and IL-17F, are particularly important causative
or compounding factors in autoimmune diseases, such as MS (EAE in mice) and
inflammatory bowel disease (IBD). It was also demonstrated recently that Th17 responses
play a critical role in promoting inflammation-associated carcinogenesis. Conversely, the
activity of Treg cells restrains the pathological activity of Th17 cells in these and numerous
autoimmune disease models (4). In addition to the transcription factor Foxp3, the cytokine
TGF-β is also important to the development and function of Treg cells. TGF-β has been
shown to maintain peripheral nTreg cells that develop in the thymus, and its deficiency leads
to the development of early lethal autoimmunity. Moreover, TGF-β induces Foxp3
expression in peripheral naive T cells, leading to the differentiation of iTregs, which exhibit
a suppressive phenotype similar to that seen in nTreg cells (3). Interestingly, this cytokine is
also important in Th17 differentiation.

Despite their opposing functions, Th17 and Treg cells share elements in their development
including a common requirement for the cytokine TGF-β (4, 16-19). In response to TGF-β
in vitro as well as in vivo, many T cells co-express RORγt and Foxp3 (18, 20). Also
supporting the notion of an uncommitted precursor stage, studies tracing the fate of IL-17+

cells in the gut revealed that many, at some point, had expressed Foxp3 (21) and transient
expression of Foxp3 by non-Tregs has also been reported (22). Eventually, however,
depending on the interplay between additional environmental cues, such as the relative
amounts of IL-6 and TGF-β and certain metabolic factors (to be discussed here), one or the
other phenotype emerges as dominant. TGF-β in the absence of IL-6 induces Foxp3 and
represses IL-23R transcription. Foxp3, in turn, can bind to RORγt protein and antagonize its
ability to bind DNA, thus pushing T-cell differentiation away from the Th17 transcriptional
program and decidedly toward the Treg lineage. In contrast, pro-inflammatory cytokines,
such as IL-6 or IL-21 in the presence of low TGF-β concentrations, activate STAT3, which
overcomes Foxp3 inhibition of RORγt transcriptional activity. This leads to the
upregulation of the IL-23R, thus pushing T-cell differentiation toward a Th17 fate (11).
Ultimate Th17 differentiation is associated with Foxp3 downregulation and sustained,
unopposed RORγt and STAT3 transcriptional activity. However, the mechanisms
underlying Foxp3 loss during Th17 lineage commitment are just beginning to be understood.

Understanding the molecular events that drive uncommitted CD4+ T cells towards one of
these highly divergent cell fates is currently the aim of considerable research effort.
Surprisingly, a number of findings implicate that the pathways and cues that determine or
indicate a cell’s metabolic state can ‘tip the balance’ during T-cell differentiation in favor of
Th17 or iTreg lineage commitment. The list of metabolic-immune system intersections
regulating the balance between Th17 and Treg cells is just beginning to be compiled.

Meeting the metabolic requirements of T effectors and Treg cells
Quiescent, naive T cells have relatively modest biosynthetic and energetic demands that are
typically met by glucose oxidation via the tricarboxylic acid (TCA) cycle and the oxidation
of lipids with low levels of glycolysis. The yields of these processes are mostly used to
maintain cellular homeostasis (9). T-cell activation drastically increases the cellular
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metabolic demands. An increase in cell size, division rate (proliferation) coupled with a need
for energy to fuel the synthesis of macromolecules, intracellular mediators and effector gene
products (cytokines) all require a metabolic reprogramming of T cells upon activation (7, 8).
Interestingly, memory T cells and Treg cells also are known to have lighter metabolic
demands similar to resting T cells, and the role played by the dominant metabolic processes
in these cells are distinct from those of effector T cells.

To meet the demands of their activated lifestyle, T cells downregulate the pathways
characteristic of resting cells in favor of aerobic glycolysis and glutamine catabolism (8).
This is mediated by the signaling cascades initiated by engagement of the T-cell receptor
(TCR), costimulatory molecules, and cytokines and involve mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK), phosphoinositol-3 kinase
(PI3K)/Akt, mammalian target of rapamycin (mTOR), and nuclear factor-κB (NFκB)
pathways (7, 8). These signals bring about the induction of the transcription factors Myc and
HIF-1α that are known to induce a number of genes important for glycolysis and
glutaminolysis. To differentiate from uncommitted naive CD4+ precursors into specialized
effectors, proper upregulation of glucose metabolism is an absolute requisite. An inability to
do so inhibits T-cell differentiation both in vitro and in vivo (23) and instead results in
anergy (24). This crossroads of T-cell fate was largely uncovered by studies of mTOR, an
important metabolic sensor.

mTOR
It is impossible to discuss the interplay of metabolism and T-cell differentiation without
continuous reference to mTOR. While the fate of newly activated T cells is influenced by a
variety of factors including strength of TCR signal, the presence of costimulatory or co-
inhibitory molecules and cytokines, a variety of other environmental cues are also integrated
into this decision. These signals, which include nutrient, oxygen, energy, and stress levels,
are all integrated by mTOR (25) and regulate cellular size, growth, proliferation, survival,
and metabolism. The numerous signaling pathways governed by this serine/threonine
kinase, their impact on the T-cell response, as well as their intersection with other metabolic
pathways have been intensely studied (reviewed in 10, 25, 26).

mTOR itself contains twin N-terminal HEAT domains important for protein-protein
interactions, an FAT domain, an FRB region (the site of rapamycin/FKBP12 binding), a
kinase domain, and a structurally supportive C-terminal FATC domain (10). It is activated
by amino acids, oxidative stress, and nutrients in the microenvironment. It is also activated
by CD28-initiated PI3K/Akt signals and cytokines such as IL-1, IL-2, and IL-4. Due to its
importance as a metabolic sensor, mTOR is at the crux of the figurative decision faced by T
cells to either differentiate into effectors or become anergic, a hypoactive state often
accompanied by immune suppression and Foxp3 induction. Stimulation of naive CD4+ T
cells under conditions inducing suboptimal mTOR activity, such as nutrient starvation, weak
or abbreviated TCR stimulation, or inadequate costimulation fail to generate effector T cells
and lead instead to the development of Foxp3+ Treg cells. Chemical inhibition of mTOR
also yields similar results, and furthering the negative relationship between mTOR activity
and the Treg lineage is the observation that Tregs (unlike T effectors) only display
transiently upregulation of mTOR activity during the early stages of their activation that is
typically not sustained (10).

Optimal mTOR activation, on the other hand, results in the upregulation of glycolysis and
STAT signaling needed to support commitment to the Th1, Th2, and Th17 effector lineages.
mTOR signaling arises from its participation in either of two distinct kinase complexes,
determined by the assemblage of GTPases, scaffolding proteins, and adapter molecules.
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These complexes are known as mTORC1 and mTORC2 (10, 25). The activity of these
mTOR complexes is crucial in the differentiation processes leading naive precursors towards
effector T-cell fates, a point made dramatically clear by genetic mTOR deficiency. Naive
CD4+ T cells that lack both mTORC1 and mTORC2 signaling fail to differentiate into any
T-effector lineage (Th1, Th2, or Th17) and instead, readily take on a regulatory T-cell
phenotype. Mechanistically, the inability to become effector cells in mTOR null T cells is
associated with a failure to upregulate appropriate Th subset-specific transcription factors
(such as Tbet for Th1 cells). These mice also display decreased STAT activation in response
to various skewing cytokines(27). Also, treatment of naive CD4+ T cells with the notorious
mTOR inhibitor rapamycin results in potent suppression of mTOR signaling and
recapitulates the phenotype seen with genetic knockouts causing a surge in Treg generation
marked by an increase in Foxp3 expression (10).

While wholesale mTOR deficiency or inhibition suppresses T-effector differentiation in
general, specific targeting or deleting components of its individual signaling complexes
interestingly yields a more directed modulation of the immune response. This stems from
the specific effects of mTORC1 and mTORC2 on T effector subsets. Ras homolog enriched
in brain (Rheb)-deficient T cells, which lack mTORC1 activity, fail to become Th1 and
Th17 but can still differentiate into Th2. Interestingly, knocking out Rictor and thereby
generating mTORC2-deficient T cells results in cells able to differentiate into Th1 and Th17
but not Th2 cells (10, 25). The importance of mTORC1 signaling in the pro-inflammatory
Th1 and Th17 cells is demonstrated using mice lacking Rheb (and mTORC activity) in the
EAE model. Compared to their wildtype counterparts, these mice mount deficient Th1 and
Th17 responses (in vitro and in vivo) and are less susceptible to the traditional symptoms of
ascending paralysis seen in EAE (28). The above study highlights mTORC1’s importance to
both the Th1 and Th17 responses. However, mTOR activity has also been shown to have
specific roles during Th17 development. For instance, the cytokine IL-1 promotes Th17 cell
differentiation and proliferation specifically through mTOR activation (29). Additionally,
mTOR inactivation can undermine Th17 differentiation through heightened T-cell
sensitivity to TGF-β (10), potentially overcoming the relative influence of STAT3 utilizing,
pro-Th17 cytokines (such as IL-6 or IL-21). Another major contribution of mTOR and
specifically mTORC1 to the generation of Th17 cells appears to be the metabolic shift
needed for activated, proliferative, and functional immune effectors. One mechanism
responsible for establishing the requisite metabolic landscape is the induction of hypoxia
inducible factor 1α (HIF-1). This molecule mediates the upregulation of numerous
glycolysis genes and, as discussed in the following section, is a key point of intersection
between several metabolic cues and the developing T-cell response.

HIF-1
HIF-1, like mTOR, is a well-known integrator of metabolic cues responsible for initiating an
adaptive cellular response to environmental conditions. Particularly, HIF-1 is crucial sensor
of oxygen levels responsible for initiating the cellular response to hypoxia. Among the many
genes regulated by HIF-1 are those encoding glycolysis participants (30). Disrupting HIF-1
in T cells results in stunted expression of several glycolysis genes including Glut1 (a glucose
transporter), hexokinase 2, glucose-6-phosphate isomerase, enolase 1, pyruvate kinase
muscle, and lactate dehydrogenase (31). Another HIF-1 target gene, pyruvate dehydrogenase
kinase (PDK), promotes glycolysis by preventing the shuttling of pyruvate into the TCA by
inhibiting its conversion to acetyl-CoA by pyruvate dehydrogenase (25) making HIF-1’s
contribution to glycolysis both direct and indirect. HIF-1 is expressed by nearly all
mammalian cells. It is a helix-loop-helix type transcription factor composed of a
constitutively expressed β subunit (HIF1β, also called ARNT) and an α subunit (either
HIF1α or HIF2α) that is tightly regulated by oxygen availability at the protein level. Under
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normoxic conditions, HIF-1 protein is hydroxylated at prolines 402 and 564 by members of
a family of prolyl hydroxylases domain proteins (PHD1, PHD2, and PHD3), which require
oxygen for their function, marking HIF-1 for degradation through the ubiquitin-proteasome
pathway. Polyubiquitylation of PHD-modified HIF-1 is achieved by interaction with the von
Hippel-Lindau (VHL) protein that recruits an E3 ubiquitin ligase allowing for its removal
from the cell via the proteasome (32, 33). With the absence or scarcity of oxygen, inactive
PHDs do not initiate HIF-1 modification and protein expression is relatively stable. Upon
translocation to the nucleus, HIF-1 subunit dimerization occurs followed by interaction with
the cofactor p300 and binding to the promoters of target genes at defined five-nucleotide
sequences termed hypoxia response elements (HREs, 5′-[A/G]CGTG-3′) (32). In tumors,
genes regulated by HIF-1 include those controlling various cellular processes including
metabolism, angiogenesis, and apoptosis to name a few (30, 34, 35).

Transcription of HIF1α seems to be constitutively ’on’ at basal levels; it is at the protein
level that oxygen dependent mechanisms result in the stringent regulation of the molecule.
However, numerous non-hypoxic stimuli including TCR activation (36), nitric oxide,
lipopolysaccharides, and infectious microbes can result in HIF-1 upregulation even under
normoxic conditions (37). Inflamed tissue sites are very often hypoxic due to tissue damage
resulting in compromised vasculature or the rapid proliferation and infiltration of leukocytes
or pathogens (or both). As a result, HIF-1 expression is readily detected in a variety of
inflamed and damaged tissues (37). This and the numerous stimuli capable of inducing
HIF-1 transcription suggest that this oxygen sensor is likely to play an important role in the
biology of leukocytes engaged in an immune response. In fact, the interplay between the
cellular responses to hypoxia and inflammation responsible for shaping the innate immune
response has been intensely studied (and reviewed in detail in references (37, 38).

Examples of HIF-1’s importance in the innate immune system are many. In general, HIF-1
stabilization and induction in phagocytes and neutrophils appears to enhance their
microbicidal and pro-inflammatory capacities. Conversely, HIF-1 deficiencies go hand-in-
hand with compromised resistance to a number of pathogens (37). Since TCR signaling
causes increased HIF-1 protein in peripheral human T cells and TCR activation coupled with
hypoxia is required for induction of HIF-1 in peripheral human T cells (36), it stands to
reason that T cells are also impacted by HIF-1. Initial studies of HIF-1 in T-cell function
suggested that the molecule acts as a suppressor of T-cell activation, proliferation and
effector cytokine production (39). Interestingly, however, several recent studies have
revealed a role for HIF-1 in T-cell differentiation that suggests a decidedly pro-
inflammatory contribution.

HIF-1-mediated metabolic changes are needed for Th17 generation
Differentiation of naive T cells into the Th17 lineage, or any effector phenotype for that
matter, requires the upregulation of glycolysis. Shi et al. found that HIF-1 plays a critical
role in setting the metabolic stage for Th17 development (31). Comparing glycolytic activity
across the major T-cell subsets revealed that Th17 cells relied much more heavily on this
metabolic pathway than Treg cells. Suspecting that this metabolic pathway preferred by the
Th17 lineage was initiated by HIF-1, a known inducer of glycolytic enzymes, these
investigators measured HIF-1 protein and mRNA levels in Th1, Th2, Treg, and Th17 cells.
In agreement with findings from our own group (40), HIF-1 was highly expressed by the
latter subset. Activation of naive T cells from conditional HIF-1 knockout mice revealed that
the process of glycolysis and expression of numerous genes important for glycolysis were
stunted relative to wildtype cells (31). Reflecting the link between glycolysis, HIF-1, and
Th17 cells, in vitro induction of IL-17 as well as the Th17-associated factors IL-17F, IL-21,
IL-22, and IL-23R are defective in T cells from conditional HIF-1 knockout mice.
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Interestingly, Foxp3 levels were oppositely affected by T-cell-specific HIF-1 deficiency,
reflecting a role for HIF-1 a reciprocal regulation of Treg and Th17 cells (31).

To investigate the in vivo relevance of their observations, these investigators turned to a
Th17-dependent, adoptive transfer model of MOG-immunization model of EAE. Mice
having HIF-1-deficient CD4+ T cells not only generated reduced frequencies of IL-17+ cells,
but impressively, even after further ex vivo expansion under Th17 skewing conditions, these
cells proved to be poor mediators of EAE compared to wildtype cells when injected into
healthy mice. Again reflecting an inverse relationship between the Treg and Th17 lineages,
knockout animals were found to harbor elevated proportions of Foxp3+ cells during EAE,
another observation supported by our findings (31, 40). Interestingly, administration of the
glycolysis inhibitor (2-DG) at concentrations below that known to suppress T-cell
proliferation significantly interfered with glycolysis and Th17 skewing while elevating
Foxp3 expression in this study. Obtaining similar results using the well-known mTOR
inhibitor rapamycin and observing that HIF-1 expression was also suppressed along with the
machinery for glycolysis, the authors propose a model in which under Th17-inducing
conditions, mTOR spurs on glycolysis via its upregulation of HIF-1, which is responsible for
expression of glycolysis genes (31). It is unclear from this study how much the other highly
glycolytic effector lineages, the Th1 and Th2 cells, are impacted by HIF-1 deficiency. It is
possible that the remarkable inhibition seen in the experiments described above due to the
highly Th17 dominated contexts studied in the paper’s in vitro and in vivo experiments.
Subjecting HIF-1-deficient T cells to Th1 and Th2 dependent model systems may reveal
how specific HIF-1’s role is to the Th17 differentiation process.

One wonders if HIF-1’s contribution to Th17 differentiation at the expense of iTreg
generation is due to effects specific to lineage choice or the more general events of T-cell
activation. There is evidence to suggest that although the process of glycolysis supports T-
effector generation in general, HIF-1 may be more important for Th17 development than the
initial, less lineage specific events of T-cell activation. These finding include that Myc alone
can provide the necessary metabolic shift to support general T-cell activation. Interestingly,
Wang et al. (41) found that despite the fact that both HIF-1 and Myc are both induced
following T-cell activation, acute inducible HIF-1 deficiency resulted in T cells with
glycolytic capacities similar to wildtype controls. This finding suggests that HIF-1’s
alteration of the metabolic strategy may be dispensable for activation while being required
for optimal Th17 differentiation. These authors did allude to a potential role for HIF-1 in the
maintenance of glycolytic metabolism post-activation since HIF-1-deficient T cells did have
some glycolytic impairment at later time points. Alternatively, it could also be that HIF-1
has pro-Th17 effects beyond augmentation of glycolysis in T cells.

HIF-1 as a multi-level promoter of Th17 differentiation
Work from our group demonstrates that besides participating in the pro-Th17 glycolytic
pathway, HIF-1 contributes at several points in the genetic program leading to commitment
of naive CD4+ T cells to the Th17 lineage. Previous works showing that HIF-1 is a target
gene for activated STAT3 in tumor cells (42) and that STAT3 activation is critical for Th17
development (12) both allude to a potential role for HIF-1 in Th17 development. Testing this
notion, we, in agreement with Shi et al., found that Th17 cells express high levels of HIF-1
suggesting a key role for this molecule in Th17 differentiation. Furthermore, naive CD4+ T
cells from a CD4-restricted HIF-1 knockout mouse (HIF-1αFlox/Flox × CD4cre+) fail to
upregulate IL-17 upon activation in vitro under Th17-inducing conditions. Additionally,
these CD4 HIF-1-deficient mice were largely spared the severe EAE symptoms elicited in
their wildtype counterparts following MOG immunization. These results suggest a
significant role for HIF-1 in Th17 differentiation. In support of this, intermittent in vitro
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hypoxia, which stabilizes HIF-1 protein levels, augmented Th17 development compared to
normoxic culture conditions in a HIF-1 dependent manner (40).

Upon further investigation, we found that the defect in Th17 differentiation seen in in the
absence of HIF-1 is tied to reduced expression of the key Th17 transcription factor RORγt.
Reporter assays revealed that HIF-1 readily associates with and activates transcription at the
RORγt promoter and ChIP analysis of in vitro differentiated Th17 cells confirmed that
HIF-1 indeed transactivates RORγt gene expression (40). Interestingly, ectopic RORγt
expression does not rescue IL-17 production in HIF-1−/− T cells, even though IL-17 levels
are successfully elevated by forced expression of the Th17 transcription factor in wildtype T
cells, even in the absence of Th17-inducing cytokine. These results suggest that HIF-1 not
only directly mediates RORγt gene expression but also is required for the optimal function
of RORγt in IL-17A gene transcription. Reporter assays and co-immunoprecipitate (co-IP)
assays both supported a combined HIF-1 and RORγt co-regulation of IL-17A transcription,
as the two transcription factors were found to physically interact in T cells cultured under
Th17-skewing conditions and as optimal activity at the IL-17 promoter required their
collaboration (40). Further experimentation showed that the HIF-1/RORγt complex
activates Th17-associated genes by recruiting yet another element of the gene expression
machinery.

Realizing that the histone acetyltransferase (HAT) known as p300 is known to be critical for
HIF-1-mediated gene activation under hypoxia, we hypothesized that HIF-1 might function
in a complex with RORγt by recruiting this transcriptional co-regulator to target genes such
as IL-17A. Through ChIP analysis, we detected the binding of RORγt, HIF-1α, and p300 at
the IL-17A promoter as well as other Th17 signature genes such as IL-17F and IL-23R. Also
supporting this notion, histones H3 and H4 around the IL-17A promoter region were highly
acetylated (indicative of an ‘open’ chromatin structure) in wildtype compared to HIF-1−/− T
cells under Th17-inducing conditions. Furthermore, the role of this tripartite RORγt/
HIF-1α/p300 complex in the activation of the IL-17A promoter was also confirmed by
reporter assays showing that synergistic activation of the il17 promoter requires functional
versions of all three proteins (40). These results demonstrate HIF-1’s dual role in regulating
IL-17 by both directly activating RORγt transcription and subsequently joining with RORγt
at the IL-17A promoter to recruit p300, generating a permissive chromatin structure.

While these findings demonstrate HIF-1’s direct pro-Th17 influence during T-cell
differentiation, they reflect only half of this molecule’s contribution to the relative balance
between Th17 and Treg cells. In addition to their defect in Th17 differentiation, HIF-1-
deficient CD4+ T cells were also prone to accumulation of Foxp3 upon in vitro skewing and
in vivo during EAE. Curiously however, Foxp3 mRNA levels in wildtype and HIF-1−/− T
cells stimulated under Th17 skewing conditions were essentially identical, implying that
HIF-1 might be involved in Foxp3 protein modulation in addition to its role in the
transcriptional activation of the Th17 pathway. Support for this hypothesis comes from the
observation that HIF-1−/− T cells cultured under Treg conditions also expressed substantially
more Foxp3 than did wildtype cells. Adding increasing amounts of IL-6 to these cultures
(which leads to higher levels of HIF-1 induction) results in progressive loss of Foxp3 protein
in wildtype but not HIF-1−/− T cells (40). Based on these findings, we hypothesized that
HIF-1 downregulates Foxp3 protein levels through a mechanism completely distinct from its
classic role as a transcriptional regulator.

It has been well established that degradation of HIF-1 itself occurs via proline hydroxylation
at amino acid positions 402 and 564 by prolyl hydroxylases (PHDs). Hydroxylated HIF-1 is
subsequently marked for degradation by the 26S proteasome (32). Interestingly, HIF-1’s
ability to induce Foxp3 protein degradation is not only dependent upon the physical
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interaction of the two molecules, but it also requires the process of HIF-1 degradation. A
HIF-1 mutant resistant to hydroxylation by PHDs and subsequent degradation failed to
degrade Foxp3 (40), suggesting that HIF-1-mediated Foxp3 loss may occur as a co-
elimination process. Taken together, these findings suggest that under both Treg and Th17-
skewing conditions, HIF-1 downregulates Foxp3 protein levels. Supporting this notion was
our observation that skewing of naive T cells with TGF-β and IL-2 under periodic hypoxia
significantly reduced Foxp3 levels relative to continuous normoxic culture. Collectively,
these in vitro and in vivo results suggest a model in which HIF-1 is induced via STAT3
signaling in differentiating T cells, resulting in the enhancement of the Th17 genetic
program via tripartite, HIF-1/RORγt/p300-dependent activation of transcription of Th17
loci, and the repression of the Treg transcriptional program through induced degradation of
Foxp3 protein. The findings that HIF-1 is upregulated by STAT3, and is needed for both the
optimal induction of RORγt and IL-17 as well as the removal of Foxp3 in the presence of
pro-Th17 cytokines is consistent with those of Yang et al. (20). They found that while
RORγt/RORα were needed for optimal IL-17 induction, a STAT3-dependent, RORγt-
independent mechanism was response for loss of Foxp3 upon Th17 skewing of Treg cells
(20). This novel, multifaceted role for HIF-1 in shaping the T-cell response suggests that
targeting this molecule should shift a decidedly pro-inflammatory T-cell-generating process
to one that is immune suppressive.

HIF-1 as a sensor of hypoxia/hypoxia and Th17 responses
Low oxygen levels can be the result of enhanced T-cell metabolic activity, and it may serve
as the catalyst for drastic metabolic reprogramming in these cells. Hypoxia often
accompanies inflammation. In fact, the overlap between the cellular response to oxygen
scarcity and inflammation is extensive (37). Interestingly, HIF-1 appears to have important
functions in both. In keeping with the well-established stabilization of HIF-1 by hypoxia and
the apparent role of HIF-1 in promoting glycolysis and T-effector cell generation,
intermittent exposure of developing Th17 cells to hypoxia augmented their production of
IL-17(40). These results were in agreement with those of an earlier study that found
exposure to human PBMCs to hypoxia increased their production of IL-17 (43). Another
study by Ikejiri et al. (44) also found that exposure to hypoxia enhanced IL-17 levels in T
cells. Interestingly however, this study found that optimal Th17 differentiation occurs not
upon oxygen deprivation alone but only when cells are primed with a period of hypoxia
(inducing HIF-1 accumulation) followed by re-oxygenation (44). Furthermore this hypoxic
priming was found to be dependent on mTORC1 induced expression of HIF-1, and the
effect on IL-17 induction was enhanced upon ablation of the HIF-1 degradation machinery
(44).

The importance of the re-oxygenation period in this study may be due to the dynamic and
reciprocal nature of HIF-1 protein level fluctuations and those of Foxp3. Should a period of
hypoxic ‘priming’ temporarily stabilize HIF-1 protein stores as expected when the
degradation machinery stalls, a re-exposure to oxygen would bring about a ‘perfect storm’
of Th17 permissive elements. In such a scenario, these re-oxygenated cells should have their
Foxp3 protein rapidly removed by an expanded HIF-1 pool simultaneously driving IL-17
induction via enhanced RORγt expression and activity – effectively jump-starting the
genetic program for the development of IL-17 producing cells. Interestingly, however, this
group did not observe changes in Foxp3 upon re-oxygenation post-hypoxia (44). While this
seems to argue against the scenario described above, it is also possible that Foxp3 protein
levels are also highly dynamic, in which case the timing of measurement could be
problematic.

This study’s authors speculate that a physiologically relevant instance of hypoxic priming
followed by re-oxygenation could occur as developing T-effector cells are activated in
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lymphoid tissue (that can be relatively hypoxic) and then exit into the peripheral, oxygen-
rich circulation. The transition through such dynamic environments may provide a ‘built in’
mechanism to ensure potent priming of these inflammatory cells prior to their entry into
peripheral tissues that does not result in the up-regulation of effector cytokine (IL-17) until
these cells are closer to foci of inflammation (44).

This notion of an inherent HIF-1-mediated mode of immune activation is reminiscent of one
postulated for the contribution of this molecule to innate immunity (37, 38). It was reasoned
that since oxygen availability in the circulation can exceed 10%, HIF-1 signaling in blood
dwelling neutrophils should be inoperative or at least suppressed. However, as these cells
exit the blood stream and traverse the tissues toward sites of inflammation, they encounter a
gradient of decreasing oxygen levels. Additionally, HIF-1 expression is stabilized
transcriptionally as they ‘home in’ on the epicenter of inflammation containing pro-
inflammatory cytokines such as IL-1β and TNFα and microbial products (such as LPS)
allowing optimal immune activation to occur restricted to sites of inflammation. A major
unanswered question concerning oxygen abundance and HIF-1’s effect on IL-17 and Foxp3
levels concerns how the balance is altered under chronic or prolonged hypoxia. In the
studies referenced above, HIF-1’s role in the regulation of IL-17 relied on intermittent, or
short term hypoxia followed, or punctuated by exposure to normoxia (40, 44). Therefore,
they do not necessarily speak to the relationship between IL-17 and Foxp3 in T cells under
chronic hypoxia. Interestingly, since short-term hypoxic priming followed by normoxia was
optimal for IL-17 upregulation while continual oxygen deprivation proved ineffectual for
induction of the cytokine (44), it is tempting to speculate that during prolonged oxygen
deprivation additional mechanisms may be acting on the Treg/Th17 balance.

The issue of chronic hypoxia is also relevant to the tumor-lymphocyte interface. If Foxp3
degradation is wholly dependent upon the co-degradation of HIF-1, then with prolonged or
uninterrupted periods of hypoxia, it would be expected that Foxp3 levels alongside those of
HIF should stabilize. Certainly the reliable observation that Foxp3+ T cells seem to
accumulate in solid tumors, even with IL-17+ cells, seems to support this notion. However,
the revelation that hypoxic tumor masses readily recruit Foxp3-expressing Tregs (45, 46)
that are likely induced elsewhere (47) offer a highly plausible alternative scenario in which
HIF-1 may be degrading Foxp3 within the tumor in conjunction with a replenished Foxp3+

population thanks to newly infiltrating Tregs. The relative importance of HIF-1 and HIF-2 in
these conditions must be investigated further. There is reason to suspect these molecules
may be relied upon differently, perhaps depending on the extent or duration of hypoxia.
While HIF-1 was susceptible to polyubiquitin tagging by the E3ligase CHIP/Stub1 and
subsequent degradation under prolonged hypoxia, HIF-2 was not (48), suggesting the
possibility that HIF-2 may still be active. Of course, HIF-2’s importance, if any, in the Th17/
Treg balance is lacking is currently not established.

It is possible that a brief period of modest upregulation of HIF-1 has a greater impact as a
Th17 promoter. Germaine to this discussion is the observation that even in the absence of
oxygen, some elements of the HIF-1 degradation machinery can be active. Despite a
temporary respite from the tight regulation of HIF-1 in low oxygen, degradation of HIF-1
protein is eventually resumed through multiple mechanisms (48, 49). How this added
regulatory mechanism affects HIF-1 in differentiating T cells is unknown. Perhaps some
rather counter-intuitive findings from a model of punctuated hypoxia (modeling sleep
disorder apneas) showed that HIF-1 is actually induced more strongly by intermittent than
continuous hypoxia (50) and moreover, it induced mTOR activation responsible for robust
HIF-1 accumulation that persisted for an extended period even after re-oxygenation (51).
These results from non-T cells at the very least support a model were the effects of hypoxic
priming may be operative outside a narrow window of time. Ischemia/reperfusion (I/R)
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injury is another physiologically relevant setting in which hypoxic charging followed by re-
oxygenation could bring about HIF-1-dependent inflammation. Indeed, studies in I/R
models suggest that HIF-1 contributes to tissue damage upon re-oxygenation (52, 53). It will
be interesting to determine if this HIF-1-associated damage was Th17/IL-17 dependent.

HIF-1 drives Th17 cell function and longevity
The studies mentioned above clearly demonstrate a role for HIF-1 in the initial events of a
Th17 response, specifically in the differentiation of Th17 cells from naive precursors.
Another role for HIF-1 in the Th17 response was reported by Kryczek et al. (54). They
found that human Th17 cells, which represent a profoundly long-lived and highly plastic
population, express heightened HIF-1 message. Suspecting that HIF-1 was responsible for
the longevity of Th17 cells, the authors tested the consequences of targeting the molecule. In
support of their hypothesis, they found that treatment of Th17 cells in vitro with the HIF-1
inhibitor echinomycin reduced IL-17 production and their ability to persist in vivo after
injection into mice. Additionally HIF-1 was found to be important for preventing apoptosis
in Th17 cells by virtue of its activation of the Notch signaling pathway and anti-apoptotic
genes (54), resulting in a highly persistent pro-inflammatory T cell.

All these findings suggest that the importance of HIF-1 in the Th17 response is not limited
to the developmental stage of IL-17-producing T cells but that it can continue to promote the
persistence/survival of these cells during post-differentiation as well. The possibility that
HIF-1 mediated sensing of metabolic inputs can contribute to the other major characteristic
of human Th17 cells, namely their ability to upregulate cytokines of other lineages (such as
IFNγ), was not explored in this report. Perhaps further study will shed light on this
interesting aspect of Th17 cells.

Targeting HIF-1 to modify the Th17/Treg balance
The role of HIF-1 as a positive regulator of the Th17 response has been established by the
work of several groups including our own (Fig. 1). Studies using mice having T-cell-
restricted HIF-1 deficiency have been important for these discoveries, however they do not
speak to the suitability of HIF-1 expression/function modulation as a therapy to counter
undesirable Th17 responses. Thankfully, the intense interest in HIF-1 within the cancer field
should aid efforts to evaluate the feasibility and efficacy of HIF-1 targeting. HIF-1’s
importance in tumor-promoting processes is well established. These include the promotion
of angiogenesis, the upregulation of glycolytic metabolism, and the processes important for
tumor cell metastasis. Because of this multifaceted role, HIF-1 has been viewed as a
tempting target for new anti-cancer therapies and a robust assortment of compounds with
HIF-1 inhibiting activities have been discovered (55-59). These agents include an
impressively diverse group of drugs with a variety of HIF-1 antagonizing mechanisms. For
instance, the well-characterized HIF-1 inhibiting compounds digoxin, acriflavine, and
echinomycin suppress HIF-1 activity by reducing its expression (55), preventing HIF-1α/
HIF-1β dimer formation (56), and interfering with HIF-1 DNA binding (58, 59),
respectively. Among this cache may be several agents well suited for modulating the Th17/
Treg balance to treat immune pathologies. Addition enthusiasm should be taken from the
fact that several of these compounds have already seen use in human patients and as such
have already been vetted for safety. Also, studies have already demonstrated the utility of
HIF-1 inhibitors to suppress Th17 responses. For instance, Kryczek et al. (60) successfully
used echinomycin to suppress Th17 function and persistence in vivo.

Another well-known inhibitor of HIF-1, digoxin, has been demonstrated to be a potent
downmodulator of the Th17 response. When screening for agents capable of antagonizing
the activity of the Th17 master regulator RORγt, Huh et al. (61) came across the cardiac
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glycoside digoxin. They found that digoxin treatment of naive T cells in vitro prevented
induction of IL-17 even during Th17 skewing conditions and in vivo digoxin treatment
during EAE delayed the onset and reduced the severity of disease compared to vehicle
controls. Importantly, less toxic derivatives of digoxin were also potent Th17 inhibitors.
These drugs also increased the tendency of cells to upregulate Foxp3 compared to controls.
Similar results were obtained in another study from Fujita-Sato et al. (62). Unfortunately, it
is unclear if HIF-1 was effectively inhibited by the digoxin/digoxin derivative doses used in
these studies. Nevertheless, it is tempting to speculate on the possibility that the Th17
suppressing activity of digoxin could be linked to its negative effects on HIF-1 (55). It is
possible that in the face of digoxin-suppressed levels of HIF-1, RORγt transcriptional
activity would be suboptimal as predicted by our findings (40). Alternatively, the interaction
of these inhibitors with RORγt’s ligand-binding domain could be impeding the HIF-1-
RORγt association and the subsequent enhanced transcriptional activity. It would be
enlightening to determine whether or not the binding of digoxin or other promising Th17
antagonizing ligands (63, 64) to RORγt obscures the region important for the interaction
between it and HIF-1. Supporting the ability of HIF-1 targeting to undermine the Th17
response, the HIF-1 inhibitor acriflavine, a very specific HIF-1 inhibitor (65) with a distinct
mechanism of action (56) is capable of recapitulating the in vivo effects of digoxin treatment
in the EAE model (our unpublished data).

HIF-1 and autoimmune disease
Common themes across autoimmune pathologies include dysregulated Th17 responses and/
or Treg deficits. As HIF-1 has been shown by several groups to play a significant role in
determining the relative dominance of these opposing T-cell populations, targeting this
molecule should prove a highly beneficial intervention for a variety of autoimmune diseases.
A convincing case has been made for targeting HIF-1’s contribution to Th17 development to
ameliorate MS by studies using T-cell-specific HIF-1 knockout mice and known HIF-1
inhibitors in the EAE model (31, 40, 61, 63, 64). Chemical inhibition of mTOR, thought to
be upstream of HIF-1 in the upregulation of glycolysis, also protected mice from developing
severe EAE symptoms (31). Collectively, these animal model findings are most encouraging
and beg advanced vetting of HIF pathway-targeting strategies in the setting of MS.

HIF-1 has been implicated as a key player in inflammatory bowel disease (IBD). In the
diseased gut, the heightened metabolic activity of the inflamed tissue further drives hypoxia
(66), which stabilizes HIF-1 expression. Reflecting this, HIF-1 was found to be expressed
much more strongly in the afflicted tissues of IBD patients (67) compared to healthy tissue.
Additionally, since Th17 cells are known to contribute to IBD pathology in mice and
humans, targeting HIF-1 should be an effective strategy for undermining a colitogenic T-cell
response. Despite this, the overall role played by HIF-1 in colitis models is not completely
clear. HIF-1 in epithelial cells has been proposed as a step to resolve inflammation in mouse
models of colitis (68). However, others report that HIF-1 can play a deleterious role in
colitis (68-71). Judging from the patents filed intending HIF-1 modulation as a treatment, it
appears that equal enthusiasm exists for both enhancing and inhibiting HIF-1 during IBD
(72). It is possible that this discrepancy arises from HIF-1’s role in various cell types
pertinent to IBD and well as the intricacies of the experimental models for colitis that
involve their individual methods of induction, T-cell dependence, T-helper subsets invoked,
intensity, and chronic vs. acute nature. These issues will need to be clarified in order for
HIF-1 targeting to be adapted into a viable treatment for IBD.

HIF-1 and cancer
Chemically targeting HIF-1 appears to be a highly viable anti-cancer strategy with multiple
potential benefits arising from suppressing tumor-promoting processes. An additional result
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of HIF-1 inhibition during cancer may be the suppressed production of IL-17, a cytokine
that contributes to tumor progression (73, 74). Undermining the Th17 differentiation
pathway along with multiple pro-tumor processes by chemically targeting general HIF-1
function is a tempting therapeutic strategy. However, studies using mice with HIF-1
deficient T cells sound a note of caution when considering HIF-1 inhibition as monotherapy
cancer treatment.

While HIF-1 inhibitors can interfere with the tumor-promoting processes of angiogenesis
and the favoring of glycolytic metabolism, they may, as suggested by the previous work of
our group and others, also elevate the frequency of immune suppressive Treg cells. These
cells are known to stymie anti-tumor immune response by promoting immune tolerance, a
state permissive to cancer persistence and progression. Nevertheless, it is still likely that
HIF-1 inhibition may yet prove particularly advantageous in the treatment of cancer. It may
be prudent to evaluate the efficacy of HIF-1 inhibition as a cancer therapy in combination
with other agents aimed at counteracting the potential increases in suppressor cell generation
such as the drugs used to deplete Treg cells. Such a combinational approach should
simultaneously neutralize two tumor-promoting T-cell populations. Additionally, since some
studies suggest that in the latter stages of tumor development, Th17 cells have anti-tumor
effects, restricting the therapeutic window of HIF-1 inhibition to early developing tumors
may prove more effective as a treatment strategy. Future studies should include the possible
role of HIF-1 in other IL-17-expressing cells. Recently identified ’natural Th17 cells’ seem
to develop in the thymus without peripheral antigen encounters and have requirements for
their generation that distinguish them from their ‘traditional Th17’ (75). Whether the
requisites for optimal IL-17 production in these or other cell types such as γδ T cells or
innate IL-17-producing cells (76) include HIF-1 remains to be determined.

Related to this question is the possible role for HIF-1 in bringing about the Foxp3+IL-17+

cells found in cancers (77, 78). At least one study suggests hypoxia (and therefore
potentially HIF-1) is involved in the acquisition of this double producer phenotype. Whether
these cells reflect a transient intermediate cell state as former Tregs lose Foxp3 while
simultaneously gaining effector function or if the tumor microenvironment stabilizes HIF-1
(through hypoxia) as well as Foxp3 (through tolerogenic mechanisms or reduced HIF-1
degradation) is unknown. These additional sources of IL-17 may or may not depend upon
the HIF pathway of IL-17/IL-17-associated cytokine induction, and further experimentation
should be taken on to investigate this possibility.

Lipid oxidation driving Treg over Th17 differentiation
While an upsurge in glycolysis is strongly linked to mTOR activation, HIF-1 expression and
T-effector differentiation, and particularly commitment to the Th17 lineage, the oxidative
metabolism of lipids on the other hand is associated with Treg dominance. As discussed in
the following section, this process and the genes encoding its key participants for the most
part favor the generation and functions of Tregs directly or do so by antagonizing the
development of Th17 and other T-effector cells.

Resting T cells, memory T cells, and Treg cells are not faced with the same heavy demands
for energy and biosynthesis characteristic of CD4+ T-effector cell populations. mTOR
activity is highly important for this metabolic shift crucial towards the glucose metabolism
needed to support Th1, Th2, and Th17 generation and function. Inhibition of mTOR in naive
T cells by rapamycin treatment prevents T-effector cell differentiation but generates large
proportions of Foxp3+ Treg cells (10) demonstrating that these cells can be sustained and
even flourish as a subset by alternative metabolic pathways.
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Indeed the process of Treg induction has been shown to be largely independent of the
metabolic reprogramming seen during T-cell activation that is required for T-effector
generation. Measuring mitochondrial potential and palmitate oxidation levels upon
activation of different CD4+ T-cell subsets reveals that Tregs are the least glycolytic and the
most committed to lipid oxidation (79). In keeping with this observation, Tregs were found
to upregulate the glucose transporter protein Glut1 (which is important for glucose uptake
and support of glycolysis) to a lesser extent than other the subsets (79). Additionally Tregs
do not sustain considerable levels of mTOR activation upon TCR activation (10).

Confirming that Tregs are preferentially reliant upon lipid oxidation to support their
persistence in the absence of glycolysis, Michalek et al. (79) found that treatment of naive T
cells with Etomoxir (Etx), an inhibitor of fatty acid β-oxidation, prevented rapamycin
induced accumulation of Tregs. Furthermore, exposing differentiating T cells to exogenous
fatty acids effectively suppressed T-effector differentiation while enhancing the generation
as well as the suppressive capabilities of Tregs (79). In keeping with the often-observed
reciprocal Treg/Th17 regulation, lipid oxidation has a decidedly negative effect on Th17
differentiation. By supplying exogenous fatty acids in the culture media during the in vitro
Th17 differentiation of CD4+ T cells inhibited Th17 differentiation (79).

Disrupting fatty acid metabolism does not solely impinge upon Treg cells. Since the CPT-1
inhibitor Etx is capable of disrupting the fatty acid metabolism that Treg cells rely upon and
in vitro it prevents their generation in the absence of glucose metabolism (79), one would
expect that such an agent might unleash a robust T-effector response. Interestingly, in vivo
administration of Etx actually tempered EAE severity and reduced the Th1 response in these
mice (80). Even though the effect of CPT-1 inhibition on the balance between Foxp3+ and
IL-17+ cells is not completely clear, this study does suggest that fatty acid oxidation may
still have a role in the T-effector response as well as in Tregs. Nevertheless, a general
association exists between Treg generation and the metabolic factors involved in fatty acid
metabolism as well as between promoters of glycolysis and Th17 differentiation. Examining
the enzyme AMP-activated protein kinase (or AMPK), an important inhibitor of mTOR and
driver of lipid metabolism, and its impact of the Th17/Treg axis further supports this
generalization.

AMPK
AMP-activated protein kinase (AMPK) is a heterotrimeric kinase consisting of a catalytic α
subunit, a regulatory β subunit, and an AMP-binding γ subunit. α and β subunits occur as
either of two isoforms (e.g. α1 or α2), while three different γ subunits are possible. AMPK
acts as a sensor for intracellular energy and is activated by low energy levels indicated by
fluctuations in AMP:ATP ratios. Binding of AMP to the γ subunit results in allosteric
activation of this enzyme (81). AMPK can also be activated in an AMP-independent
manner. This is mediated by phosphorylation of threonine-172 of the α subunit by upstream
kinases. Once activated, in order to restore ATP homeostasis, AMPK upregulates a suite of
genes involved in energy yielding processes such as glucose oxidation and, importantly,
lipid oxidation. Among these is carnitine palmitoyl transferase (CPT-1), which mediates the
influx of fatty acids into the mitochondria, a process crucial for oxidative lipid metabolism
(82). AMPK also preserves CPT-1 activity by inhibiting acetyl-CoA carboxylase which is
itself a suppressor of CPT-1, thus further promoting fatty acid oxidation (81).

As previously described as a contrast to the metabolic requirements of effector T cells, Tregs
are associated with the process of fatty acid oxidation. Inhibition of CPT-1 with Ext curtails
the ability of Tregs to thrive in the absence of glucose metabolism and recall that fatty acids
positively affect Treg function and generation in vitro. Furthermore Michalek et al. (79)
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showed that both nTregs and iTregs displayed a high degree of AMPK activity, and
pharmacological activation of AMPK by the drug metformin increased lipid oxidation in T
cells in vitro. Moreover, in vivo administration of metformin was sufficient to decrease
Glut1 expression and increase Treg numbers in an asthma model (79). In addition to
upregulating the genes for lipid metabolism, AMPK has also been reported to promote the
uptake of glucose and the process of glycolysis (83). Interestingly, despite the fact that both
mTOR and AMPK are induced by TCR stimulation and are important for cellular
metabolism, the latter kinase is a potent negative regulator of the former. This inhibition
occurs when nutrients are limiting, and the process is mediated by AMPK’s phosphorylation
of the suppressive tuberous sclerosis 2 (TSC2) protein of the TSC1/2 complex.
Phosphorylation of TSC2 by AMPK activates the complex that prevents the interaction of
Rheb with mTORC1, suppressing its activation (25). Reflecting this inverse relationship
AMPK deficiency in multiple cell types results in enhanced mTORC1 signaling
accompanied by higher glycolytic rates and elevated production of effector cytokine (84,
85). TSC1 knockout yields a similar phenotype (86), reinforcing the importance of the
molecule in AMPK-mediated suppression of mTORC1 activity.

AMPK-deficient mice and AMPK-activating compounds in animal models for various
autoimmune diseases have considerably illuminated the role of this kinase in the immune
response. In mice afflicted with EAE, AMPK protein levels appear extremely low in T cells
and other immune cells as well suggesting a link between low AMPK activity and immune
pathology. Interestingly, this downregulation of AMPK was accomplished post-
transcriptionally, as mRNA levels were no different between diseased and healthy samples.
Genetic deletion of AMPK in mice rendered them susceptible to more intense EAE
symptoms. In this study, AMPK−/− mice had higher clinical scores, showed heightened
central nervous system (CNS) cellular infiltration, and higher ex vivo levels of IFNγ
production than their wildtype counterparts (87). A similar phenotype was seen upon
knocking out one of the upstream activators of AMPK, the serine/threonine kinase liver
kinase β1 (LKB1). This kinase is important for AMPK activation, and in its absence, AMPK
activity is reduced. MacIver et al. (84) found that T cells lacking LKB1, like those of
AMPK−/− mice, display more robust mTORC1 activity and pro-inflammatory cytokine
production than wildtype controls. Also naive LKB1−/− CD4+ T cells were more capable of
differentiating into Th17 and Th1 cells in vitro. Interesting, these authors found that while
both CD4+ and CD8+ T cells from LBK1−/− mice produced more IFNγ and IL-17 than
wildtype cells, AMPK deficiency resulted in higher than normal pro-inflammatory cytokine
production in the CD8+ compartment only. In contrast to the case of LKB1 deficiency,
AMPK−/− CD4+ T cells were no more inclined towards the Th17 lineage than wildtype
controls (84).

Since LKB1 is known to activate 13 other kinases in the AMPK family (88), it is possible
that LKB1’s effects on Th17 differentiation are mediated through other intermediates related
to AMPK. This may explain the curious finding that in the EAE model, splenocytes of the
more severely afflicted AMPK−/− mice did not produce more IL-17 than wildtype controls
(87). It remains unclear, however, whether or not Foxp3 levels were altered by AMPK
deficiency. Nevertheless, agonists of AMPK do show promise as potential anti-
inflammatory agents.

Activators of AMPK as immune modifiers
The prospect of therapeutically activating AMPK in the hopes of ameliorating autoimmune
disease has been explored and encouraging results have been reported. In one study, a
compound called 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), an agonist of
AMPK, showed significant promise in a mouse model of colitis. In that study, daily AICAR
treatment beginning either after induction of acute colitis by TNBS or in a chronic/relapsing
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model significantly improved disease outcome as evidenced by body weight loss and colon
histological inflammation. Moreover, this treatment inhibited macrophage activation and
reduced Th1 and Th17 cell populations and production of their characteristic cytokines
amongst gut and lymph node dwelling leukocytes. The authors concluded that AICAR-
initiated AMPK activation may serve to downregulate ongoing innate and adaptive immune
responses such as those involved in colitis (89, 90).

Additionally, AICAR showed promise as a modulator of the T-cell response in the EAE
model. Administering this AMPK agonist either before or during active disease lessened
symptom severity compared to that seen in untreated mice. AICAR was also found to have
reduced leukocyte infiltration of CNS tissues, suppressed T-cell responses, reduced Th1
cytokines, and elevated production of the anti-inflammatory cytokine IL-10 compared to
controls (91). This same group also found that the widely used diabetes drug metformin,
which activates AMPK, could also reduce the severity of disease in the EAE model for MS.
In addition to reductions in disease score, metformin-treated mice showed reduced
mononuclear cell infiltration as well as lower pro-inflammatory cytokine message including
IFNγ and IL-17 in the CNS. Transcripts for the Th1 and Th17 master regulators Tbet and
RORγt were also reduced as was the capacity for ex vivo pro-inflammatory cytokine
production by splenocytes in the treatment group (87).

While Foxp3+ cell frequencies were not measured these studies, the large-scale reduction in
immune pathology and increased IL-10 production is consistent with elevated Treg presence
and/or function. In another study however, Michalek et al. (79) showed that metformin
treatment could in fact result in elevated Foxp3+ cell numbers in an asthma model,
suggesting that AMPK activation can serve as a two-pronged immune modulator, inhibiting
harmful effectors directly and through the enrichment of suppressor cells. These studies
provide a prime example of a metabolic factor with significant impact on the immune
system. AMPK appears to favor Treg generation over that of effector cells including Th17
cells, either through directly by promoting fatty acid oxidation, or indirectly by inhibiting
mTOR (and presumably HIF-1 and glycolysis). The link between lipid metabolism and the
prevalence of the Treg lineage over that of Th17 is not limited to this kinase, however.

The PPARs
Peroxisome proliferator-activated receptors (PPARs) are nuclear hormone receptors that
bind to and are activated by fatty acids. PPARs occur as three different isoforms (α, β/δ, and
γ), each having their own preferential ligands (92). The PPARs are transcription factors and
as such contain a DNA-binding domain, a ligand-binding domain, and a hinge region (81).
They are known to form heterodimers with retinoid X receptors (RXRs) to regulate the
transcription of a number of genes relevant to lipid metabolism including (92). The general
mechanisms of transcriptional activation by the PPARs can involve the binding a conserved
DNA sequence (a PPRE) and the recruitment of co-activator complexes to the promoter.
Repression of gene expression can be mediated by direct binding of a PPAR to a
transcription factor, either obstructing its ability to bind DNA or bringing it to complex with
co-repressor molecules (92). Additionally, the binding PPARs modified by SUMOylation to
co-repressor complexes can prevent their removal from the promoters of target genes to be
silenced (93).

PPARα is an intercellular sensor of endogenous fatty acids, and like other PPAR isoforms,
it is known to bind and be activated by a variety of fatty acids (81, 92). PPARα controls a
number of metabolic processes, including mitochondrial fatty acid β-oxidation, fatty acid
uptake, and glucose homeostasis. The γ isoform (PPARγ) is regarded as a master regulator
of adipocyte metabolism and development (25, 94). Despite their importance in the above
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processes, PPARs do not only serve to regulate lipid-metabolizing genes. PPARs are
expressed by macrophages, T and B cells, as well as dendritic cells, and they have been
reported to have anti-inflammatory activity in these cells of the immune system (reviewed in
92). Among the genes repressed by the PPARs include several important for immune
activation and inflammation (including the transcription factors AP1 and NF-kB and IL-2
(95-97). Like its homolog PPARα, PPARγ has been shown to act as an immune suppressor.
In EAE models, mice partially deficient in PPARγ (PPARγ+/−) fair worse than their
wildtype counterparts, and PPARγ antagonists similarly enhanced EAE disease severity
(98). In contrast, ligation of PPARγ with any of several PPARγ agonists results in lower
clinical scores as well as other improved disease metrics including reduced leukocyte
infiltration of the CNS, pro-inflammatory cytokine production, and overall duration of
disease (92).

PPARγ’s protective action in EAE was initially attributed to its negative effect on the Th1
response. With the surge in interest in the relatively newly discovered Th17 cell subset, the
possibility that PPARγ may also impact this pro-inflammatory T-cell population has been
investigated. Since EAE has a significant Th17 component, it would be consistent with the
results if PPARγ ligation undermines Th17 differentiation. A study by Klotz et al. (99)
found that the γ isoform was a robust inhibitor of Th17 differentiation. In addition to lower
IL-17 production, PPARγ activation resulted in stunted RORγt induction. These anti-Th17
effects of PPARγ were found to be due to a negative impact on STAT3 signaling (99).
While not effecting STAT3 levels or phosphorylation of STAT3 in response to IL-6
treatment, PPARγ disrupted STAT3 transcriptional activity by interfering with its DNA
binding capacity, in keeping with previous observations (100). This suppression of STAT3
function was mediated by the physical interaction of PPAR with the transcription factor and
the ability of ligated PPARγ to facilitate the association of phospho-STAT3 with a co-
repressor complex rendering it transcriptionally inactive. Additionally, this study showed
that chemically activating PPARγ in T cells from MS patients could also result in
successfully suppressed production of Th17 cytokines (99).

In this study, PPARγ agonism did not affect differentiation of other T-helper subsets (Th1,
Th2), while other studies have found PPAR activity results in suppression of Th1 responses
as well (101, 102). This observation may suggest that certain ligands (such as pioglitazone,
in this case) may have subset specific effects, while others have a more generalized anti-
inflammatory impact. It is also possible that different ligands may affect different cells
through distinct mechanisms during EAE. Understanding the basis for such observations
would permit the development of therapeutics more tailored to modify specific immune
pathologies. As with PPARγ, ligation of PPARβ/δ also suppresses disease severity in the
EAE model. The action of this form of PPAR effectively reduced both Th17 and Th1 cells.
IL-10 levels on the other hand were increased by a PPARβ/δ agonist while PPARβ/δ
knockout mice experience enhanced Th17/Th1 responses and prolonged disease in the EAE
model (103). Additionally, it was reported that ligation of PPARα effectively protected mice
from developing severe EAE by inducing a shift in the prevailing Th cytokine response from
a typically strong Th1 response to one displaying increased Th2 cytokine (IL-4). Also,
similar to PPARγ, activation of PPARα also suppresses the production of pro-inflammatory
cytokines by CNS resident cells (microglia and astrocytes) (92).

While the studies referenced above establish a clear anti-inflammatory role for the PPARs,
their effect on the Treg population and the balance between these cells and the Th17 lineage
is less clear. Even though they did not report a role for PPAR in Treg generation coincident
with the suppression of Th17 and Th1 cell generation, they did include observations of
enhanced production of IL-10 as reported for PPARδ ligation, possibly indicating enhanced
suppressor cell presence or function. Other studies, however, clearly demonstrate a link
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between PPAR activation and Treg-mediated immune control. Hontecillas et al. (104) found
that T-cell-specific PPARγ deficiency enhanced pro-inflammatory cytokine production and
rendered mice susceptible to chemically induced colitis. Additionally, knockout Tregs could
not prevent colitis in lymphopenic recipients when co-injected with naive T cells (104).
Another study reported the PPARγ agonist ciglitazone mediated tolerogenic effects of
retinoic acid (RA) on DCs, causing them to become inducers of Tregs (105). This same
ligand also proved to be a potent inducer of Tregs and protective in a model of graft versus
host disease (106). Another study found that PPARα and PPARγ ligation in conjunction
with TGF-β treatment enhanced Treg generation of human Treg cells (107). These findings
suggest that PPARγ agonists do not only suppress generation of T effectors, including Th17
cells, but they can also mediate Treg induction and suppressive function.

A recent study also found a role for PPARγ in a unique subset of Treg cells. Visceral
adipose tissues (VATs) house a unique subset of Treg cells that are associated with reduced
inflammation in adipose tissue. Suppressing this low level fat-associated inflammation is
linked to a reversal of insulin resistance. VAT Tregs were found to uniquely express
PPARγ, and they display a gene expression profile significantly distinct from their spleen
and lymph node dwelling counter parts. Recently, it was shown that mice specifically
lacking PPARγ in Treg cells (Foxp3-cre/Ppargf/f) have a reduced VAT Treg population and
as a consequence display increased insulin resistance and potentially heightened
susceptibility to diabetic pathology (108). It is possible that the bevy of genes for lipid
metabolism and synthesis impart VAT Tregs with a survival advantage optimal for this fatty
niche. This study found that in order to reap the full benefits of the anti-diabetes drug and
PPARγ agonist pioglitazone required PPARγ expression by VAT Tregs (108),
demonstrating the important of these cells in diabetes.

A number of questions remain concerning the immunomodulation attributed to PPAR
activation. For instance, there exists some uncertainty whether the anti-inflammatory effects
of the PPAR agonists are actually dependent on these receptors. This notion arises from the
observations that antagonists (to PPARγ) and agonists (to PPARγ and PPARα) seem to be
equally effective at altering the course of EAE in both wildtype mice and those deficient in
the corresponding PPAR (92). Whether this is an indicator of promiscuity between PPARs
and their ligands or a high degree of redundancy in their immune-modifying function
remains to be seen. Compounding the situation is the observation that PPAR agonists can
directly activate AMPK (81), which can similarly suppress inflammation.

Despite an apparent anti-inflammatory role for the molecule, PPARγ knockout CD4+ T
cells do not induce widespread autoimmune pathology (109). Also, despite its suppressive
effect on Th1 and Th17 cells, PPARγ appears to be activated by mTOR, while PPARα,
having similar anti-inflammatory properties, is suppressed by mTOR (26). Whether this
counterintuitive relationship is operative in T cells remains to be seen, and if so, one
speculates if this could be indicative of a negative feedback mechanism in the mTOR
pathway known to be important for induction of Th17 cells. Additionally, it is unknown if
the same mechanisms underlying the anti-Th17 effects of PPARγ are employed during
activation of other PPARs. Work in adipocytes suggests that the β and δ isoforms of PPAR
also inhibit STAT3, although this study found that it was achieved by ERK1/2 inhibition and
the prevention of a STAT3-Hsp90 complex (110).

There appears to be a sex-linked difference in PPAR expression patterns and their effects on
the Th1 and Th17 pro-inflammatory cytokines. Male mice express higher levels of PPARα
and IL-17 in their T cells than female mice, which preferentially express PPARγ. This
profile is apparently male sex hormone dependent and can be reversed by over-expression or
siRNA knockdown of the gender-preferred PPAR (111). It has been suggested that this sex

Barbi et al. Page 18

Immunol Rev. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hormone-dependent PPAR/pro-inflammatory cytokine expression profile may explain the
heightened susceptibility of females to certain autoimmune diseases.

PPAR activation as therapy
The PPARs boast a rather large ligand-binding pocket capable of interacting with a variety
of synthetic ligands that constitute an impressive list of efficacious PPAR activators (92).
One family of compounds in particular, the thiazolidinediones (TZDs), include commonly
prescribed diabetes drugs that have been shown in numerous studies to be potent PPAR
activators with immune-modifying activities (112). This body of work should form the basis
for developing new immune-modulating therapies relying on PPAR agonism. Thus far, there
is cause for optimism as experimental ligation of PPARγ has shown promise in several
animal models of autoimmune disease (92, 113-115). The PPARγ ligands rosiglitazone and
pioglitazone were found to reduce IL-17 as well as Th2 cytokines and afford protection from
asthma. Protection was negated by administering exogenous IL-17 (113), suggesting that
these agents can be used to combat Th17-driven pathologies.

Prompted by these encouraging studies, PPARγ agonists are currently being tested in
clinical trials for autoimmune diseases. In one MS trial, despite having no significant
improvement in disease score (as determined by expanded disability status scale or EDSS),
MRI data from recipients of the PPARγ agonist pioglitazone (in combination with
IFNβ-1α) showed less gray matter atrophy and promising trends toward decreased lesions
after one year. Rosiglitazone has been tested as an intervention for ulcerative colitis in a
randomized placebo-controlled study and was found to be an effective strategy (116). These
findings offer encouragement to further explore the immunosuppressive capabilities of
PPAR agonists. It does not appear to be true that all factors associated with fatty acid
metabolism oppose Th17 differentiation. Li et al. (119) found that epidermal fatty acid-
binding protein (E-FABP), a lipid chaperone with similar ligand binding specificity as the
PPAR molecules, had the opposite effect on the Th17/Treg balance.

Fatty acid-binding proteins
FABPs are cytosolic molecules capable of binding hydrophobic ligands such as lipids and
directing them to intracellular compartments (117). These FABPs are highly tissue specific.
One such variety epidermal fatty acid-binding protein, E-FABP, is a lipid chaperone with
known regulatory effects on inflammation particularly mediated through antigen-presenting
cells (118). Findings from Li et al. (119) suggest that the FABPs may also be metabolic
players with potent influence on the Th17/Treg balance. These authors found that E-FABP
is upregulated in vitro under Th17-skewing conditions, and deficiency of this FABP in naive
CD4+ T cells results in reduced Th17 skewing capability. This phenotype could also be
achieved by treatment of cells with an FABP inhibitor (119).

CD4+ T cells from these knockout mice also showed a slightly greater inclination towards
Foxp3 upregulation under Th17-inducing conditions that was markedly enhanced upon
inclusion of RA in the Th17 skewing cocktail. Reflecting this shift in the balance of Th17/
Treg generation favoring enhanced tolerance, E-FABP-deficient mice developed much less
severe EAE than their wildtype counterparts after immunization with MOG peptide.
Analysis of lymph node, spleen, and CNS-infiltrating cells confirmed that E-FABP acts as a
pro-Th17 factor. The apparent pro-Th17 effect of E-FABP was attributed to the molecule’s
negative regulation of the Th17 suppressor PPARγ. Knockout of E-FABP resulted in a
specific upregulation of mRNA for PPARγ in activated T cells, and elevated PPARγ
activity was also seen in the absence of E-FABP. Treatment of E-FABP knockout CD4+ T
cells with the PPARγ antagonist GW9662 during Th17 skewing returned the frequency of
IL-17-producing cells to near wildtype levels (119). Despite inducing lower RORγt and
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RORα levels, E-FABP knockout T cells activated in the presence of IL-6 possess
undisturbed levels of STAT3, and phosphorylation of this critical signaling component of
the pro-Th17 cytokine was also intact. However, in agreement with previous reports of
PPARγ’s interference with STAT3 activity (99, 100) and in keeping with elevated PPARγ
presence, E-FABP-deficient T cells displayed compromised STAT3 DNA binding (119).
These results suggest that the PPARγ’s suppression of the Th17 axis may be counteracted
by the action of FABPs.

Prior work implicated that at least one additional FABP found in adipose tissue, A-FABP,
may possess an important role in the immune system and particularly the Th17 response.
The involvement of this protein family in promoting T-effector responses, including those of
Th17 cells, is most curious since they share considerable ligand (lipid) specificity with the
PPARs that undermine Th1 and Th17 responses. The fact that PPARs and FABPs seem to
fall on opposing metabolic sides of the Th17/Treg balance is even more curious given the
fact that they are known to cooperate in the regulation of lipid relevant gene expression
(120). Further investigation may reveal the reason for this odd relationship between the
PPARs and the FABPs and their respective immune roles.

Sterol Sensing and Cholesterol Metabolism
Another instance of metabolic influence in T-cell fate decisions can be found in the
machinery for cholesterol metabolism. Liver X receptor (LXR) is an orphan nuclear receptor
occurring as one of two different isoforms: LXRα or LXRβ, both of which can be expressed
in CD4+ T cells regulating gene products that control intracellular cholesterol homeostasis
(121). It binds DNA as a heterodimer when joined to the retinoid X receptor (RXR) and
regulates cholesterol and fatty acid metabolism genes, such as ABCA1, ABCG1, SREBP1C,
and fatty acid synthase. Given this apparent association between LXR and lipid metabolism
as well as its partnership with the RXR, it seems that a negative impact of Th17 generation
would be likely. Indeed, synthetic LXR agonists were found to decrease the severity of EAE
when administered prior to myelin peptide immunization (122) as well as after initiation of
disease (123). In the latter study, LXR ligation effectively suppressed IL-17 and IFNγ
expression by T cells as well. While in another study, retroviral over-expression of LXR in
T cells inhibited Th17 differentiation. Conversely, knocking it out resulted in enhanced
IL-17 production. Treatment of differentiating cells with LXR agonists also suppressed
expression of IL-17, RORγt, and other Th17-associate genes (124).

The mechanism behind LXR-mediated Th17 suppression appears to depend upon
downstream target genes. One LXR-regulated gene product, sterol regulatory element
binding protein (SREBP-1), is a known regulator of lipogenic enzymes (125) and was found
to associate with the il17 promoter, where it interacts with and inhibits the activity of the
aryl hydrocarbon receptor (Ahr)(124). This transcription factor is known to be important for
expression of Th17-associated genes (15). In this way, LXR disrupts transcription of the
IL-17 gene. Intriguingly, the authors of this study point out that in past clinical trials, MS
patients were found to have lower cholesterol levels than healthy individuals, and they
propose that such a low cholesterol status may be linked to autoimmunity(124). While
establishing such a relation will require considerable work, this study’s findings suggest it
may exist.

ERRα
Another recent and notable discovery linking a metabolic factor to the generation of T-
effector cells including Th17 cells involved estrogen-related receptor (ERRα). This
hormone nuclear receptor is known to regulate energy metabolism pathways and is
particularly important in the biogenesis of mitochondria (126).
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CD4+ naive T cells express very low levels of ERRα, but upon activation in the presence of
adequate costimulation, it is upregulated. Inhibition of ERRα by activating CD4+ T cells in
the presence of XCT790, a compound that causes ERRα degradation, reduced T-cell
activation and glucose metabolism. A component of the pyruvate dehydrogenase (PDH)
complex was downregulated while an inhibitor of PDH called pyruvate dehydrogenase
kinase 1 (PDK1) was upregulated by ERRα antagonism. This altered pattern of gene
expression shunts pyruvate away from conversion into acetyl-CoA and entry into the TCA
cycle (an effect also reported to be downstream of HIF-1 activity). CPT-1, a promoter of
lipid oxidation, was simultaneously upregulated in these treated cells, suggesting ERRα
inhibition was preventing glucose metabolism as well as mitochondrial metabolism.

Using T cells from ERRα-deficient mice confirmed these results and also revealed that
despite their altered metabolism, these cells were comparable to wildtype in regards to TCR
signaling and initial T-cell viability. Even though the initial events in T-cell activation
seemed intact without functional ERRα, such inhibition did markedly reduce T-cell
proliferative capacity. Supplying exogenous fatty acids could rescue proliferation even in
the presence of XCT790, due to elevated levels of CPT1 levels, suggesting that ERRα
inhibited cells could rely on fatty acid oxidation to support cell division (127).

Fatty acid supplementation, however, could not rescue T-effector cell phenotypes in the
XCT790-treated cells. In accord with other reports of fatty acid oxidation in the cross-
regulation of T-effector and Treg cell fate, in the absence of ERRα, lipid metabolism could
only sustain a Treg cell phenotype. From this observation the authors conclude that ERRα is
critical for T-effector cell generation. Supporting this idea, mice deficient in ERRα as well
as mice treated with ERRα inhibitor experienced delayed onset and reduced severity of
disease compared to untreated, wildtype mice after immunization with MOG peptide in the
EAE model. ERRα targeting also dramatically reduced the frequencies of IL-17-producing
cells in the lymph nodes of these mice. Curiously but consistent with the in vitro effects of
ERRα inhibition without exogenous fatty acids, the lymph node Foxp3+ populations were
not significantly different between the three groups (127). This could possibly suggest that
while ERRα is critical for in vivo T-effector generation, other factors determine the
representation of Tregs.

Amino acid abundance
The relative abundance or scarcity of amino acids is a T-cell relevant metabolic metric.
mTOR is activated by the presence of free amino acids, especially branch chain amino acids
(BCAA).This can be mediated through Rag GTPases and their interaction with mTORC1
(128, 129). In fact even when other factors are plentiful, mTORC1 activity depends upon the
presence of amino acids (10), suggesting that amino acid abundance should favor T-effector
differentiation and activation over that of Treg induction and anergy. While the presence of
high levels of such mTOR-activating amino acids should permit a robust Th17 response, one
would expect that general amino acid scarcity should conversely impede such a response. It
has been proposed that one mechanism by which Tregs promote immune anergy/tolerance is
by consuming BCAA, which results in mTOR inactivation (130). Furthermore, a recent
report demonstrated direct link between the regulation of Th17 differentiation and the
machinery for sensing amino acid available in the T cell’s microenvironment.

Amino acid scarcity elicits expression of several genes involved in amino acid transport,
biogenesis and their assemblage into higher proteins. Elements of such an ‘amino acid
starvation response’ (AAR) were found to have a negative effect on Th17 responses.
Importantly, Sundrud et al. (131) found that artificial activation of the AAR response by the
compound halofuginone inhibited Th17 differentiation in vitro by interfering with the
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maintenance of STAT3 signaling. Halofuginone treatment also resulted in a reciprocal
increase in Treg generation in vitro, suppressed the Th17 response, and provided significant
protection to mice in the EAE model (131). These results identify a compound with
unappreciated potential as an immune modulating therapeutic. Shortages of particular amino
acids can also sway the balance between T-effector and Treg generation. The process of
glutaminolysis generates fodder for the TCA cycle from the breakdown of the amino acid
glutamine (26). Efficient glutamine uptake and catabolism in conjunction with glycolysis
was shown by Wang et al. (8) to be important during T-cell activation and is likely requisite
for proper effector T-cell differentiation. However, the amino acid tryptophan has garnered
much attention for the role its metabolism plays in T-cell differentiation.

The enzyme indoleamine 2,3-dioxygenase (IDO) mediates the initial reaction in the
breakdown of tryptophan. By depleting this already rare amino acid, a localized amino acid
scarcity of sorts is induced causing an increase in uncharged tRNA results in proximal T
cells activating the stress responsive general control nonrepressed 2 (GCN2) kinase. This
molecule can suppress Th17 differentiation when activated as part of the AAR. Downstream
products of tryptophan catabolism also have been implicated in the suppressive effects of
IDO on T cells with cumulative suppression of Th17 cells arising from both direct inhibition
by tryptophan catabolites and indirect suppression resulting from a heightened iTreg
population (132, 133). Reflecting the potency of IDO as an element of immune control, its
expression by DCs could suppress EAE (132). Additionally, Sharma et al. (134) and Baban
et al. (135) both reported that the action of IDO can also prevent the conversion of Foxp3+

cells to IL-17 producers. Suggesting that newly generated Tregs can perpetuate a tolerogenic
state initiated by IDO is the observation that cytotoxic T-lymphocyte antigen-4 signaling is
capable of inducing expression of the enzyme (136). This tendency of amino acid starvation
to expand Tregs and promote tolerance at the expense of T-effector responses is apparently
not limited to the amino acid tryptophan. Besides IDO, the activities of asparaginase and
arginase I can also result in deprivation of their respective amino acids and activation of
GCN2 kinase (8). In at least the latter case, enzymatic activity has been shown to mediate
tolerance in human T cells (137). These studies clearly show that the actual or perceived
availability of amino acids can have a significant impact on the Th17 and Treg populations.

PI3K/Akt
Activation of T cells without costimulatory signals results in anergy rather than activation
(138). Interestingly, a similar fate awaits T cells activated while incapable of extensive
glucose metabolism. It has been shown that co-stimulation through CD28 mediates glucose
metabolism in T cells (139, 140), particularly through Glut1 surface expression and
trafficking (141, 142). It is also known that the status of mTOR activation at the time of
TCR stimulation is a crucial factor in deciding the difference between T-cell anergy and T-
cell activation much in the same manner (24, 143). mTOR itself is be activated by PI3K/Akt
signaling initiated by TCR activation and costimulation, and it has been reported that HIF-1
induction upon TCR activation is dependent on both PI3K/Akt as well as mTOR (36). These
molecules are known to cooperate in the establishment of a glycolytic metabolism (144).
Therefore the PI3K pathway is highly relevant to the metabolic input affecting the
generation of Tregs and T-effector cells in general. Reflecting its place in the Th17
promoting chain of events, involving mTOR and HIF-1, PI3K/Akt signaling appears to have
a hand in skewing the Treg/Th17 balance. A report by Kurebayashi et al. (145) found that
not only was the PI3K/Akt mediated activation of mTOR’s TORC1 pathway important
forTh17 differentiation, but they also attribute its effects to a concerted nuclear trafficking of
RORγt and suppression of Gfi-1, an inhibitor of Th17 differentiation.
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Factors interfering with PI3K/Akt pathway are associated with the Treg generation and T-
cell anergy. Recently, programmed death-1 (PD-1) was implicated as suppressing the
progression of T cells through the cell cycle (146). PD-1 was previously shown to suppress
glucose uptake and the rate of glycolysis in T cells by inhibiting CD28-mediated activation
of PI3K and subsequent phosphorylation of Akt (147). This in turn would mean reduced
mTOR activation and the loss of several downstream pro-Th17 molecular events. A link
between PD1/PDL1 signaling and Treg generation and function has been shown by
Francisco et al. (148). Demonstrating at least a negative association between PD1 signaling
and Th17 cells D’Addio et al. (149) found that blockade of PDL1 resulted in reduced
proportions of Treg cells and a coinciding increase in Th17 differentiation in an alloantigen-
specific model of fetomaternal tolerance. In recent years, the development of numerous
isoform-specific inhibitors and knockout mice have permitted a ‘fine focus’ for observing
the individual roles played by the different species of PI3K. Past studies have found that
specific inhibition or genetic knockout of the delta isoform of PI3K (PI3Kδ) suppressed a
variety of T-effector subsets (150, 151) including Th17 cells. Curiously, it has been reported
that PI3Kγ is not important for Th17 despite PI3Kγ-deficient mice being relatively
protected from EAE (152, 153). However more recently, Bergamini et al. reported the
discovery of a novel PI3Kγ inhibitor capable of suppressing not only IL-17 but also RORγt
making the compound termed ‘CZC24832’ a potent Th17 antagonist (154).

A relationship between the Treg population and inhibition of PI3K signaling is also evident.
It would seem that some degree of PI3K activity is needed to maintain Tregs, while high or
constitutive levels of PI3K/Akt activation are detrimental for Treg function and generation
(155). Perhaps supporting this notion is the observation that Treg cells display lower levels
of mTOR activations upon stimulation by IL-2 due to higher levels of the inhibitor of the
PI3K/Akt pathway PTEN (156), and Tregs display very low levels of Akt activity (157).
During Treg differentiation, PD-1 has been reported to suppress both mTOR and Akt
signaling (157). Other negative regulators of PI3K/Akt signaling such as PTEN (158, 159)
are important for Foxp3+ Treg generation (155). In the absence of PTEN, T cells failed to
upregulate Foxp3 and become Tregs upon exposure to TGF-β. This deficit could be
corrected by simultaneously inhibiting PI3K–demonstrating a strong negative association of
the PI3Kinase/Akt pathway with the Treg side of the Th17/Treg balance. Furthermore,
Patterson et al. (160) showed that the PH-domain leucine-rich-repeat protein phosphatase
(PHLPP1), which deactivates Akt, was also highly expressed by Tregs compared to other T
cells and plays an important role in Treg function and differentiation. In their study, Tregs
from PHLPP1−/− mice lost suppressive function and the generation of iTregs from PHLPP1
deficient precursors was reduced (160). The negative effects of these phosphatases on
PI3Kinase/Akt signaling clearly impact the function and frequency of the Treg populations,
even though their importance in Th17 differentiation remains in question. In contrast, the
PI3Kinase/Akt antagonizing phosphatase SHIP-1 appears to have little impact on the
function of Tregs in vitro and in vivo. Even more surprising was the observation that
deletion of SHIP-1 in mice results in reduced Th17 differentiation and an increased tendency
to become Treg cells under Th17-inducing in vitro conditions (161).

Targeting specific isoforms of PI3K may translate into effective therapies capable of altering
the Th17/Treg balance. Supporting this, the PI3Kγ specific inhibitor AS605240, at certain
doses, induce Tregs in vivo and reduces the severity of colitis in mice (162), although any
potential effect on IL-17 and Th17 cells was not investigated in these studies. Additionally,
there are a number of questions involving the isoforms of PI3K and their role in determining
the Th17/Treg balance. For example, there are data to support the notion that certain PI3K
isoforms may be more important than others in suppressing Treg generation. Specifically,
inhibiting PI3Kα proved to be most effective at inducing Foxp3 expression, while other
isoform-specific inhibitors failed to do so or did so at doses associated with a loss of
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specificity (155). Therefore PI3K’s impact on the Th17/Treg balance may be multifaceted
with it being highly important to encourage mTOR activity and glucose uptake and these
and possibly other pro-Th17 and anti-Treg effects may be mediated by distinct PI3K
isoenzymes. Further investigation may yet advance the use of highly specific PI3K
inhibitors to use as therapeutic immune-modifying drugs.

Potential metabolic cross-talk and feedback loops
Antagonistic crosstalk plays a major role in regulating T-helper cell differentiation.
Cytokines characteristic of one T-effector subset often drive the generation and function of
that subset while working to downplay commitment to alternative cell fates. In fact, this
antagonism extends from the level of cytokine signaling to the STATs and the lineage
master regulators as well. For instance, in addition to promoting Th2 cell differentiation,
IL-4 suppresses commitment to other lineages. Similarly, GATA3 suppresses expression of
the typical Th1 cytokine IFNγ (163). GATA3 can also interfere with STAT4 and
IL-12Receptor expression, while Tbet negatively regulates Th2 development by reducing
induction of GATA3 (164). This theme of antagonistic cross-talk is not limited the Th1 and
Th2 lineages. IL-2/STAT5 signaling is necessary for the generation of certain T-effectors as
well as iTreg cells yet it strongly inhibits Th17 differentiation (165). Also Th17 cells may be
reprogrammed into Th1-like cells upon stimulation with IL-12 (166). These observations
clearly illustrate the highly degree of cross-talk at work during T-effector differentiation.
Examining the literature concerning the metabolic pathways now known to favor Th17 or
Treg cell generation reveals that considerable cross-talk exists between them as well. Just as
is the case for competing sets of cytokines/transcription factors, it is likely that the effects of
metabolism on T-cell differentiation are the result of complex networks of cues. The reports
mentioned below provide no small amount of encouragement for future research into the
interplay of the metabolic pathways in question during T-effector differentiation.
Investigating whether or not these instances of metabolic cross-talk or counter-regulation are
operative in T cells may reveal further layers to the regulation of the Th17/Treg balance and
could represent additional opportunities to modulate the T-helper cell response.

AMPK, which drives fatty acid oxidation, inhibits mTOR signaling that governs glycolytic
metabolism. Work with AMPK agonists demonstrate that the T-effector differentiation made
possible by mTOR can be ablated by AMPK activation (87, 91). Examples of counter-
regulatory cross-talk do not stop with these molecules by any means. We have already
discussed the impact of HIF-1 and Foxp3 during Th17 differentiation as well as the
antagonism of E-FABP and PPARγ. Many more potential instances of metabolic cross-talk
may exist with potent effects on the balance between inflammation and Th17 generation and
T-cell anergy and Treg cells. Reports from non-T cells reveal possible crosstalk between
HIF-1 and PPAR may impact the Th17/Treg balance. HIF-1 negatively regulates PPARγ
expression. Specifically, expression of the PPARγ2 isoform is repressed through the action
of the HIF-1 target gene Dec1/Stra13 (167). While it has yet to be demonstrated
experimentally, it is an intriguing possibility that an additional mechanism for driving Th17
differentiation exists in the suppression of a suppressor. Supporting this notion is the
observation that under conditions of hypoxia, which stabilize HIF-1 expression, PPARγ
activity is reduced (168).

Another potential example of cross-regulation may be found in the functions of HIF-1 and a
molecule known as Nr4a1 or Nur77. Additionally, metabolic factors may be altering the
balance between Tregs and other cells in the thymus. Immature T cells in the thymus with
autoreactive TCRs face either deletion or being shunted from a conventional T-cell fate to
become Tregs (169). Nur77 is an immediate-early response gene induced by TCR and can
serve as an indicator for strength of TCR signals. This nuclear receptor superfamily member

Barbi et al. Page 24

Immunol Rev. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is important for glycolysis (170). Nr4a1/Nur77 knockout mice have elevated thymic Tregs,
and it has been proposed that this gene may negatively regulate these Tregs by promoting
expression of glycolysis genes (169) in a manner similar to that seen for Tregs in the
periphery (79). Interestingly, the promoter of Nur77 can be bound by HIF-1, suggesting a
role for HIF-1 in promoting Nur77 expression (171). Additionally, Kim et al. (172) have
reported that Nur77 is capable of inhibiting pVHL, thereby stabilizing HIF-1 expression.
These findings could indicate that yet another mechanism for the promotion of glycolysis,
suppression of Treg generation, and reciprocal commitment to the Th17 lineage could be
mediated by HIF-1. Moreover, the mutually positive effect these molecules exert on each
other in non-T cells could indicate the existence of a positive feedback loop.

Negative feedback loops may also involve HIF-1 and its role in determining T-cell fate.
Hypoxia is a potent stabilizer of HIF-1 expression, and mTORC1 activates HIF-1
expression. However, hypoxia and HIF-1 can suppress mTORC1 activation through the
REDD1 protein in an AMPK-independent, TSC1/2 complex-dependent manner (173).
Could this be evidence of a negative feedback loop? Could these observations explain the
interesting finding that intermittent hypoxia is a more potent stimulus for mTORC1 activity
and HIF-1 expression? Findings that REDD1 also suppresses HIF-1 expression seem to
support the notion of a negative feedback loop in the mTORC1/HIF-1 pathway. However,
the observation that enhancement of HIF-1 expression in the face of REDD1 deficiency is
mostly mTORC1 independent complicates the matter (174).

In another thought-provoking study, the activity of serine/threonine kinase known as
glycogen synthase kinase 3 (GSK3) was found to be a promoter of the Th17 response. This
prevents the insulin-initiated conversion of glucose to glycogen by glycogen synthase (175).
Interestingly, it also appears to enhance STAT3 activation in T cells in response to IL-6,
IL-21, and IL-23 as well as IL-6 production by antigen-presenting cells (176), a process that
may be mediated by GSK3’s interaction with STAT3 and recruitment to cytokine receptors
(175). Reflecting this, GSK3 inhibition effectively reduced IL-17 expression in several
tissues including the gut, the infected lung, and the EAE-afflicted CNS (176). GSK3 activity
may be thought of a promoter of glucose availability and by extension the metabolic states
conducive to Th17 differentiation and as an enhancer of STAT3 signaling, one would expect
it to work in concert with HIF-1. Surprisingly, GSK3 has been reported to actually drive the
degradation of HIF-1 (177). This could be another indication that negative feedback is an
important means of controlling HIF-1 function. As mentioned previously, studies of
unexplored stimuli such as chronic hypoxia could reveal if more complex layers of
regulation such as these are relevant to the HIF-1’s role in the T cell.

Further work in this area will no doubt yield insights into the impact of these metabolic
players on the shaping of the immune response. Since these studies were mostly done in
non-T cells of course it remains to be seen if these concepts hold true in T cells. There is
some cause for optimism that such may be indeed prove to be the case. Several of the
studies above were done in cancer cells, which have energetic and biosynthetic needs similar
to activated T cells and appear to invoke similar metabolic shifts to meet these demands.

Concluding remarks
The immune system, particularly the T-cell response, is heavily influenced by metabolic
factors. The extent of this influence can be seen in T cells activated without the means or
ability to fuel their rapid proliferation and effector functions. Such cells, like those lacking
the machinery for glycolysis or under mTOR deficiency or inhibition, are directed towards a
Treg-like fate typified by anergy and suppressive functions. In this way the prevailing
metabolic state of a T cell can mean the difference between general T-effector commitment
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and Treg generation. It is also clear that certain cellular metabolic elements can execute even
more focused modification of T-cell fate – directing cells to either the Th17 or iTreg lineage
during their initially overlapping differentiation events (Fig. 2). While we have concentrated
on the influence of metabolic cues during the generation of Th17 and iTreg cells from naive
precursors, the possibility that these metabolic cues can even skew committed T cells types
from one phenotype to another also deserves consideration. Certainly the findings of
Kryczek et al. (54, 60) support the possibility that metabolic factors can influence T-cell
subsets beyond the initial differentiation process. In that study, Th17 cells relied on HIF-1
both for optimal IL-17 production, and to stave off apoptosis as well. These authors also
reported that human Th17 cells are highly capable of producing the cytokines of other Th
lineages such as IFNγ as well as the transcription factor Foxp3 in certain pathological
settings (54, 60). Others have also reported an ability of Th17 cells to produce a range of
other cytokines beyond those typical of the lineage apparently depending on the
pathophysiological setting (178, 179). Could metabolic factors mean the difference between
a strict adherence to the canonical Th17 phenotype (IL-17 production) or the shift to a more
versatile one? Likewise, can metabolic cues affect the stability of the Treg phenotype? Since
the concept of fully committed Tregs acquiring T-effector functions or outright conversion
to other lineages remains controversial (21, 22, 180, 181), uncovering a role for metabolic
stability or instability of Foxp3+ cells will be highly interesting and significant to the field.
Exposure to hypoxia has been reported to result in IL-17 expression by Foxp3+ Treg cells
(77), suggesting that metabolic cues such as those indicating or related to hypoxia may
impact Th17 and Treg cell populations well beyond the window of T-cell differentiation by
acting on committed lineage members. Further investigation into the role of metabolic cues
in T-cell function will no doubt shed light on this and other queries. Particularly interesting
is the possibility that this phenomenon of metabolic meddling in the functions of T cells
could explain the convoluted/complicated role of IL-17 and Th17 cells in cancer biology
(182).

In this review, we have mentioned numerous examples of metabolic influences on the
predominance of either Th17 or iTreg cells as well as their potential as targets immune
modifying therapies. As these instances of metabolic immune control have rapidly
accumulated, for the most part, over the past half-decade, it is most likely that the near
future will witness additional revelations of this immunometabolic intersection. Additional
metabolic factors likely to impact the Treg and Th17 populations include the vitamin D
receptor. While important for the regulation of calcium, ligation of this transcription factor
has been shown to inhibit Th17 cell differentiation and increase Treg generation and
ameliorate autoimmune disease in animal models. This may explain reports that a poor
vitamin D status in humans may be linked to autoimmunity (183-186). There also may be an
intersection between factors regulating the cellular calcium flux and HIF-1. The phosphatase
calcineurin has been shown to dephosphorylate RACK1, preventing it from binding to
HIF-1 and recruiting the ubiquitin tagging enzyme. The ubiquitination and subsequent
degradation of HIF-1 can thereby be prevented by calcineurin (187), potentially altering the
Th17/Treg balance through this molecule. This may explain why calcineurin inhibition has a
negative effect on Th17 development (188). However, it is curious that calcineurin
inhibition therapies in kidney transplant patients are sometimes associated with elevated
frequencies of Th17 cells. This could reflect calcinuerin’s importance for production of
IL-2, a cytokine needed to support Tregs and some T-effector cells but negatively linked to
Th17 differentiation (189). Regardless, further exploration of calcineurin’s impact on the
Treg/Th17 balance will no doubt aid the improvement of transplant-associated treatments.
While in this review we have chosen to focus on the factors actively participating in
metabolic pathways, the byproducts of metabolism may also hold considerable sway over
the Th17/Treg axis. For instance, it has been proposed that lactic acid produced by tumor
cells increases IL-23 and Th17 generation (190). Additionally, accumulation of
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mitochondrial reactive oxygen species (ROS), a consequence of oxidative respiration and
paradoxically, moderate hypoxia also can impact Th17 development. Zhi et al. (191) found
that deletion of the immediate early response gene X-1 (IEX-1), a negative regulator of
mitochondrial ROS build up, enhanced Th17 differentiation. Furthermore, the heightened
Th17 responses of IEX-1 knockout mice led to more severe disease in an arthritis model.
This study found that levels of the pro-Th17 transcription factor Batf to be elevated in along
with ROS levels in these knockout mice (191). Interestingly, increases in ROS have also
been linked to upregulation of another pro-Th17 metabolic factor, HIF-1. These results
suggest that the end products of metabolic processes also may significantly influence the T-
cell response.

These and other yet-to-be discovered intersections of the immune system and metabolic
pathways will add to our understanding of the nuances of immune regulation and form the
basis for new and potent immunomodulatory therapies, as several of those discussed in this
review already have. Indeed, speculations based on work in non-T cells concerning potential
cross-talk among immunologically relevant metabolic factors may also lead to additional
findings and opportunities for immune modulation. Many of the recent studies describing
metabolic influence over T-cell fate have proposed or actually included the initial evaluation
of new molecular agonists and antagonists in animal models of autoimmune disease. With
the advancement of some to the proving ground of clinical trials, already underway in some
cases, we are likely to see this surge in interest in metabolic immune modification yield
novel and effective new therapies and hope for those afflicted with pathologies stemming
from immune dysregulation.
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Fig. 1. Reported and potential mechanisms for the regulation of the Th17/Treg balance by HIF-1
HIF-1 is upregulated in naïve Cd4+ T cells by a range of stimuli including TCR stimulation,
LPS, mTORC1 activation, hypoxia, and pro-inflammatory cytokines. HIF-1 induces
glycolysis genes that support the differentiation of Th17 cells. HIF-1 has also been reported
to activate expression of the Th17 master regulator RORγt. HIF-1 then interacts with
RORγt and p300 in order to induce optimal transcription at the il17 gene and other Th17
associated loci. HIF-1 also binds Foxp3 and mediates its proteosomal degradation. HIF-1
also drives expression of survival genes that aid in Th17 persistence. HIF-1 may also
suppress expression of the anti-Th17 factor PPAR γ.
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Fig. 2. The effect of metabolic factors on Th17 and iTreg differentiation
The process of glycolysis and factors promoting it favor Th17 differentiation as do
environmental cues such as low oxygen levels, amino acid, and glucose abundance. Lipid
oxidation on the other hand promotes Tregs generation. Fatty acids and metabolic cues
linked to AMPK activation and poor mTOR activation (amino acid scarcity, lack of glucose
metabolism) also promote Treg induction.
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