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The abnormal number and functional deficiency of immune cells are the pathological basis
of various diseases. Recent years, the imbalance of Th17/regulatory T (Treg) cell underlies
the occurrence and development of inflammation in autoimmune diseases (AID).
Currently, studies have shown that material and energy metabolism is essential for
maintaining cell survival and normal functions and the altered metabolic state of
immune cells exists in a variety of AID. This review summarizes the biology and
functions of Th17 and Treg cells in AID, with emphasis on the advances of the roles
and regulatory mechanisms of energy metabolism in activation, differentiation and
physiological function of Th17 and Treg cells, which will facilitate to provide targets for
the treatment of immune-mediated diseases.
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INTRODUCTION

In T cell biology, immunometabolism is intrinsically linked to cellular development, activation,
function, differentiation and survival (1, 2). In 2002, immunometabolism, a new branch of
metabolism was came to light with the discovery of the link between CD28 activation and
glycolysis in T cells (3). Metabolic processes can provide energy for T cells as well as acting as
regulators of T cell differentiation (4, 5). In recent years, accumulating evidences indicated that the
cellular metabolism coordinates activation, differentiation and function of T cell, and governs the
final outcome of T cell-mediated immune response and autoimmune diseases (AID) (6, 7).

Naïve T cells are maintained in a state of hyporesponsiveness called quiescence, which is
characterized by small cell size, low proliferative rate, and low basal metabolism. Quiescent T-cell
energy demand is low, without the need to obtain the energy rapidly, and they generate energy
mainly through oxidative phosphorylation (OXPHOS) in the mitochondria and breakdown of fatty
acids. Differentiated and activated T cells engage in a metabolic profile absolutely distinct from that
of their quiescent counterparts and undergo metabolic reprogramming in order to provide energy
for clonal expansion and effector function in a short period of time (2, 8, 9). Firstly, the glucose
transporter (Glut) and Alanine–Serine–Cysteine Transporter (ASCT2), glutamine transporters, are
highly expressed (10, 11). Meanwhile, mammalian targets for rapamycin (mTOR), a serine/
threonine kinase and an crucial regulator of the cellular metabolism, acts on Myc and hypoxia-
inducible factor-1 (HIF-1a), shifting T cell metabolism from pyruvate oxidation and fatty acid
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oxidation (FAO) to glycolysis, glutamine hydrolysis, and pentose
phosphate pathways (PPP), thereby promoting T cell
differentiation and proliferation (8, 12).

The subtle differences in metabolic reprogramming of quiescent
T cells will lead naive CD4+T cells to differentiation into different T
cell lineages, including crucial immune effector T help 17 subset
(Th17) and immunosuppressor regulatory T subsets (Tregs), which
are capable to influence a variety of immune cells and are essential
for controlling inflammation and preventing from attacking self-
antigens (13). Th17/Treg cell imbalance has been widely ascribed as
the key factor for the autoimmune pathology in patients with
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
sjogren’s syndrome (SS) (14). Thus, understanding the metabolic
process and functional heterogeneity of Th17 and Treg cell
development may offer new therapeutic targets and approaches
for the cure of AID.
RECIPROCAL POLARISATION OF TH17
AND TREG CELLS

Naïve CD4+ T cells differentiate into distinct effector lineages as
a consequence of the interaction between antigen and specific
cytokine signals. Before the elucidation of Th17 cells as a unique
CD4+T lymphocyte subset, which were classified into two major
subsets: Interleukin (IL)-2 and interferon (IFN)-g-secreting Th1
and IL-4 and IL-5-secreting Th2 cells. IL-17, the signature
cytokine of Th17 cells, was described in 2000 and was later
shown to induce joint damage in murine models of arthritis (15).
IL-17A is one of the IL-17 family members that stimulates
epithelial, endothelial, and fibroblastic cells to secrete pro-
inflammatory factors such as IL-6, IL-8, granulocyte-
macrophage colony stimulating factor (GM-CSF), chemokines
(CXCL1, CCL20) as well as prostaglandin E2 (16, 17).
Subsequently, it was proposed that IL-17-producing Th17 cells
represent a novel CD4+ T cell subset which is different from
Th1 and Th2 subsets and IL-23 promotes the development and
expansion of Th17 cells (17, 18). Nevertheless, the differentiation
of naive T cells into Th17 is not only dependent on IL-23, but
also requires the co-drive of IL-6 and transforming growth
factor-beta (TGF-b) during the initial phase. TGF-b and IL-6
induce retinoid acid-associated orphan receptors (RORs) by
activating transducer and activator of transcription (STAT3).
RORgt further regulates the transcription of IL-17, IL-21 and IL-
22, all of which are Th17-specific genes (19). In addition, IL-21
has been identified as an important cytokine in growth and
amplification of Th17 cells (20). IL-1b is another important pro-
inflammatory factor that induces Th17 cell differentiation,
mainly through activation of the mTOR pathway (21, 22).
mTOR activates catabolic pathways, especially aerobic
glycolysis, and induces fatty acid synthesis (FAS), promoting
TCR-mediated naive T cells to differentiate into Th17 cells (23).

On the other hand, the capacity of CD4+T cell subset to suppress
immune responses was first described in the early 1970s (24).
Initially the anti-inflammatory capacity of CD4+T cells were
described as one population of peripheral T cells, which co-
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express the interleukin-2 receptor (IL-2R) alpha-chain (CD25) by
Sakaguchi in 1995 (25). Whereas, the utility of CD25 expression as a
Treg marker is limited since it is also an activation marker for
lymphocytes and does not discriminate between activated T effector
cells and Tregs. The CD4+CD25+CD127-/low population was
thought to be a better approach for the identification of human
Treg cells in a while. More recently, studies have confirmed Treg
cells highly express the forkhead box P3 (FOXP3), which plays a key
role in the development and function of Treg cells and becomes a
more specific marker for Treg cells (26). FOXP3, as a nuclear
transcription factor, is mainly localizes in the nucleus and
participates in the regulation of TCR signal transduction, cell
communication and transcription through interaction with other
transcription factors (27). In addition, somemarkers such as CTLA-
4, CD45RA and CD45RO were used for fine typing of Treg cells in
humans (28, 29). Treg cells use different pathways to exert suppress
function: an intercellular contact dependent mechanism in vitro; in
vivo regulatory function mainly depends on immune modulatory
cytokines, such as IL-10, IL-4, IL-35 and secretory TGF-b;
interacting with antigen-presenting cells and metabolic
disturbance of target cells (30). Increasing evidences show that
human autoimmune diseases are associated with impaired
suppressive function and/or decreased number of Treg cells (31–34).

ROR-gt and Foxp3, the respective lineage-specific transcription
factors for Th17 and Treg cells. Despite their different functions in
tolerance and inflammation, both Th17 and Treg cells can develop
from naive CD4+T cell precursors under the influence of the TGF-
b. IL-6 or IL-21 induce Th17 cells through transcription factor
orphan nuclear receptor RORgt exclusively drives TGF-b-treated T
cells to become Th17 cells, however, IL-2 critically drives TGF-b-
treated CD4+ cells to differentiate into Foxp3+ Treg cells (35). In
addition, in the presence of high TGF-b concentrations, the cells
cannot differentiate into Th17 cells and eventually develop into
Foxp3+ Treg cells. However, low concentration TGF-b combined
with IL-6 and IL-21 impaired Foxp3 activity and promoted Th17
cell development (36, 37). The binding of cytokines and receptors
initiates complex intracellular intermolecular interactions that
trigger signal cascade amplification and ultimately lead to changes
in gene transcription of specific cell-effector molecules. Thus,
cytokines and environment cues play pivotal roles in the
differentiation, development and function of Th17 and Treg
(Figure 1). mTOR, a sensor for environmental cues, senses the
immune microenvironment and regulate cellular metabolism to
direct T cell differentiation (38).
MULTIPLE METABOLIC PATHWAY
REGULATE TH17/TREG BALANCE

mTOR Dependent Glycolytic Pathway
Orchestrates the Th17/Treg Balance
It has been well appreciated that the bioenergetic demands of T
cells increase dramatically over the resting state upon antigen
stimulation. Metabolic remodeling from OXPHOS to aerobic
glycolysis is a hallmark of T cell activation and is thought to be
required to meet the metabolic demands of proliferation (12).
February 2022 | Volume 13 | Article 828191
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The glycolysis not only expedited production of ATP (100 times
faster), but also provided necessary intermediates for other
metabolic pathways, such as PPP, hexosamine biosynthesis,
amino acid biosynthesis, and fatty acid synthesis (FAS) (39).
Recently, a role for the metabolic pathways in T cell activation
and the differentiation of T cell functional subsets is beginning to
Frontiers in Immunology | www.frontiersin.org 3
be appreciated. Study demonstrated that cellular metabolism
controls T cell lineage choices.

As a hub in the cellular metabolic signal network and sensor
for environmental cues, mTOR controls multiple T cell lineage
fates and functions, including Th17 and Treg cells (40–43)
(Figure 2). The mTOR works by forming two complexes
FIGURE 1 | The differentiation of naive CD4+T cell into Th17 and Treg cells. ROR-gt and Foxp3, the respective lineage-specific transcription factors for Th17 and
Treg cells. IL-6 or IL-1b induce the differentiation of T cells into Th17 cells through STAT3 or mTOR in the presence of low TGF-b, however, IL-2 critically drives high
TGF-b-treated CD4+ cells to differentiate into Foxp3+ Treg cells via JAK-STAT. The inflammatory environment controls the balance between Treg and Th17 cell
differentiation cellular metabolism controls T cell lineage choices. TGF-b, transforming growth factor-beta; IL, interleukin; JAK, Janus kinase; STAT, signal transducer
and activator of transcription; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; RORgt, retinoid-related orphan receptor-gt; Foxp3,
forkhead box P3; Th, T-helper cell; Treg, regulatory T cell; GM-CSF, granulocyte-macrophage colony stimulating factor; CXCL1, chemokines; CCL20, chemokines.
February 2022 | Volume 13 | Article 828191
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(mTORC1 and mTORC2) with a variety of proteins. mTORC1
and mTORC2 share the catalytic subunit mTOR but are
distinguished by the scaffold proteins regulatory associated
protein of mTOR (RAPTOR) and rapamycin-insensitive
companion of mTOR (RICTOR), respectively (41). The mTOR
complexes have been shown to be differentially expressed in
murine effector T cells. Th17 and Th1 cells mostly express
mTORC1, while Th2 cells predominantly express mTORC2
(44). mTORC1 is known to inhibited by AMP activated
protein kinase (AMPK), which is regulated by liver kinase B1
(LKB1). In addition, mTORC1 promote Th17 differentiation by
PI3K/AKT pathway and to promoting Glut1 cell-surface
trafficking and glycolysis (45–47). As outlined above, the
activation of mTORC1 signaling, either through PI3K/Akt-
mediated signal transduction or suppression of LKB1-AMPK
activity, enhance glycolysis and predisposed naïve T cells to
differentiate into inflammatory Th17 cell (48, 49). mTOR, on the
flip side, is critically required for Treg functional in mice (50, 51).
Murine Treg cells have been shown to express less mTORC1
(52). Over-activation of mTORC1 promotes glycolysis,
destabilizes Tregs and impairs their suppressive activity,
leading to the loss of suppressive function in inflammatory
conditions (45). Withal, FOXP3 expression inhibited mTORC1
activity and glycolysis, and enhanced mitochondrial oxidative
(53). In a word, mTOR dependent glycolysis promotes Th17
development while hampering Treg cell formation. Study has
demonstrated that rapamycin can blocks mTOR-dependent
metabolic pathways including glycolytic activity and the
production of IL-17 (54).

HIF1a is downstream of mTOR signaling, thereby playing an
important role in regulating mTOR-mediated T cell
differentiation (42, 55). Study demonstrated that HIF1a was
selectively expressed in Th17 cells and regulates the expression of
multiple glycolytic enzymes (55). Murine studies have shown a
clear role for metabolism in reciprocally regulating the de novo
differentiation of Th17 and Treg cells where HIF1a promote
Th17 but to inhibit Treg cell differentiation when naive T cells
were activated in the presence of TGF-b (52, 56). Deficiency in
HIF1a resulted in greatly reduced glycolytic activity, and results
in impairment in the Th17 differentiation program, but
increased development of Tregs (54). Therefore, the HIF-1a-
dependent glycolysis pathway is critical for regulating Th17 and
Treg cell differentiation.

Myc is another critical regulator in T cell metabolism and a
potential downstream target of mTOR (8, 57). During T cell
activation, Myc as a transcription factor for GLUT1 (the main
glucose transporter in lymphocytes), hexokinase 2 (HK2),
pyruvate kinase (PK), and lactate dehydrogenase A (LDHA)
induces glycolysis. Study has indicated that the pyruvate
kinase muscle isozyme (PKM2) inhibitor suppresses
glycolysis and the differentiation of Th1 and Th17, thereby
reducing disease activity and alleviating experimental
autoimmune encephalomyelitis (EAE) by inhibiting PK
activity (58). Therefore, down-regulation of the transcription
factorc-Myc is critical in inhibiting glycolysis (8). Also, Myc
can be rapidly translocated to the plasma membrane through
Frontiers in Immunology | www.frontiersin.org 4
the Akt signaling pathway, thereby increasing glycolysis. Study
has demonstrated that CD28 up-regulates glycolysis
independent of the T cell receptor (TCR) engagement by
increasing the Glut1 and c-myc in CD4+ T cells in patients
with multiple sclerosis, which was critical for secreting
inflammatory cytokines of Th17 cells (59). Additionally,
Foxp3 inhibited c-myc in Treg cells, which was relevant to
the impaired glycolysis and the enhanced oxidative
phosphorylation (60). Collectively, the mTOR dependent
glycolytic process is a metabolic checkpoint for T cell lineage
choices and alters Th17 and Treg cell differentiation.
Furthermore, studies indicated that rapamycin undertook the
role in the survival and proliferation of Treg cell (61, 62).
Recent research revealed that rapamycin recovery immune
tolerance by intervening with metabolic reprogramming of
Treg cells (63). The mTOR dependent glycolytic pathway has
provided targets for therapeutic intervention of autoimmune
and inflammatory diseases elicited by T cells.

Lipid Metabolism Driving Th17 and Treg
Differentiation
Lipid metabolism is another important pathway by which
immune cells can potentially be modulated (Figure 2). The
development of Th17 cells was dependent on FAS, whereas
differentiation of Treg cell required FAO (52, 64). It is well
known that free fatty acids (FFA) in cytoplasm are first catalyzed
by acyl coenzyme A synthetase (ACS) to produce fatty acyl CoA,
then is transported into the mitochondria to produce acetyl-CoA
by carnitine palmityl transferase (CPT)-1, CPT-2 and translocase
and enter the tricarboxylic acid cycle (TCA). Murine study has
demonstrated that Treg cell differentiation was inhibited
following treatment with inhibitor of CPT1, while no effect on
the differentiation of Th17 cell (52). Additionally, acetyl-CoA
carboxylase (ACC) plays an important role in FAS and
catabolism, and is a key enzyme catalyzing fatty acid
anabolism. In humans and other mammals, it is a tissue-
specific enzyme and exists in two gene forms, ACCI and
ACC2. ACC1 exists in the cytoplasm of most adipose tissues
(liver, adipose) and catalyzes rate-limiting reaction of long
chain fatty acid (LCFA) synthesis. ACC2 is distributed in the
heart and muscle tissue, and there are about 140 more amino
acids than ACCI at the N-terminal. These amino acid sequences
promote ACC2 to anchor on the mitochondrial outer
membrane, thus catalyzing the oxidation of mitochondrial fatty
acids (65). In the presence of ATP and Mg2+, HCO- as carboxyl
donor, acetyl-CoA is carboxylated into malonyl monoacyl-coA
by ACC, which plays a central role in Th17 and Treg cell
differentiation by regulating de novo FAS. Inhibiting ACC
using soraphen, a specific inhibitor of ACC isozymes, under
Th17 polarizing conditions skews differentiation towards Tregs
in mouse (64). This study also demonstrated that inhibition of
ACC has the same effect on the differentiation of human T cells
(64). Meanwhile, AMPK can indirectly inhibit FAS by
hampering sterol regulatory element-binding protein 1
(SREBP1) and inactivating ACC1, thus inhibiting Th17 cell
(66, 67).
February 2022 | Volume 13 | Article 828191
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On the other hand, FAO is generally associated with an anti-
inflammatory phenotype of Treg cells and plays a vital role in
maintaining the stability of Treg lineage. In murine studies, newly
differentiated Treg cells demonstrated the highest the FAO
compared with other effector T cell subsets. Blocking FAO
Frontiers in Immunology | www.frontiersin.org 5
significantly reduced the differentiation of Treg cell and
downregulated its immunosuppressive function. Treg cells
exhibited elevated phosphorylation and activation of AMPK,
which is known to promote mitochondrial lipid oxidation and
could give rise to increased FAO while inhibiting mTOR (8, 68, 69).
FIGURE 2 | Potential mechanisms and therapeutic target of Th17/Treg metabolic homeostasis. Upon antigen stimulation, cellular metabolism controls T cell lineage
choices. During T cell activation, CD28 up-regulates glycolysis by promoting the increase of c-myc and the Glut1 in CD4+ T cells. The increase of glycolysis induced
by CD28 was important for differentiating of Th17 cells. The activation of mTORC1 is mainly mediated by the PI3K/Akt and LKB1-AMPK, thus enhancing glycolysis
and predisposing naïve T cells to differentiate into inflammatory Th17 cell. Over-activation of mTOR, Myc and HIF1 promote glycolysis and weaken suppressive
activity of Treg cell, and ultimately lead to the loss of suppressive function in inflammatory conditions. In turn, Foxp3 inhibited c-Myc in Treg cells. Also, the lipid
metabolism affected the differentiation of CD4+ T cells, and the differentiation of Th17 cells required FAS, but Treg cell was rely on FAO. Inhibition of mTOR can result
in the elevated FAO and promote Treg differentiation. In addition, rapamycin-mediated inhibition of mTOR blocks glycolytic activity and increases the FAO. Metformin,
an AMPK agonist, which exerts anti-inflammatory effects on CD4+ T cells and induce Treg expansion and lipids alterations. The use of rapamycin and metformin lead
to pro-oxidative effects following CD4+T cell stimulation. APC, antigen presenting cell; CD, cluster of differentiation; GLUT, Glucose transporter; AKT, proteinserine-
threonine kinase; LKB-1, liver kinase B-1; AMPK, Cyclic Adenosine monophosphate-activated protein kinase; HIF-1a, hypoxia-inducible factor-1; ACC, acetyl-CoA
carboxylase; SREBP1, sterol regulatory element-binding protein 1; FAO, fatty acid oxidation; FAS, fatty acid synthesis.
February 2022 | Volume 13 | Article 828191
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In turn, inhibition of mTOR can lead to increased oxidation of
exogenous FA, thus promoting Treg differentiation (70, 71).
Furthermore, study have demonstrated that promoting FAO
makes the Th17/Treg differentiate in favor of Treg cells, and
inhibition of FAS can significantly reduce the ratio of Th17/Treg
cell in the absence of glycolysis (72). During initial stage of T cell
activation, supplement of lipids intensely restrain the production
of Th17 cytokines, but not Treg suppressive function (52).
Intriguingly, the up-regulation of FAS associates with down-
regulation of FAO, which manifests that metabolic pathways
interconnected (8). Collectively, the lipid metabolism affected the
differentiation of CD4+ T cells, and inhibition of FAS or
promotion of FAO modulates the Th17/Treg axis in favor of
Treg cells.

Metformin, an AMPK agonist, which exerts anti-
inflammatory effects on CD4+ T cells and induce Treg
expansion and lipids alterations in various models of
autoimmune disease, including experimental autoimmune
encephalomyelitis and arthritis (73, 74). In the murine study,
enhancing FAO via AMPK activation using the AMP analog 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR),
promoted the polarization of Treg cells and inhibited Th17
cells both in vitro and in vivo (75). FAO also plays a crucial
role in maintaining the functional stability of Treg cells. Foxp3
extend its half-life by preventing from targeted degradation
through post-transcriptional modifications, such as acetylation.
Foxp3 acetylation is mainly dependent on acetyl-CoA, whose
supply is increased upon breakdown of fatty acids (76). In
addition, Rapamycin-mediated inhibition of mTOR increases
the rate of FAO in skeletal muscle cells both in vivo and in vitro
while decreasing flux into anabolic storage pathways
by decreasing level of the enzyme, including ACC1, malonyl-
CoA and glycerol phosphate acyltransferase (70, 77). These
studies suggest that inhibition of mTOR and activation of
AMPK play a physiological role in the regulation of fatty acid
metabolism and resulted in prooxidative effects following CD4+T
cell stimulation.

IL-2/IL-2R Regulates the Metabolism of
Treg and Th17 Cells
Cell-intrinsic metabolic pathways directly impact cellular fate
and function. IL-2 as a pleiotropic cytokine, is a key regulator of
T cell metabolic programs and is critical for the development of
Tregs in the thymus and the regulation, proliferation, and
maintenance of Tregs in peripheral tissues (78, 79). It has been
demonstrated that the IL-2 critically drives TGF-b-treated CD4+
cells to differentiate into Foxp3+ Treg cells (79, 80). It is well
known that high-affinity IL-2 receptor (IL-2R) is composed of
three subunits: CD25 (the IL-2 receptor a chain, IL-2Ra),
CD122 (IL-2 receptor b chain, IL-2Rb) and CD132 (common
g subunit, gc) (81, 82). The co-expression of all three subunits is
needed to confer high-affinity IL-2 binding to a cell. The
signaling pathways that IL-2/IL-2R control the differentiation
and homeostasis of both pro- and anti-inflammatory T cells is
fundamental to determining the molecular details of immune
regulation (83).
Frontiers in Immunology | www.frontiersin.org 6
It is accepted that IL-2 activates two major signaling axes: the
STAT5 and PI (3)K pathways (84, 85) (Figure 3). IL-2 activation of
STAT5-mediated transcriptional programs is vital to the biological
actions of IL-2 and is particularly important for Treg development,
as it is necessary to initiate Foxp3 expression (86–89). A mice study
showed that deficient of STAT5A/B fail to generate Tregs,
demonstrating that the crucial role for IL-2-STAT5 in Treg
development (90). In humans, loss of function in STAT5B is also
associated with a loss of Tregs (91). Furthermore, in Stat5a/bfl/fl

mice, the deletion of the transcription factor STAT5 resulted in
enhanced Th17 cell development when the absence of IL-2 or
disruption of its signaling (92). STAT5 binding to the IL17a-IL17f
locus inhibiting STAT3- mediated transcription of the IL17 gene
and thereby suppressing Th17 cell differentiation (93). Another key
signaling pathway in IL-2 regulation of Treg cells is mediated by the
PI3K-Akt (94). And its biological effects could be mediated by the
activation of cytosolic serine/threonine kinases. As an important
serine/threonine kinase, mTOR senses various environmental cues,
such as IL-2 (95, 96). Whereas IL-2 control of mTORC1 activity is
dependent on JAK kinase activity. The IL-2Rb chain binds JAK1,
the IL-2Rgc binds to JAK3 (97). Thus, IL-2 receptor occupancy
results in JAK-STAT activation (98). In addition, IL-2 regulates the
expression and activation of MYC, mTORC1 and HIF1a/HIF1b,
thereby guaranteeing the uptake of glucose (99). Recent studies
have confirmed that the Treg dysfunction in the pathogenesis of
AID can be restored by IL-2 effects of IL-2 (32, 34, 100–102).

The Gut Microbiota at the Service of
Immunometabolism of Th17/Treg
Differentiation
The majority of microorganisms present in our body are resided
in the human gut, affecting the balance between pro- and anti-
inflammatory immune responses (103). The prominent role of
the gut microbiota in the pathogenesis of autoimmune diseases,
such as RA, SLE, SS and SSc, has been demonstrated by both
human and animal studies (104). As a crucial actor in
maintaining immune system functions, the gut microbiota
actively participates in T cell metabolic reprogramming (105).
Many of these effects are mediated by metabolites produced by
the microbes such as short-chain fatty acids (SCFAs, particularly
the acetate, propionate and butyrate), bile acids (BAs), and
tryptophan (Trp), as well as by the transformation of
environmental or host molecules (106, 107) (Figure 4).

The internal balance of fatty acids can also exhibit significant
effects on CD4+ T cells, notably regarding the generation of Th17
and Treg cells (108). SCFAs produced by the gut microbiota
metabolizing dietary fibers can diffuse into the cytoplasm and
serve as a substrate for FAO, further producing acetyl-CoA,
which provides fuel for TCA and OXPHOS. However, fatty acids
promote T cell differentiation into effector or regulatory T cells
depending on immunological milieu. It is well appreciated that
SCFAs promote the development of extrathymic Treg cells via
induction of Foxp3 in a histone deacetylase (HDAC) dependent
manner, while LCFAs contribute to the differentiation of pro-
inflammatory Th1 and Th17 cells via the MAPKs p38 and JNK1
(109–112). In this setting, LCFA-rich diets have been confirmed to
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aggravate T cell-mediated autoimmune pathological process in
mice, conversely, mice fed with SCFA are protected (112). Withal,
studies indicated that addition of SCFAs such as acetate, propionate,
and butyrate can increases intestinal IgA production, cytokine and
chemokine production as well as mediate immune responses (113,
114). The mechanism is also related to the regulatory function of
mTOR on immune cells (110, 111, 115). SCFAs act on production
pathways of energy and induce ATP production and AMP
consumption, which are inhibitors and activators of AMPK,
respectively. Thus, the inhibitor activity of AMPK on mTOR is
repressed, leading to mTOR activation in B cell (116, 117).

BAs also have an essential impact on T cells differentiation. In
effector T cells, the derivative of lithocholic acid (LCA),
isoalloLCA, stimulates OXPHOS and the production of
mitochondrial reactive oxygen species (mitoROS), which leads
to the upregulation of FOXP3 through histone (H3K27)
acetylation in Foxp3 promoter region, resulting in Treg
differentiation. Conversely, another derivative of LCA, 3-
oxoLCA, inhibits the differentiation of Th17 cells by directly
interacting with the key transcription factor retinoid-related
orphan receptor-gt (RORgt) (118). In addition, BAs act
Frontiers in Immunology | www.frontiersin.org 7
through the BA receptor Breg to regulate the function of
RORg+ Treg cells, which plays a pivotal role in maintaining
the stability of the colonic environment (119). These studies
indicate that BA and its metabolites regulate Th17 and Treg cell
balance and elucidate the mechanism by which gut microbes
govern the host immune response.

In addition, the Trp catabolism plays an important role in the
peripheral immune tolerance by preventing autoimmunity. Gut
microbiome dysregulation induces autoimmunity in lupus-
susceptible mice by altering Trp metabolism (120). The
kynurenine (Kyn) pathway is the major catabolic route of
peripheral Trp metabolism, which accounts for >90% in
mammals (121). Trp be metabolized to Kyn in the presence of
indoleamine-pyrrole 2,3-dioxygenase (IDO), an alternative
inducible enzyme, which is induced by pro-inflammatory
cytokines, such as TNF-a, IL-6 and IFN-g, and eventually bring
about the generation of the nicotinamide adenine dinucleotide
(NAD+) (122, 123). The increased Kyn was observed in lupus-
prone mice (120). mTOR, a sensor of T cell mitochondrial
homeostasis and regulator of T cell differentiation, can be
activated by Kyn in vitro. A recent study revealed that PPP was
FIGURE 3 | The IL-2/IL-2R signaling pathways control the lineage choice of Th17 and Treg cells. The co-expression of IL-2Ra, IL-2Rb and gc is essential for IL-2
binding to cell. IL-2 regulation of Treg cells is mediated by the PI3K-Akt and JAK-STAT5 pathway. JAK-STAT5 pathway promotes Treg cells differentiation, and
inhibiting transcription of the IL-17, thereby suppressing Th17 cell. In addition, IL-2 can activate mTOR through PI3K-AKT and promote the differentiation of CD4+ T
into Th17 cells. IL-2R, interleukin-2 receptor; P, phosphorylate; PDK, phosphoinositide-dependent kinase.
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the most significant metabolome changes in peripheral blood
lymphocytes of SLE patients by mass spectrometry. In addition,
the accumulation of Kyn was related to the increase of PPP activity,
and N-acetylcysteine (NAC), a precursor of glutathione,
significantly reduced the level of Kyn and also reduces disease
activity in SLE patients by inhibitingmTOR (124). The study by Lai
et al. showed that sirolimus, the inhibition of mTOR, increased
CD4+CD25+FoxP3+ Treg cells and CD8+ memory T cells and
restrained IL-4 and IL-17 production by CD4 and CD4-CD8-
double-negative T cells (125). Mitochondrial metabolism,
including mitochondrial hyperpolarization, ATP production and
oxidative stress, play important roles in the abnormal activation of
SLE T cells (126). mTOR is widely thought to be involved in the
inhibition of autophagy and can be regulated with rapamycin
(127). Furthermore, study has indicated that the expression of
GATA-3 and CTLA-4 in SLE Treg cells is reduced and the
autophagy and inhibitory functions are reduced. Rapamycin can
induce autophagy, restore the expression of GATA-3 and CTLA-4,
and correct Treg functions (Figure 5) (128). Mitochondrial
autophagy is caused by the dynamin-related protein 1 (Drp1),
Frontiers in Immunology | www.frontiersin.org 8
which leads to mitochondrial degradation. The study by Caza et al.
demonstrated that Ras-related protein 4-mediated loss of Drp1
leads to mitochondrial accumulation and disease progression in
lupus-susceptible mice (126). In conclusion, the abnormal Trp
metabolic caused by gut microbial disorder may be one of the
mechanisms of autoimmune activation. Also, the butyrate
produced by gut microbes exert anti-inflammatory function by
promoting differentiation of Treg cell (129). All in all, probiotics
may be an option for the prevention and treatment of
autoimmune diseases.

Single-Cell Immunometabolism of
Treg/Th17 Cell
As every cell resides in a unique environment, no cell within our
body is completely identical metabolically, phenotypically, and
functionally, even of the same type, assessing the metabolic state
of single immune cells becomes the focus of autoimmune disease
(130). Meanwhile, the complexity of immune cells, the variety of
different cell types in tissue, and heterogeneous clinical
presentation make single-cell technologies a necessary means
FIGURE 4 | Tying microbiota metabolism to Th17/Treg balance. SCFAs produces by gut microbiota metabolizing dietary fiber can serve as a substrate for FAO,
further producing acetyl-CoA, which provides fuel for TCA and OXPHOS. SCFAs strengthen the extrathymic generation of Treg cells by inducing Foxp3 in HDAC-
dependent mode, while LCFAs promote the generation of pathogenic Th17 cells via the MAPKs p38 and JNK1. In addition, SCFAs could indirectly induce the
production of ATP and the depletion of AMP, leading to the activation of mTOR in B cell and the generation of immunoglobulin. SCFAs, short-chain fatty acids;
LCFAs, long-chain fatty acids; ATP, Adenosine-triphosphate; AMP, Cyclic Adenosine monophosphate; HDAC, histone deacetylase; MAPKs, mitogen-activated
protein kinase; JNK, c-Jun N-terminal kinase; AMPKK, AMPK kinase; TCA, tricarboxylic acid cycle; OXPHOS, oxidative phosphorylation.
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to uncover role of single cells (131). Recent years, the ability to
extract and recognize biologically informative from single cell is
improved with developments in the fields of machine learning.
The field of immunology is dominated by high dimensional
single-cell analysis, consisting of the first s sing-cell DNA
sequencing based genomes reported in 2006, to the first
realization of single-cell RNA-sequencing (scRNA-seq) based
transcriptomics by Tang et al. in 2009, along with the recent
Mass Cytometry, Met-Flow and mass spectrometry (MS)
imaging that allowed directly measure metabolism in situ
(132–138). Among them, scRNA-seq is the most widely used,
which can efficiently amplify mRNA in isolated single cells and
then conduct high-throughput sequencing, aiming to capture the
entire transcriptome without the need to select target genes in
advance, which can effectively solve the problem of
Frontiers in Immunology | www.frontiersin.org 9
transcriptome heterogeneity of immune cells and provides a
multidimensional assessment of the transcriptional status.
scRNA-seq allows individual cells to be defined as distinct
metabolic entities and delineates corresponding transcripts
from a metabolic perspective.

Caublomme et al. sequenced the transcriptome of 722 Th17
cells and validated four key molecules, Gpr65, Plzp, Toso and
Cd5l, that governing the pathogenicity and susceptibility of
autoimmune encephalomyelitis by calculating and analyzing a
spectrum of cellular states in vivo to in vitro differentiated Th17
cells. Amongst them, Cd5l and Gpr65 associated with known
regulatory and pro-inflammatory genes (139). Wagner has
recently investigated metabolic differences associated with
pathogenic/non-pathogenic Th17 cells by Compass, an
algorithm to characterize the metabolic state of cells and relate
FIGURE 5 | The tryptophan-kynurenine pathway and autoimmune. Trp can be metabolized to Kyn by IDO, and eventually lead to the generation of the NAD+ and
the activation of mTOR. Therapeutic intervention with NAC reverses the accumulation of Kyn and the activation of mTOR, and induces autophagy and restores Treg
functions. TNF-a, tumor necrosis factor-a; IFN-g, interferon-g; IDO, indoleamine-pyrrole 2,3-dioxygenase; NAC, N-acetylcysteine; NAD+, nicotinamide adenine
dinucleotide; CTLA-4, cytotoxic T-lymphocyte-associated protein 4.
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metabolic heterogeneity to other cellular phenotypes based on
single-cell RNA-Seq and flux balance analysis (140). This study
also pinpointed the pathogenic Th17 cells is dependent on higher
aerobic glycolysis and TCA to produce ATP, while
nonpathogenic Th17 cells mainly rely on FAO for energy. The
glycolytic enzyme phosphoglycerate mutase (PGAM) inhibits
the pathogenicity of Th17 cell, and inhibition of G6PD alleviates
neuroinflammation mediated by Th17 in vivo. Miragaia
highlighted the metabolic heterogeneity among Tregs in colon,
skin, spleen and lymph nodes of colon and skin in mouse by
single-cell RNA-seq (141). In addition, a study based on Met-
Flow found that metabolic remodeling reshaped the phenotype
and function of T-cell subsets. Met-Flow, a high-dimensional
flow cytometry approach, allows simultaneous analysis the
metabolic state of key proteins and activation molecules on a
single-cell in their representative pathways (142). This study also
indicated that the expression of CD25, a characteristic surface
marker molecule of Treg cells, is dependent on glycolysis and
positively correlated with GLUT1 protein level.

Met-Flow overcomes inherent disadvantage of temporal
inconsistency between mRNA abundance and protein concentration
in traditional metabolic mRNA analysis (143, 144). The establishment
of single-cell profiling technologies allows capturing the complex
metabolic state of any cell, leading to a greater understanding of the
role of metabolic heterogeneity in immune responses, which has taken
the field of immunometabolism to a new level. Yet it is clear that
additional effort are required to fully grasp the immunometabolism of
Th17/Treg cell and for tasks such asmetabolic clustering on the single-
cell level.
METABOLIC ABNORMALITIES ON TH17/
TREG CELL IN AUTOIMMUNE DISEASE

Autoimmune disease is characterized by the imbalance in the
immunomodulatory network (the destruction of balance such as
Th1/Th2 and Th17/Treg cells) and activation or delayed apoptosis
of immune cells. A balance between immune tolerance and
inflammation is required to maintain optimal immunity and
disruption of the Th17/Treg cell axis may contribute to the
occurrence and development of disease. Studies have
demonstrated that the expansion of Th17 cells and reduction of
the suppression function and number of Treg represent the main
causes in various AID (31–33, 100). Since metabolism controls the
fate and function of immune cells, immunometabolism emerged
as an active research field of multiple disease conditions and
evidence in support of the metabolic differences between RA and
SLE is accumulating (145–147).

Studies have demonstrated that RA T cells exhibit diminished
glycolytic activity, reduced mitochondrial activity and low ATP
production and low intracellular ROS concentrations, which
deprives them of the energy required to generate oxidative
stress or to execute autophagy, thus rendering them more
inclined to utilize the PPP for production of NADPH (148,
149). These changes in metabolic status may be due to AMPK
activity was significantly inhibited in RA T cells (150). The
increase in mTORC1 activity in osteoclasts from patients with
Frontiers in Immunology | www.frontiersin.org 10
RA was also demonstrated (151). Additional evidence of the
benefits of mTORC1 inhibition in RA includes the IL-17
inducing mTORC1 dependent proliferation of fibroblastlike
synoviocytes (FLS) (152). In this context, it was demonstrated
that the mTOR inhibitor rapamycin decreased the invasive
properties of RA FLS (153). Furthermore, lactate, a breakdown
product of glucose and dominant metabolite of the inflamed
joint, induces IL-17 expression through nuclear PKM2 and FAS
mediated STAT3 phosphorylation, thus affecting the effector
function of T-cell (154). FAS has been implicated in the
production of pathogenic Th17 cells, and blocking FAS
suppressed the tissue invasion ability of T cells in RA (155).

Unlike RA T cells, CD4 T cells in SLE patients are committed to
rapid conversion of nutrients into energy, which is manifested by
high glycolysis activity, overuse of mitochondrial activation and
excessive oxidative stress (156–158). A study have demonstrated
that CD4+T cell glycolysis and mitochondrial oxidative
metabolism were elevated in SLE patient and mice. Furthermore,
2-Deoxy-Dglucose (2DG) and metformin, the glucose metabolism
inhibitor and mitochondrial metabolism inhibitor, reduced IFN-g
expression and normalized T cell metabolism, thereby reversing
the disease (156). Overexpression of pyruvate dehydrogenase
phosphatase catalytic subunit 2 (PDP2) weaken Th17
differentiation in SLE patients, whereas high levels of inducible
cAMP early repressor (ICER) suppress PDP2 expression and
ultimately decompose glucose into lactate (159). In addition,
glutaminolysis as energy source plays a vital role in all
proliferating cells. Kono. M et al. showed that ICER directly
binds to glutaminase 1 (Gls1) to accelerate the glutaminolysis,
thus promoting the differentiation of Th17 cells (160). Another
study they performed also showed that inhibition of Gls1 affected
glycolysis in MRL/lpr mice and ameliorated lupus-like disease and
EAE by decreasing HIF-1a in Th17 cells (161). Sustained activation
of mTORC1 is a metabolic feature shared by RA and SLE T cells.
Overactivation of mTORC1 has been ascertained as a key factor in
SLE T cell dysfunction. Accordingly, the mTOR inhibitor
rapamycin inhibits pro-inflammatory T cell differentiation and
thus plays an indispensable role in the amelioration of SLE (162).
Additionally, increased mitochondrial metabolism is a major
metabolic feature of Treg cells. Lack of mitochondrial respiratory
chain complex III lead to a loss of suppressive capacity of Treg cell,
thereby leading to the occurrence of inflammatory disease, but
Foxp3 expression and quantity of Treg cell are not affected (163).
The mitochondrial function of T cells in RA patients is defective,
whereas the mitochondria and ROS of T cells in SLE patients are
abundant (164). Taken together, T cells in different disease possess
discrepant metabolic characteristics, which providing further
support for the targeted treatment of the disease.
CONCLUSION

Extracellular signals through regulating metabolic pathway drive
T cell proliferation and differentiation. Metabolic pathways for
the effects of T cell development and function have become the
focus of immunology research. This paper reviews the metabolic
characteristics, physiological functions and regulatory
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mechanisms of Th17 and Treg cells, which can help to elucidate
the immune metabolic pathways of chronic inflammatory
conditions. It must be stressed, however, further research is
needed to better understand the pathways of immunometabolism
and thus provide new insights into the pathogenesis and treatment
of the autoimmune diseases.
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123. Vécsei L, Szalárdy L, Fülöp F, Toldi J. Kynurenines in the CNS: Recent
Advances and New Questions. Nat Rev Drug Discov (2013) 12(1):64–82.
doi: 10.1038/nrd3793

124. Perl A, Hanczko R, Lai ZW, Oaks Z, Kelly R, Borsuk R, et al. Comprehensive
Metabolome Analyses Reveal N-Acetylcysteine-Responsive Accumulation of
Kynurenine in Systemic Lupus Erythematosus: Implications for Activation
of the Mechanistic Target of Rapamycin. Metabolomics (2015) 11(5):1157–
74. doi: 10.1007/s11306-015-0772-0

125. Lai ZW, Kelly R, Winans T, Marchena I, Shadakshari A, Yu J, et al. Sirolimus
in Patients With Clinically Active Systemic Lupus Erythematosus Resistant
to, or Intolerant of, Conventional Medications: A Single-Arm, Open-Label,
Phase 1/2 Trial. Lancet (2018) 391(10126):1186–96. doi: 10.1016/S0140-6736
(18)30485-9

126. Caza TN, Fernandez DR, Talaber G, Oaks Z, Haas M, Madaio MP, et al.
HRES-1/Rab4-Mediated Depletion of Drp1 Impairs Mitochondrial
Homeostasis and Represents a Target for Treatment in SLE. Ann Rheum
Dis (2014) 73(10):1888–97. doi: 10.1136/annrheumdis-2013-203794

127. Tooze SA, Jefferies HB, Kalie E, Longatti A, McAlpine FE, McKnight NC,
et al. Trafficking and Signaling in Mammalian Autophagy. IUBMB Life
(2010) 62(7):503–8. doi: 10.1002/iub.334

128. Kato H, Perl A. Blockade of Treg Cell Differentiation and Function by the
Interleukin-21-Mechanistic Target of Rapamycin Axis Via Suppression of
Autophagy in Patients With Systemic Lupus Erythematosus. Arthritis
Rheumatol (2018) 70(3):427–38. doi: 10.1002/art.40380

129. Rogier R, Koenders MI, Abdollahi-Roodsaz S. Toll-Like Receptor Mediated
Modulation of T Cell Response by Commensal Intestinal Microbiota as a
Trigger for Autoimmune Arthritis. J Immunol Res (2015) 2015:527696.
doi: 10.1155/2015/527696
Frontiers in Immunology | www.frontiersin.org 14
130. Artyomov MN, Van den Bossche J. Immunometabolism in the Single-Cell
Era. Cell Metab (2020) 32(5):710–25. doi: 10.1016/j.cmet.2020.09.013

131. Hartmann FJ, Bendall SC. Immune Monitoring Using Mass Cytometry and
Related High-Dimensional Imaging Approaches. Nat Rev Rheumatol (2020)
16(2):87–99. doi: 10.1038/s41584-019-0338-z

132. Tang F, Barbacioru C, Wang Y, Nordman E, Lee C, Xu N, et al. mRNA-Seq
Whole-Transcriptome Analysis of a Single Cell. Nat Methods (2009) 6
(5):377–82. doi: 10.1038/nmeth.1315

133. Ariss MM, Islam ABMMK, Critcher M, Zappia MP, Frolov MV. Single Cell
RNA-Sequencing Identifies a Metabolic Aspect of Apoptosis in Rbf Mutant.
Nat Commun (2018) 9(1):5024. doi: 10.1038/s41467-018-07540-z

134. Duncan KD, Fyrestam J, Lanekoff I. Advances in Mass Spectrometry Based
Single-Cell Metabolomics. Analyst (2019) 144(3):782–93. doi: 10.1039/
c8an01581c

135. Arguello RJ, Combes AJ, Char R, Gigan JP, Baaziz AI, Bousiquot E, et al.
SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy
Metabolism With Single-Cell Resolution. Cell Metab (2020) 32(6):1063–
75.e7. doi: 10.1016/j.cmet.2020.11.007

136. Pareek V, Tian H, Winograd N, Benkovic SJ. Metabolomics and Mass
Spectrometry Imaging Reveal Channeled De Novo Purine Synthesis in
Cells. Science (2020) 368(6488):283–90. doi: 10.1126/science.aaz6465

137. Slavov N. Unpicking the Proteome in Single Cells. Science (2020) 367
(6477):512–3. doi: 10.1126/science.aaz6695

138. Simoni Y, Chng MHY, Li S, Fehlings M, Newell EW. Mass Cytometry: A
Powerful Tool for Dissecting the Immune Landscape. Curr Opin Immunol
(2018) 51:187–96. doi: 10.1016/j.coi.2018.03.023

139. Gaublomme JT, Yosef N, Lee Y, Gertner RS, Yang LV, Wu C, et al. Single-
Cell Genomics Unveils Critical Regulators of Th17 Cell Pathogenicity. Cell
(2015) 163(6):1400–12. doi: 10.1016/j.cell.2015.11.009

140. Wagner A, Wang C, Detomaso D, Avila-Pacheco J, Yosef N. In Silico
Modeling of Metabolic State in Single Th17 Cells Reveals Novel Regulators
of Inflammation and Autoimmunity. bioRxiv (2020). doi: 10.1101/
2020.01.23.912717

141. Miragaia RJ, Gomes T, Chomka A, Jardine L, Riedel A, Hegazy AN, et al.
Single-Cell Transcriptomics of Regulatory T Cells Reveals Trajectories of
Tissue Adaptation. Immunity (2019) 50(2):493–504.e7. doi: 10.1016/
j.immuni.2019.01.001

142. Ahl PJ, Hopkins RA, Xiang WW, Au B, Kaliaperumal N, Fairhurst AM, et al.
Met-Flow, a Strategy for Single-Cell Metabolic Analysis Highlights Dynamic
Changes in Immune Subpopulations. Commun Biol (2020) 3(1):305.
doi: 10.1038/s42003-020-1027-9

143. Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al.
Massively Parallel Digital Transcriptional Profiling of Single Cells. Nat
Commun (2017) 8:14049. doi: 10.1038/ncomms14049

144. Xiao Z, Dai Z, Locasale JW. Metabolic Landscape of the Tumor
Microenvironment at Single Cell Resolution. Nat Commun (2019) 10
(1):3763. doi: 10.1038/s41467-019-11738-0

145. Abboud G, Choi SC, Kanda N, Zeumer-Spataro L, Roopenian DC, Morel L.
Inhibition of Glycolysis Reduces Disease Severity in an Autoimmune Model
of Rheumatoid Arthritis. Front Immunol (2018) 9:1973. doi: 10.3389/
fimmu.2018.01973

146. Bengtsson AA, Trygg J, Wuttge DM, Sturfelt G, Theander E, Donten M, et al.
Metabolic Profiling of Systemic Lupus Erythematosus and ComparisonWith
Primary Sjogren's Syndrome and Systemic Sclerosis. PloS One (2016) 11(7):
e0159384. doi: 10.1371/journal.pone.0159384

147. Shan J, Jin H, Xu Y. T Cell Metabolism: A New Perspective on Th17/Treg
Cell Imbalance in Systemic Lupus Erythematosus. Front Immunol (2020)
11:1027:1027. doi: 10.3389/fimmu.2020.01027

148. Yang Z, Fujii H, Mohan SV, Goronzy JJ, Weyand CM. Phosphofructokinase
Deficiency Impairs ATP Generation, Autophagy, and Redox Balance in
Rheumatoid Arthritis T Cells. J Exp Med (2013) 210(10):2119–34.
doi: 10.1084/jem.20130252

149. Yang Z, Shen Y, Oishi H, Matteson EL, Tian L, Goronzy JJ, et al. Restoring
Oxidant Signaling Suppresses Proarthritogenic T Cell Effector Functions in
Rheumatoid Arthritis. Sci Transl Med (2016) 8(331):331ra38. doi: 10.1126/
scitranslmed.aad7151

150. Wen Z, Jin K, Shen Y, Yang Z, Li Y, Wu B, et al. N-Myristoyltransferase
Deficiency Impairs Activation of Kinase AMPK and Promotes Synovial
February 2022 | Volume 13 | Article 828191

https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.1097/01.MIB.0000435444.14860.ea
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1016/j.chom.2016.07.001
https://doi.org/10.1016/j.chom.2016.07.001
https://doi.org/10.1038/s41467-019-08711-2
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1038/s41586-019-1865-0
https://doi.org/10.1126/scitranslmed.aax2220
https://doi.org/10.1136/heartjnl-2015-308581
https://doi.org/10.2741/4363
https://doi.org/10.1038/nrd3793
https://doi.org/10.1007/s11306-015-0772-0
https://doi.org/10.1016/S0140-6736(18)30485-9
https://doi.org/10.1016/S0140-6736(18)30485-9
https://doi.org/10.1136/annrheumdis-2013-203794
https://doi.org/10.1002/iub.334
https://doi.org/10.1002/art.40380
https://doi.org/10.1155/2015/527696
https://doi.org/10.1016/j.cmet.2020.09.013
https://doi.org/10.1038/s41584-019-0338-z
https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1038/s41467-018-07540-z
https://doi.org/10.1039/c8an01581c
https://doi.org/10.1039/c8an01581c
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1126/science.aaz6465
https://doi.org/10.1126/science.aaz6695
https://doi.org/10.1016/j.coi.2018.03.023
https://doi.org/10.1016/j.cell.2015.11.009
https://doi.org/10.1101/2020.01.23.912717
https://doi.org/10.1101/2020.01.23.912717
https://doi.org/10.1016/j.immuni.2019.01.001
https://doi.org/10.1016/j.immuni.2019.01.001
https://doi.org/10.1038/s42003-020-1027-9
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/s41467-019-11738-0
https://doi.org/10.3389/fimmu.2018.01973
https://doi.org/10.3389/fimmu.2018.01973
https://doi.org/10.1371/journal.pone.0159384
https://doi.org/10.3389/fimmu.2020.01027
https://doi.org/10.1084/jem.20130252
https://doi.org/10.1126/scitranslmed.aad7151
https://doi.org/10.1126/scitranslmed.aad7151
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Qin et al. Th17 and Treg Cell Metabolism
Tissue Inflammation. Nat Immunol (2019) 20(3):313–25. doi: 10.1038/
s41590-018-0296-7

151. Cejka D, Hayer S, Niederreiter B, Sieghart W, Fuereder T, Zwerina J, et al.
Mammalian Target of Rapamycin Signaling is Crucial for Joint Destruction
in Experimental Arthritis and is Activated in Osteoclasts From Patients With
Rheumatoid Arthritis. Arthritis Rheum (2010) 62(8):2294–302. doi: 10.1002/
art.27504

152. Saxena A, Raychaudhuri SK, Raychaudhuri SP. Interleukin-17-Induced
Proliferation of Fibroblast-Like Synovial Cells is mTOR Dependent.
Arthritis Rheum (2011) 63(5):1465–6. doi: 10.1002/art.30278

153. Laragione T, Gulko PS. mTOR Regulates the Invasive Properties of Synovial
Fibroblasts in Rheumatoid Arthritis. Mol Med (2010) 16(9-10):352–8.
doi: 10.2119/molmed.2010.00049

154. Pucino V, Certo M, Bulusu V, Cucchi D, Goldmann K, Pontarini E, et al.
Lactate Buildup at the Site of Chronic Inflammation Promotes Disease by
Inducing CD4(+) T Cell Metabolic Rewiring. Cell Metab (2019) 30(6):1055–
74.e8. doi: 10.1016/j.cmet.2019.10.004

155. Shen Y, Wen Z, Li Y, Matteson EL, Hong J, Goronzy JJ, et al. Metabolic
Control of the Scaffold Protein TKS5 in Tissue-Invasive, Proinflammatory T
Cells. Nat Immunol (2017) 18(9):1025–34. doi: 10.1038/ni.3808

156. Yin Y, Choi SC, Xu Z, Perry DJ, Seay H, Croker BP, et al. Normalization of
CD4+ T Cell Metabolism Reverses Lupus. Sci Transl Med (2015) 7
(274):274ra18. doi: 10.1126/scitranslmed.aaa0835

157. Yin Y, Choi SC, Xu Z, Zeumer L, Kanda N, Croker BP, et al. Glucose
Oxidation Is Critical for CD4+ T Cell Activation in a Mouse Model of
Systemic Lupus Erythematosus. J Immunol (2016) 196(1):80–90.
doi: 10.4049/jimmunol.1501537

158. Wahl DR, Petersen B, Warner R, Richardson BC, Glick GD, Opipari AW.
Characterization of the Metabolic Phenotype of Chronically Activated
Lymphocytes . Lupus (2010) 19(13) :1492–501. doi : 10 .1177/
0961203310373109

159. Kono M, Yoshida N, Maeda K, Skinner NE, Pan W, Kyttaris VC. Pyruvate
Dehydrogenase Phosphatase Catalytic Subunit 2 Limits Th17 Differentiation.
Proc Natl Acad Sci USA (2018) 115(37):9288–93. doi: 10.1073/pnas.
1805717115
Frontiers in Immunology | www.frontiersin.org 15
160. Kono M, Yoshida N, Maeda K, Tsokos GC. Transcriptional Factor ICER
Promotes Glutaminolysis and the Generation of Th17 Cells. Proc Natl Acad
Sci USA (2018) 115(10):2478–83. doi: 10.1073/pnas.1714717115

161. Kono M, Yoshida N, Maeda K, Suarez-Fueyo A, Kyttaris VC, Tsokos GC.
Glutaminase 1 Inhibition Reduces Glycolysis and Ameliorates Lupus-Like
Disease in MRL/lpr Mice and Experimental Autoimmune Encephalomyelitis.
Arthritis Rheumatol (2019) 71(11):1869–78. doi: 10.1002/art.41019

162. Fernandez D, Bonilla E, Mirza N, Niland B, Perl A. Rapamycin Reduces
Disease Activity and Normalizes T Cell Activation-Induced Calcium Fluxing
in Patients With Systemic Lupus Erythematosus. Arthritis Rheum (2006) 54
(9):2983–8. doi: 10.1002/art.22085

163. Weinberg SE, Singer BD, Steinert EM, Martinez CA, Mehta MM, Martinez-
Reyes I, et al. Mitochondrial Complex III is Essential for Suppressive
Function of Regulatory T Cells. Nature (2019) 565(7740):495–9.
doi: 10.1038/s41586-018-0846-z

164. Wu B, Goronzy JJ, Weyand CM. Metabolic Fitness of T Cells in
Autoimmune Disease. Immunometabolism (2020) 2(2):e200017.
doi: 10.20900/immunometab20200017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Qin, Gao and Luo. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2022 | Volume 13 | Article 828191

https://doi.org/10.1038/s41590-018-0296-7
https://doi.org/10.1038/s41590-018-0296-7
https://doi.org/10.1002/art.27504
https://doi.org/10.1002/art.27504
https://doi.org/10.1002/art.30278
https://doi.org/10.2119/molmed.2010.00049
https://doi.org/10.1016/j.cmet.2019.10.004
https://doi.org/10.1038/ni.3808
https://doi.org/10.1126/scitranslmed.aaa0835
https://doi.org/10.4049/jimmunol.1501537
https://doi.org/10.1177/0961203310373109
https://doi.org/10.1177/0961203310373109
https://doi.org/10.1073/pnas.1805717115
https://doi.org/10.1073/pnas.1805717115
https://doi.org/10.1073/pnas.1714717115
https://doi.org/10.1002/art.41019
https://doi.org/10.1002/art.22085
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.20900/immunometab20200017
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Metabolism Characteristics of Th17 and Regulatory T Cells in Autoimmune Diseases
	Introduction
	Reciprocal Polarisation of TH17 and TREG Cells
	Multiple Metabolic Pathway Regulate TH17/TREG Balance
	mTOR Dependent Glycolytic Pathway Orchestrates the Th17/Treg Balance
	Lipid Metabolism Driving Th17 and Treg Differentiation
	IL-2/IL-2R Regulates the Metabolism of Treg and Th17 Cells
	The Gut Microbiota at the Service of Immunometabolism of Th17/Treg Differentiation
	Single-Cell Immunometabolism of Treg/Th17 Cell

	Metabolic Abnormalities on TH17/TREG Cell in Autoimmune Disease
	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


