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Iguratimod (IGU) is a novel disease modified anti-rheumatic drug, which has been found to
act directly on B cells for inhibiting the production of antibodies in rheumatoid arthritis (RA)
patients. Follicular helper T (Tfh) cells, a key T cell subsets in supporting B cell
differentiation and antibody production, have been shown to play critical roles in RA.
However, whether IGU can inhibit RA Tfh cells which further restrains B cell function
remains unclear. Here, we aimed to explore the roles of IGU in regulating RA circulating Tfh
(cTfh) cell function and investigate the potential mechanism associated with cell glucose
metabolism. In our study, we found that IGU could act on RA-CD4+ T cells to reduce T
cell-dependent antibody production. IGU decreased the percentage of RA cTfh cells and
the expression of Tfh cell-related molecules and cytokines which were involved in B cell
functions. Importantly, our data showed that IGU significantly restrained the cTfh cell
function by inhibiting glucose metabolism, which relied on Hif1a-HK2 axis. In summary,
we clarified a new target and mechanism of IGU by restraining RA cTfh cell function via
inhibiting Hif1a-HK2-glucose metabolism axis. Our study demonstrates the potential
application of IGU in the treatment of diseases related to abnormal metabolism and
function of Tfh cells.

Keywords: rheumatoid arthritis, circulating follicular helper T cells, iguratimod, glucosemetabolism, Hif1a-HK2 axis
INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory condition characterized by articular synovitis,
ultimately leading to functional impairment and disability (1). Although the pathogenesis of RA
remains unclear, numerous studies have demonstrated that the autoantibodies produced by B cells
play a pivotal role in the pathogenetic processes of RA (2). The proliferation and differentiation of
antigen-primed B cells essentially rely on the helper function of CD4+ T cells. Follicular helper T
(Tfh) cells are identified as a subset of CD4+ T cells that specialize in helping B cells for the
org June 2022 | Volume 13 | Article 7576161
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formation and maintenance of the germinal center (GC), the
production of antibodies, and long-lived plasma cells (1, 3). In
particular, the differentiation and function of Tfh cells were
involved in a range of autoimmune diseases, including RA (1).

Iguratimod (IGU or T-614) is a novel synthetic small
molecule disease modified anti-rheumatic drug (DMARD),
which is approved only in Japan and China (4). A series of
clinical studies on IGU in Japan and China confirmed that IGU
could be used as a new option for RA treatment. IGU has good
efficacy and tolerance as an additional treatment for RA patients
with inadequate response to methotrexate (MTX) and biological
DMARDs (5). Pharmacological studies have shown that IGU can
reduce the production of immunoglobulin (Ig) by acting on B
cells and can also accelerate bone formation by inhibiting the
activation of osteoclasts and promoting osteoblast differentiation
(4, 6, 7). However, the role of IGU in regulating the specific
biological properties of Tfh cells in RA patients and its
mechanism remains unclear.

Increasing evidence indicates that cellular energy metabolism
directs the survival, proliferation, and immune responses of T
cells (8). After recognizing the specific antigen, T cells expand
clonally, enter the inflammatory site and obtain effector function.
These processes have significant bioenergetic and biosynthetic
demands, which are met by dynamic changes in T-cell
metabolism, specifically increases in glucose uptake and
metabolism (8). Hexokinases (HKs) catalyze the first
committed step in glucose metabolism. By catalyzing the
phosphorylation of glucose to glucose 6-phosphate (G6P), HKs
promote and sustain a concentration gradient that facilitates
glucose entry into cells and the initiation of all major pathways of
glucose utilization (9). The specific HK2 inhibitor can
significantly decrease the arthritis scores and the histological
scores in an autoimmune model of RA (10). A study has also
shown that inhibiting glycolysis can uniquely target pathogenic
autoreactive Tfh cells (11). Several molecular signaling pathways
and/or molecules have been identified, which are critical and
required for T cell metabolic programming and development.
Recent studies have demonstrated that the mammalian/
mechanistic target of rapamycin (mTOR) signaling plays a
critical role in regulating glucose uptake and energy balance
(12). Hypoxia-inducible factor 1a (Hif1a) also serves as a key
transcription factor that performs essential functions in the
regulation of cellular metabolism, especially in the regulation of
HK2 expression (13). Further study on the mechanism of glucose
metabolic programming in T cells, especially in Tfh cells, will
provide clues for new metabolic therapy for autoimmune diseases.

Chemical immunosuppressive drugs including mTOR
inhibitors (sirolimus and everolimus), calcineurin inhibitors
(tacrolimus and cyclosporine), and purine and pyrimidine
synthesis inhibitors (6-mercaptopurine, mycophenolic acid,
and methotrexate) are widely prescribed for the treatment of
autoimmune and inflammatory diseases and for controlling
alloimmunity in interfering with the signals that activate and
allow T cells to proliferate. Emerging evidence indicates that
these drugs also target T-cell metabolism and metabolic
checkpoints, contributing to their immunosuppressive effects
Frontiers in Immunology | www.frontiersin.org 2
(14, 15). In consideration of the key role of glucose metabolism
in T cell functions, we hypothesized whether IGU could regulate
the funct ions of the Tfh ce l l s by reprogramming
glucose metabolism.

In our study, we aimed to explore the roles of IGU in
regulating RA circulating Tfh (cTfh) cell function and
investigate the potential mechanism associated with cell
glucose metabolism.
MATERIALS AND METHODS

Human Blood Samples
Peripheral blood from RA patients was obtained from the
Department of Rheumatology and Immunology of the Second
Affiliated Hospital of Dalian Medical University in China. All RA
patients in this study fulfilled the American College of
Rheumatology (ACR) 1987 revised criteria. Age and sex-
matched health controls (HC) were obtained from the Medical
Examination Center of the Second Hospital of Dalian Medical
University. The study has been approved by the ethics committee
of the Dalian Medical University (2018–061), and informed
consent was obtained from all subjects. The median age of RA
patients was 52.40 ± 11.18 years and HC was 40.80 ± 12.75 years.

Chemical
Iguratimod (IGU) was provided by Simcere Pharmaceutical
(Nanjing, China).

Cell Isolation, Purification,
and Activation
Peripheral blood mononuclear cells (PBMCs) were purified from
peripheral blood using Ficoll-Paque plus. Human CD4+ T and
CD19+ B cells were purified from PBMCs by Miltenyi Cell
Isolation Kit according to the manufacturer’s protocols. The
purified CD4+ T cells and PBMCs were activated with anti-CD3
and anti-CD28 antibodies (eBioscience) in RPMI-1640
containing 10% FBS and treated with vehicle (DMSO) or IGU
(0-200 mg/ml) for 24-72 hours. In several experiments, 2-DG (5
mM) (Solarbio), Rapamycin (100 nM) (Sigma-Aldrich),
Echinomycin (5 nM) (Abcam), or Adaptaquin (5 mM) (R&D
Systems) were administrated to the cell culture.

T Cell-B Cell Coculture
CD4+ T cells were purified from PBMCs of RA patients using
Human CD4+ T Cell Isolation Kit (Miltenyi) and then cultured
with plate-coated anti-CD3 antibody (5 mg/ml) and anti-CD28
antibody (2 mg/ml) plus IGU or DMSO in RPMI-1640
containing 10% FBS for 3 days. CD19+ B cells were purified
from PBMCs of healthy donors using Human CD19+ B cell
Isolation Kit (Miltenyi). In a 96-well round-bottom plate, CD19+

B cells were co-cultured with RA-CD4+ T cells which were
treated with or without IGU at a ratio of 5:1. A total of 2 mg/
ml anti-CD3/CD28, 0.5 mg/ml anti-CD40 antibody (R&D
Systems), 0.1 mM CpG (Miltenyi) were added to RPMI 1640
complete medium, which was then added to the cells at 200 ml
June 2022 | Volume 13 | Article 757616
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per well. After 7 days, the supernatant was separated from the
cells via centrifugation. Both cells and cell culture supernatant
were collected for further experiments.

Quantitative Polymerase Chain Reaction
(qPCR)
RA-CD4+ T cells stimulated by plate-coated anti-CD3 antibody
(5 mg/ml) and anti-CD28 antibody (2 mg/ml) with or without
IGU for 24 hours were collected and washed with ice-cold PBS
twice. Total RNA was extracted from RA-CD4+ T cells using AG
RNAex Pro Reagent (AG21102, Accurate Biology, Hunan, Co.,
Ltd), and cDNA was transcribed using 5×All-In-One RT
MasterMix (Abm), both according to manufacturers ’
instructions. Real-time PCR was carried out with the SYBR
Green Premix Pro Taq HS qPCR Kit (AG11701, Accurate
Biology, Hunan, Co., Ltd) on the CFX96 Real-Time PCR
Detection System (Bio-Rad). The mRNA levels in each sample
were normalized to the relative quantity of b-actin gene
expression and relative gene expression was determined using
the standard 2-DDCT method. The specific primers used are listed
in Supplemental Table 1.

Glucose Uptake Assay
Glucose uptake was measured following 20 min incubation with
a fluorescent D-glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) (Sigma-
Aldrich). PBMCs from RA patients and healthy donors were
resuspended in glucose-free RPMI 1640 medium (Gibco) for
30 min, and then 50 mM of 2-NBDG was added. In addition,
purified RA-CD4+ T cells were treated with IGU or DMSO for 24
hours, then cultured in glucose-free RPMI 1640 medium for
30 min, and followed by adding of 2-NBDG (50 mM). After
20 min, cells were placed on ice and washed twice with ice-cold
PBS. Cells were measured immediately by flow cytometry after
CD4 staining.

Glucose and L-Lactate Assays
Purified RA-CD4+ T cells were treated with IGU and DMSO for
24 hours. Glucose concentrations in the cell culture supernatants
were measured by Glucose Assay Kits (Sigma-Aldrich). L-lactate
concentrations in cell culture supernatants from RA-CD4+ T
cells were determined using the CheKine Lactate Assay Kit
(Abbkine). The glucose and L-lactate concentrations were
determined according to the manufacturer’s protocols. Glucose
uptake = glucose concentration in complete medium - glucose
concentration in cell culture supernatants.

Metabolic Profiling
Real-time measurements of extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR) were performed
with a Seahorse XF24 Extracellular Flux Analyser (Agilent). To
detect the regulation of IGU on CD4+ T cell metabolism, RA-
CD4+ T cells were pre-activated by anti-CD3 antibody and anti-
CD28 antibody for 24 hours and then treated with DMSO or
IGU 1 hour before the experiment. Collecting and seeding the
cells in XF Assay medium in a 24-well microplate pre-coated
with 0.01% Poly-L-lysine (Solarbio). Cellular oxidative
Frontiers in Immunology | www.frontiersin.org 3
phosphorylation was determined by Seahorse XF Cell Mito
Stress test kit with three injections: 1 mM oligomycin, 1 mM
FCCP, and 1 mM rotenone. Glycolysis associated parameters
were determined by Seahorse XF Glycolysis Stress test kit with
three injections: 10 mM glucose, 1 mM oligomycin, and 50 mM
2-DG.

Cell Proliferation Assay
Cell proliferation assays were performed using the
Carboxyfluorescein succinimidyl amino ester (CFSE) Cell
Labeling Assay (eBioscience). PBMCs isolated from healthy
donors and RA patients were washed two times with PBS and
resuspended at pre-warmed PBS. CFSE was added at a final
concentration of 1.5 mM to label cells. The CFSE labeled cells
were stimulated by anti-CD3/CD28 antibodies (2 mg/ml) in the
presence of DMSO or IGU for 3 or 5 days. Finally, the cells were
washed with PBS twice and measured by flow cytometry after
CD4 staining.

Cell Apoptosis Analysis
Cell apoptosis was analyzed by using the Propidium Iodide (PI)
and Annexin V-FITC Apoptosis Test Kit (eBioscience). PBMCs
isolated from healthy donors or RA patients were stimulated by
anti-CD3/CD28 antibodies (2 mg/ml) with or without IGU for 24
hours. Then, the cells were harvested and washed with cold PBS
twice. Next, the cells were resuspended in 100 ml binding buffer
to stain CD4 and Annexin V-FITC in the dark. After 20 min, the
cells were rewashed, and PI was added. The early apoptotic cells
were detected by flow cytometry.

Flow Cytometry Analysis
Cell surface staining was performed using BD Biosciences or
eBioscience reagents. The dead cells were excluded from the
analysis by fixable viability dye (FVD) (eBioscience) before
labeling the surface antibody except for cell apoptosis analysis.
For intracellular cytokine and phosphorylation mTOR (p-
mTOR) staining, cells were permeabilized using the Cytofix/
Cytoperm Intracellular Staining Kit (BD Biosciences) and
stained with cytokine-specific mAbs. For Bcl-6, Hif1a, and
Foxp3 staining, cells were fixed and permeabilized using the
Transcription Factor Fixation/Permeabilization Buffer Set
(eBioscience). For HK2 staining, the cells were fixed in 4%
paraformaldehyde and permeabilized in 0.5% Triton X-100
before antibody staining. For LDH staining, the cells were fixed
in 4% paraformaldehyde and permeabilized in 90% methanol
before antibody staining. The flow antibodies are listed in
Supplemental Table 2. All stained cells were analyzed on the
Flow Cytometer (NovoCyte 2040R) and data were analyzed with
NovoExpress software.

Enzyme-Linked Immunosorbent Assay
(ELISA)
After the T-B cell was co-cultured for 7 days, the supernatant was
separated from the cells via centrifugation. The concentrations of
IgM and IgG in the supernatant were measured using the
Human IgM ELISA Kit and the Human IgG ELISA Kit
(SenBeiJia Biological Technology, China) according to their
June 2022 | Volume 13 | Article 757616
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instructions. The plates were read at 450 nm by a microplate
reader (Thermo).

Western Blotting
For western blot analyses, proteins were extracted by lysing anti-
CD3/CD28 activated RA-CD4+ T cells in RIPA buffer. Equal
amounts of protein in each sample were analyzed by SDS-PAGE
and electrophoretically transferred to nitrocellulose filter (NC)
membranes. The membranes were incubated with antibodies
including HK2 (anti-rabbit, Cell Signaling Technology), LDHA
(anti-rabbit, Cell Signaling Technology), b-actin (anti-rabbit,
Cell Signaling Technology) at 4 °C overnight, then incubated
with a fluorescent secondary antibody (Abclonal) for 1.5 hours at
room temperature. The results were detected by Odyssey CLx
Infrared Scanner (Odyssey CLx). The expression levels of HK2
and LDHwere normalized to b-actin and adjusted to the levels in
the control group (served as 1).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 9
software. Unless indicated otherwise, data are expressed as
mean ± standard error of mean (SEM). Statistical differences
were analyzed by unpaired Student t-test, paired Student’s t-test,
Mann-Whitney test, and one-way ANOVA. The P-values < 0.05
were considered significant. Asterisks mark the significant
differences between different groups (*, P < 0.05; **, P < 0.01;
***, P < 0.001 and ****, P < 0.0001).
RESULTS

IGU Inhibits T Cell-Dependent
Antibody Production
It is generally believed that IGU plays an important
immunomodulatory role by inhibiting the production of
immunoglobulins on B cells (16, 17). However, B cells require
interaction with helper CD4+ T cells to become activated (18).
The interactions of CD4+ T cells and B cells are fundamental for
the generation of antibody responses, as well as for the
development of harmful autoimmune diseases (19, 20). We
wondered whether IGU might regulate T-B interactions. We
first screened the optimal concentration of IGU in CD4+ T cells,
detecting the proliferation and apoptosis of HC CD4+ T cells that
were treated with different concentrations of IGU (0, 10, 50, 100,
150, 200 mg/ml). The gating strategy of CD4+ T cells was shown
in Figure S1A. The results showed that 100 mg/ml of IGU could
significantly inhibit the proliferation of CD4+ T cells (Figure
S1B) but had no obvious effect on their apoptosis (Figure S1C).
Therefore, we selected 100 mg/ml IGU for the following studies.

To examine whether IGU impinges on T-B interactions, we
conducted in vitro conjugation assay. We first treated RA-CD4+ T
cells with IGU or the equal volume of DMSO for 3 days, then co-
cultured with CD19+ B cells for 7 days. The purity of CD4+ T cells
was higher than 95% and the purity of CD19+ B cells was higher
than 90% (Figure 1A). As compared with the B cell-control RA-
CD4+ T cell co-culture group (B + TCON), the percentage of CD138

+
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plasma cells decreased in the B cell + IGU treated RA-CD4+ T cell
co-culture group (B + TIGU) (Figure 1B). Simultaneously, we also
found that although there was no significant difference in IgG level
in the supernatant of the co-culture system, IgM level decreased
when CD19+ B co-cultured with IGU treated RA-CD4+ T cells
(Figure 1C). These results hint that IGU can inhibit T cell-
dependent antibody production.

IGU Inhibits RA-CD4+ T Cell Proliferation
and Activation
Next, we want to explore what function of T cells is affected by
IGU. Firstly, we examined whether IGU regulated RA-CD4+ T
cell proliferation and apoptosis. We found that IGU inhibited the
proliferation of RA-CD4+ T cells (Figure 2A) but had no
significant effect on their apoptosis (Figure 2B). We then
tested the effects of IGU on the activation of RA-CD4+ T cells.
We found that activation markers, including CD25 and CD69,
decreased significantly on day 3 in the presence of IGU
(Figures 2C, D). Collectively, these results indicate that IGU
inhibits RA-CD4+ T cells proliferation and activation.

IGU Inhibits the cTfh Cell Function of RA
Patients
The proportion of cTfh (CD4+CXCR5+PD-1+ T) cells in RA
patients was higher than that in HC (Figure S2A). Next, we
evaluated the percentages of cTfh cells after IGU treatment. As
shown in Figure 3A, the percentages of cTfh cells significantly
decreased in the presence of IGU. Tfh cells are regulated by a
complicated network of transcription factors, including B cell
lymphoma 6 protein (Bcl-6) and basic leucine zipper ATF-like
transcription factor (BATF) (3). We purified CD4+ T cells from the
PBMCs of RA patients and treated them with or without IGU. We
observed that the expression of Bcl-6 and BATF significantly
decreased at the mRNA level after IGU treatment (Figure S2B).
Flow cytometry results showed that the percentages of CD4+Bcl-6+

T cells were also down-regulated after IGU treatment (Figure 3B).
Tfh cells provide help to cognate B cells via their expression of
CD40 ligand (CD40L), interleukin (IL)-21, IL-4, and other
characteristic markers (21). Thus, we examined the surface
molecules and cytokines which are related to Tfh cell function.
We found that the expression of ICOS, CD40L, and CD84
(Figures 3C–E) on RA-CD4+ T cells significantly decreased, and
we found that IL-21, IL-4, and IL-10 secreted by CD4+ T cells also
reduced (Figures 3F–H). These results indicate that IGU can inhibit
the RA-cTfh cell function.

In addition, peripheral helper T (Tph), Th1, Th17, and Treg cells
are also involved in the pathogenesis of RA by secreting different
cytokines (22, 23). As shown in Figures S2C–F, we found that IGU
could also inhibit the percentage of Tph (CD4+PD-1+CXCR5- T)
cells, CD4+IFN-g+ T cells, CD4+IL-17A+ T cells, but had no
significant effect on Treg (CD4+Foxp3+ T) cells.

IGU Inhibits Glucose Metabolism in RA-
CD4+ T Cells
Cellular glucose metabolism controlling the functions of immune
cells has greatly evolved in the past few years. Moreover,
June 2022 | Volume 13 | Article 757616
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inhibition of glycolysis can significantly decrease the severity of
joint inflammation in a model of RA (10). We further consider
whether IGU can regulate the glucose metabolism in RA-CD4+ T
cells. Firstly, we characterized the glucose metabolism ability of
RA and HC CD4+ T cells. We found no significant difference in
glucose uptake ability in RA and HC groups (Figure S3A).
However, our results demonstrated that the expression of key
enzymes such as glucose transporter type 1 (GLUT1) and HK2 in
RA-CD4+ T cells were higher than in HC-CD4+ T cells (Figures
S3B, C), although there was no significant difference in lactate
dehydrogenase (LDH) expression (Figure S3D). These
phenomena suggest that RA-CD4+ T cells may have more
active glucose metabolism than HC.

To explore whether IGU can also regulate the glucose
metabolism of RA-CD4+ T cells, we determined the potential
suppression of the glucose uptake ability in RA-CD4+ T cells
during IGU-mediated function inhibition. We found that IGU
treatment markedly inhibited the glucose uptake ability in RA-
CD4+ T cells (Figure 4A). We also determined the key enzymes
of the glycolytic pathway, including HK2, muscle-type
Frontiers in Immunology | www.frontiersin.org 5
phosphofructokinase (PFKM), pyruvate kinase M1/2 (PKM1/
2), and lactate dehydrogenase A (LDHA) by using qPCR. The
results showed that the mRNA expression of HK2 and LDHA
decreased in the IGU treated group, while no effect was observed
in PFKM or PKM1/2 (Figure 4B). As some studies have reported
that RA T cells are characterized by the increased availability of
the pentose phosphate pathway (24), we next examined two key
enzymes that regulate the pentose phosphate pathway, 6-
phosphofructo-2-k inase/ fructose-2 ,6-b iphosphatase
3 (PFKFB3) and glucose-6-phosphate dehydrogenase (G6PD).
However, IGU did not affect these two enzymes (Figure S3E).
Furthermore, we analyzed the protein levels of GLUT1, HK2,
and LDH (Figures 4C–E). Consistent with the mRNA levels, the
protein levels of HK2 and LDH were significantly down-
regulated after IGU treatment, while the expression of GLUT1
had no significant change. Concurrently, we also detected the
supernatant of CD4+ T cells treated with IGU or DMSO and
found that the glucose uptake (Figure 4F) and lactate production
(Figure 4G) of CD4+ T cells were significantly inhibited in the
presence of IGU. To further verify the direct effect of IGU on
A

B C

FIGURE 1 | IGU inhibits T cell-dependent antibody production. (A) Purified RA-CD4+ T cells were cultured in the presence or absence of IGU for 72 hours, then co-
cultured with CD19+ B cells from healthy donors for 7 days. The purity of CD4+ T cells and CD19+ B cells were shown. (B) The percentage of plasma cells (CD138+)
was detected by flow cytometry (n = 5). (C) The production of IgG and IgM in the supernatant was detected by ELISA (n = 5). Symbols represent individual subjects.
ns, no significance; *P < 0.05.
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CD4+ T cell glucose metabolism, we measured the real-time
bioenergetic profiles: ECAR, an indicator of glycolysis, and OCR,
an indicator of OXPHOS (Figures 4H, I). Notably, compared
with the control groups, IGU treated CD4+ T cells showed lower
glycolysis and glycolytic capacity. However, there was no
significant difference in basal OCR, ATP production, and spare
respiratory capacity. Collectively, these results indicate that IGU
inhibits glucose metabolism in RA-CD4+ T cells.

IGU Restrains the Function of cTfh Cells
by Inhibiting HK2
A recent study has shown that high glucose utilization is a unique
requirement of autoreactive Tfh cells and has implied that
inhibiting glycolysis can uniquely target pathogenic
autoreactive Tfh cells while preserving protective immunity
against pathogens (11). Both pentose phosphate pathway and
glycolysis will work through HK2, which is the first-
rate limiting enzyme of glucose metabolism. We determined
whether the inhibitory effect of IGU on RA-CD4+ T cells was
dependent on the inhibition of HK2 by using a specific
pharmacological inhibitor, 2-DG, which had no effect on cell
apoptosis (Figure S4). Consistent with the previous reports (25),
the frequencies of cTfh cells, the activated molecules ICOS on
CD4+ T cells, and IL-21 producing CD4+ T cells were
significantly reduced by the 2-DG treatment (Figures 5A–C).
Importantly, when HK2 was inhibited, the combined use of IGU
did not further reduce the inhibitory effect (Figures 5A–C),
Frontiers in Immunology | www.frontiersin.org 6
indicating that IGU inhibited HK2 resulting in cTfh cell
function inhibition.

IGU Restrains cTfh Cell Function by
Inhibiting Hif1a-HK2 Axis
Recent experiments have shown that mTOR and Hif1a perform
important functions in glucose metabolism (26). In our study, we
evaluated the expression of mTOR and Hif1a in RA and HC
CD4+ T cells. We found that the level of p-mTOR in RA and HC
CD4+ T cells was similar (Figure S5A). However, the expression
of Hif1a in RA-CD4+ T cells was higher than in HC
(Figure S5B).

We further dissected whether mTOR-Hif1a signaling was
involved in IGU-mediated cTfh cells inhibition. We found that
IGU treatment down-regulated both p-mTOR and Hif1a in RA-
CD4+ T cells (Figures 6A, B). We then used the specific
pharmacological inhibitors Rapamycin and Echinomycin
against mTOR and Hif1a respectively to confirm the
functional importance of mTOR-Hif1a signaling in RA-CD4+

T cells inhibition induced by IGU. We observed that
Echinomycin strongly reduced the frequencies of cTfh cells,
the expression of ICOS, and the IL-21 produced by CD4+ T
cells (Figures 6C–E). Importantly, When Hif1a was inhibited,
combined treatments with Echinomycin and IGU did not further
reduce the inhibitory effect (Figures 6C–E). The frequencies of
cTfh cells, ICOS, and IL-21 were also decreased by mTOR
antagonist Rapamycin (Figure S6), but the frequency of cTfh
A B

C D

FIGURE 2 | IGU inhibits RA-CD4+ T cell proliferation and activation. The PBMCs from RA patients were cultured in the presence of anti-CD3/CD28 antibody (2 mg/
ml) in the presence of vehicle (DMSO) or IGU for 5 days. (A) The proliferation of RA-CD4+ T cells was detected by the CFSE labeling method (n = 6). (B) The
apoptosis of RA-CD4+ T cells was detected after being cultured for 24 hours (n = 6). Propidium iodide (PI) and Annexin V (AV) staining were determined by flow
cytometry. The data of early apoptotic cells (PI−AV+) were shown. (C, D) RA-PBMCs were cultured in the presence or absence of IGU for 72 hours. Flow cytometry
detected the expression of activation markers (CD25 and CD69) on CD4+ T cells (n = 5). Symbols represent individual subjects. ns, no significance; *P < 0.05; **P <
0.01; ***P < 0.001.
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cells, the activated molecules on CD4+ T cells, and the IL-21
production by CD4+ T cells were further decreased by adding
IGU. We ensured that Echinomycin and Rapamycin did not
affect cell apoptosis (Figure S4). These results indicate that
Hif1a is critically involved in IGU mediated RA-cTfh cell
suppression and IGU could decrease mTOR which might
partially contribute to the reduction of cTfh cells. Moreover,
we found that treatment with Hif1a inhibitor significantly
decreased HK2 but not LDH expression (Figures 6F, G). In
addition, we activated the Hif1a function with Adaptaquin. We
found that activation of Hif1a signaling dramatically
upregulated the expression of HK2 in RA-CD4+ T cells and
Frontiers in Immunology | www.frontiersin.org 7
IGU treatment reconstituted HK2 expression (Figure 6H). These
results collectively suggest that IGU restrains RA cTfh cell
function by inhibiting the Hif1a-HK2 axis (Figure 6I).
DISCUSSION

The current studies on IGU have certain limitations and the drug
target of IGU has been controversial, which greatly limits a
broader application of this drug. In this study, we demonstrate
that IGU can directly restrain RA-cTfh cell function by
inhibiting the Hif1a-HK2 axis. Collectively, our study
A B

C D

E F

G H

FIGURE 3 | IGU inhibits the cTfh cell function of RA patients. RA PBMCs activated by anti-CD3/CD28 antibody (2 mg/ml) were cultured with IGU or DMSO for
72 hours. (A) The percentage of Tfh (CD4+CXCR5+PD-1+ T) cells was measured by flow cytometry (n = 5). (B) The percentage of CD4+Bcl-6+ T cells was
measured by flow cytometry (n = 8). (C–E) The expression of ICOS, CD40L, and CD84 on CD4+ T cells were detected by flow cytometry (n = 5). (F–H) The
secreted cytokines of CD4+ T cells, including IL-21, IL-4, and IL-10, were measured by flow cytometry (n = 8). Symbols represent individual subjects. **P < 0.01;
***P < 0.001; ****P < 0.0001.
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FIGURE 4 | IGU inhibits glucose metabolism in RA-CD4+ T cells. (A) RA-PBMCs were cultured in the presence of DMSO or IGU for 24 hours, then the glucose
uptake was determined by the 2-NBDG method (n = 6). (B) Purified RA-CD4+ T cells were cultured in the presence of IGU or DMSO for 24 hours, and relative
mRNA expression levels of HK2, PFKM, PKM1/2, and LDHA were determined by qPCR. Expression levels of each gene were normalized to b-actin expression level
and adjusted to the levels in the control group (served as 1). (C-E) GLUT1 (n = 7), HK2 (n = 8), and LDH (n = 6) in RA-CD4+ T cells were measured by flow
cytometry and western blotting. (F, G) Purified RA-CD4+ T cells were cultured in the presence of IGU or DMSO for 24 hours. Glucose uptake (n = 3) and lactate
production (n = 5) in the culture supernatants were determined by the glucose and lactate assay kit. (H, I) RA-CD4+ T cells were activated by anti-CD3/CD28 for 24
hours, then treated with DMSO or IGU for 1 hour. ECAR (n = 5) and OCR (n = 5) for each group were measured in real-time under basal conditions and after
addition of the indicated reagents. The data of glycolysis, glycolytic capacity, basal OCR, ATP production, and spare respiratory capacity were shown. MFI: mean
fluorescence intensity. Symbols represent individual subjects. ns, no significance; *P < 0.05; **P<0.01.
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uncovered a potential mechanism of IGU, which is to inhibit
cTfh cell function by constraining glucose metabolism.

RA is a systemic autoimmune disease that is characterized by
immune cell infiltration in the joint. The presence of autoantibodies
is a hallmark for the disease, including rheumatoid factor and
antibodies against post-translational modified proteins like
citrullination (ACPA) and carbamylation (anti-CarP antibodies)
(27). Antibody responses can be induced in a T cell-dependent or
independentmanner (22). Tfh cells play critical roles in the humoral
immune response by supporting B cell proliferation and
differentiation (28–30). A reduction of serum immunoglobulin
concentration in RA patients following IGU treatment indicates
that the regulation of humoral response is a key aspect of IGU (17,
31). Some evidence suggests that IGU reduces immunoglobulin
production by acting on B cells without modifying B cell
proliferation (16, 32). However, in our study, we observed that
IGU could directly act on RA-CD4+ T cells.We confirmed that IGU
inhibited T cell-dependent antibody production through a T-B cell
co-culture experiment. Even if only significant changes in IgM were
observed in our experiment, this may be due to the IgM antibody
being first secreted at the initial stage of B cell activation. If the T-B
co-culture time is prolonged, significant changes in IgG may
Frontiers in Immunology | www.frontiersin.org 9
be observed. We further found that IGU could reduce the
percentages of cTfh cells and Tfh cell-related molecules and
cytokines. These results show that IGU inhibits the function of
RA-cTfh cells, indicating that Tfh cells may be a target of IGU in
RA treatment.

A direct link between dysregulated glucose metabolism in T cell
and autoimmunity have been reported (25, 33, 34). CD4+ T cells
from lupus patients and lupus-prone mice display high demand for
glucose and depend on the rapid production of ATP, requiring both
mitochondrial activity and cytoplasmic glycolysis (35). On the
contrary, RA T cells shift glucose into the pentose phosphate
pathway (36, 37). Our current studies demonstrate that compared
with HC-CD4+ T cells, the expression of GLUT1 and HK2 in RA-
CD4+ T cells is increased, suggesting that RA-CD4+ T cells have
more active glucose metabolism than HC-CD4+ T cells. The results
suggest that targeting the glucose metabolism of CD4+ T cells may
be a therapeutic strategy for RA. The inhibition of key metabolic
pathways that are upregulated during T cell inflammation presents a
credible therapeutic strategy for the treatment of autoimmune
diseases (38). Of note, some chemical immunosuppressive drugs
widely prescribed for the treatment of autoimmune and
inflammatory diseases, also target T-cell metabolism and
A

B

C

FIGURE 5 | IGU restrains the function of cTfh cells by inhibiting HK2. RA-PBMCs were activated by anti-CD3/CD28 antibody (2 mg/ml) and pretreated with HK2
inhibitor 2-DG or not for 4 hours, and then treated with IGU or DMSO for 3 days. (A–C) The frequencies of Tfh cells (A), ICOS+CD4+ T cells (B), and IL-21 producing
CD4+ T cells (C) were determined by flow cytometry (n = 5). ns, no significance; *P < 0.05; **P<0.01; ***P < 0.001.
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FIGURE 6 | IGU restrains cTfh cell function by inhibiting the Hif1a-HK2 axis. (A, B) RA-PBMCs were activated by anti-CD3/CD28 antibody (2 mg/ml) and treated
with or without IGU for 3 days, and the levels of p-mTOR (A) and Hif1a (B) were analyzed by flow cytometry (n = 5). (C–E) RA-PBMCs were pretreated with anti-
CD3/CD28 antibody and Hif1a inhibitor Echinimycin (Echi) for 4 hours and then treated with IGU or DMSO for 3 days. The frequencies of Tfh cells (n = 6),
ICOS+CD4+ T cells (n = 6), and IL-21 producing CD4+ T cells (n = 4) were determined by flow cytometry. (F, G) RA-PBMCs were treated with Echinomycin (Echi) for
24 hours, HK2 (n = 4) and LDH (n = 4) in RA-CD4+ T cells were measured. (H) RA-PBMCs were pretreated by anti-CD3/CD28 antibody and Adaptaquin (the
activator of Hif1a) (5 mM), and then treated with IGU for 72 hours. The expression of HK2 (n = 5) was measured. (I) Schematic depicting the described findings: IGU
restrains RA cTfh cell function by inhibiting the Hif1a-HK2 axis. MFI, mean fluorescence intensity. ns, no significance; *P < 0.05; **P<0.01.
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metabolic checkpoints (14). Interestingly, we found that the glucose
uptake ability was significantly down-regulated in RA-CD4+ T cells
after treatment with IGU. We also found that IGU could
significantly inhibit the expression of HK2. Importantly, we
confirmed that the inhibitory effect of IGU on RA-Tfh cells was
dependent on the inhibition of HK2 by using specific
pharmacological inhibitors 2-DG. Concurrently, we also found
that the LDH expression and lactate production of CD4+ T cells
were significantly decreased in the presence of IGU. Real-time
bioenergetic profiles also showed that IGU treated CD4+ T cells
have lower glycolysis and glycolytic capacity, which implied IGU
also played a key role in regulating the T cells in other diseases
which are characterized by glycolysis, such as systemic lupus
erythematosus (SLE). More interestingly, we found that the
application of 2-DG could significantly inhibit the expression of
CXCR5, implying that glycolysis plays a key role in the function of
CXCR5, which is worthy of further study.

Recent studies have demonstrated that mTOR signaling plays
a critical role in the regulation of glucose uptake and energy
balance (12). Hif1a also serves as a key transcription factor that
performs important functions in the regulation of cellular
metabolism, especially in the regulation of HK2 expression
(13). Increased mTOR activity promoted Tfh cell responses,
and Hif1a-dependent glycolysis is required for Tfh cells (39–
41). Therefore, we hypothesized that mTOR-Hif1a signaling is
involved in IGU-mediated RA cTfh cell inhibition. Strikingly, we
found that IGU could down-regulated both p-mTOR and Hif1a.
By using the specific pharmacological inhibitors Rapamycin and
Echinomycin, we confirmed the functional importance of Hif1a
in RA-Tfh cell suppression induced by IGU. However, IGU
could also decrease mTOR which might partially contribute to
the reduction in Tfh differentiation.

The limitations of this study include lacking animal
experiments and clinical verification. While our studies provide
evidence that IGU restrains RA-cTfh cell function by inhibiting
the Hif1a-HK2 axis, this novel concept has not been validated in
a natural RA microenvironment. The regulatory effect of IGU on
T cell function and metabolism needs to be further
verified in vivo in animal models. Furthermore, the clinical
data on the function and glucose metabolism in CD4+ T cells
from RA patients treated only with IGU are needed. In vitro, IGU
reduces T cell proliferation which leads to lower numbers of total
T cells including Tfh cells, which might explain in vivo: fewer Tfh
numbers lead to less antibody production. In addition, the
differentiation of Tfh cells affected by IGU may be the main
reason for the altered proportion of Tfh. Further study is needed
to elucidate the molecular mechanism of IGU affecting the
differentiation of Tfh in future research. In the T-B coculture
system, we used the same number of CD4+ T cells (treated or not
with IGU), and we could see a defect in antibody production in
IGU treated group. The same number of Tfh cells should be used
for co-culture experiments to further confirm that IGU inhibits
the function of Tfh cells. And we also found that Th1, Th17, and
Tph cells were also significantly inhibited by IGU, and this
mechanism needs to be further explored.

In conclusion, we clarified that IGU could restrain cTfh cell
function by inhibiting glucose metabolism viaHif1a-HK2 axis in
Frontiers in Immunology | www.frontiersin.org 11
RA. This was the first study to demonstrate that IGU can inhibit
CD4+ T cell function by regulating cell glucose metabolism.
Importantly, our study demonstrates the potential application of
IGU in the treatment of diseases related to abnormal metabolism
and function of Tfh cells.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by ethics committee of the Dalian Medical University.
The patients/participants provided their written informed
consent to participate in this study.
AUTHOR CONTRIBUTIONS

ZB performed the experiments and wrote the manuscript; ZB,
ZL, and RL analyzed the data and constructed the figures; YT and
XY provided technical assistance and contributed to writing the
paper; MJ contributed to writing the paper; GW and XL designed
the research and contributed to writing the paper. All authors
contributed to the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China [grant numbers 82071834, 81801609,
82101896]; the Liaoning Distinguished Professor program
[Liao taught 2018 to 2020]; the “Seedling” project of young
scientific and technological talents of Liaoning Provincial
Department of Education [grant number LZ2019061]; China
International Medical Foundation and Rheumatoid Special Fund
[grant number Z-2018-40]; Science and Technology Innovation
Foundation of Dalian (2021JJ13SN48); Dalian key laboratory of
human microorganism homeostasis and immunological
mechanism research of diseases.
ACKNOWLEDGMENTS

The authors would like to thank BioRender for providing the
icons. Figures 1A and 6I were created with BioRender.com.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
757616/full#supplementary-material
June 2022 | Volume 13 | Article 757616

https://www.BioRender.com
https://www.frontiersin.org/articles/10.3389/fimmu.2022.757616/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.757616/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bai et al. Iguratimod Restrains RA-cTfh Cell Function
REFERENCES

1. Scott DL, Wolfe F, Huizinga TW. Rheumatoid Arthritis. Lancet (2010) 376
(9746):1094–108. doi: 10.1016/S0140-6736(10)60826-4

2. Iwata S, Nakayamada S, Fukuyo S, Kubo S, Yunoue N, Wang SP, et al.
Activation of Syk in Peripheral Blood B Cells in Patients With Rheumatoid
Arthritis: A Potential Target for Abatacept Therapy. Arthritis Rheumatol
(2015) 67(1):63–73. doi: 10.1002/art.38895

3. Ji LS, Sun XH, Zhang X, Zhou ZH, Yu Z, Zhu XJ, et al. Mechanism of
Follicular Helper T Cell Differentiation Regulated by Transcription Factors.
J Immunol Res (2020) 2020:1826587. doi: 10.1155/2020/1826587

4. Jiang H, Gao H, Wang Q, Wang M, Wu B. Molecular Mechanisms and
Clinical Application of Iguratimod: A Review. BioMed Pharmacother (2020)
122:109704. doi: 10.1016/j.biopha.2019.109704

5. Xie S, Li S, Tian J, Li F. Iguratimod as a New Drug for Rheumatoid Arthritis:
Current Landscape. Front Pharmacol (2020) 11:73. doi: 10.3389/
fphar.2020.00073

6. Kuriyama K, Higuchi C, Tanaka K, Yoshikawa H, Itoh K. A Novel Anti-
Rheumatic Drug, T-614, Stimulates Osteoblastic Differentiation In Vitro and
Bone Morphogenetic Protein-2-Induced Bone Formation In Vivo. Biochem
Biophys Res Commun (2002) 299(5):903–9. doi: 10.1016/s0006-291x(02)
02754-7

7. Wu YX, Sun Y, Ye YP, Zhang P, Guo JC, Huang JM, et al. Iguratimod
Prevents Ovariectomy-Induced Bone Loss and Suppresses Osteoclastogenesis
via Inhibition of Peroxisome Proliferator-Activated Receptor-g.Mol Med Rep
(2017) 16(6):8200–8. doi: 10.3892/mmr.2017.7648

8. Dimeloe S, Burgener AV, Grählert J, Hess C. T-Cell Metabolism Governing
Activation, Proliferation and Differentiation; a Modular View. Immunology
(2017) 150(1):35–44. doi: 10.1111/imm.12655

9. Patra KC, Wang Q, Bhaskar PT, Miller L, Wang Z, Wheaton W, et al.
Hexokinase 2 is Required for Tumor Initiation and Maintenance and its
Systemic Deletion is Therapeutic in Mouse Models of Cancer. Cancer Cell
(2013) 24(2):213–28. doi: 10.1016/j.ccr.2013.06.014

10. 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

11. Choi SC, Titov AA, Abboud G, Seay HR, Brusko TM, Roopenian DC, et al.
Inhibition of Glucose Metabolism Selectively Targets Autoreactive Follicular
Helper T Cells. Nat Commun (2018) 9(1):4369. doi: 10.1038/s41467-018-
06686-0

12. Dukhande VV, Sharma GC, Lai JC, Farahani R. Chronic Hypoxia-Induced
Alterations of Key Enzymes of Glucose Oxidative Metabolism in Developing
Mouse Liver are mTOR Dependent. Mol Cell Biochem (2011) 357(1-2):189–
97. doi: 10.1007/s11010-011-0889-z

13. Benita Y, Kikuchi H, Smith AD, Zhang MQ, Chung DC, Xavier RJ. An
Integrative Genomics Approach Identifies Hypoxia Inducible Factor-1 (HIF-
1)-Target Genes That Form the Core Response to Hypoxia. Nucleic Acids Res
(2009) 37(14):4587–602. doi: 10.1093/nar/gkp425

14. Pallet N, Fernández-Ramos AA, Loriot MA. Impact of Immunosuppressive
Drugs on the Metabolism of T Cells. Int Rev Cell Mol Biol (2018) 341:169–200.
doi: 10.1016/bs.ircmb.2018.05.009

15. McGarry T, Orr C,Wade S, Biniecka M,Wade S, Gallagher L, et al. JAK/STAT
Blockade Alters Synovial Bioenergetics, Mitochondrial Function, and
Proinflammatory Mediators in Rheumatoid Arthritis. Arthritis Rheumatol
(2018) 70(12):1959–70. doi: 10.1002/art.40569

16. Ye Y, Liu M, Tang L, Du F, Liu Y, Hao P, et al. Iguratimod Represses B Cell
Terminal Differentiation Linked With the Inhibition of PKC/EGR1 Axis.
Arthritis Res Ther (2019) 21(1):92. doi: 10.1186/s13075-019-1874-2

17. Hara M, Abe T, Sugawara S, Mizushima Y, Hoshi K, Irimajiri S, et al. Efficacy
and Safety of Iguratimod Compared With Placebo and Salazosulfapyridine in
Active Rheumatoid Arthritis: A Controlled, Multicenter, Double-Blind,
Parallel-Group Study. Mod Rheumatol (2007) 17(1):1–9. doi: 10.1007/
s10165-006-0542-y

18. Iwata S, Tanaka Y. [The Importance of B Cell-T Cell Interaction in
Autoimmune Diseases]. Nihon Rinsho Meneki Gakkai Kaishi (2015) 38
(5):398–402. doi: 10.2177/jsci.38.398
Frontiers in Immunology | www.frontiersin.org 12
19. Zhu Y, Zou L, Liu YC. T Follicular Helper Cells, T Follicular Regulatory Cells
and Autoimmunity. Int Immunol (2016) 28(4):173–9. doi: 10.1093/intimm/
dxv079

20. Yoshitomi H, Ueno H. Shared and Distinct Roles of T Peripheral Helper and
T Follicular Helper Cells in Human Diseases. Cell Mol Immunol (2021) 18
(3):523–7. doi: 10.1038/s41423-020-00529-z

21. Hale JS, Ahmed R. Memory T Follicular Helper CD4 T Cells. Front Immunol
(2015) 6:16. doi: 10.3389/fimmu.2015.00016

22. Xu Y, Zhu Q, Song J, Liu H, Miao Y, Yang F, et al. Regulatory Effect of
Iguratimod on the Balance of Th Subsets and Inhibition of Inflammatory
Cytokines in Patients With Rheumatoid Arthritis. Mediators Inflamm (2015)
2015:356040. doi: 10.1155/2015/356040

23. Zhan J, Huang L, Ma H, Chen H, Yang Y, Tan S, et al. Reduced Inflammatory
Responses of Follicular Helper T Cell Promote the Development of Regulatory
B Cells After Roux-En-Y Gastric Bypass. Clin Exp Pharmacol Physiol (2017)
44(5):556–65. doi: 10.1111/1440-1681.12740

24. Weyand CM, Zeisbrich M, Goronzy JJ. Metabolic Signatures of T-Cells and
Macrophages in Rheumatoid Arthritis. Curr Opin Immunol (2017) 46:112–20.
doi: 10.1016/j.coi.2017.04.010

25. Kolan SS, Li G, Wik JA, Malachin G, Guo S, Kolan P, et al. Cellular
Metabolism Dictates T Cell Effector Function in Health and Disease. Scand
J Immunol (2020) 92(5):e12956. doi: 10.1111/sji.12956

26. Li L, Liu X, Sanders KL, Edwards JL, Ye J, Si F, et al. TLR8-Mediated Metabolic
Control of Human Treg Function: A Mechanistic Target for Cancer
Immunotherapy. Cell Metab (2019) 29(1):103–23.e5. doi: 10.1016/
j.cmet.2018.09.020

27. van Delft M, Huizinga T. An Overview of Autoantibodies in Rheumatoid
Arthritis. J Autoimmun (2020) 110:102392. doi: 10.1016/j.jaut.2019.102392

28. Rao DA, Gurish MF, Marshall JL, Slowikowski K, Fonseka CY, Liu Y, et al.
Pathologically Expanded Peripheral T Helper Cell Subset Drives B Cells in
Rheumatoid Arthritis. Nature (2017) 542(7639):110–4. doi: 10.1038/
nature20810

29. Ramiscal RR, Vinuesa CG. T-Cell Subsets in the Germinal Center. Immunol
Rev (2013) 252(1):146–55. doi: 10.1111/imr.12031

30. Crotty S. Follicular Helper CD4 T Cells (TFH). Annu Rev Immunol (2011)
29:621–63. doi: 10.1146/annurev-immunol-031210-101400

31. Lu LJ, Bao CD, Dai M, Teng JL, Fan W, Du F, et al. Multicenter, Randomized,
Double-Blind, Controlled Trial of Treatment of Active Rheumatoid Arthritis
With T-614 Compared With Methotrexate. Arthritis Rheum (2009) 61
(7):979–87. doi: 10.1002/art.24643

32. Tanaka K, Yamamoto T, Aikawa Y, Kizawa K, Muramoto K, Matsuno H, et al.
Inhibitory Effects of an Anti-Rheumatic Agent T-614 on Immunoglobulin
Production by Cultured B Cells and Rheumatoid Synovial Tissues Engrafted
Into SCID Mice. Rheumatol (Ox) (2003) 42(11):1365–71. doi: 10.1093/
rheumatology/keg381

33. Jacobs SR, Herman CE, Maciver NJ, Wofford JA, Wieman HL, Hammen JJ,
et al. Glucose Uptake is Limiting in T Cell Activation and Requires CD28-
Mediated Akt-Dependent and Independent Pathways. J Immunol (2008) 180
(7):4476–86. doi: 10.4049/jimmunol.180.7.4476

34. Macintyre AN, Gerriets VA, Nichols AG, Michalek RD, Rudolph MC,
Deoliveira D, et al. The Glucose Transporter Glut1 is Selectively Essential
for CD4 T Cell Activation and Effector Function. Cell Metab (2014) 20(1):61–
72. doi: 10.1016/j.cmet.2014.05.004

35. 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

36. Qiu J, Wu B, Goodman SB, Berry GJ, Goronzy JJ, Weyand CM. Metabolic
Control of Autoimmunity and Tissue Inflammation in Rheumatoid Arthritis.
Front Immunol (2021) 12:652771. doi: 10.3389/fimmu.2021.652771

37. Yang Z, Matteson EL, Goronzy JJ, Weyand CM. T-Cell Metabolism in
Autoimmune Disease. Arthritis Res Ther (2015) 17(1):29. doi: 10.1186/
s13075-015-0542-4

38. Tan SY, Kelkar Y, Hadjipanayis A, Shipstone A, Wynn TA, Hall JP.
Metformin and 2-Deoxyglucose Collaboratively Suppress Human CD4(+) T
Cell Effector Functions and Activation-Induced Metabolic Reprogramming.
J Immunol (2020) 205(4):957–67. doi: 10.4049/jimmunol.2000137

39. Zeng H, Cohen S, Guy C, Shrestha S, Neale G, Brown SA, et al. Mtorc1 and
Mtorc2 Kinase Signaling and Glucose Metabolism Drive Follicular Helper T
June 2022 | Volume 13 | Article 757616

https://doi.org/10.1016/S0140-6736(10)60826-4
https://doi.org/10.1002/art.38895
https://doi.org/10.1155/2020/1826587
https://doi.org/10.1016/j.biopha.2019.109704
https://doi.org/10.3389/fphar.2020.00073
https://doi.org/10.3389/fphar.2020.00073
https://doi.org/10.1016/s0006-291x(02)02754-7
https://doi.org/10.1016/s0006-291x(02)02754-7
https://doi.org/10.3892/mmr.2017.7648
https://doi.org/10.1111/imm.12655
https://doi.org/10.1016/j.ccr.2013.06.014
https://doi.org/10.3389/fimmu.2018.01973
https://doi.org/10.3389/fimmu.2018.01973
https://doi.org/10.1038/s41467-018-06686-0
https://doi.org/10.1038/s41467-018-06686-0
https://doi.org/10.1007/s11010-011-0889-z
https://doi.org/10.1093/nar/gkp425
https://doi.org/10.1016/bs.ircmb.2018.05.009
https://doi.org/10.1002/art.40569
https://doi.org/10.1186/s13075-019-1874-2
https://doi.org/10.1007/s10165-006-0542-y
https://doi.org/10.1007/s10165-006-0542-y
https://doi.org/10.2177/jsci.38.398
https://doi.org/10.1093/intimm/dxv079
https://doi.org/10.1093/intimm/dxv079
https://doi.org/10.1038/s41423-020-00529-z
https://doi.org/10.3389/fimmu.2015.00016
https://doi.org/10.1155/2015/356040
https://doi.org/10.1111/1440-1681.12740
https://doi.org/10.1016/j.coi.2017.04.010
https://doi.org/10.1111/sji.12956
https://doi.org/10.1016/j.cmet.2018.09.020
https://doi.org/10.1016/j.cmet.2018.09.020
https://doi.org/10.1016/j.jaut.2019.102392
https://doi.org/10.1038/nature20810
https://doi.org/10.1038/nature20810
https://doi.org/10.1111/imr.12031
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.1002/art.24643
https://doi.org/10.1093/rheumatology/keg381
https://doi.org/10.1093/rheumatology/keg381
https://doi.org/10.4049/jimmunol.180.7.4476
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1177/0961203310373109
https://doi.org/10.3389/fimmu.2021.652771
https://doi.org/10.1186/s13075-015-0542-4
https://doi.org/10.1186/s13075-015-0542-4
https://doi.org/10.4049/jimmunol.2000137
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bai et al. Iguratimod Restrains RA-cTfh Cell Function
Cell Differentiation. Immunity (2016) 45(3):540–54. doi: 10.1016/j.immuni.
2016.08.017

40. Cho SH, Raybuck AL, Blagih J, Kemboi E, Haase VH, Jones RG, et al.
Hypoxia-Inducible Factors in CD4(+) T Cells Promote Metabolism, Switch
Cytokine Secretion, and T Cell Help in Humoral Immunity. Proc Natl Acad
Sci USA (2019) 116(18):8975–84. doi: 10.1073/pnas.1811702116

41. Dong L, He Y, Zhou S, Cao Y, Li Y, Bi Y, et al. Hif1a-Dependent Metabolic
Signals Control the Differentiation of Follicular Helper T Cells. Cells (2019) 8
(11):1450. doi: 10.3390/cells8111450

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.
Frontiers in Immunology | www.frontiersin.org 13
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 Bai, Lu, Liu, Tang, Ye, Jin, Wang and Li. 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.
June 2022 | Volume 13 | Article 757616

https://doi.org/10.1016/j.immuni.2016.08.017
https://doi.org/10.1016/j.immuni.2016.08.017
https://doi.org/10.1073/pnas.1811702116
https://doi.org/10.3390/cells8111450
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Iguratimod Restrains Circulating Follicular Helper T Cell Function by Inhibiting Glucose Metabolism via Hif1α-HK2 Axis in Rheumatoid Arthritis
	Introduction
	Materials and Methods
	Human Blood Samples
	Chemical
	Cell Isolation, Purification, and Activation
	T Cell-B Cell Coculture
	Quantitative Polymerase Chain Reaction (qPCR)
	Glucose Uptake Assay
	Glucose and L-Lactate Assays
	Metabolic Profiling
	Cell Proliferation Assay
	Cell Apoptosis Analysis
	Flow Cytometry Analysis
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Western Blotting
	Statistical Analysis

	Results
	IGU Inhibits T Cell-Dependent Antibody Production
	IGU Inhibits RA-CD4+ T Cell Proliferation and Activation
	IGU Inhibits the cTfh Cell Function of RA Patients
	IGU Inhibits Glucose Metabolism in RA-CD4+ T Cells
	IGU Restrains the Function of cTfh Cells by Inhibiting HK2
	IGU Restrains cTfh Cell Function by Inhibiting Hif1α-HK2 Axis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	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


