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Abstract

Objectives: Inflammatory bowel disease is driven by dysregulated CD4*" T cell responses to the intestinal microbiota. While T cells
can exacerbate inflammation by producing proinflammatory cytokines, they also produce anti-inflammatory mediators, such as in-
terleukin 10 (IL-10) and IL-22. However, the metabolic programs that regulate IL-10 and IL-22 production remain incompletely defined.

Methods: We used CBirl transgenic mice and in vitro Th1 polarization assays to investigate how metabolic pathways regulate T cell
production of IL-10 and IL-22. A panel of metabolic inhibitors was tested for their effects on cytokine expression. Transcriptional
mechanisms were assessed using bulk RNA sequencing, qPCR, Enzyme-linked immunosorbent (ELISA), and CRISPR-Cas9-mediated
gene editing. Functional relevance was validated using Citrobacter rodentium infection and T cell suppression assays in vivo and in vitro.

Results: Among tested metabolic inhibitors, dichloroacetate (DCA) significantly enhanced IL-10 and IL-22 production by CD4* T cells.
DCA increased maximal oxygen consumption and decreased lactate secretion in T cells. Mechanistically, DCA upregulated aryl hydro-
carbon receptor (Ahr) and downregulated Bhlhe40, without affecting Prdm1. Pharmacologic inhibition of Ahr suppressed DCA-induced
IL-22, but not IL-10, while Bhlhe40 knockout enhanced IL-10 production, identifying distinct transcriptional regulators for each cy-
tokine. Functionally, DCA-treated Th1 cells suppressed naive T cell proliferation via IL-10. In an in vivo experiment, DCA treatment
protected mice from C. rodentium-induced colitis.

Conclusions: Our findings demonstrate that DCA enhances IL-22 and IL-10 production in Th1 cells through Ahr and Bhlhe40, respec-
tively. These results identify a novel metabolic mechanism by which DCA promotes mucosal immune regulation and highlight its
potential as a therapeutic strategy for inflammatory bowel disease.
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Dichloroacetate (DCA) promotes the conversion of pyruvate to acetyl-CoA, enhancing mitochondrial metabolism. This shift upregu-
lates IL-10 and IL-22 via Bhlhe40 and AhR, respectively. In vivo, DCA suppresses Citrobacter rodentium-induced colitis.

Introduction

Inflammatory bowel disease (IBD), which consists of ulcerative
colitis (UC) and Crohn’s disease (CD), represents a chronic and
recurrent inflammatory disorder that primarily affects the in-
testines [1]. It has been well-established that the pathogenesis
of IBD is mediated by an overactive response of CD4*t T cells to
the intestinal microbiota, resulting in impaired mucosal immu-
nity [2-4]. Abnormal Th1 and Th17 cell responses to gut micro-
biota, which have been shown to contribute to the pathogenesis
of IBD [5-7], are controlled by several mechanisms, including T
cell-producing interleukin 10 (IL-10) and IL-22. IL-10 is one of the
anti-inflammatory cytokines produced by T regulatory (Treg) cells
that contributes to intestinal homeostasis. Additionally, IL-10 pro-
duced by T effector cells is also considered a suppressive factor
in restraining intestinal inflammation. IL-22 was originally iden-
tified as a Th1 cytokine, but was later found to be produced by
Th17 and Th2 as well [8-11]. IL-22 is crucial to host protective re-
sponses against inflammatory insults at the intestinal epithelial
barrier. IL-22 can also be produced by innate lymphoid cells (ILCs).
Several recent reports indicate that whereas ILCs act as an early
source of IL-22 that provides rapid protection to the intestinal ep-
ithelial barrier, T cells emerge as the predominant source of IL-22
during chronic inflammation [12]. However, the mechanisms by
which T cells produce IL-10 and IL-22 are still not completely un-
derstood.

It is now well-established that each T cell subset utilizes a
metabolic program specific to its function. Th17 and Thl cells
primarily rely on upregulated aerobic glycolysis to meet their
metabolic requirements, and Treg cells rely predominantly on mi-
tochondrial oxidation for energy and biosynthetic precursors [13-
17]. However, the specific metabolic programs that regulate T cell
production of IL-10 and IL-22 have yet to be defined.

The mitochondrial pyruvate dehydrogenase (PDH) complex
converts pyruvate into acetyl-CoA (Ac-CoA), which enters the
tricarboxylic acid cycle to produce energy ATPs in the OXPHOS
pathway [18, 19]. PDH complex activity is negatively regulated
by pyruvate dehydrogenase kinases (PDHK) [20, 21], a family of
four isoforms (PDHK1-4) with variable expression reported in var-

ious cells [22]. PDHK promotes aerobic glycolysis by phospho-
rylating and inactivating PDH. Dichloroacetate (DCA), a small
molecule that inhibits PDHK 1-4 activity [23], has been investi-
gated as a metabolic-targeting therapy for various conditions, in-
cluding diabetes, glioblastoma multiforme, and genetic mitochon-
drial disorders [24-26]. Recent research has highlighted its thera-
peutic potential in a mouse model of UC, where it modulates the
NFATC1/NLRP3/IL1B signaling pathway to alleviate inflammation
[27]. DCA promotes the oxidation of pyruvate by enhancingits en-
try into the tricarboxylic acid cycle, thereby limiting its conversion
into lactate [28]. DCA decreases T cell metabolism with a greater
effect on glycolysis than on OXPHOS [29]. DCA has recently been
reported to inhibit Th1 and Th17 cell development and inflamma-
tory diseases [30]. However, it is still unclear if DCA regulates T cell
production of IL-10 and IL-22 to inhibit intestinal inflammation.

This study reveals that DCA significantly enhances IL-10 and
IL-22 secretion in Th1 cells, highlighting its potent immunoregu-
latory effects. DCA treatment effectively suppressed the intesti-
nal inflammation induced by Citrobacter rodentium infection. Fur-
thermore, we identify aryl hydrocarbon receptor (Ahr) as a key
mediator of DCA-induced IL-22 production, while Bhlhe40 medi-
ates DCA-induced IL-10 production. These findings provide novel
metabolic mechanisms involved in T cell production of IL-10 and
IL-22, paving the way for DCA as a promising therapeutic applica-
tion in IBD.

Methods

Animals

C57BL/6] mice were purchased from The Jackson Laboratory and
maintained in a specific pathogen-free facility under controlled
conditions (20-26°C, 30%-70% humidity, 12-h light/dark cycle).
Animal experiments were approved by the respective Institutional
Animal Care and Use Committee (IACUCs) at the University of
Texas Medical Branch (approval No. 2004 044) and Northwest-
ern University (approval No. 1S00027174) and performed in accor-
dance with institutional animal care policies.
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Isolation and culture of CD4" T cells

CD4" T cells were purified from spleens using anti-mouse CD4
magnetic microbeads and cultured in 24-well plates either with
anti-CD3 (5 pg/ml) or anti-CD28 (2 upg/ml) antibodies. Alter-
natively, cells were activated with splenic antigen-presenting
cells (APCs) and CBirl peptide (Thermo Fisher Scientific). Thl
cells were polarized by adding recombinant IL-12 (10 ng/ml).
To dissect metabolic regulation, cultures were treated with var-
ious metabolic inhibitors, including DCA (1-50 mM), 2-deoxy-
D-glucose (2-DG, 0.5 Mm), etomoxir (50 uM), 6-diazo-5-0xo-L-
norleucine (DON, 1 uM), metformin (10 uM), oligomyecin (0.5 uM),
or benzodiazepine-423 (Bz-423) (15 uM).

RNA sequencing

CD4* T cells cultured under Th1l conditions with or without 10
mM DCA for 48 h were harvested for RNA extraction. RNA qual-
ity was verified by Bioanalyzer (Agilent), and high-integrity sam-
ples were submitted to Novogene for library construction and se-
quencing. mRNA was enriched via oligo(dT) selection, randomly
fragmented, and reverse-transcribed into first-strand ¢cDNA us-
ing random hexamer primers. The second strand was synthesized
with DNA polymerase I and RNase H. After end repair, poly-A tail-
ing, adaptor ligation, and PCR enrichment, libraries with 250-350
bp inserts were sequenced on an Illumina NovaSeq 6000 platform
(paired-end, 150 bp reads). Raw sequencing reads were processed
using the Novosmart pipeline for quality control, alignment to the
mouse reference genome (mm10), and differential gene expres-
sion analysis.

Quantitative real-time PCR

Total RNA was isolated from CD4* T cells with TRIzol, followed
by reverse-transcription using a qScript cDNA Synthesis Kit. Gene
levels were detected using SYBR Green-based real-time PCR on
a CFX96 Touch system. Primer pairs are listed in supplementary
Table 1 (see online supplementary material).

Enzyme-linked immunosorbent assay

CD4* T cell culture supernatants were collected at day 3, and IL-
10 and IL-22 were measured using Enzyme-linked immunosor-
bent (ELISA). The plates (Thermo Fisher) were coated at 4°C
overnight with capture antibodies for mouse IL-10 (Clone JES5-
2A5, BioLegend, Cat#505010) or IL-22 (Clone Poly5164, Invitro-
gen, Cat#14-7221-82). After blocking with 1% bovine serum al-
bumin in phosphate-buffered saline, the samples and standards
were added for incubation for 2 h at room temperature. Biotiny-
lated detection antibodies and streptavidin-Horseradish perox-
idase were used for signal amplification, followed by 3,3',5,5'-
tetramethylbenzidine substrate (BD Biosciences, Cat#555214).
Optical density at 450 nm was measured using a BioTek Synergy
plate reader.

Flow cytometry

Cells were treated with phorbol 12-myristate 13-acetate (50
ng/ml) and ionomycin (750 ng/ml) for 2 h, followed by treatment
with brefeldin A (1 ul/ml) for 3 h. Cells were stained with live/dead
stain and surface-stained for CD4. Intracellular cytokines were
detected after fixation/permeabilization using antibodies against
IL-10, IL-22, interferon (IFN)-y, and IL-17A. Cells were acquired
using BD Symphony SE, and the was data analyzed with FlowJo
software.
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Mitochondrial oxygen consumption

T cells (200K/well) were seeded onto 96-well plates and oxygen
consumption was determined using a Mito Stress kit by Seahorse
Analyzer.

Citrobacter rodentium infection

Mice were gavaged with C. rodentium (5 x 108 Colony-forming unit
(CFU)/mouse; strain DBS100, ATCC) on day 0. DCA (5 mg/mouse)
was administered via oral gavage. On day 7, feces were collected
and cultured on MacConkey agar (BD Biosciences) for bacterial
enumeration.

Colonic and cecal tissues were harvested from mice 10 days
after C. rodentium infection and prepared as Swiss rolls. Samples
were fixed in 10% neutral-buffered formalin for 24 h, embedded in
paraffin, and sectioned at 5 um thickness. Sections were stained
with hematoxylin and eosin (H&E) for histopathological evalua-
tion. To objectively quantify intestinal inflammation, a compos-
ite scoring system was employed that reflects multiple aspects of
mucosal pathology.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version
10.0. Data are presented as mean =+ standard error of the mean
(SEM). Unpaired two-tailed Student’s t-test or Mann-Whitney U
test was performed for statistical comparisons between the two
groups. For multiple group comparisons, one-way analysis of vari-
ance (ANOVA) with Bartlett’s or Tukey’s post hoc test was used. Sta-
tistical significance was defined as P < 0.05.

Results

Metabolic regulation of T cell production of IL-10
and IL-22

To investigate how metabolic pathways regulate IL-10 production
in Th1 cells, CD4" T cells from spleens of CBirl transgenic (tg)
mice, specific for gut microbiota antigen CBir1 flagellin [31], were
stimulated with irradiated APCs pulsed with CBirl peptide under
Th1-polarizing conditions in the presence of various metabolic in-
hibitors, including 2DG (a glycolysis inhibitor), DCA (a pyruvate
dehydrogenase kinase inhibitor), etomoxir (a fatty acid oxidation
inhibitor), DON (a glutaminolysis inhibitor), metformin (a mito-
chondrial complex I inhibitor), oligomycin (an ATP synthase in-
hibitor), and Bz-423 (a mitochondrial modulator targeting ATP
synthase). After 5 days, IL-10 expression was analyzed by flow cy-
tometry (Fig. 1).

Among these metabolic inhibitors, 2DG and DON markedly
suppressed IL-10 expression (Fig. 1B). Interestingly, both Bz-423
and oligomycin target mitochondrial ATP synthase, but the ef-
fect on IL-10 production differs. Oligomycin suppressed IL-10,
but Bz-423 did not affect IL-10 production in T cells. This dis-
crepancy may be due to their distinct mechanisms of action—
oligomycin blocks proton translocation and inhibits ATP synthe-
sis directly, leading to energy deprivation, while Bz-423 binds to
the oligomycin sensitivity-conferring protein subunit and induces
mitochondrial reactive oxygen species (ROS), which may sustain
IL-10 expression. DCA, which shifts cellular metabolism from gly-
colysis toward oxidative phosphorylation, most prominently in-
creased IL-10-producing CD4* T cells compared to the control
group. In addition, etomoxir and metformin do not affect IL-10
production.

These results indicate that metabolic pathways differen-
tially modulate T cell production of IL-10. To determine the
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Figure 1. DCA enhances IL-10 production in Th1 cells by metabolic reprogramming. Splenic CD4* T cells from CBirl T cell receptor (TCR) transgenic
mice were cultured under Th1-polarizing conditions with various metabolic inhibitors (Ctrl: control; 0.5 mM 2DG; 1 mM DCA; 50 pm etomoxir; 1 um
DON; 10 um metformin; 0.5 um oligomycin; 15 um Bz-423) for 5 days (n = 3/group). (A) Intracellular IL-10 expression was analyzed by flow cytometry.
(B) Frequency of IL-10" CD4™ T cells was quantified from three independent experiments. Representative of three experiments. Data are presented as
mean + SEM. One-way ANOVA with Bartlett's multiple comparisons test (B). *P < 0.05, ***P < 0.0001.

dose-dependent effects of DCA on IL-10 production in Th1 cells,
splenic CD4* T cells were cultured under Thl-polarizing condi-
tions in the presence of increasing concentrations of DCA (0-50
mM) for 5 days. We found that DCA increased IL-10 expressionin a
dose-dependent manner from 0 to 10 mM (Fig. 2A and B). However,
DCA at 50 mM suppressed T cell viability (supplementary Fig. 1,
see online supplementary material). Interestingly, we found that
DCA alsoincreased T cell production of IL-22 in a dose-dependent
manner (Fig. 2C and D). Therefore, we chose 10 mM as the opti-
mized dose for the subsequent experiments.

At the transcriptional level, quantitative PCR analysis con-
firmed that DCA significantly upregulated IL-10 and IL-22 mRNA
expression compared to untreated Th1l cells after 24 h (Fig. 2E).
Consistently, DCA increased secreted IL-10 and IL-22 protein lev-
els in T cell culture supernatants (Fig. 2F).

These findings reveal that DCA modulates CD4* T cell expres-
sion of IL-10 and IL-22, demonstrating a novel metabolic mecha-

nism by which DCA reprograms Th1 cell function, with potential
implications for therapeutic modulation of immune responses in
inflammatory diseases.

We next explored whether DCA affects IFN-y-producing Th1
and IL-17A-producing Th17 cell differentiation. To this end, we
cultured CD4* T cells with or without DCA under Thl or Th17
conditions. We found that DCA increased [FN-y production but
did not affect IL-17A production in T cells under Th1 and Th17
conditions, respectively (supplementary Fig. 2A-C, see online
supplementary material). Additionally, we found that DCA up-
regulated IL-22 but not IL-10 in T cells under Th17 conditions
(supplementary Fig. 2D-F).

DCA promotes T cell production of IL-22 and
IL-10 via Ahr and Bhlhe40, respectively

To confirm the effect of DCA on T cell metabolism, we ana-
lyzed mitochondrial function using a Mito Stress kit by Seahorse
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Figure 2. DCA promotes IL-10 and IL-22 production in a dose-dependent manner. (A-D) CD4" T cells were stimulated under Th1-polarizing conditions
with increasing concentrations of DCA (0-10 mM) for 5 days. (A, B) Intracellular staining was performed to assess IL-10t CD4* T cells (n = 3/group). (C,
D) Intracellular staining was performed to assess IL-22* CD4* T cells (n = 4/group). (E) mRNA levels of [L10 and IL22 were measured by RT-qPCR at 24
h (n = 3/group). (F) Supernatants were collected at 72 h and analyzed for IL-10 and IL-22 by ELISA (n = 3/group). Representative of three experiments.
Data are presented as mean + SEM. One-way ANOVA with Bartlett’s multiple comparisons test (B and D); unpaired Student’s t-test (E and F). *P < 0.05,

**P < 0.01, **P < 0.001, ***P < 0.0001.

Analyzer. We found that DCA-treated Th1 cells demonstrated a
higher level of maximal oxygen consumption but a similar level
of basal and ATP-related respiration (Fig. 3A and B). Additionally,
we measured the lactate levels in T cell culture supernatants us-
ing a Cedex Bio Analyzer, which showed that DCA suppressed Thl
cell secretion of lactate (Fig. 3C). Bulk RNA-seq was performed
on CD4*% T cells cultured with or without DCA under Thl con-
ditions. Unsupervised hierarchical clustering revealed that DCA

treatment dramatically regulates the Th1 cell transcriptional pro-
gram with distinct gene expression profiles between control and
DCA-treated cells (Fig. 3D). RNA-sequencing data confirmed that
IL10 and IL22 were increased after treatment with DCA (Fig. 3E).
To investigate the transcriptional regulation by which DCA
modulates IL-10 and IL-22 expression, we analyzed our bulk RNA-
seq dataset for key known transcription factors, including Ahr,
Blimp1 (Prdm1), Hifla, and Bhlhe40. We found that DCA did not
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Figure 3. DCA regulates IL-10 and IL-22 expression through Bhlhe40 and Ahr. (A, B) Different oxygen consumption levels in DCA-treated Th1 cells and
control Th1 cells (n = 4/group). (C) Lactate levels (n = 3/group) were determined in culture supernatants. (D, E) RNA-seq analysis was conducted on
CD4* T cells cultured under Th1 conditions + DCA for 48 h (n = 4/group). (D) Heatmap visualization of overall transcriptomic changes. (E) Highlighted
expression of IL10, IL22, Ahr, Bhlhe40, Hifla, and Blimp1. (F) RT-qPCR was performed to measure Ahr and Bhlhe40 mRNA levels (n = 4/group). (G) RT-gPCR
analysis of IL10 and IL22 mRNA levels with or without DCA (10 mM)/Ahr inhibitor (CH-223191, 3 uM) at 24 h (n = 3/group). (H) CRISPR-mediated
deletion of Bhlhe40 was used to assess effects on IL10 transcription (n = 3/group). Representative of three experiments. Data are presented as

mean + SEM. Unpaired Student’s t-test (B, C, and F); one-way ANOVA with Bartlett’s multiple comparisons test (G and H). ns, not significant; *P < 0.05,

**P < 0.01, P < 0.001, ***P < 0.0001.

change the expression of Prdm1 and suppressed Hifla expression,
suggesting that these genes did not mediate DCA upregulation of
IL-10 and IL-22. In contrast, Ahr was upregulated and Bhlhe40 was
downregulated in response to DCA (Fig. 3E). Consistently, PCR con-
firmed that DCA increased Ahr expression and reduced Bhlhe40
expression in T cells (Fig. 3F).

Ahr has been shown to promote both IL-10 and IL-22 produc-
tion in T cells [32]. First, we determined whether enhanced Ahr
expression mediates DCA induction of T cell IL-10 and IL-22 pro-
duction. We added an Ahr inhibitor, CH-223191, to T cell cultures

in the presence or absence of DCA. The inhibition of Ahr abro-
gated DCA-induced IL-22 transcription but did not significantly
affect IL-10 mRNA levels (Fig. 3G), indicating that enhanced Ahr
mediates DCA promotion of T cell IL-22 production, whereas IL-10
is regulated through additional mechanisms.

Bhlhe40, a family of basic helix-loop-helix transcriptional reg-
ulators that bind E-box DNA motifs [33], has been shown to serve
as a negative regulator for T cell IL-10 production in various
settings [34]. To determine whether DCA inhibition of Bhlhe40
mediates DCA induction of T cell IL-10 production, we used
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CRISPR-Cas9 RNP to knock out Bhlhe40 in CD4" T cells. Loss of
Bhlhe40 significantly increased IL10 compared to control T cells
(Fig. 3E), suggesting that DCA downregulation of Bhlhe40 me-
diates DCA induction of T cell IL-10 production. These results
demonstrate that DCA enhances IL-22 and IL-10 production by
differentially modulating the Ahr and Bhlhe40 transcriptional
factors.

DCA-treated Th1 cells suppress naive T cell
proliferation

It has been well-established that T cell production of IL-10 in-
hibits T cell function [35, 36]. To investigate the regulatory effects
of DCA-treated T cells on naive T cell proliferation, we pretreated
CD45.2% T cells with or without DCA under Th1 conditions for 5
days. These Th1 cells were then co-cultured with carboxyfluores-
cein succinimidyl ester (CFSE)-labeled CD45.1" naive CD4* T cells.
While control Th1 cells did not affect naive T cell proliferation,
DCA-treated Th1 cells significantly suppressed their proliferation
(Fig. 4A). IL-10 has been shown to inhibit naive T cell proliferation
[37]. To determine whether this suppression was IL-10 dependent,
an IL-10 receptor (IL-10R)-blocking antibody was applied. Block-
ing IL-10R restored the proliferative capacity of naive T cells co-
cultured with DCA-treated Th1 cells, indicating that IL-10 medi-
ates the suppressive effect of DCA-treated Th1 cells on T cell pro-
liferation (Fig. 4B). These data suggest that DCA-treated Th1 cells
acquire immunosuppressive properties through IL-10 production,
limiting naive T cell responses.

Treatment with DCA inhibits C.
rodentium-induced intestinal inflammation

T cell production of IL-10 and IL-22 is crucial in the mainte-
nance of intestinal homeostasis and protection from intestinal
inflammation [38-41]. As DCA promotes T cell production of
IL-10 and IL-22, we then investigated whether treatment with
DCA inhibits intestinal inflammation. The mice were infected
with C. rodentium and treated with or without DCA in drink-
ing water. Citrobacter rodentium infection induced severe colitis,
as demonstrated by weight loss, intense infiltrates, severe in-
flammation, and histopathology (Fig. 5A and B). The mice re-
ceiving DCA exhibited significantly attenuated weight loss com-
pared to untreated controls (Fig. 5A). Histological examination
of colonic tissues showed reduced inflammation and epithelial
damage in DCA-treated mice, as reflected by lower histological
scores (Fig. S5B). DCA treatment significantly reduced fecal bac-
terial burden on day 7 post-infection (Fig. 5C). These findings
demonstrate that DCA protects against intestinal inflammation,
highlighting a novel role of metabolic modulation in mucosal
immunity.

Discussion

It has been well-established that different metabolic programs
regulate the differentiation and function of different subsets of T
cells. Effector T cells mainly depend on increased aerobic glycoly-
sis for energy and biosynthetic precursors, while Treg cells depend
predominantly on mitochondrial oxidation for energy and biosyn-
thetic precursors [13-17]. However, the metabolic programs reg-
ulating individual cytokine production in T cells are still largely
unclear. Our current study demonstrated that treatment with
DCA, which decreases T cell metabolism with a greater effect
on glycolysis than OXPHOS, promoted T cell production of IL-10
and IL-22, the crucial cytokines in protecting against intestinal
inflammation.
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Dysregulated T cell responses to gut microbiota mediate the
pathogenesis of IBD. While T cells produce proinflammatory cy-
tokines, which contribute to the induction of colitis, they also
produce anti-inflammatory cytokines, including IL-10 and IL-22,
which inhibit colitis development. Effector T cell IL-10 production
has been considered a self-regulatory mechanism to restrain an
excessive T cell response in the intestines, thereby preventing in-
testinal damage. Indeed, genetic polymorphisms of the IL-10 locus
have been reported to be associated with increased susceptibility
to IBD [42, 43]. Consistently, deficiency in IL-10 or IL-10R results
in severe intestinal inflammation in both mice and humans [44—
47].IL-10-IL-10R signaling, in Treg cells, effector T cells, and innate
immune cells, plays a central role in maintaining intestinal home-
ostasis [48-50]. T cell production of IL-22 contributes to wound
healing in the intestines and induces epithelial cell production
of antimicrobial peptides, including Regllly and B-defensins [40,
51, 52]. Thus, identifying the metabolic pathways promoting IL-10
and IL-22 could provide novel targets for treating IBD by enhanc-
ing such pathways. As treatment with DCA promotes T cell 1L-10
and IL-22 production, which has been shown to decrease T cell
metabolism with a greater effect on glycolysis than OXPHOS, it
will be worth exploring the possibility of promoting T cell IL-10
and IL-22 production through enhancing mitochondrial OXPHOS.
It has been shown that the higher status of mitochondrial OX-
PHOS in Tregs is crucial for their energy and biosynthetic precur-
sors. Our studies thus also beg the question of whether a high mi-
tochondrial OXPHOS status is required for T cells with regulatory
function.

Different transcription factors control IL-10 and IL-22 produc-
tion. Ahr has been shown to be crucial for IL-22 production in both
T cells and ILC3. Our data indicated that DCA treatment induced
T cell expression of Ahr, and inhibition of Ahr by an Ahr inhibitor
suppressed DCA induction of IL-22 production, suggesting a cru-
cial role of Ahr in mediating DCA induction of T cell IL-22 pro-
duction. Hifla has been shown to increase IL-22 expression and
promote glycolysis in CD4* T cells. Here, we found that DCA sup-
pressed Hifla, which is consistent with the known effect of DCA
on inhibiting glycolysis. However, despite decreased Hifla levels,
IL-22 expression was increased after treatment with DCA, indicat-
ing that DCA suppressed glycolysis and Hif1la is unlikely to upreg-
ulate IL-22 expression. Some transcription factors have been im-
plicated in driving T cell IL-10 production, such as Prdm1 (encodes
Blimp1) [53-56], while Bhlhe40 negatively regulates IL-10 produc-
tion [34]. DCA did not affect the expression of Prdm1. However, it
inhibited Bhlhe40 expression. Knockdown of Bhlhe40 promoted T
cell IL-10 production, suggesting that DCA induction of T cell IL-
10 production is mediated by inhibition of Bhlhe40 but not through
Blimp1.

DCA has been used in treating human diseases, including
hereditary mitochondrial metabolic diseases and lactic acidosis,
for a long time [26, 57, 58]. DCA has also been actively investigated
for treating various cancers and autoimmune diseases [59-61].
Our studies demonstrate that DCA treatment inhibited colitis de-
velopmentin the C. rodentium infection model. It will be interesting
to further investigate whether DCA can also inhibit colitis devel-
opment in other experimental colitis models. While our findings
support the potential of DCA as a therapeutic agent in IBD, sev-
eral translational challenges need to be addressed. First, the dose
and treatment duration required for efficacy in chronic intesti-
nal inflammation remain to be defined. Second, the safety pro-
file of long-term DCA administration, particularly regarding hep-
atotoxicity and neurotoxicity, warrants careful evaluation. Third,
because DCA broadly influences cellular metabolism, off-target
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Figure 4. DCA-treated Th1 cells suppress naive T cell proliferation via IL-10. (A) CFSE-labeled CD45.2" naive CBirl CD4" T cells were cultured alone or
co-cultured with untreated or DCA-treated Th1 cells (ratio 1: 0.5) for 48 h. T cell proliferation was assessed by CFSE dilution. Left: representative CFSE
histograms. Right: quantification of T cell proliferation. (B) Naive T cells were co-cultured in the presence or absence of 5 ng/ml anti-IL-10 receptor
(«-IL-10R) antibody. T cell proliferation was assessed by CFSE dilution. Left: representative CFSE histograms. Right: quantification of T cell
proliferation. Representative of three experiments. Data are presented as mean + SEM. One-way ANOVA with Bartlett’s (A) or Tukey’s (B) multiple
comparisons test. *P < 0.05, ***P < 0.0001.
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Figure 5. DCA treatment ameliorates C. rodentium-induced colitis. Wild-type mice were orally infected with C. rodentium (5 x 10® CFU/mouse) on day O.
Mice received either water or DCA (5 mg/mouse) daily by oral gavage (control: n = 4, DCA: n = 5). (A) H&E staining of the colon for histological
assessment. (B) Histopathology scores were determined in a blinded manner. (C) Fecal bacterial load was measured on day 7 post-infection.
Representative of three experiments. Data are presented as mean + SEM. Mann-Whitney U test (B); unpaired Student’s t-test (C). *P < 0.05.
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effects on other immune and non-immune cell populations may
complicate its therapeutic application. Addressing these issues in
preclinical and clinical studies will be essential for translating the
protective effects of DCA into a treatment strategy for IBD. Impor-
tantly, dose-response studies in vivo and assessment of toxicity of
DCA would improve translational relevance. In addition to its pro-
tective role in colitis, our findings suggest that DCA also enhance
host defense against C. rodentium infection. However, the specific
mechanism by which it does so remains unclear, due to the lack
of detections related to the mucosal barrier, inflammatory factors,
and other relevant parameters. Future studies will be required to
determine whether DCA can broadly augment resistance to other
intestinal infections and whether its immunomodulatory effects
can be harnessed therapeutically to prevent pathogen-driven ex-
acerbation of intestinal inflammation.

In summary, our studies demonstrate that DCA promotes a
metabolic program that regulates T cell production of IL-10 and
IL-22, and that DCA treatment inhibits colitis development. How-
ever, it remains unclear whether the observed protection is solely
mediated by IL-10 and IL-22 derived from DCA-treated T cells. Fur-
ther investigation will be required to directly determine the contri-
bution of DCA-modulated T cell cytokine production to protection
against C. rodentium-induced intestinal inflammation.
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