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Distinct inflammatory Th17 subsets emerge in
autoimmunity and infection
Ronald J. Bouch1,4, Jing Zhang1, Brandi C. Miller1,4, Caroline J. Robbins1, Timothy H. Mosher1,4, Wencheng Li2, Sergey A. Krupenko5,
Ravinder Nagpal6, Jun Zhao7, Richard S. Bloomfeld8, Yong Lu9, Mikhail A. Nikiforov10, Qianqian Song3, and Zhiheng He1,3,11

Th17 cells play a critical role in both tissue homeostasis and inflammation during clearance of infections as well as
autoimmune and inflammatory disorders. Despite numerous efforts to distinguish the homeostatic and inflammatory roles of
Th17 cells, the mechanism underlying the divergent functions of inflammatory Th17 cells remains poorly understood. In this
study, we demonstrate that the inflammatory Th17 cells involved in autoimmune colitis and those activated during colitogenic
infection are distinguishable populations characterized by their differential responses to the pharmacological molecule,
clofazimine (CLF). Unlike existing Th17 inhibitors, CLF selectively inhibits proautoimmune Th17 cells while preserving the
functional state of infection-elicited Th17 cells partially by reducing the enzyme ALDH1L2. Overall, our study identifies two
distinct subsets within the inflammatory Th17 compartment with distinct regulatory mechanisms. Furthermore, we highlight
the feasibility to develop disease-promoting Th17 selective inhibitor for treating autoimmune diseases.

Introduction
IL-17–producing T helper (Th17) cells, whose differentiation is
governed by the transcription factor RORγt (Ivanov et al., 2006),
are major contributors to inflammation (inflammatory Th17)
during infection clearance (Collins et al., 2014; Kullberg et al.,
2006; Omenetti et al., 2019) as well as autoimmune and in-
flammatory disorders (Hue et al., 2006; Lee et al., 2020). The
primary pathway used to characterize and target inflammatory
Th17 cells is through IL-23 signaling (Awasthi et al., 2009;
McGeachy et al., 2009; Yen et al., 2006). Depletion or ablation of
IL-23 in mice results in suppression of autoimmunity but vul-
nerability to pathogen infections (Kullberg et al., 2006; Ru et al.,
2021; Withers et al., 2016). While Th17 cells secrete primarily IL-
17A under homeostatic conditions, after being exposed to IL-23
during autoimmune responses or infection, they undergo tran-
scriptional reprogramming to adopt a Th1-like profile, produc-
ing IFN-γ, referred to as Th1-like Th17 (Hirota et al., 2011). The
production of IFN-γ is required for both the development of
autoimmune and chronic inflammatory diseases (e.g., multiple

sclerosis and inflammatory bowel diseases [IBD]; Powrie et al.,
1994) and clearance of infections such as Citrobacter rodentium
(Shiomi et al., 2010).

The importance of IL23–IFN-γ axis suggests that proau-
toimmune and anti-infection potential of Th17 are dependent on
similar underlying mechanisms, including the utilization of
aerobic glycolysis to provide energy and metabolites (Omenetti
et al., 2019; Wu et al., 2020). However, recent studies reported
that molecules identified to restrain (e.g., CD5L; Wagner et al.,
2021) or promote (e.g., Gpr65; Gaublomme et al., 2015) Th17
pathology in autoimmunity have no conserved functions in
infection-elicited Th17 cells (Omenetti et al., 2019), leading to an
open question whether anti-infection and proautoimmunity
functions of Th17 cells are conducted by subsets with distin-
guishable transcriptional and metabolic programs.

Generating inflammatory Th17 cells with distinct functions is
challenging due to the lack of methods that recapitulate niche
tissue conditions during pathogen infection or autoimmunity.
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Th17 cells primed in vitro with IL-6, IL-1β, and IL-23 mimic
proautoimmune Th17 cells as they provoke autoimmune disease
following transfer into mice (Ghoreschi et al., 2010; Langrish
et al., 2005). However, it is unclear, to which extent these
cells reflect the features of anti-infection Th17 cells. Alterna-
tively, inflammatory Th17 cells can be isolated from autoimmune
and infection murine models, but the dynamic reprogramming
of Th17 cells complicates interpretations of differences amongst
populations.

To address this challenge, we treated in vivo–committed Th17
cells present during either autoimmunity or infection with a
panel of FDA-approved drugs. We hypothesized that Th17 cells
from inflamed tissues would have comparable responses to
pharmacological molecules if they were regulated similarly.
However, we discovered that Th17 cells engaged in autoimmune
colitis and those involved in the C. rodentium infection–induced
colitis have distinct responses to a pharmacological molecule,
clofazimine (CLF), indicating that they are two distinguishable
populations. CLF selectively inhibits proautoimmune Th17 cells
while preserving the functional state of infection-elicited Th17
cells partially through reducing mitochondrial enzyme ALDH1L2
(Krupenko et al., 2010) and subsequently elevating intracellular
serine. Mechanistically, increased serine alters global epigenetic
modifications from proautoimmune Th17 cells, resulting in the
repression of proinflammatory cytokines. Our findings sug-
gest that there are two functionally distinct inflammatory
Th17 populations that are experimentally and therapeutically
distinguishable.

Results and discussion
Inflammatory Th17 cells elicited by bacterial infection or
autoimmunity are distinguishable
To investigate inherent differences between inflammatory Th17
cells engaged in autoimmunity versus those involved in anti-
infection immunity, we isolated T cells from draining lymph
nodes of murine models with autoimmune diseases, including
experimental autoimmune encephalomyelitis (EAE) and T cell
transfer–induced colitis, and compared them with those from C.
rodentium infection. We compared the cytokine production of
committed Th17 cells to a panel of FDA-approved pharmaco-
logical small molecules (Fig. 1 A). Th17 cells from all threemodels
expressed IFN-γ, indicating their potential for inflammation,
which is consistent with previously published reports on Th17
cells involved in autoimmunity and infection. While desonide, a
steroid immune suppressor, non-selectively repressed the ex-
pression of IFN-γ from Th17 compartment, one molecule called
CLF selectively reduced the IFN-γ production from autoimmune-
associated but not C. rodentium–elicited Th17 cells (Fig. 1 B and
Fig. S1, A–C). This suggests that there are distinctions between
inflammatory Th17 cells from autoimmune and infection models
and the possibility of selectively targeting proautoimmune Th17
cells while sparing anti-infection counterparts.

To further investigate the effects of CLF on Th17-dependent
autoimmunity and bacterial clearance, we conducted in vivo
experiments. While CLF did protect mice from the progression
of EAE (Fig. S1 D), we chose to compare T cell transfer–induced

autoimmune colitis, a murine model which replicates the key
features of human IBD in experimental settings, with C. roden-
tium infection–induced colitis (Eden, 2019) for fairness of com-
parison. Consistent with ex vivo treatment, mice receiving a
human-equivalent dosage of CLF (Nair and Jacob, 2016) had
attenuated transfer colitis, as characterized by rescued body
weight loss (Fig. 1 C), reduced colonic edema (Fig. S1, E and F),
and lower clinical scores of colonic histopathology (Fig. 1 D). The
attenuation in inflammation was restricted to transfer colitis
model, as CLF-treated mice had no deficiencies in clearing bac-
terial burden or in colon pathology (Fig. 1, E and F). Although
CLF is an FDA-approved drug against Mycobacterium leprae
(Arbiser and Moschella, 1995; Yew et al., 2017), we observed no
antibacterial activity against C. rodentium in vitro or during in-
fection (Fig. S1, G and H).

To investigate Th17 responses to CLF in vivo, we next character-
ized the cytokine production of Th17 cells (CD45+CD3+CD4+RORγt+)
recovered from inflamed colons. We observed a slight reduction
in the total number of colonic Th17 cells between CLF- and
vehicle-treated mice in the autoimmune colitis model (Fig. S1 I).
However, CLF significantly reduced the frequency and amount
of IFN-γ–secreting Th17 cells, with no significant impact on the
amount of IL-17A+ Th17 cells (Fig. 1, G andH). In contrast, CLF did
not affect cytokine production from C. rodentium–elicited in-
flammatory Th17 cells (Fig. 1, G and H), which is consistent with
the undisturbed clearance of C. rodentium. Therefore, inflam-
matory Th17 cells engaged in autoimmunity and infection are
distinguishable populations with distinct responsiveness to CLF.

The distinction between proautoimmune and anti-infection
Th17 cells is conserved across murine models
To address whether the distinction between autoimmune-
derived and infection-elicited Th17 cells was caused by the ab-
sence of lymphocytes from Rag1−/− mice used in transfer colitis
model, we tested the effect of CLF on Th17 cells from C57BL/6
mice in an anti-IL-10R–induced colitis model (Kullberg et al.,
2006; Saha et al., 2021), an immune-mediated murine colitis
model resembling human IBD. Mice receiving CLF showed less
overall edema (Fig. 2, A and B) compared with vehicle control.
Correspondingly, flow cytometry revealed a reduction in the
frequency of IFN-γ–producing Th17 cells in the colon of CLF-
treated mice relative to the vehicle control (Fig. 2, C and D;
and Fig. S1 J), indicating a similar response as seen in the T cell
transfer colitis in the Rag1−/− background.

On the other hand, a novel approachwas designed to promote
a C. rodentium–elicited Th17 response in Rag1−/− mice. Due to the
importance of humoral immunity in C. rodentium control and
clearance (Maaser et al., 2004), co-transfer of CD19+ B cells and
CD25−CD4+ T cells into a Rag1−/− host and infection with C. ro-
dentium was conducted to determine the effect of CLF on the
infection (Fig. 2 E). Both CLF and vehicle-treated mice survived
the infection, but unexpectedly with stable colonization of C.
rodentium (Fig. S1 K). Flow cytometry analysis at 3 wk after in-
fection showed no significant difference in Th17 cell number or
cytokine production between CLF and vehicle-treated mice
(Fig. 2, F and G), which is consistent with the observations in
C57BL/6 infection models (Fig. 1 G). These findings suggest the
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Figure 1. Autoimmune-induced inflammatory Th17 cells are distinguishable from C. rodentium–elicited Th17 cells. (A) Schematic diagram of ex vivo
inflammatory Th17 stimulation. (B) Drug screen of ex vivo inflammatory Th17 cells. Quantification of IFN-γ+ Th17 cells using flow cytometry. Data
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distinction between proautoimmune and anti-infection Th17
cells is conserved across different mouse model back-
grounds. Thus, CLF selectively targets disease-promoting
Th17 cells in both IL-10R–induced colitis and transfer coli-
tis models.

Homeostatic Th17 cells are not disturbed by CLF treatment
As CLF is primarily used as an anti-leprosy drug, it is possible
that it could affect the composition and localization of the

microbiota. As such, we examined whether attenuated Th17-
mediated autoimmunity following CLF treatment could be as-
sociated with altered microbiota. However, we found that the
microbiota composition of healthy mice treated with or without
CLF was similar, as demonstrated by α-diversity and Bray-Curtis
principal coordinate analysis (PCoA; Fig. 2 H and Fig. S1 L). We
observed only minor shifts in the Firmacutes and Bacteroidetes
phyla after both treatment conditions (Fig. S1 M) with no sig-
nificant changes overall.

representative of two independent experiments. (C) Rag1−/− mice received naive T cells from WT donor and were treated intraperitoneally with CLF (n = 6) or
vehicle (n = 6). Percent body weight change was shown relative to day 0. (D) Representative H&E staining of the colon of transfer colitis mice as shown in C at
endpoint with histology scoring. (E) C. rodentium infection treated intraperitoneally with CLF (n = 7) or vehicle (n = 8). C. rodentium colonization curve de-
termined by fecal shedding. (F) Representative H&E staining of the colon at peak infection of the mice as shown in E with histology scoring. (G and H) Flow
cytometry of IL-17A+ and IFN-γ+ Th17 cells from the cLP of transfer colitis or C. rodentium infection treated with CLF reported in frequency (G) or absolute cell
number (H). Statistical significance was determined using unpaired or multiple Student’s t test. (C–G) Data are pooled and reported from two independent
experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant; all data reported as mean ± SEM.

Figure 2. The distinction between proautoimmune and anti-infection Th17 cells is conserved across murinemodels. (A–D)WTmice were treated with
CLF or vehicle after being given 0.5 mg/ml anti-IL10R antibody weekly for 4 wk. (A) Representative image of the colon from CLF- or vehicle-treated mice.
(B) Length/mass ratio of the colons. (C and D) (C) Absolute number of Th17 cells or (D) frequency of IFN-γ+ or IL-17A+ Th17 cells from the lamina propria of
anti-IL-10R–induced colitis treated with CLF or vehicle with IgG control mice. Data shown from two independent experiments. (E–G) Splenic naive CD4+ T cells
and CD19+ B cells were sorted fromWT donor and transferred into a Rag1−/− recipient at a 1:2 donor-to-recipient ratio. Recipients were infected 3 wk after cell
transfer. (E) Schematic diagram showing the workflow of transfer infection model. (F) Absolute number of colonic Th17 cells. (G) Representative flow cy-
tometry and frequency of IFN-γ+ or IL-17A+ Th17 cells. Data shown from two independent experiments. (H) Healthy WTmice were treated with CLF or vehicle
control for 2 wk. Fecal shedding was collected pre- and post-treatment and analyzed using 16S rRNA sequencing. β-Diversity of the microbiota in CLF-treated
mice was compared to vehicle control. Data shown from two independently housed groups from each treatment. (I) Bulk RNA-seq volcano plot of CLF treated
in vitro differentiated homeostatic Th17 cells versus vehicle. Significant DEGs are determined by DESeq2 analysis and Benjamini-Hochberg adjusted P value.
Statistical significance determined using unpaired or multiple Student’s t test. *, P < 0.05; **, P < 0.01; ns, not significant; all data reported as mean ± SEM.
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We also assessed the impact of CLF on homeostatic Th17 cells
polarized in vitro and found that CLF did not affect gene ex-
pression profile, especially signature Th17 gene expression, of
homeostatic Th17 cells, as demonstrated by RNA-sequencing
(RNA-seq) analysis (Fig. 2 I). Therefore, we concluded that in-
testinal homeostasis and homeostatic Th17 cells are not dis-
turbed by CLF.

Inflammation during C. rodentium infection and autoimmunity
induce different inflammatory Th17 responses
To better understand the distinct responses of Th17 cells to CLF
during inflammation, we performed single-cell RNA-seq
(scRNA-seq) on colonic Th17 cells isolated from both C. roden-
tium infection and transfer colitis models at the peak of disease.
Rorcgfp/+ mice (Ivanov et al., 2006) were used in the infection
model or as donor mice in the transfer colitis model, as their
EGFP expression is controlled by RORγt (encoded by Rorc), al-
lowing for viable isolation of Th17 cells (Fig. 3 A). We parti-
tioned the 9,980 Rorc-expressing cells from the colon into five
subsets, annotated as effector, proliferating, stem-like memory,
myeloid-like, and epithelial-like subsets (Fig. 3 B).

The effector, proliferating, and stem-like memory subsets
showed high expression of Th17 signatures. The effector cells
had similar inflammatory transcripts to the proliferating cluster
with lower expression levels, while stem-like memory cells
exhibited exclusive expression of Ccr7 and low expression of
Cd44 (Fig. 3 C and Fig. S2 A). Trajectory analysis revealed that
effector Th17 cells transitioned toward clonal proliferation or
stem-like memory cells (Fig. S2 B). We also identified a CD4+

myeloid-like population expressing markers primarily restricted
to the myeloid lineage (Lyz2, Tgfbi, Il1a, Il1b). Signature genes
within these populations were highly comparable to those pre-
viously reported, confirming their T cell lineage despite lacking
T cell markers (Kiner et al., 2021). Additionally, we found an
epithelial-like population expressing antimicrobial genes and
genes involved in mucosal barrier maintenance.

While the clusters were detected in both murine models (Fig.
S2 C), the distribution patterns were significantly different (Fig.
S2 D), indicating disparities among infection-elicited and pro-
autoimmune Th17 cells. Furthermore, Rorc-expressing cells from
CLF-treated transfer colitis mice revealed loss of key signature
genes, including Ifng, Il22, and Ccl4, expression of which were all
maintained during CLF treatment in Th17 cells from C. rodentium
infection (Fig. 3 D). Thus, inflammatory Th17 cells in autoim-
mune colitis adopt a transcriptional program distinct from co-
lonic infection–elicited Th17 cells.

We also investigated the effects of CLF on human Th17 cells
engaged in IBD. Intestinal mononuclear cells were isolated from
the colonic and ileal lesions of a patient diagnosed with Crohn’s
disease. After overnight CLF or DMSO treatment ex vivo,
scRNA-seq analysis was performed on the gene expression
profiles of 4,699 cells. About half of the total cells were clustered
as T cells (Fig. S2, E and F). The CLF- and vehicle-treated groups
showed similar cell clustering (Fig. S2 G), indicating that CLF
treatment did not greatly impact any major populations. Con-
sistent with published results, Th17 cells were distributed
throughout the CD4+ population, illustrating the heterogeneity

and plasticity of Th17 cells adopting various inflammatory pro-
grams (Fig. S2 H). Some Th17 cells simultaneously co-expressed
IL-17A and IFN-γ, while others only expressed IFN-γ, similar to
Th1-like Th17 cells observed in mice (Fig. 3 E). CLF treatment
repressed IFN-γ as well as multiple pathogenic gene expressions
(Fig. 3 F), in line with the CLF’s impact on proautoimmune Th17
cells in mice. These results suggest that the therapeutic effect of
CLF in suppressing mouse Th17 pathogenicity may also be con-
served in human Th17 cells in IBD.

Inflammatory Th17 cells in autoimmune colitis and infectious
colitis are distinct in serine metabolism
scRNA-seq analysis on proautoimmune Th17 cells showed that
CLF selectively targets important metabolic pathways such as
one-carbon metabolism (Fig. S3 A). To understand the associa-
tions between metabolite levels and observed transcriptional
changes, we investigated the metabolic phenotypes of proau-
toimmune Th17 cells. However, due to the small number of Th17
cells recovered from murine models, in vivo Th17 cell metab-
olomics was not feasible. Therefore, we used inflammatory Th17
cells polarized in vitro with IL-6, IL-1β, and IL-23 (IL23-Th17;
Cua et al., 2003; Langrish et al., 2005; McGeachy et al., 2009).
Although this differentiation scheme does not distinguish au-
toimmune and infection-elicited Th17 subsets, the polarized
IL23-Th17 population represents proautoimmune Th17 cells as
they can induce autoimmunity after adoptive transfer (Langrish
et al., 2005). The vast majority of CLF-targeted genes in in vitro–
polarized IL23-Th17 cells overlap with those in in vivo–committed
proautoimmune Th17 (Fig. S3, B and C), indicating that IL23-Th17
reflects the characteristics of proautoimmune Th17 cells.

Metabolite set enrichment analysis revealed that treated Th17
cells have significantly increased intracellular serine (Fig. 4 A).
To further confirm the elevation of intracellular serine levels by
CLF in vivo, we FACS-sorted GFP+ Th17 cells from both C. ro-
dentium infection and transfer colitis models. In accordance with
the observation from in vitro polarized cells, CLF enriched ser-
ine in vivo in proautoimmune Th17 cells whereas reduced this
amino acid in infection-elicited Th17 cells (Fig. 4 B).

To understand the influence of serine accumulation on Th17
cell function, mice were fed with serine-supplemented drinking
water (Fujita et al., 2016). Serine intake delayed the onset and
progression of autoimmune colitis without affecting total
number of Th17 cells (Fig. 4, C–E, and Fig. S3 D). However, serine
reduced colonic IFN-γ+ Th17 cells and increased IL-17A+IFN-γ−

Th17 cells—an effector state resembling that of CLF-treated Th17
cells (Fig. 4, C–F). In contrast, serine intake did not interfere
with the clearance of C. rodentium (Fig. 4 D). Cytokine production
from C. rodentium–elicited Th17 cells were comparable between
mice fed water with and without serine (Fig. 4 F). Therefore,
inflammatory Th17 cells in autoimmune colitis and colitogenic
infection are distinctly dependent on serine metabolism, sup-
porting the discrimination of proautoimmune and infection-
elicited Th17 subsets.

Serine provides one-carbon units through mitochondrial fo-
late pathway for the biosynthesis of purine as well as epigenetic
methylation. Pathway analysis shows purine metabolism is en-
riched in CLF-treated IL23-Th17 cells (Fig. 4 G), leading us to
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Figure 3. Inflammation during autoimmunity and C. rodentium infection induce different inflammatory Th17 responses. (A) Rorcgfp/+ mice were used as
donors for T cell transfer–induced colitis (TC) or infected with C. rodentium (CR). Schematic of FACS sorting of cells from the cLP used for scRNA-seq. (B–D)
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explore the epigenetic landscape of inflammatory Th17 cells in
autoimmunity. Th17 cells were sorted from colitis mice trans-
ferred with naive Rorcgfp/+ T cells for analysis of the global dis-
tribution of tri-methylated H3K4me3 (activator), H3K9me3, and
H3K27me3 (repressor) detected by CUT&Tag, a highly sensitive
alternative to chromatin immunoprecipitation sequencing.
Next-generation sequencing revealed that H3K4me3 distribu-
tion was concentrated within the promoter regions while
H3K9me3 and H3K27me3 were dispersed through intronic and
intergenic regions of the genome (Fig. S3 E). Despite having little
effect onH3K4me3 distribution, CLF treatment led to an increase
in H3K27me3 at the promoter regions of proinflammatory cyto-
kines, such as IFN-γ and IL-22, which was associated with their
reduced expression in CLF-treated proautoimmune Th17 cells
(Fig. 4, H and I). The increase in H3K27me3 levels was marginal
for the promoter region of IL-17A (Fig. 4 J), indicating that
H3K27me3 likely contributes to the selective repression of
proautoimmune Th17 cells mediated by CLF.

Serine metabolic enzyme aldehyde dehydrogenase 1 family
member 2 (ALDH1L2) is a CLF target selectively needed by
inflammatory Th17 cell–mediated autoimmunity
To investigate the regulation of intracellular serine levels in
proautoimmune Th17 cells, we profiled the transcripts of serine
metabolic enzymes responsible for serine uptake (Kaplan et al.,
2018), synthesis (Reid et al., 2018), and breakdown (Sugiura
et al., 2022) in Th17 cells from vehicle- and CLF-treated auto-
immune versus infectious colitis mice (Fig. 5, A and B). In
proautoimmune Th17 cells, the top differentially expressed
transcripts were ALDH1L1 and ALDH1L2, cytoplasmic and mi-
tochondrial enzymes, respectively, responsible for converting
one-carbon units derived from serine to CO2, thereby shunting
one-carbon units out of folate cycle (Krupenko et al., 2010; Fig. 5,
A and B). However, none of these enzymes were targeted by CLF
in infection-elicited Th17 cells (Fig. 5 B), whereas PHGDH, the
rate-limiting enzyme for serine de novo synthesis, was re-
pressed in these cells, consistent with the reduced intracellular
serine levels observed in infection-elicited Th17 cells treated
with CLF (Fig. 4 B). Thus, Aldh1l1 and Aldh1l2 are specifically
targeted by CLF in proautoimmune Th17 cells.

The transcription level of Aldh1l2 was dramatically upregu-
lated in proautoimmune Th17 cells compared with infection-
elicited cells (Fig. 5 C), leading us to explore the role of
ALDH1L2 in proautoimmune Th17 cells. To this end, we trans-
ferred naive CD4+ T cells from Aldh1l2−/− mice (Krupenko et al.,
2020) to elicit autoimmune colitis in Rag1−/− recipient mice. The
resulting Aldh1l2−/− CD4+ T cells, enriched with Th17 cells, have
significantly higher serine levels than their WT counterparts
(Fig. 5 D). Conversely, the treatment of Th17 cells with serine did
not affect the transcription of Aldh1l2 (Fig. 5 E), indicating that

ALDH1L2 plays a role in regulating intracellular serine levels in
proautoimmune Th17 cells.

Consistent with CLF and serine treatment, Aldh1l2−/− T cell
recipients exhibited attenuated transfer colitis and negligible
weight loss (Fig. 5 F). Notably, loss of Aldh1l2 abolished IFN-γ and
IL-22 expression (Fig. 5 G) while conserving RORγt+ cell number
(Fig. S3 F). In contrast to previous conditions, loss of Aldh1l2
resulted in only a minor decrease in IL-17A production, likely
due to a mitochondrial or metabolic effect of the complete dis-
ruption of the folate cycle. The impact of Aldh1l2 silencing was
unique to proautoimmune Th17 cells since C. rodentium–elicited
Aldh1l2−/− Th17 cells still controlled bacterial burden and cleared
infection (Fig. 5 H). Isolated colonic Th17 cells had conserved cell
number and cytokine production compared with WT cells,
suggesting that Aldh1l2 deficiency is not detrimental to inflam-
matory Th17 cells during infection (Fig. 5 I and Fig. S3 F). Fur-
thermore, loss of Aldh1l2 had no impact on in vitro polarization
of suppressive regulatory T (Treg) cells (Fig. S3 G).

We confirmed the phenotype of Aldh1l2−/− mice by inducing
autoimmune colitis through the depletion of IL-10R, which re-
sulted in the observation that Aldh1l2−/− mice were more resis-
tant to inflammation (Fig. 5 J) and Th1-like skewing of Th17 cells
(Fig. 5 K). These findings indicate that proautoimmune and anti-
infection Th17 cells have different dependencies on expression
of the serine metabolic enzyme ALDH1L2. ALDH1L2 is necessary
for the pathogenesis of autoimmunity and is targeted by CLF for
selective suppression of proautoimmune Th17 cells.

We propose that CLF selectively targets proautoimmune Th17
cells partially by reducing Aldh1l2 transcription, leading to an
increase in intracellular serine and histone methylation. To
confirm this mechanism of CLF function through ALDH1L2, we
treated Rag1−/− mice that were adoptively transferred with naive
Aldh1l2−/− CD4+ T cells with CLF and tested for synergistic effects.
As expected, we observed resistance to transfer colitis (Fig. 5 L
and Fig. S3 H) with no synergistic impact on Th17 cytokine
production relative to the Aldh1l2−/− vehicle control (Fig. 5 M).
This observation suggests the important role of ALDH1L2 in
mediating the effects of CLF on proautoimmune Th17 cells, fur-
ther highlighting the importance of serine metabolism in
distinguishing between autoimmune- versus infection-elicited
Th17 cells.

Conclusions
Here, we present evidence that distinct environmental con-
ditions in autoimmunity and infection result in the emergence
of functionally distinct Th17 subsets, which can be distinguished
based on their transcriptional and metabolic profiles. We dem-
onstrate that CLF functions as a selective inhibitor of proau-
toimmune Th17 cells by increasing intracellular serine levels.
Treatment with both CLF and serine significantly suppressed

scRNA-seq of FACS-sorted Rorc-gfp+ cells (n = 5 for each model, pooled) from the cLP of each model treated with CLF or vehicle. (B) UMAP visualization of
Rorc-gfp+ cells. (C) Violin plots of signature genes contributing to cell annotation. (D) Volcano plots of DEGs from CLF treatment in transfer colitis (left) and C.
rodentium infection (right). (E and F) scRNA-seq on mononuclear cells isolated from intestinal lesions of a IBD patient. The cells were treated with CLF or
vehicle ex vivo. (E) UMAP expression patterns of indicated genes. (F) Volcano plots of DEGs in human Th17 cells from CLF treatment. Significant DEGs were
determined by Bonferroni-adjusted P value (adj. P < 0.05) and log2-fold-change.
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Figure 4. Intracellular serine levels determine inflammatory potential of Th17 cells in autoimmunity. (A) Targeted mass spectrometry of in vitro–
differentiated IL23-Th17 cells treated with CLF or DMSO. Top differentially abundant metabolites in CLF-treated IL23-Th17 cells were listed. (B) Intracellular
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the Th1-like IFN-γ+ subset of Th17 cells in autoimmune colitis,
while preserving IFN-γ secretion from Th17 cells during C. ro-
dentium infection. Previous fate-mapping experiments of IL-
17A–producing cells during EAE have shown that the majority
of IFN-γ+ effector cells arise from IL-17A+IFN-γ−Th17 cell prog-
eny (Hirota et al., 2011). Our findings suggest that different
factors contribute to the formation of IFN-γ–producing Th1-like
Th17 cells in autoimmunity versus infection, which likely ac-
counts for the selective response of inflammatory Th17 cells to
CLF and serine treatment. In addition, our data primarily reflect
the responses of RORγt+ Th17 cells to CLF treatment. However,
for Th1-like Th17 cells with diminished RORγt expression, it
remains unclear if some cells completely cease expressing
RORγt, which could potentially have been overlooked in
our study.

Metabolic pathways such as glycolysis are essential regu-
lators of Th17 inflammatory potential (Carriche et al., 2021;
Wagner et al., 2021; Wang et al., 2015; Wu et al., 2020). How-
ever, targeting highly glycolytic Th17 cells in autoimmune dis-
eases may not spare Th17 cells necessary for fighting against
infections. Serine plays an essential role in T cell proliferation
(Ma et al., 2017) by providing metabolic intermediates for nu-
cleotide synthesis and methyl groups for biosynthetic and reg-
ulatory methylation reactions. Our data show that although CLF
did not target the enzymes responsible for serine biosynthesis
and uptake in proautoimmune Th17 cells, it significantly in-
creased intracellular serine levels, indicating highly active
serine catabolism in these cells prior to treatment. Several
mitochondrial enzymes (MTHFD2, ALDH1L2) are crucial for
serine breakdown, supported by our observation from Aldh1l2−/−

mice and published data fromMthfd2−/− Th17 cells (Sugiura et al.,
2022). Notably, proautoimmune Th17 cells have lower serine
levels than infection-elicited population, reflecting a unique
requirement for serine catabolites. Therefore, targeting Th17
cells dependent on serine catabolism might spare their coun-
terparts elicited by infection.

Inflammatory Th17 cells have lower methylation levels than
other T helper cells (Sugiura et al., 2022), perhaps due to the
redirection of serine-derived methyl groups to polyamine syn-
thesis (Carriche et al., 2021). Increases in intracellular serine
from Mthfd2-deficient Th17 cells led to the elevation of histone
methylation (H3K4me3 and H3K27me3; Sugiura et al., 2022).
Although CLF’s most significant effect on proautoimmune Th17
cells was an increase in serine levels, we did not observe
increased H3K4me3. This finding could suggest that in vitro–
differentiated Th17 cells may not adequately reflect the epige-
netic state of intestinal Th17 cells.

In this study, we have uncovered a previously unknown
immunoregulatory function of CLF, an FDA-approved leprosy
drug (Garrelts, 1991), in selectively inhibiting proautoimmune
Th17 cells by elevating intracellular serine. In a recent report,
CLF inhibited potassium channels and thus repressed activation
of Jurkat cells (Ren et al., 2008). However, the potassium
channels of Jurkat cells are very different from those on primary
T cells and other human T cell lines (e.g., CEM and MOLT-3;
Feller et al., 2010), which might explain the different results
between this study and ours.

Our data suggest that targeting Th17 cells dependent on ser-
ine catabolism might spare their counterparts elicited by in-
fection, providing a potential avenue for precision therapy in
autoimmune disorders. Notably, CLF was shown to selectively
suppress proautoimmune Th17 cells while preserving inflam-
matory Th17 function during infection, which is a crucial need
for autoimmune patients infected or exposed to pathogens. The
distinguishable cell subsets with unique regulatory mechanisms
identified in this study indicate that selective targeting of in-
flammatory Th17 cells in autoimmunity is feasible.

Although CLF has been used as an antibiotic in clinical trials
for IBD (Afdhal et al., 1991; Prantera et al., 1994; Selby et al.,
2007), our results suggest that its immuno-modulatory function
may have been overlooked due to the presence of non-selective
immunosuppressant steroids used in these trials. Furthermore, a
combination therapy containing CLF and other broad-spectrum
antibiotics has been patented for the treatment of multiple sclero-
sis (application #20140228307), but our findings demonstrate that
CLF alone is sufficient to suppress EAE, supporting its antibiotic-
independent potential as an immunomodulatory agent. However,
the presence of long-lasting skin pigmentation,which represents an
undesirable side effect of CLF, could potentially compromise its
efficacy as a therapeutic option for autoimmune conditions.

In conclusion, this study provides insights into the mecha-
nisms underlying Th17 cell regulation in autoimmune and in-
fectious settings and highlights the feasibility of developing
precise therapeutic interventions that selectively target disease-
promoting Th17 for the treatment of autoimmune and inflam-
matory disorders without compromising infection clearance.

Materials and methods
Mice
All mice were obtained from The Jackson Laboratory, and select
strains were bred in-house on a C57BL/6 WT background.
Breeding for the strains C57BL/6, Rag1−/−, Rorcgfp/+, and Aldh1l2−/−

were conducted in-house. All experiments were conducted

serine levels of CD4+ cells from draining lymph nodes of mice with infection or transfer colitis treated with CLF or vehicle. (C) T cell transfer colitis recipients
received serine-spiked (n = 7) or regular drinking water (n = 8) ad libitum. Body weight change of transfer colitis recipients was reported as percentage of
starting body weight at day 0. (D) C. rodentium–infected mice received serine-spiked (n = 6) or regular (n = 7) drinking water ad libitum. C. rodentium colo-
nization curve of the gut was determined from fecal shedding. (E) Absolute number of colonic Th17 cells. (F) Flow cytometry plots of IL-17A+ and IFN-γ+ cLP
Th17 cells with quantified frequencies harvested at peak infection of C. rodentium–infected mice as shown in C or harvested at endpoint of T cell transfer colitis
as shown in D. (C–F) Data shown from two independent experiments. (G) Metabolite set enrichment analysis of CLF-treated IL23-Th17 cell versus vehicle.
(H–J) Rorc-gfp+ cLP cells were FACS-sorted from CLF-treated mice with transfer colitis–treated CUT&Tag sequencing peaks of H3K4, K9, and K27 tri-
methylation sites in sorted Rorc-gfp+ cells at promoter sites of signature Th17 gene, including Ifng (H), Il22 (I), and Il17a (J). *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001; ns, not significant. Statistical significance was determined by unpaired Student’s t test. All data reported as mean ± SEM.
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Figure 5. ALDH1L2 is selectively needed by inflammatory Th17 cell–mediated autoimmunity. (A) Metabolic pathway of serine and one-carbon me-
tabolism. (B) Relative transcriptional fold change of key serine metabolic enzymes via real-time PCR on Rorc-gfp+ cells sorted from cLP of CLF-treated mice
during transfer colitis or C. rodentium infection. (C) Relative abundance of transcripts of Aldh1l1 and Aldh1l2 using Rorc-gfp+ cells sorted from cLP of CLF-treated
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using mice 7–12 wk of age. Mice were housed in a specific-
pathogen-free facility in Wake Forest School of Medicine Bio-
tech Place Animal Facility. All protocols were approved by and in
compliance with Wake Forest University’s Animal Care and Use
Committee. Mice were fed standard autoclaved chow and water
and were kept on a 12-h light-dark cycle.

CLF treatment
CLF dosages were given at 25 mg/kg body weight and delivered
in a corn oil solvent. Intraperitoneal delivery was conducted by
injecting 100 μl of 4 mg/ml CLF or 100 μl corn oil as vehicle
control every other day to achieve a human equivalent dose in
clinical use (Nair and Jacob, 2016). In vitro CLF treatments were
conducted at 1 μM for initial drug screen or 0.4 μM for all other
in vitro experiments dissolved in DMSO. CLF treatment began
on day 1 of Citrobacter infection model or day 14 of transfer colitis
model and was continued every other day as described.

Ex vivo Th17 drug screen
For both stimulating conditions, WT mice were infected with C.
rodentium as previously described (8–10 wk of age) or immu-
nized subcutaneously with 200 μg MOG(35-55) emulsion and
given 80 ng per mouse purified pertussis toxin (Hook labora-
tories) on day 0 and day 1 (10–12 wk of age) to induce EAE.
Draining lymph nodes (mesenteric for infection, axillary for
EAE, and inguinal lymph nodes for both) were harvested at day
14 after infection or immunization and homogenized through a
40 μm cell strainer to isolate T cells.

For αCD-3ε/αCD-28 Th17 activation, a 96-well flat-bottom
tissue culture plate was coated with 1.5 μg Rabbit-αHamster
IgG per well overnight at 4°C. The plate was washed with PBS,
and 400,000 T cells per well were plated with 250 ng/ml αCD-
3ε, 1 μg/ml αCD28, and 20 ng/ml IL-23 from each model. Cells
were cultured in IMDM containing 10% FBS, presupplemented
L-glutamine and Hepes, 50 μM β-mercaptoethanol, and anti-
biotics/antimycotics with 1 μg/ml of indicated drug. Cells were
harvested at 48 h and stimulated with 20 ng/ml PMA, 1 μg/ml
ionomycin, and 1× Golgi-stop for 4 h and stained and analyzed
via flow cytometry (see Flow cytometry methods section). This
experiment was performed and analyzed in triplicates.

Naive T cell sorting and transfer colitis induction
Splenocytes were harvested by passing a spleen through a 40 μm
cell strainer from the indicated donor mouse (WT, Aldh1l2−/−, or

Rorcgfp/+) at 8–10 wk of age. Naive CD4+ T cells were isolated
using a negative magnetic bead selection and were stained for
FACS sorting using antibodies in Table S1 for 20 min. Cells were
washed and two-way sorted on a Beckman CoulterMoFlo Astrios
EQ gating on the CD25−, CD4+, and CD45Rbhi naive population
using a 100 μmnozzle. Sort purity was checked by ensuring post-
sorts were at least 85–90% pure. Cells were resuspended in PBS
and transferred intraperitoneally to a Rag1−/− recipient (7–9 wk of
age) at 400,000 cells/100 μl dose. Body weights and symptoms of
colitis were monitored over the course of the model and humane
endpoints varied within 4–6 wk after infection. CLF treatments
began at day 14 (see CLF treatment) and serine-enriched water
was provided ad libitum starting at day 0.

C. rodentium infection and shedding
C. rodentiumwas grown overnight at 37°C in LB broth agitated at
200 rpm. The approximate bacterial CFU concentration was
determined from an OD600 standard curve. Both male and fe-
male mice ranging from 7 to 10 wk of age were used for in-
fections. C57BL/6 and Rag1−/− mice were infected with ∼2.45 ×
109 CFU of bacteria in 2% sucrose. Infection was given in two
doses of 50 µl given 30 min apart. Bacterial loads were delivered
orally by feeding the inoculum dropwise after 4–6 h of fasting.
Actual CFU per dosage was determined by plating serial dilu-
tions on MacConkey agar plates and incubating overnight at
37°C. C. rodentium gut colonization was followed by collecting
fecal pellets to plate bacterial shedding. Fecal pellets were col-
lected immediately after passing and were reconstituted in PBS
at a 1:10 weight/volume dilution and homogenized on a Fish-
erbrand Bead Mill 24 at 2.1 speed for 1 min. Homogenates were
pulse spun down to pellet debris and the supernatant was used for
a serial 10-fold dilution to be plated onto MacConkey agar plates.
After incubation overnight at 37°C, the gram-negative C. rodentium
colonies can be identified as small pink colonies with a white edge
and counted to back-calculate the CFU/gram feces. Shedding was
monitored starting on day 1 after infection and was carried out
every other day until clearance or humane endpoint was reached
(20% body weight loss). Bacterial burden was cleared in ∼3 wk in
WT mice and was fatal in Rag1−/− mice. CLF treatment began at
day 1 and serine-enriched water was provided ad libitum at day 0.

Anti-IL-10r–induced colitis
C57BL/6 or Aldh1l2−/− mice were injected i.v. via tail vein with
0.5 mg/ml anti-mouse IL-10R IgG or anti-mouse IgG control

mice during transfer colitis or C. rodentium infection. (D) Intracellular serine concentration from CD4+ T cells from the draining lymph nodes of Aldh1l2−/− mice
with transfer colitis. (E) Relative abundance of transcripts of Ifng, Aldh1l1, and Aldh1l2 in in vitro differentiated IL23-Th17 cells treated with and without serine.
(F and G)WT or Aldh1l2−/− mice were used as T cell donors for transfer colitis. (F) Body weight change of transfer colitis recipients reported as percentage of
starting body weight at day 0. (G) Frequencies of IL-17A+, IFN-γ+, or IL-22+ cLP Th17 cells using flow cytometry on cells harvested at endpoint. (H and I)WT or
Aldlh1l2−/− mice were infected with C. rodentium. (H) Gut colonization curve determined from fecal shedding. (I) Frequencies of IL-17A+, IFN-γ+, or IL-22+ cLP
Th17 cells using flow cytometry on cells harvested at peak infection. (J and K)WT or Aldlh1l2−/− mice were given 0.5 mg/ml anti-IL10R antibody weekly for 4
wk. (J) Length/mass ratio of the colons. (K) Representative flow cytometry (left) and frequencies (right) of IL-17A+ or IFN-γ+ cLP Th17 cells. Data representative
of two independent experiments. (L and M) Rag1−/− mice were transferred with naive CD4+ T cells from Aldh1l2−/− mice, followed by vehicle or CLF treatment.
(L) Length/mass ratio of the colons. (M) Representative flow cytometry (left) and frequencies (right) of IL-17A+ or IFN-γ+ cLP Th17 cells. Real-time PCR and
differentiation data are from four technical replicates. Transfer colitis and infection data are each from two or more independent experiments. Statistical
significance was determined by unpaired and multiple Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. All data
reported as mean ± SEM.
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weekly over 4 wk for a total of 5 doses. WT mice were treated
intraperitoneally with CLF or vehicle control starting on day
1 after i.v. Colon length and mass were weighed and disease
severity was measured via flow cytometry of isolated colonic
lamina propria (cLP) lymphocyte cytokine production.

Rag1−/− transfer C. rodentium infection model
From a WT donor spleen, CD19+ B cells were isolated using
Miltenyi positive selection microbeads, and the flow through was
used to isolate naive CD4+ T cells via StemCell Technologiesmouse
naive CD4+ negative selection kit. Cell fractions were pooled and
transferred into Rag1−/− recipients intraperitoneally at a 1:2 donor
to recipient ratio. 3 wk following transfer, mice were orally in-
fected with C. rodentium, described above. Transfer infection mice
were stably colonized by C. rodentium and cLP lymphocytes were
isolated for flow cytometry at day 21 after infection.

T cell isolation from cLP
Cecum and colon were dissected from transfer colitis mice at
endpoint and mice at peak C. rodentium infection. The large in-
testinal tract was cleared of fecal debris with PBS, flipped inside-
out, cut into 1-cm pieces, and incubated in epithelial digest
(RPMI containing 5% FBS, 5 mM EDTA, and 145 μg/ml dithio-
threitol) at 37°C for 20 min shaking at 200 rpm. Tissue was
vortexed, washed with PBS to remove EDTA and epithelia, and
minced with scissors. Minced tissue was resuspended in enzyme
digest (RPMI containing 5% FBS, 1 mg/ml collagenase D, and
100 μg/ml DNase) at 37°C for 40min shaking at 200 rpm. Tissue
was vortexed, pushed through a 70-μm cell strainer, and re-
suspended in 40% Percoll density gradient media. Cells were
stacked onto 80% Percoll and spun at 500 × g for 25 min with no
ramp or brake. Purified lymphocytes were harvested at inter-
phase, washed, and prepared for downstream analysis.

Biopsy samples were obtained from human IBD patients with
written informed consent. The study was approved by the In-
stitutional Review Board, the Wake Forest School of Medicine,
Winston Salem, NC, USA (protocol no. IRB00084249). Approx-
imately 15 biopsy pinches from inflamed areas surrounding ileal
and colonic lesions were collected from donors undergoing
routine endoscopy procedure for Crohn’s evaluation. Tissue
pinches were digested in epithelial digest (RPMI containing 5%
FBS, 1 mM EDTA, and 1 mM dithiothreitol) shaking at 37°C for
20 min. Tissue was vortexed, washed in PBS, and split into
treatment conditions in enzyme digestion media (RPMI con-
taining 10% FBS, 0.5 mg/ml collagenase VIII [Sigma-Aldrich],
0.6 mg/ml Dispase [Sigma-Aldrich], 100 μg/ml DNase) with
1 mM CLF or vehicle control. Tissues were incubated for 18 h
overnight shaking 100 rpm at 37°C. Tissues were homogenized
through 70-μm cell strainer, and lymphocytes were isolated
through density gradient purification as described previously.
Purified lymphocytes were stimulated with 5 nM PMA and 1 μg/
ml ionomycin for 1 h followed by single-cell sorting and se-
quencing as described below for mouse Th17 cells.

Tissue preparation and H&E staining
The colon was isolated and cut open laterally to expose the in-
traepithelial membrane. It was washed vigorously with cold PBS

to free fecal debris and mucous followed by a rinse with 10%
buffered formalin. Colonic tissue was rolled on a pipette tip and
transferred to a cassette which was stored overnight in 10%
buffered formalin. Tissue was embedded in paraffin and slices of
the entire length of the colon were placed on slides and stained
with H&E stain. Representative micrographs of slides were cap-
tured on aNikon Eclipse TE300 invertedmicroscope. Quantitative
assessment of inflammation and tissue damage was completed by
a trained pathologist (see Histology scoring).

Histology scoring
The scoring of H&E-stained slides was completed by a trained
pathologist following eight criteria to assess tissue damage and
inflammation. Scoring criteria are as follows: neutrophil infil-
tration (0: none, 1: 1–50 cells, 2: 50–100 cells, 3: >100 cells);
edema (0: none, 1: mild, 2: moderate, 3: severe); goblet cell de-
pletion (0: 50+/high-power field [HPF], 1: 25–50/HPF, 2: 10–25/
HPF, 3: <10/HPF); crypt damage (0: intact, 1: basal 1/3, 2: basal 2/
3, 3: entire loss); atrophy and crypt loss (0: normal crypt, 1: mild,
2: moderate, 3: severe); epithelial regeneration (0: complete, 1:
slight injury, 2: surface not intact, 3: no tissue repair); epithelial
hyperplasia (0: none, 1: 1–50%, 2: 51–100%, 3: >100%); and ero-
sion and ulceration (0: none, 1: focal, lamina propria, 2: mus-
cularis propria, 3: full thickness). Final quantitative score of
acute inflammation and tissue damage was the totaled score of
all criteria.

Microbiome analysis
Gut microbiome profiles were examined per our previously
described methods (Clark et al., 2022; Nagpal et al., 2019; Rejeski
et al., 2022; Saccon et al., 2021). Briefly, the Earth Microbiome
Project benchmark protocol (http://www.earthmicrobiome.org)
was employed by utilizing a barcoded high-throughput se-
quencing approach as described previously (Caporaso et al.,
2012). Freshly collected fecal pellets from individual animals
were stored at −80°C immediately after collection. Genomic
DNA from 200 mg feces was obtained using the Qiagen Pow-
erFecal Pro kit per the manufacturer’s instructions. The 16S
rRNA gene (V4 hypervariable region) was PCR-amplified
(Walters et al., 2015); resulting amplicons were purified with
AMPure XP kit; purified products were quantified using the
Qubit-4 fluorimeter, and the amplicon library was generated as
per the methods described previously (Caporaso et al., 2012).
The purified PCR-amplicon product was pooled in equimolar
concentrations and sequenced on an Illumina MiSeq sequencing
platform using 2 × 300 bp sequencing kit (Miseq reagent kit v3).
Automated cluster generation and paired-end sequencing with
dual reads were performed as instructed by the manufacturer.
The sequencing quality control was executed with on-board
Miseq Control Software and Miseq Reporter. The .fastq files
were processedwith the QIIME2 (version 2.2021.2; https://qiime2.
org/) bioinformatics pipeline (Bolyen et al., 2019) in a miniconda
environment using the qiime2 EMPPairedEndSequences artifact
(Clark et al., 2022; Nagpal et al., 2021; Saccon et al., 2021). The
obtained sequences were demultiplexed based on unique barcodes
assigned to each sample. Subsequent quality filtering, adapter
trimming, denoising, and removal of non-chimeric amplicons
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were carried outwith the dada2workflow by applying the qiime2-
dada2 plugin using default parameters (Bokulich et al., 2018;
Callahan et al., 2016). Alpha-rarefaction was performed at the
lowest sequencing depth to avoid the bias of sequencing depth.
Bacterial taxonomy was assigned to the amplicon sequence var-
iants within qiime2 by implementing the Naive Bayes classifier
(silva-138-99-515-806-nb-classifier.qza) natively implemented in
dada2 and pretrained on SILVA reference database (version 138.1,
updated March 2021) trimmed to the V4 domain (bound by the
515F/806R primer pair) with 99% sequence identity threshold, as
described previously (Bokulich et al., 2018; Clark et al., 2022;
Saccon et al., 2021). The dataset was filtered to omit features an-
notated as “mitochondria” and “chloroplast.” Community richness
(α-diversity) indices included Chao1 index and Shannon index.
Community dissimilarities (β-diversity) were estimated by Bray-
Curtis dissimilarity distance within qiime2. The resultant dataset
was analyzed in two output forms: the raw abundance tables for
amplicon sequence variants and their corresponding taxonomic
assignments. The raw read counts were transformed to relative
abundances by dividing each value by the total reads per sample
and collapsed to taxonomic levels by summing their correspond-
ing relative abundance. All samples were batch-processed to
prevent any bias of variation due to DNA extraction, PCR primers/
conditions, or sequencing library prepping protocols on microbial
community composition obtained by amplicon sequencing.

All microbiome data were analyzed using the “R” statistical
software package (version 4.1.2). The β-diversity was visualized
by PCoA (principal coordinate analysis), and statistical analysis
for differential clustering of samples on the PCoA plot was
carried out by a permutational ANOVA test. α-Diversity was
compared using two-tailed unpaired t test.

In vitro T cell differentiation
For T cell differentiation, 24-well tissue culture plates were
coated with 200 ng/ml rabbit α-hamster IgG overnight at 4°C.
Spleens were homogenized through a 40-μm cell strainer and
resuspended in their appropriate differentiation conditions
(homeostatic Th17—20 ng/ml IL-6, 2.5 ng/ml TGF-β; IL23-
Th17—20 ng/ml IL-6, 20 ng/ml IL-23, 20 ng/ml IL-1β, 1 μg/ml
αIFN-γ; Treg—2.5 ng/ml TGF-β with all conditions containing
250 ng/ml αCD-3ε and 1 μg/ml αCD-28) in IMDM containing 10%
FBS, 50 μM β-mercaptoethanol, 1× antibiotics/antimycotics,
presupplemented with L-glutamine and Hepes. Coating anti-
body was washed from a 24-well plate and cells were seeded at
400,000 (Th17) or 800,000 (Treg) cells per well in 2 ml of
media. Cells were left to differentiate for 72 h (Th17) or 96 h
(Treg) at 37°C until harvested for downstream analyses.

Th17 sorting and scRNA-seq
Colons of Rorcgfp/+ recipientmice from transfer colitis or infected
mice treated with CLF or vehicle were dissected and lympho-
cytes from the lamina propria were isolated (see T cell isolation
from cLP). Cells were passed through an additional 40-μm cell
strainer following density gradient. Cells were two-way sorted
on a Beckman Coulter MoFlo Astrios EQ for GFP+ cells on a
100 μm nozzle. Post-sorts were conducted to confirm a GFP+

purity of 85–90%. Cells were sorted in media on ice until used

for scRNA-seq. All scRNA-seq procedures were performed by
the Cancer Genomics Shared Resource of the Wake Forest Bap-
tist Medical Center Comprehensive Cancer Center. Viable cells
(mean 83.4 ± 9.9%, n = 5) in suspensions averaging 995 ± 267
cell/µl were loaded into wells of a 10× Chromium single-cell
capture chip targeting a cell recovery rate of 2,000–3,000
cells. Single-cell gel beads in emulsion were created on a Chro-
mium Single Cell Controller and scRNA-seq libraries were pre-
pared using the Chromium Single Cell 39 Library and Gel Bead
kit according to the manufacturers protocol (10 × Genomics).
Sequencing libraries were loaded at 1.3 PM on an Illumina
NextSeq500 with High Output 150 cycle kit (Illumina) for
paired-end sequencing using the following read length: 26 bp
Read1, 8 bp i7 Index, 0 bp i5 Index, and 98 bp Read2.

scRNA-seq data processing
The Cell Ranger Single Cell Software Suite v.2.0.1 was used to
perform sample demultiplexing, alignment, filtering, and universal
molecular identifier counting (https://support.10xgenomics.com/
single-cell-gene-expression/software/pipelines/latest/what-is-
cell-ranger). The data for each respective subpopulation were
aggregated for direct comparison of single-cell transcriptomes.
Low-quality cells were discarded if the cell number with ex-
pressed genes was smaller than 200. Cells were also removed if
their proportions of mitochondrial gene expression were larger
than 25%. Finally, a total of 9,980 single cells from T cell
transfer–induced colitis and vehicle samples were captured.

Next, we used the Seurat toolkit (Stuart et al., 2019) to per-
form dimension reduction and cell clustering. Data were first
loaded into R as a count matrix and log-transformed using the
“NormalizeData” function. To remove batch effects, the count
matrix from two samples was integrated using the “In-
tegrateData” function, resulting in a batch-corrected expression
matrix. Subsequent principal component analysis was per-
formed based on this batch-corrected data. After principal
component analysis, the first 50 principal components are used
for uniform manifold approximation and projection (UMAP)
projection and cell clustering. Cells of the same type were
clustered together in the UMAP. Cell annotations were then
identified by the expressions of corresponding marker genes.
Differentially expressed genes (DEGs) were identified using the
“FindMarkers” function in the R package of “Seurat” (Butler
et al., 2018). DEGs were evaluated with the Bonferroni-
adjusted P value (adj. P < 0.05) and the log2-fold-change. Gene
set enrichment analysis (Mootha et al., 2003; Subramanian
et al., 2005) was used to interpret the enriched biological
terms of DEGs.

Trajectory analysis
For trajectory analysis, we used the Monocle2 (Qiu et al., 2017)
method to construct the single-cell trajectories of the Th17
population, including the effector, proliferating, and stem-like
Th17 cells. “DDRTree”was applied to reduce dimensions and the
visualization function “plot_cell_trajectory”was used to plot the
minimum spanning tree on cells. Significance of DEGs was cal-
culated with an approximate likelihood ratio test (Monocle2
differentialGeneTest() function) of the full model “∼type” cells
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against the reduced model “∼1.” 2,000 statistically significant
genes with P < 0.005 and false discovery rate < 0.05 were used
to construct the trajectory.

CUT&Tag assays
CUT&Tag (CUT&Tag-IT Kit from Active Motif) sequencing on
histone trimethylation was conducted using Rorcgfp/+ sorted cells
from the cLP of transfer colitis mice (see Th17 sorting and
scRNA-seq). Polyclonal rabbit antibodies for H3K4me3 (39159),
H3K9me3 (39765), and H3K27me3 (39155) were used (all from
active motif) to purify 300–500 bp chromatin fragments bound
by trimethylated histones in duplicates. Sample libraries were
multiplexed using Nextera i7 and i5 dual indices (Included in
CUT&Tag-IT Kit from Active Motif) and sent for Illumina next-
generation sequencing configured for 2 × 150 bp reads by Azenta
Life Sciences. FASTQ files were uploaded to BasePair, aligned
using Bowtie2 and CUT&Tag Peaks were called using MACS v2.
Peak motifs were analyzed using HOMER. The recommended
manufacturer’s instructions were followed for all steps.

Metabolite profiling
Th17 cells were differentiated in vitro (see In vitro Th17 differ-
entiation) with 0.5 μM CLF or DMSO added to differentiation
media for 72 h. 5 million cells per sample were harvested for
metabolomics analysis. For extraction of intracellular metabo-
lites, cell pellets were resuspended in 1 ml of −80°C cold 80%
MeOH, followed by incubation at −80°C for 20 min. Samples
were pelleted at 4°C for 10 min at 15,000 rpm. The supernatants
containing metabolites were harvested, while the cell pellets
were re-extracted with 200 µl ice-cold 80% MeOH, spun down
and the supernatants were combined. Metabolites were dried at
room temperature under vacuum and resuspended in water for
liquid chromatography–mass spectrometry analysis.

Samples were randomized and analyzed on a Q-Exactive Plus
hybrid quadrupole-Orbitrap mass spectrometer coupled to
Vanquish UHPLC system (Thermo Fisher Scientific). The mass
spectrometer was run in polarity switching mode (+3.00 kV/
−2.25 kV) with an m/z window ranging from 65 to 975. Mobile
phase A was 5 mM NH4AcO, pH 9.9, and mobile phase B was
acetonitrile. Metabolites were separated on a Luna 3 µm NH2

100 Å (150 × 2.0 mm) column (Phenomenex). The flow rate was
300 µl/min, and the gradient was from 15% A to 95% A in 18min,
followed by an isocratic step for 9 min and re-equilibration for
7 min. All samples were run in four biological repeats.

We detected 159 metabolites which were quantified as areas
under the curve based on retention time and accurate mass (≤5
ppm) using the TraceFinder 4.1 (Thermo Fisher Scientific)
software. The full panel of metabolites was then subjected to
median normalization, cell number normalization, and finally z
score normalization.

Flow cytometry and cytokine staining
In vitro or isolated primary cells were stimulated with 20 ng/ml
PMA, 1 μg/ml ionomycin, and 10 mg/ml brefeldin A (GolgiStop,
BD Biosciences) for 2 h at 37°C. Cells were stained with fixable
viability stain (Zombie Aqua, BioLegend). Cells were stained for
surface markers followed by intracellular cytokine staining

using listed antibodies in Table S1 with eBioscience Foxp3/
Transcription Factor Staining Buffer. Analysis by flow cytome-
try was conducted using a BD LSRFortessa X-20 cytometer and
data were analyzed using FlowJo (v10.8.1). Th17 cells were de-
fined and analyzed by gating on live, CD45+, CD3ε+, CD4+,
RORγt+ cells.

Quantitative PCR (qPCR)
mRNA extracted from cells was used for cDNA synthesis via
reverse transcriptase PCR, serving as template DNA in qPCR re-
actions. qPCR reactions were run using SYBR Green PCR Master
Mix in an Applied Biosystems 7500 Real-Time PCR System using
primers in Table S2. The ΔΔCt value was calculated and used to
analyze relative gene transcript levels normalized to the β-actin
control. All primers were run at optimal amplification efficiency
with all measurements in duplicates run in two independent
experiments.

Online supplemental material
Fig. S1 provides flow cytometry analysis of ex vivo screening
assay and shows the effect of CLF on homeostatic and anti-
infection Th17 cells. Fig. S2 contains supporting information
for scRNA-seq analysis of mouse and human Th17 subsets. Fig.
S3 includes the comparison between in vitro polarized Th17 cells
and in vivo generated inflammatory Th17 cells as well as the
impact of Aldh1l2 deficiency on in vitro differentiation of Treg
cells and disease severity of murine models. Table S1 contains
the antibodies used for flow cytometry and sorting. Table S2
contains the primers used for real-time qPCR.

Data availability
The RNA-seq and scRNA-seq data are openly available in Gene
Expression Omnibus (GEO) at GSE234594 (consisting of Sub-
Series GSE234592 [scRNA-seq] and GSE234593 [RNA-seq]).
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Figure S1. CLF preserves homeostatic and infection-induced inflammatory Th17 cells. (A) Flow cytometry gating strategy for drug-screen cytokine
analysis. (B and C) Th17 cells isolated from indicated autoimmune or infection murine models were stimulated with αCD3ε/αCD28 and IL-23 for 48 h.
(B) Representative flow cytometry dot plot. (C) Quantification of IL-17A+ Th17 cells. (D) Clinical score of mice which were immunized with MOG35-55 to induce
EAE and given CLF (n = 12) or vehicle (n = 9) every other day from day 1 after immunization. Data from two independent experiments. (E and F) Representative
image (E) and length/mass ratio (F) of the colon from CLF- or vehicle-treated mice as shown in Fig. 1 C. (G) Growth curve of C. rodentium treated with CLF (n = 3
per group). (H) Kaplan-Meier survival curve of WT and Rag1−/− mice infected with C. rodentium and treated with CLF or vehicle (n = 5 per group). (I) Flow
cytometry dot plot (left) and absolute number (right) of colonic Th17 cells from the models as shown in Fig. 1, C and D. (J) Representative flow cytometry plot of
colonic Th17 cells from mice treated with anti-IL-10R as shown in Fig. 2 A. (K) C. rodentium colonization curve in Rag1−/− mice reconstituted with lymphocytes
determined by fecal shedding. (L) α-Diversity. (M) and the composition of the microbiota in CLF-treated mice compared to vehicle control. *, P < 0.05; **,
P<0.01; ***, P < 0.001; ns, not significant; Statistical significance was determined using unpaired Student’s t test and (G) permutational ANOVA. All data
reported as mean ± SEM. CR, C. rodentium. TC, transfer colitis.
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Figure S2. Gene expression profile of mouse and human Th17 cells. (A–D) Rorcgfp/+ mice were infected with C. rodentium (CR) or used as donors for T cell
transfer–induced colitis (TC). scRNA-seq of FACS sorted Rorc-gfp+ cells from the cLP of each model treated with CLF or vehicle. (A) Heat map of signature
genes contributing to cell annotation. (B) Trajectory analysis of effector, proliferating, and stem-like memory cluster. (C) Conditional UMAP showing distri-
bution of each model and treatment. (D) Composition of each cluster from infection and transfer colitis model. (E–G) scRNA-seq was performed on mon-
onuclear cells isolated from intestinal lesions of an IBD patient. The cells were treated with CLF or vehicle ex vivo. (E and F) (E) UMAP clustering of human IBD
mononuclear cells and (F) violin plots of signature genes from each cluster. (G) Conditional UMAP showing distribution of each treatment. (H) UMAP ex-
pression plot of the distribution of RORC-expressing Th17 cells.
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Provided online are two tables. Table S1 lists the antibodies for flow cytometry. Table S2 lists the real-time qPCR primers.

Figure S3. CLF and exogenous serine inhibit in vitro differentiated pTh17 cells expressing a phenotype more like autoimmune inflammatory Th17
cells. (A) Pathway enrichment analysis of DEGs identified by scRNA-seq of FACS-sorted Rorc-gfp+ cells from the cLP of autoimmune colitis model treated with
CLF or vehicle. (B) Global heat map of bulk RNA–sequenced in vitro–differentiated IL23-Th17 cells treated with CLF or DMSO. (C) Comparison of upregulated
and downregulated DEGs between in vitro IL23-Th17 bulk RNA-seq (Fig. 4 A) and scRNA-seq from infection and autoimmune colitis model (Fig. 3). (D) Colon
length/mass ratio from serine-treated mice with transfer colitis. (E) Distribution of H3K4, H3K9 and H3K27 tri-methylation peaks. (F) Absolute number of
Aldh1l2−/− Th17 cells from cLP of mice with transfer colitis (TC) or C. rodentium (CR) infection as shown in Fig. 5, F–I. (G) Frequency of Treg cells from
in vitro–differentiated Aldh1l2−/− naive T cells. (H) Rag1−/−mice were transferred with naive CD4+ T cells from Aldh1l2−/−mice, followed by vehicle (n = 4) or CLF
treatment (n = 4). Body weight change of transfer colitis recipients reported as percentage of starting body weight at day 0. P, promoter; E, exon; I, intron; IG,
intergenic. *, P < 0.05; ns, not significant. Statistical significance determined using unpaired and multiple Student’s t test. All data reported as mean ± SEM.
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