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Regulatory T cell therapy promotes TGF-[3
and IL-6-dependent pro-inflammatory Th17
cell generation by reducing IL-2
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CD4'Foxp3* regulatory T cells are essential for maintaining immune tolerance
and preventing excessive inflammation, making them promising candidates
for treating autoimmunity and GvHD. However, the translation of regulatory T
cell therapy into clinical practice poses substantial challenges. Here, we show
that adoptive regulatory T cell therapy increases IL-6 and TGF-B-dependent
pathogenic Thl7 cell differentiation in murine models of inflammatory bowel
disease and experimental autoimmune encephalomyelitis. Regulatory T cells
increase the p-stat3/p-stat5 ratio in effector T cells by suppressing IL-2
secretion and competitively consuming IL-2, thereby promoting Thi7 cell
differentiation. Notably, IL-2 signaling deficiency not only promotes a Th17
cell-associated transcriptional program, but also enhances the pro-
inflammatory properties of Th17 cells. Strikingly, therapeutic blockade of IL-6/
STAT3 signaling pathway can reverse pathogenic Thi17 cell differentiation and
enhance the therapeutic effect of regulatory T cell therapy. Thus, our findings
could potentially advance the clinical research progress of adoptive reg-
ulatory T cell therapy.

CD4Foxp3' regulatory T (Treg) cells represent a subset of CD4" T cells  responses, resulting in autoimmune disease development. The
dedicated to negative immune regulation and immune homeostatic = mechanisms by which Tregs exert immune suppression have been
balance preservation'?. The absence or insufficient function of Treg extensively elucidated®*. Tregs release anti-inflammatory cytokines,
cells (Tregs) may over-activate the immune system and inflammatory including transforming growth factor 3 (TGF-B), IL-10, and IL-35,
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engage in competitive IL-2 consumption, and express negative reg-
ulatory surface receptors such as CTLA-4, CD39, and CD73°. These
potent immunosuppressive functions make Tregs attractive candi-
dates for treating autoimmune disorders and organ transplant rejec-
tion. More than 50 ongoing clinical trials are using Tregs to treat graft-
versus-host disease (GvHD), solid organ transplantation, and

autoimmune diseases®. These published data confirm the feasibility
and potential efficacy of adoptive Treg cell therapy.

In previous clinical trials, polyclonal Tregs were predominantly
used’, potentially carrying the risk of nonspecific immunosuppres-
sion. Patients receiving polyclonal Treg cell therapy may have an
increased risk of viral infection within the first 30 days®.

Nature Communications | (2025)16:7644


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62628-7

Fig. 1| Adoptive polyclonal Treg cell transfer promotes Th17 cell generation
in IBD. Ragl”™ mice were intravenously injected with CD45.2'CD4*CD25CD45RB"
T cells, with or without CD45.1'CD4"CD25" Tregs, and then observed for the
development of colitis. A Weight changes of Ragl”~ mice post T cell transfer.

B Representative histology images of colon sections. Scale bars, 500 pm. C Total
Immune cell numbers in the spleen, mesenteric lymph nodes (MLN) and colon
tissues of indicated mice. D Uniform manifold approximation and projection
(UMAP) plot of all immune cells colored by cell types. E Fraction of different
immune cell types in indicated mice. F UMAP plot of all T cells colored based on cell
type. G Fraction of different cell types among all T cells in the indicated mice.

H, I Flow cytometry analysis of frequencies of total CD4'IL-17* Th17 cells.

J Frequencies of CD45.1'Th17 cells (black box) and CD45.2'Th17 cells (gray box)
among total Thi17 cells in the spleen, MLN and colon tissues of the Treg cell therapy
group. K, L Flow cytometry to detect the frequencies of CD45.2°CD4°IL-17* T cells
(K) and CD45.2°CD4'RORyt" T cells (L) in CD45.2°CD4" cells. Sample sizes: (A, C, 1,
J, Kand L) n=3 mice per group. Data are representative of two independent
experiments. Statistical testing by two-way ANOVA with multiple comparisons test
(A) or unpaired two-tailed Student’s ¢ tests (C, I, J, K and L). Summary data are
presented as mean + SEM. Source data are provided as a Source Data file.

Consequently, there has been a recent shift in research focusing on
antigen-specific Tregs that can exert localized and targeted inhibi-
tory effects on only a limited number of cells. In type 1 diabetes
(TID)’, experimental autoimmune encephalomyelitis (EAE)'°, and
transplantation tolerance™?, antigen-specific Tregs have demon-
strated superior therapeutic efficacy compared with polyclonal
Tregs. In addition to the adoptive transfer of Tregs, it is possible to
directly induce Treg cell generation in vivo using low-dose IL-2°75,
Activated Tregs are more sensitive to IL-2 than other T and natural
killer (NK) cells because of the constitutive expression of high-affinity
IL-2 receptor complexes (CD25, CD122, and CD132)"*¢. Furthermore,
IL-2 negatively regulates T follicular helper (Tfh) cell development by
affecting Bcl6é expression” and suppresses the T helper 17 (Th17) cell
differentiation by inducing STATS activation®.

Interleukin-17 (IL-17)-secreting Th17 cells constitute a distinct
subset of T helper cells, with retinoic acid receptor-related orphan
receptor-yt (RORyt) as the master transcription factor of the TH17
lineage”. RORyt expression initiation and IL-17 transcription involve
crosstalk between TGFB-SMADs signaling and IL6-STAT3 signaling®.
As a pivotal component of the adaptive immune system, Thil7 cells
enhance host protection from extracellular pathogens by fortifying
epithelial barrier function. On the other hand, Thl7 cells can also
exhibit pathogenic behavior and contribute to the development of
various autoimmune and inflammatory diseases, including colitis and
multiple sclerosis (MS).

Despite the promising results achieved using adoptive transfer
and in vivo induction strategies, Treg cell therapy has certain lim-
itations. This is because the therapeutic results manifest differently
in various disease types and at distinct disease stages. In a Phase Il
clinical trial of TID (NCT02691247), the treatment group did not
exhibit significant efficacy following the administration of auto-
logous ex vivo polyclonally expanded Tregs”. In addition, adoptive
transfer of Tregs can substantially alleviate symptoms in patients
with chronic GVvHD?. However, Tregs have shown only short-term
efficacy in patients with acute GvHD*. Although Treg cell therapy can
improve the condition of an autoimmune gastritis model, a con-
siderable proportion of effector T (Teff) cells persist in the long
term?. Inducing T cell depletion before Treg cell therapy in auto-
immune diseases and GvHD may achieve better results than Treg cell
therapy alone” . These findings imply that the presence of pro-
inflammatory Teff cells (Teffs) may be a critical factor limiting the
effectiveness of Treg cell therapy.

Here, our findings suggest that adoptive Treg cell therapy pro-
motes IL-6 and TGF-B-dependent pathogenic Th17 cell accumulation
in inflammatory bowel disease (IBD) and EAE models. Specifically,
Tregs suppress IL-2 signaling in Teffs via competitive IL-2 con-
sumption and suppression of IL-2 production under inflammatory
conditions, thereby increasing the ratio of p-STAT3 to p-STATS in
Teffs. Furthermore, blocking IL-2 enhances the pro-inflammatory
features of Thl7 cells. Finally, we determined that concurrent inhi-
bition of IL-6/STAT3 signaling during adoptive Treg cell therapy
prevented pathogenic Thl7 cell generation, thereby improving the
therapeutic effect of Tregs. Our study revealed a previously unrec-
ognized adverse effect of adoptive Treg cell therapy and developed a

combination therapy strategy based on mechanistic studies, which
could potentially advance the clinical research progress of adoptive
Treg cell therapy.

Results

Adoptive polyclonal Treg cell transfer promotes Th17 cell
generation in IBD

To assess the influence of adoptive Treg cell therapy on the immune
microenvironment, we used a classic IBD model (the T cell transfer
colitis model) by transferring CD4*CD25CD45RB" Naive T cells alone
(IBD group) or in combination with CD4'CD25'Foxp3-eGFP" Tregs
(Treg group) into Ragl” mice”. Mice in the IBD group began to lose
weight at-5-6 weeks (Fig. 1A) and the infiltration of inflammatory cells
into the mucosal layer was severe (Fig. 1B), whereas the Treg group
showed no symptoms of colitis. We performed single-cell RNA
sequencing (scRNA-seq) on colonic lamina propria cells from six mice
(n=3 per group) when the body weight of the IBD group mice
decreased to 80% of their initial weight. Following quality control, we
obtained 32898 cells, including 18979 IBD-originating and 13919 Treg-
originating cells. Four major cell clusters were constructed using uni-
form manifold approximation and projection (UMAP): immune cells,
fibroblasts, endothelial cells, and epithelial cells (Supplementary
Fig. 1A-C and Supplementary Data 1). Consistent with a previous
report, immune cells in the Treg group were significantly suppressed
(Fig. 1C and Supplementary Fig. 1B)***. In our murine model, immune
cells (Ptprc* cells) were classified into seven subgroups: T cells, den-
dritic cells (DCs), macrophages, NK cells, monocytes, type 2 innate
lymphoid cells (ILC2s), and natural killer T (NKT) cells, with T cells
representing the predominant component of colonic lamina propria
lymphocytes (LPLs) (Fig. 1D and Supplementary Fig. 1D). Similarly,
Treg cell therapy significantly reduced the proportion of T cells
(Fig. 1E). Notably, IL-4-expressing ILC2s, which play a role in intestinal
homeostasis and mucosal tissue repair, were present at high propor-
tions in the Treg group®*~>2, Taken together, these data elucidated the
landscape of single-cell subgroups in an IBD model following Treg cell
therapy for IBD, providing further confirmation of the immunosup-
pressive functions of Tregs.

By analyzing the data deeply, we identified four T-cell subtypes,
including T-helper O cells (ThO cells), T-helper 1 cells (Thl cells), Th17
cells, and Tregs (Fig. 1IF and Supplementary Fig. 1E). Treg cell therapy
significantly reduced the proportion of Thl cells and significantly
increased the proportion of Tregs (Fig. 1G). The proportion of Th17
cells in the Treg cell therapy group increased significantly (Fig. 1G),
indicating that Th17 cell generation may be a side effect of Treg cell
therapy, as an increase in Th17 cells is considered a key factor driving
the development of IBD*?°*, To validate this finding, we established
an IBD model using CD45.2" naive T cells and CD45.1" Tregs and con-
ducted flow cytometry analysis of LPLs. Consistently, the frequency of
IL-17-producing Th17 cells in the colon, mesenteric lymph nodes
(MLN), and spleen was significantly higher in the Treg group than in
the IBD group (Fig. 1H, I and Supplementary Fig. 1F). Under inflam-
matory conditions, some Tregs can be transformed into IL-17- and IFN-
y-secreting pathogenic T cells and lose Foxp3 expression®. However,
Th17 cells converted from Tregs constituted only a small fraction of all
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Th17 cells, with the majority of Thl7 cells originating from Teffs
(Fig. 1)). Therefore, Th17 cell generation from Teffs rather than Tregs
constitutes the main reason for the increase in Th17 cells following
Treg cell therapy. As expected, the frequency of CD4'IL17" T cells
within CD45.2° CD4" T cells, as well as the key transcription factor for
Th17 cells, RORyt, significantly increased in the Treg group (Fig. 1K, L).
In contrast, the frequencies of CD45.2°CD4" T cells producing IFN-y

(Thl cells), IL-10 (Trl cells), and IL-4 (Th2 cells) were significantly
decreased (Supplementary Fig. 1G-L). In addition, the overall pro-
portion of Foxp3" Tregs increased, whereas CD45.2°Foxp3‘Tregs
showed no significant changes (Supplementary Fig. 1M, N). These data
indicate that in the IBD model, polyclonal Treg cell therapy suppressed
Th1 and Th2 cell responses in Teffs but selectively promoted Th17 cell
generation.
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Fig. 2 | Adoptive transfer of antigen-specific Tregs promotes Thi7 cell gen-
eration in EAE. C57BL/6 mice were subcutaneously injected with MOGss.ss peptide
emulsified in complete Freund’s adjuvant (CFA) to induce EAE, and MOG-specific
Tregs were injected intravenously into mice of the Treg cell therapy group on day 9.
A EAE clinical scores of the indicated groups. B Representative histology images of
spinal cord sections. Scale bars, 400 pm. C Total Immune cell numbers in the
spleen, DLN, brain and spinal cord tissues of indicated mice. D-1 Representative
flow cytometry plots and bar graphs showing frequencies of CD4 Foxp3® Tregs

(D, E), IL-17°CD4" Th17 cells (F, G) and IFN-y*CD4" T cells (H, I) in the spleen, DLN,
brain and spinal cord tissues of indicated mice. Sample sizes: (A) n=8 mice per
group; (C, E, G and I) n =4 mice per group. Data are pooled from two independent
experiments (A) or are representative of two independent experiments (B-I).
Statistical testing by two-way ANOVA with multiple comparisons test (A) or
unpaired two-tailed Student’s ¢ tests (C, E, G and I). Summary data are presented as
mean + SEM. Source data are provided as a Source Data file.

Adoptive transfer of antigen-specific Tregs promotes Th17 cell

generation in EAE

Compared with polyclonal Tregs, antigen-specific Tregs accumulate
in target tissues in an antigen-driven manner and exert antigen-
specific immune suppression, reducing the risk of systemic
immunosuppression’. Therefore, to verify whether adoptive antigen-
specific Treg cell therapy can increase Thl7 cell generation, we
established EAE as an experimental model of MS and treated EAE
mice with myelin oligodendrocyte glycoprotein (MOG)-specific
Tregs sorted from 2D2 TCR transgenic mice. C57BL/6 mice were
immunized with the MOGss.55 peptide in complete Freund’s adjuvant
(CFA) to induce EAE, and MOG-specific Tregs were transferred into
the mice on day 9, before the onset of symptoms (Supplementary
Fig. 2A). Treg cell-treated mice showed partial improvement in the
disease progression of EAE (Fig. 2A), with reduced inflammatory cell
infiltration into the central nervous system (CNS) (Fig. 2B). The
reduction in immune cell numbers specifically occurred in the drai-
nage lymph nodes (DLNs) and spinal cord, suggesting that systemic
immunosuppression did not occur in mice as a result of antigen-
specific Treg cell treatment (Fig. 2C). Analysis of T cells from the
spleen, DLN, spinal cord, and brain revealed that MOG-specific Treg
cell therapy increased the number of Tregs in the spinal cord and
brain (Fig. 2D, E). In the meanwhile, the frequency of Th17 cells was
significantly increased in the spinal cord and brain (Fig. 2F, G). In
addition, the frequency of Thil7 cells in the spleen and DLN also
increased (Fig. 2F, G). This is most likely because the MOG/CFA
injected during modeling expanded the number of antigen-specific
T cells in the spleen and DLN, thereby causing MOG-specific Treg cell
therapy to have a certain impact on the differentiation of Th17 cells in
these organs. In contrast, the frequency of Thl cells in the spinal cord
decreased significantly (Fig. 2H, 1), whereas the frequencies of Th2
cells, Tr1 cells, and IFN-y"CD8'T (Tc1) cells did not exhibit significant
changes (Supplementary Fig. 2B-G). Collectively, these data show
that the promotion of Thl7 cell generation by Treg cell therapy is a
common phenomenon and is not limited to the IBD model.

Adoptive Treg cell therapy-induced Th17 cells exhibit high
pathogenicity

To determine the physiological significance of Th17 cells induced by
Tregs, we integrated Th17 cells from healthy mouse LPLs using publicly
available databases (GSE173887)* and analyzed the heterogeneity of
Thi7 cells under three different conditions (healthy, IBD, and Treg
groups) (Supplementary Fig. 3A). Exploratory analysis using UMAP and
Leiden clustering of all TH17 cells identified two distinct clusters: CO
and C1 (Fig. 3A and Supplementary Data 2). After an unbiased
exploration of the available Gene Ontology (GO) terms, the C1 subset
of highly expressed genes was highly enriched in immune responses
and cell differentiation, suggesting that these cells may be active in IBD
(Fig. 3B). Based on differences in gene expression profiles and phy-
siological functions, Th17 cells can be categorized as pathogenic Th17
cells and non-pathogenic (or homeostatic) Th17 cells*. Typically, Th17
cells generated with IL-6 plus TGF-3 or with IL-6, IL-13 and IL-23 are
considered pathogenic Thl7 cells*?%. Gene set enrichment analysis
(GSEA) revealed that C1 subset is closer to pathogenic Thl7 cells
(Fig. 3C). Notably, the proportion of Th17 cells represented by the C1

cluster was lowest in the healthy group and highest in the Treg group
(Fig. 3D). Furthermore, genes associated with the homeostatic Th17
cell phenotype (Ahr, Ikzf3, and Maf) are specifically accessible in the
healthy group (Fig. 3E and Supplementary Fig. 3B), while genes asso-
ciated with pathogenic Th17 cells (Sata4, Tbx21, Satbl, Nr4a2, Bhe40,
Runxl, IL1r1, 122, Tnfsfll, Nfatcl, S100a4, and I23r) are specifically
accessible in both the IBD and Treg groups (Fig. 3E and Supplementary
Fig. 3C), with the expression of pathogenic-associated genes Nfatcl,
$100a4, and IL23r higher in the Treg group than that in the IBD group
(Supplementary Data 3)**. These data suggest that Th17 cells gen-
erated after adoptive Treg cell therapy may have pathogenic
properties.

To determine the pathogenicity of Th17 cells, we established an
IBD model using naive T-cells from IL-17-eGFP (CD45.2) mice and Tregs
from CD45.1 mice. Eight weeks later, we sorted CD45.2°CD4" Teffs
from IBD mice, sorted CD45.2°CD4'IL-17-eGFP* Th17 cells and
CD45.2°CD4’IL-17-eGFP Teffs from Treg cell-treated mice, and trans-
ferred these three cell populations into new Ragl” mice to re-establish
the IBD model (Fig. 3F). The results showed that CD45.2°CD4IL-17-
eGFP'Th17 cells sorted from the Treg cell-treated group caused more
severe weight loss in mice than the other two cell populations (Fig. 3G).
Moreover, the infiltration of inflammatory cells into the colon and the
development of colitis in mice injected with CD45.2'CD4'IL-17-
eGFP'Th17 cells were more severe than those in the other two
groups (Fig. 3H). Consistently, the frequency of Th17 cells was higher,
and the frequency of Trl cells was lower in this group (Supplementary
Fig. 3D-G). Collectively, these data demonstrate that adoptive Treg
cell therapy-induced Th17 cells are pathogenic Th17 cells.

Adoptive Treg cell therapy-induced Thi7 cell generation
requires IL-6 and TGF-p signaling in vivo

Next, we investigated the molecular mechanisms regulating Treg cell
therapy-induced Thi17 cell generation. IL-6 production by lamina pro-
pria macrophages and CD4 +T cells is higher in an IBD murine model
and in patients with IBD, leading to increased levels of IL-6 in both the
host bloodstream and intestinal tract*>*. Since IL-6 plays a crucial role
in Th17 cell generation, it is vital to identify whether Treg cell therapy-
induced Thi7 cell generation depends on IL-6 signaling. To evaluate
this notion, we established an IBD model using CD4'CD25CD45RB"
naive T cells from /léra”* and IHléra” mice, with or without
CD45.1'CD4'CD25" Tregs. To avoid feedback regulation of the immune
microenvironment after the disease occurred, we concluded the
experiment 5-6 weeks after T cell transfer, before the mice began to
lose weight. Compared to the IBD model established using /l6ra**
naive T cells, the IBD model established with ll6ra” naive T cells
showed a significant reduction in the proportion of Thl7 cells
(Fig. 4A-C). Furthermore, Treg cell treatment did not lead to a sub-
stantial increase in Th17 cells in the IBD model established with /l6ra
naive T cells (Fig. 4A-C), indicating that Treg cell therapy-induced Th17
cell generation is dependent on IL-6 signaling. Consistent with a pre-
vious report**, the absence of IL-6 signaling increased the frequency of
Tregs among CD45.2" T cells (Supplementary Fig. 4A, B). Meanwhile,
the total number of immune cells and the frequency of Thi cells
decreased in the IBD model established with /l6ra’” naive T cells
(Fig. 4D and Supplementary Fig. 4C, D). Moreover, Treg therapy
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decreased the total number of immune cells in the IBD model estab-
lished using ll6ra’ naive T cells (Fig. 4D). These results show that Treg
cell therapy-induced Thi7 cell generation is dependent on IL-6 sig-
naling in vivo.

Blocking the TGF-B signaling pathway prevents EAE and IBD
development in mice, highlighting the essential role of TGF-$ in
maintaining Th17 cell function and differentiation under pathological

conditions®**, To investigate whether Treg cell therapy-induced Th17
cell generation is dependent on TGF-f3 signaling, we established the
IBD model with CD4*CD25 CD45RB" naive T cells from TgfbrI”f ER-Cre*
mice treated with tamoxifen (Tgfbr1”) or oil (Tgfbr1™"), with or without
CD45.1'CD4"CD25" Tregs. The experiment was ended 5-6 weeks post T
cell transfer, before the mice began to lose weight. The IBD model
established with Tgfbr1” naive T cells exhibited a significant reduction
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Fig. 3 | Adoptive Treg cell therapy-induced Th17 cells exhibit high pathogeni-
city. A UMAP plot of all Thl7 cells colored by clusters. B Bubble plot showing the
top 15 GO (BP) terms (rows) for C1 upregulated gene enrichment pathways. Func-
tional enrichment analysis was performed using clusterProfiler via over-
representation analysis (ORA), which employs the hypergeometric test to calculate
enrichment p-values. The Benjamini-Hochberg method controlled the false dis-
covery rate (FDR) across all tested gene sets. C Gene set enrichment analysis (GSEA)
of pathogenic Thl7-related genes in C1, comparing CO. NES: normalized enrich-
ment score. NES were computed using a weighted enrichment statistic applied to
signal-to-noise-ranked genes. P-value for each gene set was estimated through gene
set permutation (n =1000). The BH method controlled the FDR across all tested
gene sets. D Fraction of the different clusters in the indicated groups. E Heat map

shows the average expression levels of pathogenic/non-pathogenic Thl7-related
genes (columns; Z normalized per column) in the indicated groups (rows, after
batch correction). F Experimental scheme of the IBD model to verify the patho-
genicity of Th17 cells induced by Tregs in vivo. G, H CD45.2°CD4" effector T cells
isolated from the IBD group, CD45.2* CD4°1L17(eGFP)* Thi17 cells and
CD45.2°CD4°IL17(eGFP) effector T cells isolated from the Treg cell therapy group
were transferred into Ragl’ mice and then observed for the development of colitis.
G Weight changes of RagI”~ mice post T cell transfer (n=3 mice per group);
mean * SD, two-way multiple-range ANOVA test. H Representative histology images
of colon sections. Scale bars, 500 pm. Data are representative of two independent
experiments (G, H). Source data are provided as a Source Data file.

in Th17 cell generation, and Treg cell therapy-induced Th17 cell gen-
eration was completely suppressed (Fig. 4E-G). However, loss of TGF-3
signaling reduced Treg cell differentiation among CD45.2° T cells
(Supplementary Fig. 4E), and the total frequency of Treg cells also
decreased in the IBD model established with TgfbrI” naive T cells
(Supplementary Fig. 4F). Besides, since Tregs can suppress Teff cell
activation and proliferation by producing TGF-B*, the loss of TGF-B
signaling resulted in the reduced capacity of Tregs to suppress the
total immune responses (Fig. 4H) and Thl cells (Supplementary
Fig. 4G, H). Therefore, although the loss of TGF-f3 signaling blocked the
generation of Th17 cells, it also reduced the suppression capacity of
Treg cell therapy. Taken together, these data indicate that Treg cell
therapy-induced Th17 cell generation is dependent on the TGF-f sig-
naling in vivo.

Tregs promote Th17 cell differentiation by reducing IL-2

To further investigate the mechanisms by which Tregs promote Th17
cell generation, we established an in vitro co-culture system in which
CD45.2'CD4"CD25CD62L" naive T cells were stimulated with anti-
mouse CD3 and antigen-presenting cells (APCs) in the presence or
absence of CD45.1'CD4"CD25" Tregs sorted from the spleen and LNs.
Consistent with the in vivo observations, Tregs promoted the differ-
entiation of Thl7 cells in CD45.2" T cells when the Thl7-favoring
cytokines TGF-B1 and IL-6 were simultaneously present (Fig. 5A, B). In
contrast, Thl cell differentiation in CD45.2" T cells was significantly
suppressed by Tregs (Supplementary Fig. 5A, B). Tregs did not affect
the differentiation of Th2 and Tr1 cells but suppressed Treg cell gen-
eration in the presence of TGF-B1 (Supplementary Fig. 5C-H). To fur-
ther confirm the phenotype of Treg cell-induced Thi7 cell
differentiation, we induced Tregs with TGF-$ and IL-2 in vitro, and set
up the co-culture with naive T cells and induced Treg (iTreg) cells, we
identified that iTregs induced more Th17 cellsin CD45.2" T cells as well
(Supplementary Fig. 51, ). These data indicate that Tregs promote Th17
cell differentiation in the presence of Thi7-favoring cytokines TGF-f1
and IL-6.

Tregs express high-affinity IL-2 receptors (CD25) and can suppress
Teffs by competitively consuming IL-2*. In contrast, IL-2-STATS5 sig-
naling suppresses Thl7 cell differentiation*’. Therefore, we expected
that Tregs would inhibit IL-2 signaling in effector CD4" T cells to pro-
mote Thi7 cell differentiation. Indeed, the secretion of IL-2 by Teffs
was significantly inhibited in the presence of Tregs compared to that in
the Teff group under Thi7 polarizing conditions (Fig. 5C, D). Moreover,
Tregs led to a substantial reduction in IL-2 in the culture medium under
all culture conditions compared to control conditions (Fig. 5E), indi-
cating that Treg cell-mediated competitive consumption of IL-2 plays a
vital role in reducing IL-2. To verify the function of IL-2 in Treg cell-
induced Thl17 cell differentiation, naive T cells were cultured in the
presence of exogenous IL-2 or IL-2 neutralizing antibody under Th17
polarizing conditions. Neutralizing IL-2 supported Thl7 cell differ-
entiation, and Tregs could not further promote Thi7 cell differentia-
tion in the absence of IL-2 (Fig. 5F, G). Notably, exogenous IL-2
completely reversed Treg cell-induced Th17 cell generation (Fig. 5F, G).

These findings show that Tregs promote Thi17 cell differentiation via IL-
2 secretion inhibition by Teffs and competitive IL-2 consumption.

Tregs promote Thl7 cell differentiation by elevating the
p-STAT3/p-STATS ratio in Teffs
IL-2 activates STATS5 by inducing STAT5 phosphorylation (p-STATS5),
which interferes with the ability of p-STAT3 to bind to the IL-17 gene
locus, thereby inhibiting the transcription of IL-17'%*". Therefore, we
assessed the levels of p-STAT3 and p-STATS in Teffs using a co-culture
system. We found that the presence of Tregs significantly decreased
the levels of p-STATS in Teffs compared to those in the control group
(Fig. 6A, B). When T cells were cultured with exogenous IL-2, Treg cell-
mediated suppression of p-STATS5 was reversed (Fig. 6A, B). Notably,
under Th17 polarizing conditions, Tregs also slightly reduced the level
of p-STAT3 in Teffs (Fig. 6C and Supplementary Fig. 6A). However,
Tregs significantly increased the ratio of p-STAT3 to p-STATS under
Th17 polarizing conditions (Fig. 6D). Because p-STAT3 and p-STAT5
share the same binding sites on the /[I7a promoter, an increase in the
p-STAT3/p-STATS ratio results in increased IL-17 transcription level.
To further confirm that IL-2 inhibition can elevate the p-STAT3/p-
STATS ratio in Thl7 polarizing conditions, we cultured naive T cells
with anti-CD3 and anti-CD28 antibodies, with or without TGF-§, IL-6,
and anti-IL-2 antibody. Consistent with the results obtained from the
co-culture system, the addition of anti-IL-2 antibody reduced the
expression of both p-STATS and p-STAT3 in T cells (Fig. 6E and Sup-
plementary Fig. 6B, C) but increased the ratio of p-STAT3 to p-STAT5
(Fig. 6E, F). Moreover, intracellular flow cytometry data showed a
substantial increase in the p-STAT3/p-STATS5 ratio in the presence of IL-
2 (Fig. 6G, H), accompanied by increased Th17 cell differentiation and
decreased Treg cell differentiation (Supplementary Fig. 6D-G). Taken
together, these findings indicate that Tregs promote Thi7 differ-
entiation in Teffs via an IL-2 inhibition-mediated increase in p-STAT3/p-
STATS ratio.

IL-2 deficiency increases Th17 cell pro-inflammatory features

In vivo data from the IBD model demonstrated that adoptive Treg cell-
induced Th17 cells are pathogenic (Fig. 3), prompting us to investigate
whether IL-2 deficiency increases the pathogenicity of Thl7 cells.
Accordingly, we performed RNA sequencing on Thi7 cells induced by
TGF-B1+IL-6 and anti-IL2 + TGF-p1 + IL-6. A total of 1846 differentially
expressed (DE) genes were identified between anti-IL-2 + TGF-B1+IL-6
induced Thi7 cells and TGF-B1+IL-6 induced Thi7 cells (Fig. 7A and
Supplementary Data 4). The Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway analysis of the upregulated genes in anti-IL-
2+TGF-B1+IL-6 induced Thil7 cells revealed a strong correlation
between the deficiency of IL-2 and Th17 cell differentiation (Fig. 7B).
Moreover, the deficiency of IL-2 in Th17 cell culture condition sig-
nificantly upregulated the genes and pathways related to IBD (Fig. 7B).
Compared to TGF-B1 +IL-6 induced Th17 cells, anti-IL-2 + TGF-B1 +IL-6
induced Th17 cells exhibited a high expression of genes associated
with chronic inflammatory diseases, such as /23r*%*°, Bhlhe40>°,
$100a4”', and Cd24a>* (Fig. 7C). Furthermore, the expression of Rbpj,
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Nfatcl, Tnfsfll, Caspl, and Cxcré, which have been identified as part of
the pro-inflammatory module within pathogenic Th17 cells®®***"**, was
significantly upregulated in anti-IL-2 + TGF-B1 + IL-6 induced Th17 cells
(Fig. 7C). In contrast, Foxp3, a key transcription factor in Tregs, and
Gpr83, a surface marker that plays a key role in the suppression of
Tregs®*, were notably inhibited (Fig. 7C). Although we did not observe a
decrease in /10 expression at the transcriptional level, a significant

reduction of IL-10 at the protein level was identified in anti-IL-2 + TGF-
B1+IL-6 induced Thi17 cells by flow cytometry (Supplementary Fig. 7A,
B). These findings show that the deficiency of IL-2 may potentially
enhance the pro-inflammatory function of Th17 cells.

To further verify the effect of IL-2 deficiency on the function of
Th17 cells, we cultured naive T cells isolated from OT-Il TCR transgenic
mice under the indicated conditions for three days, adoptively
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Fig. 4 | Adoptive Treg cell therapy-induced Th17 cell generation requires IL-6
and TGF-B signaling in vivo. A-D Ragl’ mice were injected with
CD45.2*CD4*CD25CD45RB" T cells isolated from /l6ra*’* or ll6ra’ mice, with or
without CD45.1'CD4"CD25" Tregs from CD45.1 mice. The experiment was ended 5-6
weeks post T cell transfer, before the mice started losing weight (n =3 mice per
group). A-C Representative flow cytometry plots and bar graphs showing fre-
quencies of CD45.2'CD4'IL-17" Th17 cells (A, B), and CD45.2* CD4'RORyt" T cells (C)
in spleen, MLN and colon tissues of indicated mice. D Total immune cell numbers in
the spleen, MLN and colon tissues of the indicated mice. E-H Ragl’ mice were
injected with CD45.2°CD4*CD25CD45RB" T cells isolated from Tgfbr1”f ER-Cre*

mice treated with tamoxifen (Tgfbrl”) or oil (Tgfbr1™), with or without
CD45.1'CD4'CD25" Tregs from CD45.1 mice. The experiment was ended 5-6 weeks
post T cell transfer, before the mice started to lose weight (n =4 mice per group).
E-G Representative flow cytometry plots and bar graphs showing frequencies of
CD45.2°CD4'IL-17* Thi17 cells (E, F), and CD45.2°CD4'RORyt" T cells (G) in spleen,
MLN and colon tissues of indicated mice. H Total Immune cell numbers in the
spleen, MLN and colon tissues of indicated mice. Data are representative of two
independent experiments. ns, not significant, one-way ANOVA with Tukey’s post
hoc test. Summary data are presented as mean + SEM. Source data are provided as a
Source Data file.

transferred the cells into C57BL/6 mice, and established an acute
pulmonary inflammation model with the OVA3;,3.339 peptide by intra-
tracheal instillation®® (Supplementary Fig. 7C, D). Compared with TGF-
B1+IL-6-induced Thi7 cells, anti-IL-2 + TGF-B1 + IL-6 induced Th17 cells
recruited more CDI11b’Ly6G" neutrophils in both bronchoalveolar
lavage fluid (BALF) and the lungs (Fig. 7D-F), indicating that these Th17
cells induced more severe acute pulmonary inflammation. Further-
more, we also observed an increased infiltration of macrophages,
which is considered one of the driving factors of lung inflammation®,
in the lungs of mice transferred with anti-IL-2 + TGF-B1 + IL-6 induced
Th17 cells (Fig. 7G, H). Thus, these data prove that the deficiency of IL-2
increases the pro-inflammatory features of Thi7 cells. Taken together,
the IL-2 deficiency caused by adoptive Treg cell therapy can not only
promote the differentiation of Th17 cells but also enhance the patho-
genicity of Th17 cells.

Improving adoptive Treg cell therapy efficacy by reversing
pathogenic Th17 cell generation via blocking IL-6/

STATS3 signaling pathway

Next, we investigated strategies to reverse Treg cell-induced genera-
tion of pathogenic Thi7 cells in vivo to improve the efficacy of adop-
tive Treg cell therapy. We have revealed that Treg cell-mediated IL-
2 suppression results in the generation and pathogenicity of Thi7 cells,
and the generation of these Th17 cells is dependent on TGF-f and IL-6
signaling. On the one hand, the suppression and consumption of IL-2
by Tregs is an important mechanism for Tregs to suppress immune
responses’®. On the other hand, TGF-B is a key immunosuppressive
cytokine that can suppress inflammation and induce immune
tolerance®”’. Our data also showed that TGF-f deficiency led to an
increase in pro-inflammatory Teffs, especially Thl cells, in the IBD
model (Supplementary Fig. 4G, H). IL-6 is a proinflammatory cytokine
that plays an important role in autoimmunity®. Therefore, targeting
the IL-6/STAT3 signaling pathway is an ideal strategy for developing a
combination treatment to reverse Thl7 cell differentiation and
enhance the efficacy of Treg cell therapy. To determine the feasibility
of the combination treatment, we established an IBD model using
naive T cells from /l6ra”* and lléra’” mice, with or without CD45.1"
Tregs. As expected, mice injected with ll6ra”* T cells developed severe
colitis, whereas mice injected with /léra” T cells did not develop
obvious colitis (Supplementary Fig. 8A, B). In addition, mice injected
with lléra” T cells together with Tregs did not develop colitis, and the
generation of Thl7 cells was completely inhibited (Supplementary
Fig. 8C). Moreover, more Tregs were generated in mice transferred
with /léra” T cells together with Tregs, and the total immune cells and
Thl cells were significantly suppressed in these mice compared to
those in the other groups (Supplementary Fig. 8D-F). These data show
that the combination of adoptive Treg cell therapy and IL-6 deficiency
is a promising strategy to reverse Th17 cell differentiation and enhance
the efficacy of Treg cell therapy.

To develop a physiological therapeutic strategy, we used an IL-6
neutralizing antibody together with Tregs for a combination therapy
study in the IBD model (Fig. 8A). Consistent with the findings in the
IBD model set up with /léra”* and li6ra” T cells, colitis development
in both the anti-IL6 antibody treatment group and the Treg cell

therapy group was significantly suppressed compared to that in the
control group (Fig. 8B, C). Moreover, the combination therapy of
Tregs and anti-IL-6 antibody not only suppressed IBD development
but also inhibited Th17 cell generation (Fig. 8B-E). Thl and total
immune cells were significantly suppressed in the combination
therapy group (Fig. 8F, G). In addition, the frequency of Tregs sig-
nificantly increased in the combination therapy group, which was
due to the differentiation of Tregs in the CD45.2" T cell population
(Fig. 8H and Supplementary Fig. 8G, H). However, both the anti-IL6
antibody treatment group and Treg cell therapy group were used
ideal experimental settings; they had very well therapeutic effects
even when used alone, resulting in no further pathological
improvement in the combination therapy group. To address this
limitation, we optimized the therapeutic regimen by utilizing an
increased number of naive T cells for disease modeling and by
administering a low dose of IL-6 neutralizing antibody and a low
number of Tregs. Notably, treatment with a low dose of IL-6 neu-
tralizing antibody (Low anti-IL-6) delayed the onset of IBD without
achieving complete disease prevention (Fig. 8I, J). Similarly, treat-
ment with a low number of Tregs (Low Treg) exhibited progressively
attenuated efficacy over time, with limited control over pathological
progression (Fig. 8l, J). In contrast, the combination therapy group
demonstrated markedly improved therapeutic outcomes (Fig. 8l, J),
accompanied by significant reductions in the frequencies of both
Th17 and Thl cells (Fig. 8K, L and Supplementary Fig. 8l, J). Therefore,
the combination therapy with Tregs and anti-IL-6 antibody can
improve the efficiency of IBD treatment by reversing Treg cell-
induced Th17 generation and increasing Treg cell generation.

To further determine the effectiveness of the combined therapy
with antigen-specific Tregs and IL-6 signaling blockade, we established
an EAE model. Because antibodies cannot effectively cross the blood-
brain barrier, we used Stattic*’, a specific inhibitor of STAT3, to block
the IL-6/STAT3 signaling pathway. Naive T cells were cultured in vitro
to verify the ability of Stattic to inhibit Th17 cell differentiation (Sup-
plementary Fig. 9A, B). Next, we established the EAE model and treated
the mice with or without MOG-specific Tregs on day 9, then treated the
mice with or without Stattic every other day from day 11 (Fig. 9A).
Consistent with our earlier findings, the adoptive transfer of MOG-
specific Tregs had an inhibitory effect on the pathogenesis of EAE
(Fig. 9B, C). However, treatment with Stattic alone was not effective in
suppressing EAE progression (Fig. 9B, C), although it did suppress the
generation of Th17 cells in the spleen and brain (Fig. 9D, E and Sup-
plementary Fig. 9C, D). Despite this, the combination treatment with
Stattic and MOG-specific Tregs exhibited a notable synergistic effect in
suppressing EAE and had no marked impact on systemic immunity
(Fig. 9B-G), indicating that blocking the IL-6/STAT3 signaling pathway
can indeed enhance the efficacy of adoptive Treg cell therapy. More-
over, Stattic treatment not only reversed the generation of Th17 cells
induced by Treg cell therapy (Fig. 9D, E and Supplementary Fig. 9C, D)
but also reduced the frequency of Thl cells in the CNS (Fig. 9H, I and
Supplementary Fig. 9E, F). Besides, Stattic treatment resulted in an
increase in the number of Tregs in the CNS and DLN of EAE mice
(Fig. 9J, K and Supplementary Fig. 9G, H). Taken together, these data
indicate that blocking IL-6/STAT3 signaling can improve the efficacy of
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Fig. 5 | Tregs promote Thi7 cell differentiation by reducing IL-2. Naive CD4"

T cells isolated from C57BL/6 mice were stimulated with anti-CD3 and antigen-
presenting cells (APCs) in the presence or absence of Tregs (1:1 ratio), and cultured
in indicated polarization conditions. A, B Representative flow cytometry plots and a
bar graph showing frequencies of CD4'IL-17* Th17 cells among T cells cultured for
three days. C, D Representative flow cytometry plots and a bar graph showing
frequencies of IL2°CD4" T cells among T cells cultured for 24 h. E Amount of IL-2 in

the culture supernatant was detected using enzyme-linked immunosorbent assay
(ELISA) after 24 h of culture. F, G Representative flow cytometry plots and a bar
graph showing frequencies of CD4°IL-17* Th17 cells among T cells cultured in the
indicated polarization conditions for three days. Data are pooled from three bio-
logical replicates. Summary data are presented as mean + SEM. *p < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001, ns, not significant, unpaired two-tailed Student’s ¢ tests.
Source data are provided as a Source Data file.
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adoptive Treg cell therapy by reversing the generation of Thl7 cells
and inducing stronger immune tolerance.

Discussion

Several preclinical investigations and clinical trials have demonstrated
that adoptive Tregs represent a promising and attractive treatment
strategy for treating autoimmune disorders and GvHD>®. Current

perspectives acknowledge that one of the obstacles in Treg therapy is
their plasticity’**>*". Whether used for treating GvHD or autoimmune
diseases, Tregs are exposed to inflammatory microenvironments,
which may lead to the generation of Tregs with pro-inflammatory
phenotypes or the polarization of Teffs from the conversion of Tregs.
However, some studies have suggested that the expression of plasti-
city and transcription factors may enable Tregs to track and suppress
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Fig. 6 | Tregs promote Thi7 cell differentiation by elevating the p-STAT3/p-
STATS ratio in Teffs. A-D Naive CD4" T cells isolated from C57BL/6 mice were
stimulated with anti-CD3 and APCs in the presence or absence of Tregs (1:1 ratio),
and cultured in the indicated polarization conditions. Representative flow cyto-
metry plots and bar graphs showing frequencies of p-STAT5'CD4" T cells (A, B) and
p-STAT3'CD4" T cells (C) in T cells cultured for 24 hours. D Bar graph showing the
ratio of p-STAT3'CD4"cells to p-STAT5'CD4 cells. E-H Naive CD4" T cells isolated
from C57BL/6 mice were cultured with anti-CD3 and anti-CD28 in the indicated
polarization conditions. E Immunoblotting of STATS, p-STATS, STAT3, and
p-STAT3 in T cells cultured for 24 h. F Density values of the Immunoblot were

measured using Image J, and the ratio of p-STAT3 to p-STATS5 was calculated. The
samples derive from the same experiment, and the blots were processed in parallel.
G Representative flow cytometry plots showing frequencies of p-STAT5'CD4*

T cells after 24 h culture. H Bar graph showing the ratio of p-STAT3'CD4" T cells to
p-STAT5'CD4" T cells after 24 h culture. Data are pooled from three biological
replicates. Data were analyzed by unpaired two-tailed Student’s ¢ tests (B, C and D)
or one-way ANOVA with Tukey’s post hoc test (F and H). Summary data are pre-
sented as mean + SEM, ns, not significant. Source data are provided as a Source
Data file.

inflammation mediated by Thl and Th17 cells®*®. In this study, we
discovered that adoptive Treg cell therapy specifically induced Th17
cell generation in both IBD and EAE models. Moreover, we identified
that the majority of these adoptive Treg cell therapy-induced Thi7
cells were derived from Teffs. Only a small proportion of Thl7 cells
were generated from the conversion of Tregs.

IL-17-producing Thi17 cells play a crucial role in the pathogenesis
of autoimmune diseases, including IBD, rheumatoid arthritis, asthma,
MS, and psoriasis®. Our investigation indicated that adoptive Treg cell
therapy-induced Thi17 cells exhibit a more pathogenic transcriptional
profile and can trigger severe intestinal inflammation in an IBD model.
Tregs are necessary for the early initiation of Thl7 cells in vivo®. In
vitro, Tregs can promote Thi17 cell differentiation by producing TGF-3
in the presence of LPS-stimulated DCs®. These investigations are in
line with our observation that the presence of Tregs under Thil7-
polarizing conditions (TGF-B1+IL-6) resulted in an increased differ-
entiation of Thi7 cells from Teffs. Treg cell-mediated Th17 cell gen-
eration occurs during acute infection in vivo, and these Th17 cells are
important for controlling the infection®®. However, in chronic inflam-
matory responses, Tregs are believed to exert inhibitory effects on the
differentiation of Th17 cells®®. However, our data showed that in the
chronic inflammatory microenvironment of IBD and EAE, the adoptive
transfer of Tregs induces pathogenic Th17 cell generation, and these
Th17 cells can persist at the inflammatory site for a long time. Other
researchers have shown similar phenomena of Th17 cell generation in
adoptive Treg cell therapy studies using an IBD model®*°. However,
these studies have not focused on this crucial phenotype. Moreover, in
aclinical trial involving the adoptive transfer of Tregs for the treatment
of systemic lupus erythematosus (SLE), patients experienced a con-
current increase in Thl7 cells within the local inflamed sit after
12 weeks of receiving 1x108 Treg cell infusions’. In another clinical
trial, some patients with amyotrophic lateral sclerosis (ALS) who
received Treg cell therapy exhibited elevated levels of IL-17F, a pro-
inflammatory cytokine secreted by Thl7 cells, in their peripheral
blood”. Therefore, it is likely that adoptive Treg cell therapy in patients
may also drive the differentiation of pathogenic Thi7 cells in auto-
immune contexts, which could chronically persist and accumulate at
inflammatory sites. However, due to the limited availability of clinical
data, further experimental and clinical investigations are required to
confirm these observations. Moreover, whether adoptive Treg cell
therapy can induce Thi7 cell generation in different autoimmune dis-
eases may also be related to the microenvironment of organs or
tissues.

Although IL-21 can somewhat replace IL-6 and synergistically
drive Th17 differentiation together with TGF-B’%, IL-6 plus TGF-f are
still considered to be essential for the maintenance of Th17 in both
uninflamed and inflamed intestine*>”, Our experiments further vali-
date this perspective as T cells lacking IL-6 and TGF-$ signaling
exhibit a dramatic reduction in Th17 cell numbers and cannot induce
colitis development effectively. Meanwhile, the reverse of adoptive
Treg cell therapy-induced Th17 cell differentiation in the absence of
IL-6 signaling or TGF-f signaling proves that the generation of these
Thi7 cells is also dependent on IL-6 and TGF-$3 signaling in vivo. In
contrast, Tregs express high levels of high-affinity IL-2 trimers, and

their binding affinity for IL-2 is approximately 1000 times stronger
than that of IL-2 receptor heterodimers expressed on Teffs™.
Therefore, the ability of Tregs to capture IL-2 is considered a crucial
mechanism for suppressing immune responses, as the deficiency of
IL-2 leads to the death of Teffs”>’°. Moreover, the absence of IL-2
reduces STATS activation, thereby reducing its inhibition of the IL-6/
STAT3 signaling pathway®, leading to increased Th17 cell differ-
entiation. Tregs modulate the balance between p-STATS and
p-STAT3 in Teffs by inhibiting IL-2, thereby promoting Thl7 cell
differentiation®*®, which is consistent with our findings. Further-
more, we demonstrated that under Th17-polarizing conditions, Tregs
could directly inhibit the production of IL-2 in Teffs. This observation
may partially explain why Tregs still upregulate the p-STAT3/p-STAT5
ratio under Thil7-polarizing conditions in the presence of an IL-2
neutralizing antibody. IL-2 induces the binding of STATS to the reg-
ulatory element CNS2 of Foxp3 and promotes the expression of
Foxp3 to maintain Treg cell function”. We discovered that IL-2
deficiency leads to the downregulation of immune regulatory genes,
including Foxp3 and Gpr83, and the upregulation of pathogen-related
genes, such as /[23r, S100a4, Tnfsf11, and Bhlhe40, thereby enhancing
the pro-inflammatory properties of Thl7 cells. Collectively, these
results show that adoptive Treg cell therapy-mediated IL-2 inhibition
leads to increased differentiation and enhanced pathogenicity of
Th17 cells in autoimmunity.

Based on phenotypic and mechanistic studies, we investigated a
combination therapeutic strategy to improve the efficacy of Tregs by
inhibiting pathogenic Thl7 cell generation. As we mentioned earlier,
TGF-f signaling negatively regulates the immune response by inhibit-
ing the proliferation and function of Teffs and antigen-presenting
cells’®. Therefore, we believe that targeting TGF-B is not an ideal
strategy for developing combination therapy. Consistently, we found
that although Ragl” mice transferred with Tgfbrl” T cells failed to
generate Th17 cells, the differentiation of Thl cells and the accumu-
lation of Teffs in the colon of these mice could not be controlled by
Treg cell therapy. In contrast, although IL-2 can suppress Thl7 cell
differentiation and support Treg cell expansion, it can also promote
Teff cell activation, survival, and proliferation. Owing to the pleiotropic
nature of IL-2, precise dosage control is crucial during clinical admin-
istration. Low-dose IL-2 therapy enhances the function of Tregs in
patients with T1D and GvHD. In adition, it is also associated with an
increase in the numbers of NK cells and CD8" T cells’*®. Therefore,
there is a potential risk of activating immune cells with pro-
inflammatory potential even with low-dose IL-2 therapy. Based on
these considerations, we combined the adoptive transfer of Tregs with
the blockade of the IL-6/STAT3 signaling pathway to develop a com-
bination therapeutic strategy. Our data demonstrate that this combi-
nation therapy can effectively inhibit the generation of Treg cell-
induced Thil7 cells without compromising their function. Moreover,
the combination therapeutic strategy increased the generation of
Tregs and further suppressed the generation of Thi cells and the
infiltration of total immune cells.

In summary, we determined that adoptive Treg cell
therapy leads to an increased differentiation of pathogenic Th17 cells
in autoimmune disorders. Mechanistically, adoptive Treg cell
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therapy-mediated IL-2 inhibition led to increased differentiation and
enhanced pathogenicity of Thl7 cells in autoimmunity. This pre-
viously overlooked side effect may explain the suboptimal outcomes
observed in clinical trials. By blocking this unemphasized side effect,
the efficacy of adoptive Treg cell therapy can be improved, which is
expected to promote translational research of adoptive Treg cell

therapy.

Methods
Mice

The mice used in this study had a C57BL/6 background and were
housed in a specific pathogen-free animal facility at Sichuan Uni-
versity. C57BL/6 (Cat#000664), Ragl’” (Cat#002216), 2D2 TCR-
transgenic (Cat#006912), CD45.1 (Cat#002014), IL-17-eGFP (Cat#018
472), Foxp3-eGFP (Cat#006772), ER-Cre (Cat#007001), Tgfbr1™
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Fig. 7| IL-2 deficiency increases Th17 cell pro-inflammatory features. A-C Naive
CD4' T cells isolated from C57BL/6 mice were cultured with anti-CD3 and anti-CD28
in ithe ndicated polarization conditions for three days. A Volcano plot showing
differentially expressed genes (DEGs) of Anti-IL-2 + TGF-$ + IL-6 compared to TGF-
B+IL-6 (p<0.05 and fold change > 1.5). Differential expression analysis was per-
formed using DESeq2. P-values were calculated with the Wald test, and the BH
method controlled the FDR. B Bubble plot showing the KEGG terms (rows) of the
upregulated gene enrichment pathways in the Anti-IL-2 + TGF-$ + IL-6 group (also
refer to Supplementary Data 4). Functional enrichment analysis was performed
using clusterProfiler via over-representation analysis (ORA), which employs the
hypergeometric test to calculate enrichment p-values. The BH method controlled
the FDR across all tested gene sets. C Heat map showing the expression levels of

pathogenic/non-pathogenic Thl7-related genes (rows; Z normalized per row) that
are differentially expressed in T cells cultured in the indicated conditions (col-
umns). D-H Naive CD4" T cells isolated from OT-II TCR transgenic mice were
cultured with anti-CD3 and anti-CD28 in the indicated polarization conditions for
three days, and were then adoptively transferred into C57BL/6 mice to establish an
acute pulmonary inflammation model. D-F Representative flow cytometry plots
(D) and bar graphs (E, F) showing frequencies of CD11b'Ly6G" neutrophils in BALF
and lung tissues. G, H Representative flow cytometry plots (G) and bar graph (H)
showing frequencies of F4/80* Macrophage in lung tissue. Sample sizes: (E, F and H)
n=3 mice per group. Data are representative of two independent experiments.
Summary data are presented as mean + SEM, one-way ANOVA with Tukey’s post hoc
test. Source data are provided as a Source Data file.

(Cat#028701) and OT-II TCR-transgenic mice (Cat#004194) were all
obtained from Jackson Lab. Tgfbri”® (Cat#NM-CKO-200142) and
li6ra’ (Cat#NM-K0-18042) mice were obtained from Shanghai Model
Organisms. All mice used in this study were on a C57BL/6 back-
ground. All animal studies were performed in accordance with the
guidelines of the Animal Care and Use Committee of West China
Hospital, Sichuan University and were approved by the Animal Care
and Use Committee of West China Hospital, Sichuan University
(2021736 A, 20211212 A).

T cell-transfer colitis

RagI” mice, aged 6-12 weeks, were intravenously injected with 4 x 10°
CD4'CD25CD45RB" T cells sorted from C57BL/6 mice, Tgfbr1” ER-Cre*
mice (oil-treated or tamoxifen-treated), /l6ra”* mice, or ll6ra” mice
alone or together with 1x10° CD45.1'CD4"CD25" Tregs isolated from
CD45.1 mice. For some experiments, CD45.1'CD4'CD25CD45RB"
T cells and CD4'CD25'Foxp3 (eGFP)" Tregs were used to establish the
IBD model. For the IL-6 neutralization experiment, anti-IL6 antibody
(300 pg/mouse, MP5-20F3, Bio X Cell) or rat IgGl isotype control
antibody (300 pg/mouse, HRPN, Bio X Cell) was injected intraper-
itoneally every three days. In the low-dose combination therapy
experiment involving Tregs and anti-IL-6 antibody, Ragl”™ mice were
intravenously injected with 6 x 10° CD4"CD25 CD45RB" T cells alone or
together with 0.5 x 10° Tregs, followed by intraperitoneal administra-
tion of anti-IL6 antibody (100 pg/mouse) or rat IgGl isotype control
antibody (100 pg/mouse) every four days. Body weights were mea-
sured every 3-4 days. The colon, spleen, and MLN tissues were col-
lected at the end of the experiment for histopathological and
immunological analyses.

EAE

Eight-week-old male C57BL/6 mice were utilized for establishing the
EAE model. Briefly, MOGss.s5 peptide (200 ug; QYAOBIO, #163913-87-9)
was emulsified in complete Freund’s adjuvant (Difco, # 263910) con-
taining 300 pg of inactivated Mycobacterium tuberculosis H37Ra (Difco,
#231141), followed by subcutaneous injection in mice. On the day of
immunization and two days later, pertussis toxin (Absin, # 70323-44-3)
was intraperitoneally administered at 200 ng per mouse. MOG-specific
Tregs (3 x 10° cells/mouse) sorted from 2D2 TCR-transgenic mice were
injected intravenously into EAE mice on day 9. Stattic (5 mg/kg weight;
sellcek, #S7024) was injected intraperitoneally into EAE mice every
other day from dayll. EAE scores were as follows: 0, no disease; 1, limp
tail; 2, limp tail and hind limb weakness; 3, hind limb paralysis; 4,
forelimb and hind limb paralysis; and 5, moribund or dead. After the
experiment, the spleen, DLN, brain, and spinal cord tissues were col-
lected for histopathological and immunological analyses.

Cell cultures

Cells were cultured at 37 °C, 5% CO, in complete Dulbecco’s Modified
Eagle’s Medium - high glucose (cDMEM), which was DMEM (Gibco,
#11960044) supplemented with 10% fetal bovine serum (Gibco,
#10099141 C), 50 uM B-mercaptoethanol (Sigma, #516732), 100 U/mL

Penicillin-Streptomycin (Gibco, #15140122), 10 mM HEPES buffer
solution(Gibco, #15630080), 1xnonessential amino acids (Gibco,
#15630080), 1mM pyruvic acid (Gibco, #11360070), and 2mM
L-glutamine (Gibco, #25030081). Naive CD4" T cells and CD45.1" Tregs
were isolated from C57BL/6 and CD45.1 + mice, respectively, using a
magnetic cell sorting kit (Miltenyi Biotec, #130-106-643). For in vitro
co-culture of T cells, naive T cells were cultured in 48-well plates at a
density of 2x10° cells per well and were stimulated with APCs (1:5),
with or without CD45.1" Tregs (11 ratio), recombinant mouse IL-6
(50 ng/ml; R&D systems, #406-ML), recombinant human TGF-f1 (2 ng/
mL; PeproTech, #100-21C), recombinant human IL-2 (10 ng/mL;
PeproTech, #200-02), and anti-mouse IL-2 antibody (50 pg/mL; Bio X
Cell, #BE0O042). For T cell culture in vitro, naive T cells were cultured at
0.2 x10° cells per well in 48-well plates, with plate-bound anti-mouse
CD3 (1.5 pg/mL; Bio X Cell, #BE0001) and soluble anti-mouse CD28
(1.5 pg/mL; Bio X Cell, #BE0015), with or without recombinant mouse
IL-6 (50 ng/mL), recombinant human TGF- B1 (2 ng/mL), recombinant
human IL-2 (10 ng/mL), and anti-mouse IL-2 antibody (50 pg/mL). Cells
were collected for flow cytometry analysis 24 h or three days later.

Acute lung inflammation model

Naive CD4" OVA-specific T cells were isolated from the spleen and
peripheral lymph nodes of OT-1I TCR transgenic mice using a magnetic
sorting kit (Miltenyi Biotec). Cells cultured at a density of 0.4 x 10° cells
per well on 24-well plates with plate-bound anti-CD3 (1.5 ug/mL) and
soluble anti-CD28 (1.5 ug/mL), with or without TGF-1 (2 ng/mL), IL-6
(50 ng/mL) and anti-IL-2 antibody, at 37 °C, 5% CO, for three days.
Cultured OVA-specific T cells (1x10° cells/mouse) were transferred
into the recipient mice, followed by intratracheal instillation of OVAz;3.
330 peptide (25 pg/mouse; QYAOBIO, # 92915-79-2)%. After the mice
were euthanized, their lungs and bronchoalveolar BALF were collected
for further analysis.

Cell isolation from colon and CNS

To isolate single cells from the colon, the colon was washed and cut
into 5mm pieces, then shaken in ¢cDMEM containing 5mM EDTA
(Solarbio, #E1170) and 1mM DTT (Thermo, #R0862) for 20 min at
37 °C. Tissues were then transferred to PBS containing 5 mM EDTA and
shaken vigorously by hand for 45 s. The wash step was repeated three
times to completely remove the intraepithelial lymphocytes. The
remaining tissue was minced and digested in PBS containing 0.2 mg/
mL Liberase TL (Roche, #05401020001) and 0.2mg/mL DNase |
(Aladdin, #D106200) and shaken continuously at 200 rpm, 37 °C for
20 min. The digested tissue was mashed and filtered through a 70 pm
cell strainer to obtain LPLs.

For single-cell isolation from the brain and spinal cord, tissues
were cut into small pieces and digested with 4 mg/mL collagenase IV
(Worthington Biochem, # LS004188) and 1 mg/mL DNase I at 37 °C for
30-40 min. The digested tissues were then mashed and filtered
through a 70 pm mesh to remove impurities, and finally, single-nucleus
cells were separated using a 30%/70% Percoll gradient (GE Healthcare,
#17089109).
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Enzyme-linked immunosorbent assay (ELISA)

IL-2 in the cell culture supernatants was detected using the Mouse IL-2
ELISA MAX kit (BioLegend, #431004), according to the manufacturer’s
instructions. Briefly, capture antibodies (1:200) were added to the
plate and incubated at 2-8°C overnight. After sealing the plate,
the samples were incubated at room temperature for 2 h, and the

detection antibody (1:200) was added and incubated for 1h. Subse-
quently, avidin-HRP (1:1000) was added, and the substrate was added
after 30 min. Finally, the absorbance values were measured using an
ELISA Reader. The cytokine concentration in the sample was calculated
using a standard curve.
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Fig. 8 | Improving the efficacy of adoptive Treg cell therapy by blocking IL-6/
STAT3 signaling in the IBD model. A-H Ragl’ mice were injected with 4 x 10°
CD45.2*CD4*CD25CD45RB" T cells isolated from C57BL/6 mice, with or without
1x10° CD45.1'CD4'CD25" Tregs from CD45.1 mice and anti-IL-6 neutralizing anti-
body (300 pg/mouse every three days), and then observed for the development of
colitis (n =4 mice per group). A Experimental scheme of the combination therapy
of the IBD model. B Weight changes of Ragl” mice post T cell transfer.

C Representative histology images of colon sections. Scale bars, 500 pm.

D-F Representative flow cytometry plots and bar graphs showing frequencies of
CD45.2°CD4'IL-17* Th17 cells (D, E), and CD45.2°CD4"IFN-y*" Thl cells (F) in the
spleen, MLN and colon tissues of indicated mice. G A bar graph showing total
Immune cell numbers in the spleen, MLN and colon tissues of the indicated mice.

H A bar graph showing frequencies of total CD4'Foxp3* Tregs in the spleen, MLN
and colon tissues of indicated mice. I-L Ragl” mice were injected with 6 x 10°
CD45.2'CD4"CD25CD45RB" T cells isolated from C57BL/6 mice, with or without
0.5 x10° CD45.1'CD4"CD25" Tregs from CD45.1 mice and anti-IL-6 neutralizing
antibody (100 pg/mouse every four days), and then observed for the development
of colitis (n = 4 mice per group). I Weight changes of Ragl” mice post T cell transfer.
J Representative histology images of colon sections. Scale bars, 250 pm. (K and L)
Representative flow cytometry plots and a bar graph showing frequencies of
CD45.2°CD4'IL-17* Thl7 cells. Data were analyzed by two-way multiple-range
ANOVA test (B, I), one-way ANOVA with Tukey’s post hoc test (E-H and L). Data are
representative of two independent experiments. Summary data are presented as
mean = SEM, ns, not significant. Source data are provided as a Source Data file.

Droplet-based scRNA-seq

Single cells were captured via the GemCode Single Cell Platform
using the GemCode Gel Bead, Chip and 3-end Library Kits (10X
Genomics), according to the manufacturer’s protocol. Briefly, the
intestinal cells were loaded at a density of 30,000 cells/channel. All
cells were loaded at 8000 cells per channel. The cells were then
partitioned into GemCode instruments in which individual cells were
lysed and mixed with beads carrying unique barcodes in individual
oil droplets. The products were then subjected to reverse tran-
scription, emulsion breaking, cDNA amplification, and sample index
attachment. Libraries were paired-end (150 + 150 bp) and sequenced
using a NovaSeq (lllumina).

scRNA-seq data processing

Initial processing and estimation of gene expression were performed
using a cell ranger count (version 7.1.0) with the refdata-gex-mm10-
2020-A reference from 10X Genomics for alignment. The unique
molecular identifier (UMI) count matrix was converted into Seurat
objects using the R package Seurat (version 4.3.0) in R (version 4.2.2).
Cells with more than two or without tags were excluded. After further
removing low-quality cells with more than 20% of UMIs mapped to
mitochondrial genes, we obtained 32898 cells (18979 cells from the
IBD group, 13919 cells from the Treg therapy group). The filtered gene
expression matrix was normalized using Seurat’s NormalizeData
function, and 2000 highly variable genes were identified per dataset
using Seurat’s FindVariableFeatures function. After scaling the nor-
malized data, highly variable genes were selected for principal com-
ponent analysis (PCA). The first 15 principal components (PCs) were
used for Uniform Manifold Approximation and Projection (UMAP) for
visualization and graph-based clustering with a resolution of 1.0. Using
normalized expression values, marker genes for each cluster were
inferred using the Wilcoxon rank-sum test, as implemented in the
FindAllMarkers function of Seurat. Immune cell clusters were used as a
subset for downstream analysis based on the identified marker genes.
Subsequently, we reran the PCA and used the first 15 PCs for UMAP and
clustering. Marker genes for new clusters were identified using the
FindAlIMarkers function.

Single-cell sequencing (scRNA-seq) data from the wild-type
mouse gut were obtained from the GSE173887 dataset of the Gene
Expression Omnibus (GEO) database. The analysis process and
clustering method were consistent with a previous description,
defining the subsets with high expression of the Cd4, Rorc, and Il17a
genes as Thi7 cells, and integrating them with Th17 cells. The batch
effects were corrected using the Harmony R package (version 1.2.0).
Differentially expressed genes (DEGs) in different clusters were cal-
culated using the FindAlIMarkers function (default parameters), and
the gene ontology (GO) pathways were enriched and analyzed using
the clusterProfiler package (version 4.7.2) and the org.Mm.eg.db
package (version 3.16.0). The normalized matrix was extracted for
GSEA analysis, which was conducted using the GSEA software (ver-
sion 4.3.2), and it was also exported to GraphPad Prism 9 for variance
analysis. The heatmaps were generated using the pheatmap package

(version 1.0.12) and the ClusterGVis Package (version 0.0.6). Data
cleaning was performed using the dplyr package (version 1.0.2), and
the ggplot2 package (version 3.3.3) was employed for the typical
adjustment of figures.

RNA-Seq data analyses

RNA-Seq experiments were performed using total RNAs from T cells.
Raw sequencing data were filtered using Trimmomatic (version 0.36);
low-quality reads were discarded, and reads contaminated with
adapter sequences were trimmed. Clean data were mapped to the
reference genome of mml0 using the STAR software (version 2.5.3a)
with default parameters. The reads mapped to the exon regions of
each gene were counted using featureCounts (Subread-1.5.1; Bio-
conductor). DESeq2 (version 1.30.1) was used to determine the DEGs
using the criteria of false discovery rate (FDR) < 0.05 (the p-value
adjusted by the Benjamini-Hochberg method), log2(fc) > 0.58. KEGG
pathways were obtained by enrichment analysis of the differentially
expressed genes using the clusterProfiler package (version 4.7.2) and
the org.Mm.eg.db package (version 3.16.0). The heatmaps were gen-
erated using the pheatmap package (version 1.0.12). Data cleaning was
performed using the dplyr package (version 1.0.2), and the ggplot2
package (version 3.3.3) was employed for the typical adjustment of
figures.

Flow cytometry

The Zombie Yellow Fixable Viability Kit (BioLegend, #423104) was
used to label the dead cells. For cell surface staining, appropriate
fluorescent-conjugated antibodies were incubated with cells at 4 °C for
15-20 min. For intracellular cytokine staining, the cells were restimu-
lated with PMA (5 ng/mL; Sigma, #P8139) and ionomycin (1 ug/mL; BD
Biosciences, #554722) in the presence of GolgiPlug (1:1000 dilution;
BD Biosciences, #555029) for 4 h. The cells were fixed and permeabi-
lized for 20 min using a fixation/permeabilization solution kit (BD
Biosciences, #554722) before intracellular staining. For transcription
factor staining, the cells were fixed and permeabilized for 1 h using the
Foxp3 / Transcription Factor Staining Buffer Set (Thermo, #00-5523-
00) before intracellular staining. The following antibodies were used:
PerCP-Cy5.5-conjugated anti-CD4 (RM4-5, #45-0042-82), FITC-
conjugated anti-CD8x (53-6.7, #11-0081-85), FITC-conjugated anti-
CD8[3 (H35-17.2, #11-0083-85), FITC-conjugated anti-CD45.1 (A20, #11-
0453-85), APC-eFluor 780-conjugated anti-CD45.2 (104, #47-0454-82),
PE-Cy7-conjugated anti-IL-17 (eBiol7B7, #25-7177-82), PE-conjugated
anti-IL-4 (11B11, #12-7041-82), APC-conjugated anti-IL-10 (JES5-16E3,
#12-7101-82), eFluor 450-conjugated anti-IFNy (XMGL.2, #48-7311-82),
APC-eFluor 780-conjugated anti-TCRp (H57-597, #47-5961-82), eFluor
450-conjugated anti-Foxp3 (FJK-16s, #48-5773-82), PE-conjugated anti-
T-bet (4B10, #12-5825-82), APC-conjugated anti-RORyt (B2D, #17-6981-
82), FITC-conjugated anti-CD11b (M1/70, #12-0112-83), and PerCP-
CyS5.5-conjugated anti-F4/80 (BMS, #45-4801-82) were all from Thermo
Fisher Scientific; APC-conjugated anti-Ly6G (1A8, #5310796) was from
BD Pharmingen. Data were collected on a BD LSR Fortessa or Beckman
CYTOFLEX S and analyzed using FlowJo 10.6.2 software.
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Immunoblot analysis

T cells were washed twice with PBS after cell culture, resuspended in
cell lysis buffer (50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM ethylenediaminete-
traacetic acid (EDTA), and 1 x protease inhibitor), and lysed on ice for
30 min. Proteins were separated using sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) gel electrophoresis and transferred onto

polyvinylidene difluoride (PVDF) membranes (Merck Millipore,
#IPVHOO0005). The PVDF membrane was blocked in a 5% bovine serum
albumin (BSA) solution to prevent nonspecific binding, followed by
three washes with TBST. The membranes were then incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies.
Detection was performed using an ECL chemiluminescence substrate
(Yeasen, #36208ES60). The primary antibodies used included anti-B-Actin
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Fig. 9 | Improving the efficacy of adoptive antigen-specific Treg cell therapy by
blocking IL-6/STAT3 signaling in the EAE model. C57BL/6 mice were sub-
cutaneously injected with MOGss.ss peptide emulsified in CFA to induce EAE, with
or without MOG-specific Tregs and Stattic treatment, and then observed for the
development of EAE. A Experimental scheme of the combination therapy of the EAE
model. B EAE clinical scores of indicated groups (n =8 mice per group).

C Representative histology images of spinal cord sections. Scale bars, 500 pm.

D, E Representative flow cytometry plots and a bar graph showing frequencies of
CD4'IL-17* Th17 cells in the brain and spinal cord tissues of the indicated mice.

F, G Bar graphs showing total Immune cell numbers in the spleen, DLN, spinal cord

and brain tissues of the indicated mice. H-K Representative flow cytometry plots
and bar graphs showing frequencies of CD4'IFN-y* Thl cells (H, I) and CD4" Foxp3*
Tregs (J and K) in the brain and spinal cord tissues of indicated mice. Sample sizes:
(B) n =8 mice per group; (E-G, I and K) n = 4 mice per group. Data were analyzed by
unpaired two-tailed Student’s ¢ tests (B and I) or one-way ANOVA with Tukey’s post
hoc test (E-G and K). Data are representative of two independent experiments
(C-K) or are pooled from two independent experiments (B). Summary data are
presented as mean + SEM, ns, not significant. Source data are provided as a Source
Data file.

(13E5), anti-STATS (D206Y, #94205), anti-p-STATS5 (Tyr694, #9351), anti-
STAT3 (124H6, #9319), and anti-p-STAT3 (Tyr705, #9145). Horseradish
peroxidase-conjugated anti-mouse (#7076) and anti-rabbit (#7074) sec-
ondary antibodies were used. All antibodies were purchased from Cell
Signaling Technology.

Statistics and reproducibility

For animal experiments, mice were randomly assigned to different
groups, with at least two independent experiments performed. For cell
culture experiments, each group was assayed in at least three biolo-
gical replicates. No statistical methods were used to predetermine
sample sizes. Instead, sample sizes were preselected based on stan-
dard practices described in the literature for the stated experiments,
with clear specifications provided for each experimental set. Statistical
analyses were performed using GraphPad Prism (version 8.4.1). The
results are presented as mean +SD or mean = SEM. Unless otherwise
specified, comparisons between two groups were performed using
unpaired two-tailed Student’s ¢ tests, and comparisons between more
than two groups were performed using one-way ANOVA (with Tukey’s
multiple-comparison post-tests). Results with p < 0.05 were con-
sidered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq and RNA-seq data generated in this study have been
deposited in the National Genomics Data Center database under
accession code CRA018819. The scRNA-seq data from the wild-type
mouse used in this study are publicly available in the Gene Expression
Omnibus database under accession code GSE173887. Source data are
provided in this paper.
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