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Epithelial cell-derived cytokine
TSLP activates regulatory T cells
by enhancing fatty acid uptake
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Epithelial cells control a variety of immune cells by secreting cytokines to maintain tissue homeostasis
on mucosal surfaces. Regulatory T (Treg) cells are essential forimmune homeostasis and for
preventing tissue inflammation; however, the precise molecular mechanisms by which epithelial
cell-derived cytokines function on Treg cells in the epithelial tissues are not well understood. Here,

we show that peripheral Treg cells preferentially respond to thymic stromal lymphoprotein (TSLP).
Although TSLP does not affect thymic Treg differentiation, TSLP receptor-deficient induced Treg

cells derived from naive CD4* T cells are less activated in an adoptive transfer model of colitis.
Mechanistically, TSLP activates induced Treg cells partially through mTORC1 activation and fatty acid
uptake. Thus, TSLP modulates the activation status of induced Treg through the enhanced uptake of
fatty acids to maintain homeostasis in the large intestine.

Intestinal epithelial cells are essential in maintaining tissue homeostasis and work as barriers against non-self-
antigens such as food antigens and gut microbiome!. In addition to the physical barrier function, epithelial
cells influence immune cell function. The intestinal environment is easily changed by diet, stress, and infection;
therefore, mucosal immune cells must adapt to the altered intestinal microenvironment?. To help immune
cells adapt to environmental changes, epithelial cells produce several cytokines, including interleukin (IL)-25,
IL-33, and thymic stromal lymphoprotein (TSLP)"% Although these epithelial cell-derived cytokines are highly
related to type 2 inflammation? recent studies have revealed the crucial roles of these cytokines in other types
of immune responses®.

Regulatory T (Treg) cells are an indispensable lymphocyte subset for immune homeostasis®. It has been
reported that epithelial cell-derived cytokines have roles in the function of Treg cells, especially at the mucosal
surfaces®'°. However, the precise mechanisms by which epithelial cell-derived cytokines affect Treg differentia-
tion and function remain unclear. For example, a recent study showed that keratinocytes in Mi-2-deficient mice
produce TSLP, supporting Treg cells to acquire immunosuppressive function in the skin'?. Others reported that
robust TSLP production in keratinocytes by MC903 (Vitamin D3 analog) topical treatment primes dendritic
cells (DCs) to acquire tolerogenic phenotype and let naive CD4* T cells differentiate into Treg cells, and this
process is independent of TSLP receptor (TSLPR) expression on Treg cells'®. Both reports have demonstrated
that TSLP functions as a factor that favors Treg differentiation and function. Still, one study claimed the direct
effect of TSLP on Treg cells'?, and another reported the indirect impact and denied the direct effect of TSLP on
Treg cell differentiation’?.

We assessed the expression of receptors for epithelial cell-derived cytokines in the colonic Treg cells and
focused on the function of TSLP in in vitro-induced Treg cells. We also assessed the effect of TSLP on the dif-
ferentiation and activation of Treg cells. Finally, we analyzed the mechanisms by which TSLP enhances the
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activation of in vitro-induced Treg cells to understand the physiological significance of TSLP in the homeostasis
of the large intestine.

Results

Treg cells express functional TSLP receptors in colonic lamina propria. To determine the roles
of epithelial cell-derived cytokines such as IL-25, IL-33, and TSLP in colonic Treg cells, we first analyzed the
receptors for these cytokines on Treg cells in mesenteric lymph nodes and colonic lamina propria under the
steady-state and inflammatory conditions. Treg cells expressing IL-17Rb, a component of IL-25 receptor, were
almost absent in both mesenteric lymph nodes and colonic lamina propria (Fig. 1A). Although the percentage of
IL-17Rb-expressing Treg cells was slightly elevated in mice treated with dextran sulfate sodium (DSS) water to
induce colitis (DSS-induced colitis), the rate was only approximately 2% (Fig. 1A). As previously reported®, ST2-
expressing Treg cells were present in colonic lamina propria; however, the percentage of ST2-expressing Treg
cells was not significantly elevated when mice developed colitis (Fig. 1B). On the other hand, the levels of TSLPR
(encoded by Crlf2), a component of TSLP receptor, on Treg cells and T conventional cells in colonic lamina pro-
pria were significantly elevated by DSS water treatment (Fig. 1C). Also, colonic epithelial cells expressed higher
levels of TSLP when mice were given DSS water (Fig. 1D). These results suggest the roles of TSLP on Treg cells
during colonic inflammation.

The functional TSLP receptor is composed of TSLPR and CD127 (also known as IL-7Ra), and numerous
studies have shown that Treg cells do not express CD127'%"', Consistent with previous reports, most of Treg cells
in the thymus were negative for CD127 (Fig. 1E). However, the majority of Treg cells in colonic lamina propria
expressed CD127 (Fig. 1E). Intriguingly, almost all Helios-negative Treg cells, presumably peripheral Treg cells®,
were positive for CD127 (Fig. 1E). Next, we sought to determine whether TSLP receptors expressed on Treg cells
are functional. Treg cells harvested from colonic lamina propria (Supplementary Fig. 1) were stimulated with or
without TSLP for 15 min, and the phosphorylation level of STATS5, a known downstream signaling molecule of
the TSLP receptor in conventional T cells?**! (Supplementary Fig. 2), was determined by flow cytometry. STAT5
was phosphorylated by TSLP stimulation in both Helios-negative and -positive Treg cells. Notably, Helios-
negative Treg cells preferentially responded to TSLP stimulation (Fig. 1F). Together, these results support the
idea that TSLP directly modulates Treg cell function and/or differentiation.

TSLP is not essential for Treg cell differentiation. Next, we analyzed the differentiation of Treg cells
in T cell-specific TSLPR-deficient mice (CD4“*TSLPR) to address whether TSLP affects the differentiation of
Treg cells. Consistent with the data obtained from systemic TSLPR-deficient mice (TSLPR™~ mice)***, the com-
position of double negative cells, double positive cells, CD4 single positive cells, and CD8 single positive cells was
not altered in CD4“*TSLPR" mice (Fig. 2A). The percentages of Treg cells in the thymus, spleen, and colonic
lamina propria were comparable between CD4“*TSLPRf mice and littermate TSLPRf mice (Fig. 2B). Helios
expression in Treg cells was also analyzed since the functional TSLP receptors were mainly expressed on Helios-
negative Treg cells (Fig. 1E). Still, Helios expression in colonic lamina propria Treg cells was not affected by the
absence of TSLPR (Fig. 2C). We next analyzed RORyt expression in Treg cells as RORyt expression is a char-
acteristic feature of colonic peripheral Treg cells?. Because activated STAT5 downregulates RORyt expression
in T helper 17 cells®*, we expected RORyt expression to be upregulated in colonic Treg cells of CD4<*TSLPR
mice. However, contrary to our expectations, colonic lamina propria Treg cells in CD4““TSLPR? mice displayed
almost the same level of RORyt expression as Treg cells in control TSLPR mice (Fig. 2C and Supplementary
Fig. 3A).

We also generated Foxp3 ™ “*TSLPRY mice in which only Treg cells lose TSLPR expression. Consistent with
the findings of CD4“°*TSLPRY mice, there were no differences in the percentage of Treg cells in the thymus,
spleen, or colonic lamina propria between Foxp3Y™*-C*TSLPR"f mice and littermate control Foxp3¥™-CrTSLPR"*
mice (Fig. 2D). Helios and RORyt expression in Treg cells in colonic lamina propria were also comparable
between Foxp3Y™“*TSLPR? mice and Foxp3Y**¢**TSLPR"* mice (Fig. 2E and Supplementary Fig. 3B), suggest-
ing that TSLPR deletion after Treg cell commitment does not affect Treg cell phenotype under the steady-state
conditions. These results suggest that the lack of TSLPR does not influence the characteristics of Treg cells in
lymphoid tissues and large intestines under steady-state conditions.

TSLP enhances Treg cell activation both in vivo and in vitro. TSLPR was preferentially expressed
on peripheral Treg cells (Fig. 1F), and the differentiation of Treg cells in Foxp3Y™C*TSLPRf mice under steady-
state conditions was intact; we next investigated the role of TSLPR on peripheral Treg cells under inflammatory
conditions. To assess this in the large intestine in a competitive setting, we co-transferred congenically marked
naive CD4" T cells (CD4*YFP~ CD45Rb"" cells) from Foxp3Y**-¢¢ mice (CD45.1) and Foxp3Y**-¢*TSLPRY mice
(CD45.2) into RAG2™~ mice to see the differentiation and activation of Treg cells (Fig. 3A). Using this model,
we confirmed the enhanced expression of TSLP in the epithelial cells (Supplementary Fig. 4A) and the increased
TSLPR expression on Treg cells (Supplementary Fig. 4B). The mice subjected to this experiment lost body weight
over time and showed severe diarrhea, suggesting that these mice developed colitis (Fig. 3B). Consistent with the
previously-reported in vitro data®, the frequency of Treg cells was higher in cells from Foxp3Y**¢*TSLPRY mice
than in cells from control Foxp3¥-¢* mice (Fig. 3C). To clarify the mechanism underlying the increased Treg
cell population in cells from Foxp3Y**CTSLPR mice, a similar experiment using CD4°*TSLPR" mice was
performed (Supplementary Fig. 4C). Interestingly, there was a significant decrease in cells from CD4*TSLPRY
mice, suggesting an essential role of TSLP in T cell homeostatic expansion (Supplementary Fig. 4D). On the
other hand, the percentage of Treg cells in each genotype was not altered (Supplementary Fig. 4D). These results
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Figure 1. Functional TSLP receptor is expressed on Treg cells in mesenteric lymph nodes and colonic lamina
propria. (A-C) The expression of receptors for epithelial cell-derived cytokines on wild-type (WT) CD4* T

cells in mesenteric lymph nodes (LN) and colonic lamina propria (LP) of mice given 2.5% dextran sodium
sulfate (DSS) or normal water. Left, representative flow cytometry plot. Right, cumulative data expressed as
mean + SEM, n=6-7 from at least 2 independent experiments. (A) IL-17Rb, (B) ST2, and (C) TSLPR were
assessed. Cells from CD4*TSLPR mice (KO) were negative controls in (C). *P <0.05, **P<0.01 as determined
by unpaired t-test. NS: not significant. (D) The expression of TSLP in the colon of mice given 2.5% DSS or
normal water. TSLP was expressed in white and DAPI in blue. Bars indicate 100 um. Shown are representative
of 2 independent experiments. (E) The expression of CD127 on Treg cells in the thymus and colonic LP.
Representative histogram of CD127 (left, gated on Foxp3* T cells) and CD127 vs. Helios (right, gated on Foxp3*
cells) and the cumulative data are presented. (F) Phosphorylation of STAT5 upon TSLP stimulation. Left,
representative plots of phospho-STATS5 vs. Helios of Treg cells. Right, cumulative data, n=3 from 3 independent
experiments. *P <0.05 as determined by paired t-test.

suggest that TSLP signaling during homeostatic expansion is probably related to the cell proliferation/mainte-
nance of T cells but not to Treg differentiation.
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Figure 2. Treg cell differentiation in CD4*TSLPRf and Foxp3Y™-¢*TSLPR" mice. (A) Thymocyte development in TSLPR"!
and CD4°“TSLPR" mice. Left, representative plots of CD4 vs. CD$. Right, cumulative data of CD4 CD8" (double negative,
DN), CD4*CD8" (double positive, DP), CD4*CD8~ (CD4 single positive, CD4SP), and CD4 CD8" (CD8 single positive,
CDB8SP). Data are expressed as mean = SEM. n=6 from 2 independent experiments. (B) Treg cell abundance in thymus,
spleen, and colonic lamina propria (LP) of TSLPR? and CD4°*TSLPR mice. Left, representative FACS plots of Treg cells
(gated on CD4" T cells). Right, cumulative data expressed as mean + SEM. n=6 from 3 independent experiments. (C)
Transcription factor expression in colonic LP Treg cells. Upper, representative plots of RORyt vs. Helios (gated on Foxp3*
cells). Lower, cumulative data expressed as mean +SEM. n="7 from 3 independent experiments. (D) Foxp3 expression in
CD4* T cells in Foxp3"™C*TSLPR*" and Foxp3¥™*C*TSLPR" mice in thymus, spleen, and colonic LP. Representative FACS
plot of Treg cells (gated on CD4" T cells) and their cumulative data are shown. n=9 from 3 independent experiments. (E)
Transcription factor expression in colonic LP Treg cells. Upper, representative plots of RORyt vs. Helios (gated on Foxp3*
CD4* cells). Lower, cumulative data expressed as mean + SEM. n=7-11 from 3 independent experiments.
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Figure 3. TSLP signaling enhances activation marker expression during experimental colitis in a competitive
setting. (A-G) Adoptive transfer model of colitis. n=7 from 2 independent experiments. (A) The same number
of congenically marked naive CD4" T cells of Foxp3Y**-“* mice and Foxp3Y™“*TSLPRY mice were injected into
RAG27~ mice. (B) Bodyweight changes of the mice. (C) Representative FACS plots of Foxp3 vs. CD45.1 (gated
on CD4" T cells) in colonic LP, mLN, and spleen and cumulative data of CD4* T cells expressing Foxp3. (D)
CD44 expression on Treg cells in colonic LP, mLN, and spleen. Representative histograms of CD44 expression
(gated on Treg cells) and their cumulative data. (E) CD44 expression on non-Treg cells in colonic LP, mLN, and
spleen. Representative histograms of CD44 expression (gated on non-Treg cells) and their cumulative data. (F)
Cell size (forward scatter [FSC]) of Treg cells of Foxp3Y™-“* mice and Foxp3Y™*“*TSLPRY' mice in the adoptive
transfer model of colitis. (G) Cell size (FSC) of non-Treg cells of Foxp3Y™¢* mice and Foxp3¥"CrTSLPR"
mice in the adoptive transfer model of colitis. *P <0.05, and **P <0.01 as determined by paired t-test.
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We also examined the activation status of transferred T cells of Foxp3Y*<*TSLPRY mice. The expression of
CD44, an activation marker, was significantly lower in Treg cells derived from Foxp3Y™*¢TSLPRf mice than
those from Foxp3Y™Cr mice in mesenteric lymph nodes (Fig. 3D). In contrast, there was no remarkable differ-
ence in the expression of CD44 among conventional T cells (Fig. 3E). Because activated lymphocytes generally
increase in size”’, we examined the size of Treg cells in an adoptive transfer model of colitis. Intriguingly, the
cell size of TSLPR-deficient Treg cells was smaller than TSLPR-sufficient Treg cells (Fig. 3F), whereas the cell
size of conventional T cells was not altered (Fig. 3G). These results suggest that TSLP mediates cell size control
and activation in Treg cells.

To further address this issue, naive CD4* T cells were cultured under iTreg conditions in the presence or
absence of TSLP for 3 days, and cell proliferation and cell size were analyzed. Consistent with the results of the
adoptive transfer model of colitis, in vitro-induced Treg cells cultured with TSLP proliferated less efficiently
and increased in size than control in vitro-induced Treg cells (Fig. 4A,B). In contrast, there was no difference
in cell size of non-Treg cells (YFP~ cells) in the presence or absence of TSLP in the same culture well (Fig. 4A).
To exclude the possibility that the disadvantage in cell proliferation in in vitro-induced Treg cells cultured with
TSLP is just due to the induction of cell death, apoptosis was measured by Annexin-V staining. In vitro-induced
Treg cells cultured with TSLP showed a comparable Annexin-V positive population to control in vitro-induced
Treg cells (Fig. 4C).

To determine whether Treg activation by TSLP occurs independently of cell division, CTV-labeled Treg cells
were cultured with or without TSLP, and the activation markers were examined for each cell division by flow
cytometry. Interestingly, CD44 expression was elevated in the presence of TSLP even in Treg cells that did not
undergo cell division (Fig. 4D). These results suggest that TSLP promotes Treg cell activation independent of
cell proliferation.

TSLP stimulation leads Treg cells to increase in size through the activation of mTORC1. It
has been shown that TSLP signaling leads to STAT5 phosphorylation?*?!. STATS is critical for cell proliferation;
however, our data suggested that TSLP may negatively control cell proliferation. Thus, we speculated that TSLP
stimulates signaling pathways other than JAK-STAT pathways. To assess this point, we performed a whole-
transcriptome analysis. Treg cells were cultured for 3 h in the presence or absence of TSLP and subjected to
RNA-seq analyses. The expression of several genes was altered by TSLP stimulation (Fig. 5A). As expected,
KEGG-pathway analysis showed that the JAK-STAT signaling pathway was enriched in TSLP-stimulated Treg
cells. In addition, mTOR signaling pathway was enriched, although the p value did not reach the statistical sig-
nificance (p=0.11) (Fig. 5B).

It has been shown that cell size but not cell proliferation is controlled by mTORCI signaling®. Thus, we
hypothesized that TSLP-mediated modification of Treg function is regulated by mTORCI activation. To con-
firm TSLP-mediated mTORC activation, cells from mesenteric lymph nodes were stimulated in the presence
or absence of TSLP for 5 min, and the level of phospho-S6, a well-known downstream target of mMTORC1, was
analyzed by flow cytometry. Consistent with previous reports®**, Treg cells displayed a higher S6 phosphoryla-
tion level than conventional T cells (Fig. 5C). Importantly, TSLP induced S6 phosphorylation in Treg cells but
not in conventional T cells (Fig. 5C). These results suggest that TSLP increases the size of Treg cells through the
activation of mMTORCI pathways.

TSLP enhances fatty acid uptake to maintain the activated phenotype in Treg cells. Recent
studies have revealed that Treg cells preferentially utilize fatty acids rather than glucose® and that fatty acid
oxidation (FAO) is an essential metabolic process to acquire Treg cell suppressive function®-*>. Considering
that TSLP induced the activation of mMTTORCI pathways and mTORCI1 is an important regulator of cell metabo-
lism, we hypothesized that TSLP changes the metabolic status of Treg cells. First, we analyzed fatty acid uptake
because some fatty acid transporter-related genes (e.g., Cd36 and Fabp5) were upregulated by TSLP stimulation
(Fig. 5D,E and Supplementary Fig. 5). Naive CD4* T cells were cultured under iTreg conditions in the presence
or absence of TSLP for 3 days, and then cells were pulsed with 1 pM bodipy FL C16 (palmitic acid) for 1 h. We
found that the uptake of fluorescent-labeled palmitic acid was significantly elevated in TSLP-stimulated in vitro-
induced Treg cells compared to that in control in vitro-induced Treg cells (Fig. 5F).

Next, we cultured in vitro-induced Treg cells in a medium supplemented with charcoal-stripped fetal bovine
serum instead of regular bovine serum. Since charcoal dextran treatment efficiently removes fatty acids, this
experiment allowed us to assess the role of fatty acids in TSLP-mediated cell growth and Treg activation. We
found that upon TSLP stimulation, the size of in vitro-induced Treg cells was increased in the regular medium but
not in the medium with charcoal-stripped FBS (Fig. 5G). We next analyzed the expression of CD44 on in vitro-
induced Treg cells in the fatty acid-reduced conditions. We found that TSLP treatment significantly increased the
expression of CD44 in the regular medium but not in the medium with charcoal-stripped FBS (Fig. 5H). These
results suggest that TSLP-stimulated in vitro-induced Treg cells are more dependent on fatty acids.

Discussion

In this study, we uncover the previously unknown roles of TSLP in regulating Treg cell function. We found that
the majority of colonic peripheral Treg cells expressed functional TSLP receptors. The loss of TSLPR on T cells or
Treg cells did not affect Treg cell differentiation, but TSLPR-deficient Treg cells decreased in size and expressed
lower activation markers in an adoptive transfer model of colitis. Mechanistically, TSLP signaling increased cell
size and enhanced fatty acid uptake in Treg cells. This cell metabolic status change might be beneficial in a fatty
acid-rich environment such as the large intestine.
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from 2 independent experiments. (A) Cell size determined by FSC of PBS- or TSLP-treated CD4" T cells.

(B) Left, representative histograms of CTV dilution. Right, cumulative data. (C) Apoptosis analysis. In vitro-
induced Treg cells were stained with Annexin-V and 7-AAD. Left, representative FACS plots (gated on Treg
cells). Right, cumulative data. n=3 from 2 independent experiments. (D) Treg cell activation independent of
cell proliferation. CTV-labeled cells cultured in the presence or absence of TSLP. Gated were the cells which
did not proliferate and analyzed for the expression of CD44. n=5 from 2 independent experiments. *P <0.05 as
determined by unpaired t-test.

There is accumulating evidence suggesting Treg cells are fit to adapt to tissues where they are located. This
event seems to be regulated by cells comprised of the tissues, such as epithelial cells and stromal cells*. As both
epithelial cells and Treg cells maintain tissue homeostasis, it is plausible that these cells closely communicate
with each other. Although it has been reported that IL-33 secreted from epithelial cells and immune cells is
important for Treg cell-mediated immune responses in the tissues>>?’, the role of TSLP in Treg cell function
and differentiation is controversial. There are several reports showing TSLP promotes Treg cell differentiation
and proliferation during tissue inflammation and infection'>'>*. On the other hand, Lei et al. have reported
that TSLP interferes with antigen-specific Treg cell differentiation during allergic airway inflammation, breaking
mucosal tolerance®. They transferred OVA-specific naive CD4* T cells (either TSLPR-sufficient or -deficient) to
WT mice and sensitized them with OVA in the presence of TSLP. They found fewer OVA-specific Treg cells in
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Figure 5. TSLP-stimulated in vitro-induced Treg cells are more dependent on fatty acids. (A) Differentially
expressed genes of TSLP-stimulated Treg cells. RNA-seq of PBS- or TSLP-stimulated Treg cells were analyzed.
Genes significantly upregulated by TSLP are in red and downregulated are in blue. Symbols of top 20 genes are
also labeled. n=2 for each condition. (B) Enriched KEGG pathway of TSLP-stimulated Treg cells. Pathways
with P-values less than 0.1 were depicted. Pathways with P-value less than 0.05 were marked with *. (C)
Phosphorylation of S6 by TSLP. Left, representative histograms. Right, cumulative data of geometric mean
fluorescence intensity (gMFI). n=7 from 4 independent experiments. *P <0.05 as determined by paired t-test.
(D,E) Heatmaps of fatty acid transport/oxidation-related genes (D) and of glucose transport-related genes (E)
in TSLP-stimulated and PBS-stimulated Treg cells. (F) Fatty acid uptake by TSLP. Naive CD4* T cells were
cultured under iTreg conditions in the presence or absence of TSLP for 3 days. Cells were pulsed with Bodipy
FL C16 for 1 h and subjected to flow cytometry. Representative histograms and cumulative data are shown. n=6
from 2 independent experiments. (G-H) Treg cell activation by TSLP in a fatty acid-free medium. Naive CD4*
T cells were cultured under iTreg conditions in the presence or absence of TSLP for 3 days in RPMI medium
supplemented with regular FBS or charcoal dextran-treated FBS. Cell size (G) and CD44 expression (H) of Treg
cells were analyzed by flow cytometry. Representative FACS plots (for FSC and CD44) and cumulative data (for
CD44) are shown. n=5 from 2 independent experiments. *P <0.05 as determined by unpaired t-test.
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lung draining lymph nodes of mice receiving TSLPR-deficient naive CD4* T cells, and TSLP-mediated decrease
of Treg cells was cell-intrinsic. They also showed that Treg cell differentiation was diminished when cells were
cultured with TSLP in vitro, thus concluding that TSLP disturbs antigen-specific Treg cell generation. Their study
looked at the percentage of Foxp3* cells in CD4* T cell population, but they did not analyze Treg cell proliferation
at a single-cell level. As we observed less proliferation of TSLP-conditioned Treg cells, it is possible that TSLP
suppressed OVA-specific Treg cell proliferation after Treg cell commitment but did not hamper OVA-specific
Treg cell differentiation during allergic airway inflammation. Another explanation would be that most of the
data supporting TSLP’s positive role in Treg cell function were obtained from skin and intestine samples. So,
it is also possible that TSLP regulates Treg cell function, differentiation, and proliferation in a site-specific or
context-specific manner. Further studies are required to address this point.

Initially, it was shown that TSLP activates STAT5 in murine lymphocytes®, but unbiased RNA-sequence
data of pathogenic T helper 2 (Th2) cells revealed that TSLP-mediated repression of Bcl-6 in Th2 cells is STAT5
independent*’. Also, previous phospho-proteome analysis in a murine B cell line showed that TSLP mediates
cell proliferation by activating several PI3 kinases, Src family kinases, and Btk in addition to STATs*". These
results indicate that TSLP activates multiple signaling pathways in murine lymphocytes. We found that TSLP
induced S6 phosphorylation, thus indicating the activation of mTORCI signaling. Our current study is the first
report showing that TSLP activates the mTORC1 pathway in murine CD4* T cells, although it has been reported
that TSLP promotes the phosphorylation of S6 and 4E-BP1 in pre-B cell lymphoma*. Importantly, mTORC1
activation by TSLP was dominantly observed in Treg cells (Fig. 5C), whereas STAT5 phosphorylation level was
comparable between Treg cells and conventional T cells (Fig. 1F and Supplementary Fig. 2). This difference might
be explained by the combination of signaling pathways, which each cell subset uses upon TSLP stimulation.
Further study, such as unbiased phospho-protein analysis, is required; however, it is plausible that the molecular
events under the TSLP receptor in each cell subset are highly diverse, and these benefits maintain homeostasis.

The roles of mTOR signaling in Treg cells are highly complicated. Early studies suggested that mTOR inhibi-
tion impairs Treg cell differentiation and expansion in vitro* and in vivo*. However, Treg cells exhibit higher
mTOR activation than conventional T cells (Fig. 5C)***°, and mTOR activation is required for Treg function
in vivo®. These findings suggest that mTOR signaling requirement in Treg cells depends on the model. A
recent study showed that chronic mTOR inhibition resulted in inflammation and impaired Treg cell function in
mucosal sites**. Mechanistically, mTOR activation in Treg cells is coupled with IRF4 induction and mitochondrial
metabolism. They analyzed metabolites in Treg cells and found that activated effector Treg cells exhibit higher
mitochondria-dependent energy production. In our study, TSLP-deficient Treg cells generated in RAG2™'~ mice
expressed lower CD44 (Fig. 3D), and TSLP treatment upregulated CD44 expression in in vitro-induced Treg
cells in a regular medium but not in a fatty acid-reduced medium (Fig. 5H). Also, TSLP stimulation enhanced
the phosphorylation of mTORCI (Fig. 5C). These results indicate that fatty acids are fueled to mitochondria to
produce energy in TSLP-treated in vitro-induced Treg cells.

The abundance of fatty acids in the tissue may be important. A fascinating study shows the importance
of dietary palmitic acid in IgA production®. They gave either palmitic acid-rich oil or regular oil to mice for
2 months and then measured the amounts of IgA and palmitic acid in the intestine and the serum. They found
that the concentration of palmitic acid in the intestine was higher in mice fed on palmitic acid-rich oil than in
mice fed on regular oil. On the other hand, there was no difference in the concentration of palmitic acid in the
serum between the two groups. These findings suggest that fatty acids from the intestinal lumen affect the cells
only in the intestine. So, it is reasonable that TSLP lets colonic Treg cells utilize fatty acids rather than glucose in
the large intestine, especially during inflammatory conditions. It will be interesting to examine the abundance
of metabolites used in Treg cells in various situations and tissues.

The effects of TSLP on the proliferation of Tregs and conventional T cells appear to be distinct. TSLPR defi-
ciency in Treg cells had a positive effect on cell proliferation (Fig. 3C), while TSLPR deficiency in conventional
T cells caused a significant decrease in cell expansion (Supplementary Fig. 4D). Possible explanations for this
difference include the difference in the signaling pathways activated by TSLP. Our findings indicated that TSLP
activates both STAT5 and mTOR in Treg cells, whereas TSLP activates STAT5 but not mTOR in conventional
T cells (Fig. 5C and data not shown). We also consider the possibility that differences in the types of cytokines
that affect cell division between Treg and conventional T cells may be involved. In particular, Treg cells require
IL-2 for their differentiation and proliferation*’, whereas conventional T cells are relatively less dependent on
IL-2. Conventional T cells may be able to proliferate without IL-2 but with the stimulation of cytokines that
activate STATS5, such as TSLP. These could explain the observed difference in the effect of TSLP on cell prolifera-
tion between Treg cells and conventional T cells in the adoptive transfer model. To our interest, there was no
significant effect of Treg reduction by TSLP when naive CD4* T cells were cultured in the presence of TSLP from
the beginning under iTreg conditions (Fig. 5H). Based on these data and the results of transfer experiments of
CD4°*TSLPR" mice into RAG2-deficient mice (Supplementary Fig. 4D), it is possible that the effect of TSLP
on Treg reduction is more pronounced after Treg cell differentiation and is diminished by TSLP exposure prior
to Treg cell differentiation.

In the current study, we did not investigate the suppressive function of TSLP-stimulated Treg cells. It should
be determined whether TSLP-stimulated Treg cells that upregulate CD44 and cell size have superior suppressive
function. Also, it would be interesting to analyze the suppressive function of TSLP-stimulated Treg cells under
nutrient-restricted conditions. Another limitation is that we have not performed in vitro experiments on activa-
tion and fatty acid requirements using ex vivo Treg cells. Several studies have reported the differences between
in vitro-induced Treg cells and ex vivo Treg cells*. Further studies are required to confirm the link between TSLP
and Treg cell activation through fatty acid uptake, even in vivo situations. Overall, our current study revealed
the importance of TSLP signaling in Treg cells in the large intestine. TSLP modulates the fatty acid utilization
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resulting in the activation of Treg cells. This study will help understand the relationship between epithelial cells
and Treg cells, thus supporting the development of a novel therapeutic target for inflammatory diseases.

Materials

Mice. C57BL6/J (CD45.2) mice were purchased from Japan Clea (Tokyo, Japan). RAG2™/~ mice (008449),
CD45.1 mice (002014), CD4°" mice (022071), and Foxp3Y-¢ mice (016959)* were purchased from Jack-
son Laboratory (Bar Harbor, ME). TSLPR floxed mice were described previously®’. Sex-matched mice aged
8-12 weeks were used. Mice were housed in specific pathogen-free facilities. All experiments were approved by
the Animal Care and Use Committee at Chiba University (approval numbers: A4-53 and A4-58). All experi-
ments were performed in accordance with relevant guidelines and regulations. The study was carried out in
compliance with the ARRIVE guidelines. At the end of experiments, mice were expertly euthanized by cervical
dislocation method for sample collection.

Reagents. Anti-TSLP polyclonal antibody (cat# PA5-20321, RRID:AB_11156395), anti-IL-17Rb-eFluor660
(MUNCS33, Cat# 50-7361-82, RRID:AB_2574289), anti-Foxp3-PE (Cat# 12-5773-82, RRID:AB_465936), - Alexa
Fluor488 (Cat# 53-5773-82, RRID:AB_763537), or -Alexa Fluor700 (Cat# 56-5773-82, RRID:AB_1210557)
(FJK-16 s), Bodipy FL C16, and Cell Trace Violet were purchased from Thermo Fisher Scientific (Waltham, MA).
Anti-rabbit IgG-Alexa Fluor488 (Cat# 4412, RRID:AB_1904025) was from Cell Signaling Technology (Danvers,
MA). Anti-CD4-V450 (Cat# 560468, RRID:AB_1645271, RM4-5), anti-pStat5-Alexa Fluor647 (47/Stat5, Cat#
612599, RRID:AB_399882), and anti-RORyt-Alexa Fluor647 (Cat# 562682, RRID:AB_2687546) or -BV421
(Cat# 562894, RRID:AB_2687545) (Q31-378) were from BD (San Jose, CA). Anti-CD3ge-PerCP (Cat# 100325,
RRID:AB_893319) or -Alexa Fluor700 (Cat# 100216, RRID:AB_493697) (145-2C11), anti-CD4-APC-fire750
(Cat# 100568, RRID:AB_2629699) or -BV785 (Cat# 100552, RRID:AB_2563053) (RM4-5), anti-CD4-PE-Cy7
(Cat# 100422, RRID:AB_312707, GK1.5), anti-CD8-APC (Cat# 100711, RRID:AB_312750, 53-6.7), anti-
CD45.1-Pacific Blue (Cat# 110722, RRID:AB_492866) or -FITC (Cat# 110706, RRID:AB_313495) (A20), anti-
CD45.2-APC-Cy7 (Cat# 109824, RRID:AB_830789, 104), anti-CD127-PE (Cat# 135010, RRID:AB_1937251,
A7R34), anti-CD44-BV650 (Cat# 103049, RRID:AB_2562600, IM7), -APC (Cat# 103012, RRID:AB_312963)
or -PerCP-Cy5.5 (Cat# 103032, RRID:AB_2076204), anti-CD62L-PE (Cat# 104408, RRID:AB_313095,
MEL-14), anti-ST2-BV421 (Cat# 145309, RRID:AB_2565634, DIH9), anti-TSLP-R-biotin (Cat# 151804,
RRID:AB_2650790, 22H9), anti-Helios-PE (Cat# 137216, RRID:AB_10660749), -PE-Dazzle (Cat# 137232,
RRID:AB_2565797), or -Alexa Fluor488 (Cat# 137223, RRID:AB_10661895) (22F6), anti-pS6-BV421 (Cat#
608610, RRID:AB_2814451, A17020B), Zombie aqua, Zombie NIR, streptavidin-BV421, and Annexin-V-PE
were from BioLegend (San Diego, CA).

Flow cytometry. For cytokine staining, cells were stimulated with phorbol 12-myristate 13-acetate (PMA)
(20 ng/mL) and ionomycin (1 pg/mL) for 4 h in the presence of monensin (2 uM). After cell stimulation, cells
were fixed and permeabilized with Fixation and Permeabilization Solution and Perm/Wash buffer (BD). Intra-
cellular staining was conducted using Foxp3 intracellular staining reagents from Thermo Fisher Scientific. Phos-
phorylated Stat5 and ribosomal S6 were detected as previously described®'. An apoptosis assay was performed
as described elsewhere®!. Flow cytometric analyses were performed on FACS Canto II, FACS LSR Fortessa X-20,
or FACS LSR-1II (BD) with FlowJo software (BD).

DSS-induced colitis. Experimental colitis was induced with 2.5% DSS (MP Biomedicals, Irvine, CA) in
the drinking water for 4 days, followed by normal water. Mice were weighed daily and sacrificed on Day 10. The
colons were isolated, and the lamina propria cells were prepared as previously described?'.

Adoptive transfer model of colitis. An adoptive transfer model of colitis was performed as previously
described®? with some modifications. Briefly, CD4" T cells were magnetically sorted using a MojoSort Mouse
CD4 T Cell Isolation Kit (BioLegend). CD4* CD25~ CD45Rb"#" cells were further sorted by an SH800 cell sorter
(SONY, Tokyo, Japan) (Supplementary Fig. 6). Cells were injected intraperitoneally into RAG2™~ mice (4 x 10°
cells/mice). Mice were weighed twice a week and sacrificed 4-6 weeks after the cell transfer. The colons and the
mesenteric lymph nodes were collected and subjected to cell analysis.

Cell culture. Naive CD4" T cells (CD4" CD44~ CD62L") were purified from the lymph nodes and the spleen
with an SH800 cell sorter (Supplementary Fig. 7) following magnetic CD4" T cell sorting and were rested in
1% BSA in PBS for at least 6 h. Cells were then cultured with plate-bound anti-CD3e mAb (1 pg/mL) (Cat#
100363, RRID:AB_2632704, 2Cl11, BioLegend), anti-CD28 mAb (1 pg/mL) (Cat# 102102, RRID:AB_312867,
37.51, BioLegend), anti-IFNy mAb (5 pg/mL) (Cat# 505802, RRID:AB_315396, XMG1.2, BioLegend), anti-IL-4
mAb (5 pg/mL) (Cat# 504102, RRID:AB_315316, 11B11, BioLegend), and recombinant human TGF-f (1 ng/
mL) (R&D Systems, Minneapolis, MN) for 3 days (iTreg conditions). Where indicated, TSLP (100 ng/mL) (R&D
Systems) or PBS was added to the culture medium. RPMI1640 medium (Sigma-Aldrich, St. Louis, MO) supple-
mented with charcoal dextran treated FBS (Cytiva, Marlborough, MA) were used in Fig. 5SEG.

Immunohistochemistry. The formalin-fixed, paraffin-embedded samples were subjected to immunohis-
tochemistry. For antigen retrieval, the slides were boiled in the citrate buffer for 5 min. After washing, the slides
were blocked with 5% BSA overnight at 4°C in a humid chamber. A primary antibody to TSLP or isotype control
(10 pg/mL) was applied to the slides and incubated for 1 h at room temperature. The slides were then washed and
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incubated with anti-rabbit IgG-Alexa Fluor488 (5 pug/mL) for 1 h at room temperature in a dark place. Nuclear
DNA was counterstained with DAPI, and the data were acquired with LSM710 (ZEISS, Oberkochen, Germany).

RNA-seq analysis. Treg cells harvested from spleens and lymph nodes of Foxp3Y™-¢ mice were subjected
to the experiment (Supplementary Fig. 8). Sorted Treg cells were stimulated with or without 100 ng/mL TSLP for
3 h. Total RNA was purified with a Trizol reagent (Thermo Fisher Scientific). RNA-seq libraries were prepared
using a NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB). Sequencing was performed
on an Ilumina HiSeq1500 (Illumina) in a 50-base single-end mode. Obtained reads were mapped on mm10
genome by Hisat2. HTSeq (v1.99.2) was used to obtain gene expression data. DESeq2 (v1.34.0) and clusterPro-
filer (v4.2.2) were used for further analysis. KEGG database® was used for the enrichment analysis.

Quantitative PCR analysis. The expressions of genes related to fatty acid transport were verified under
the same experimental conditions as for RNA-seq analysis by quantitative PCR analysis. Total RNA was purified
with a Trizol. cDNA was prepared using a SuperScript III (Thermo Fisher Scientific). The expression levels of
Cd36 and Fabp5 were determined using an ABI StepOnePlus instrument (Applied Biosystems, Bedford, MA).
PCR primers are as follows: Cd36 forward, 5- GGACATTGAGATTCTTTTCCTCTG-3’; Cd36 reverse, 5-
GCAAAGGCATTGGCTGGAAGAAC-3’; Fabp5 forward, 5-GACGACTGTGTTCTCTTGTAACC-3’; Fabp5
reverse, 5- TGTTATCGTGCTCTCCTTCCCG-3’; B-actin forward, 5-GCTCTGGCT CCTAGCACCAT-3;
B-actin reverse, 5'-GCCACCGATCCACACAGA GT-3". The levels of target genes were normalized to the levels
of B-actin.

Statistical analysis. Data are presented as means with SEM. Prism 9 (GraphPad, San Diego, CA) was used
for data analysis. Unpaired and paired t-tests were used to compare the two groups. Paired data were connected
by a line. P values < 0.05 were considered statistically significant.

Data availability
RNA-seq data have been deposited in Gene Expression Omnibus and are accessible through GSE189713. Any
other data pertaining to the study will be made available on request.

Received: 8 October 2022; Accepted: 27 January 2023
Published online: 30 January 2023

References
1. Peterson, L. W. & Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis. Nat. Rev. Immunol.
14, 141-153. https://doi.org/10.1038/nri3608 (2014).
2. Roan, E, Obata-Ninomiya, K. & Ziegler, S. F. Epithelial cell-derived cytokines: More than just signaling the alarm. J. Clin. Invest.
129, 1441-1451. https://doi.org/10.1172/JCI124606 (2019).
3. Kuan, E. L. & Ziegler, S. F. A tumor-myeloid cell axis, mediated via the cytokines IL-lalpha and TSLP, promotes the progression
of breast cancer. Nat. Immunol. 19, 366-374. https://doi.org/10.1038/s41590-018-0066-6 (2018).
4. Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. Regulatory T cells and immune tolerance. Cell 133, 775-787. https://doi.org/
10.1016/j.cell.2008.05.009 (2008).
5. Schiering, C. et al. The alarmin IL-33 promotes regulatory T-cell function in the intestine. Nature 513, 564-568. https://doi.org/
10.1038/nature13577 (2014).
6. Hatzioannou, A. et al. An intrinsic role of IL-33 in Treg cell-mediated tumor immunoevasion. Nat. Immunol. 21, 75-85. https://
doi.org/10.1038/s41590-019-0555-2 (2020).
7. Bapat, S. P. et al. Depletion of fat-resident Treg cells prevents age-associated insulin resistance. Nature 528, 137-141. https://doi.
org/10.1038/naturel6151 (2015).
8. Burzyn, D. et al. A special population of regulatory T cells potentiates muscle repair. Cell 155, 1282-1295. https://doi.org/10.1016/j.
cell.2013.10.054 (2013).
9. Arpaia, N. et al. A distinct function of regulatory T cells in tissue protection. Cell 162, 1078-1089. https://doi.org/10.1016/j.cell.
2015.08.021 (2015).
10. Donaldson, D. S., Bradford, B. M., Artis, D. & Mabbott, N. A. Reciprocal regulation of lymphoid tissue development in the large
intestine by IL-25 and IL-23. Mucosal Immunol. 8, 582-595. https://doi.org/10.1038/mi.2014.90 (2015).
11. Tang, J. et al. IL-25 promotes the function of CD4+CD25+ T regulatory cells and prolongs skin-graft survival in murine models.
Int. Immunopharmacol. 28, 931-937. https://doi.org/10.1016/j.intimp.2015.03.036 (2015).
12. Kashiwagi, M. et al. Direct control of regulatory T cells by keratinocytes. Nat. Immunol. 18, 334-343. https://doi.org/10.1038/ni.
3661 (2017).
13. Leichner, T. M. et al. Skin-derived TSLP systemically expands regulatory T cells. J. Autoimmun. 79, 39-52. https://doi.org/10.
1016/j.jaut.2017.01.003 (2017).
14. Spadoni, L, Iliev, I. D., Rossi, G. & Rescigno, M. Dendritic cells produce TSLP that limits the differentiation of Th17 cells, fosters
Treg development, and protects against colitis. Mucosal Immunol. 5, 184-193. https://doi.org/10.1038/mi.2011.64 (2012).
15. Mosconi, I. et al. Intestinal bacteria induce TSLP to promote mutualistic T-cell responses. Mucosal Immunol. 6, 1157-1167. https://
doi.org/10.1038/mi.2013.12 (2013).
16. Cozzo, C., Larkin, J. 3rd. & Caton, A. ]. Cutting edge: Self-peptides drive the peripheral expansion of CD4+CD25+ regulatory T
cells. J. Immunol. 171, 5678-5682. https://doi.org/10.4049/jimmunol.171.11.5678 (2003).
17. Liu, W. et al. CD127 expression inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J. Exp. Med.
203, 1701-1711. https://doi.org/10.1084/jem.20060772 (2006).
18. Seddiki, N. et al. Expression of interleukin (IL)-2 and IL-7 receptors discriminates between human regulatory and activated T
cells. J. Exp. Med. 203, 1693-1700. https://doi.org/10.1084/jem.20060468 (2006).
19. Thornton, A. M. et al. Expression of Helios, an Ikaros transcription factor family member, differentiates thymic-derived from
peripherally induced Foxp3+ T regulatory cells. J. Immunol. 184, 3433-3441. https://doi.org/10.4049/jimmunol.0904028 (2010).
20. Bell, B. D. et al. The transcription factor STATS5 is critical in dendritic cells for the development of TH2 but not TH1 responses.
Nat. Immunol. 14, 364-371. https://doi.org/10.1038/ni.2541 (2013).

Scientific Reports |

(2023) 13:1653 | https://doi.org/10.1038/s41598-023-28987-1 nature portfolio


https://doi.org/10.1038/nri3608
https://doi.org/10.1172/JCI124606
https://doi.org/10.1038/s41590-018-0066-6
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1038/nature13577
https://doi.org/10.1038/nature13577
https://doi.org/10.1038/s41590-019-0555-2
https://doi.org/10.1038/s41590-019-0555-2
https://doi.org/10.1038/nature16151
https://doi.org/10.1038/nature16151
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1016/j.cell.2013.10.054
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1016/j.cell.2015.08.021
https://doi.org/10.1038/mi.2014.90
https://doi.org/10.1016/j.intimp.2015.03.036
https://doi.org/10.1038/ni.3661
https://doi.org/10.1038/ni.3661
https://doi.org/10.1016/j.jaut.2017.01.003
https://doi.org/10.1016/j.jaut.2017.01.003
https://doi.org/10.1038/mi.2011.64
https://doi.org/10.1038/mi.2013.12
https://doi.org/10.1038/mi.2013.12
https://doi.org/10.4049/jimmunol.171.11.5678
https://doi.org/10.1084/jem.20060772
https://doi.org/10.1084/jem.20060468
https://doi.org/10.4049/jimmunol.0904028
https://doi.org/10.1038/ni.2541

www.nature.com/scientificreports/

21. Rochman, Y. et al. Thymic stromal lymphopoietin-mediated STAT5 phosphorylation via kinases JAK1 and JAK2 reveals a key
difference from IL-7-induced signaling. Proc. Natl. Acad. Sci. USA 107, 19455-19460. https://doi.org/10.1073/pnas.1008271107
(2010).

22. Carpino, N. et al. Absence of an essential role for thymic stromal lymphopoietin receptor in murine B-cell development. Mol. Cell
Biol. 24, 2584-2592. https://doi.org/10.1128/mcb.24.6.2584-2592.2004 (2004).

23. Mazzucchelli, R. et al. Development of regulatory T cells requires IL-7Ralpha stimulation by IL-7 or TSLP. Blood 112, 3283-3292.
https://doi.org/10.1182/blood-2008-02-137414 (2008).

24. Sefik, E. et al. Mucosal immunology Individual intestinal symbionts induce a distinct population of RORgamma(+) regulatory T
cells. Science 349, 993-997. https://doi.org/10.1126/science.aaa9420 (2015).

25. Laurence, A. et al. Interleukin-2 signaling via STAT5 constrains T helper 17 cell generation. Immunity 26, 371-381. https://doi.
org/10.1016/j.immuni.2007.02.009 (2007).

26. Lei, L., Zhang, Y., Yao, W,, Kaplan, M. H. & Zhou, B. Thymic stromal lymphopoietin interferes with airway tolerance by suppress-
ing the generation of antigen-specific regulatory T cells. J. Immunol. 186, 2254-2261. https://doi.org/10.4049/jimmunol.1002503
(2011).

27. Yusuf, I. & Fruman, D. A. Regulation of quiescence in lymphocytes. Trends Immunol. 24, 380-386. https://doi.org/10.1016/s1471-
4906(03)00141-8 (2003).

28. Lloyd, A. C. The regulation of cell size. Cell 154, 1194-1205. https://doi.org/10.1016/j.cell.2013.08.053 (2013).

29. Procaccini, C. et al. An oscillatory switch in mTOR kinase activity sets regulatory T cell responsiveness. Immunity 33, 929-941.
https://doi.org/10.1016/j.immuni.2010.11.024 (2010).

30. Zeng, H. et al. mMTORCI couples immune signals and metabolic programming to establish T(reg)-cell function. Nature 499,
485-490. https://doi.org/10.1038/nature12297 (2013).

31. Michalek, R. D. et al. Cutting edge: Distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regula-
tory CD4+ T cell subsets. J. Immunol. 186, 3299-3303. https://doi.org/10.4049/jimmunol.1003613 (2011).

32. Beier, U. H. et al. Essential role of mitochondrial energy metabolism in Foxp3(+) T-regulatory cell function and allograft survival.
FASEB J. 29, 2315-2326. https://doi.org/10.1096/1).14-268409 (2015).

33. Miska, J. et al. HIF-1lalpha is a metabolic switch between glycolytic-driven migration and oxidative phosphorylation-driven
immunosuppression of tregs in glioblastoma. Cell Rep. 27, 226-237. https://doi.org/10.1016/j.celrep.2019.03.029 (2019).

34. Wedel, J. et al. DEPTOR modulates activation responses in CD4(+) T cells and enhances immunoregulation following transplanta-
tion. Am. J. Transplant. 19, 77-88. https://doi.org/10.1111/ajt.14995 (2019).

35. Howie, D. et al. Foxp3 drives oxidative phosphorylation and protection from lipotoxicity. JCI Insight 2, €89160. https://doi.org/10.
1172/jci.insight.89160 (2017).

36. Panduro, M., Benoist, C. & Mathis, D. Tissue tregs. Annu. Rev. Immunol. 34, 609-633. https://doi.org/10.1146/annurev-immun
0l-032712-095948 (2016).

37. Kuswanto, W. et al. Poor repair of skeletal muscle in aging mice reflects a defect in local, interleukin-33-dependent accumulation
of regulatory T cells. Immunity 44, 355-367. https://doi.org/10.1016/j.immuni.2016.01.009 (2016).

38. Hanabuchi, S. et al. Thymic stromal lymphopoietin-activated plasmacytoid dendritic cells induce the generation of FOXP3+
regulatory T cells in human thymus. J. Immunol. 184, 2999-3007. https://doi.org/10.4049/jimmunol.0804106 (2010).

39. Isaksen, D. E. et al. Requirement for stat5 in thymic stromal lymphopoietin-mediated signal transduction. J. Immunol. 163,
5971-5977 (1999).

40. Rochman, Y. et al. TSLP signaling in CD4(+) T cells programs a pathogenic T helper 2 cell state. Sci. Signal 11, 521. https://doi.
org/10.1126/scisignal.aam8858 (2018).

41. Zhong, J. et al. TSLP signaling network revealed by SILAC-based phosphoproteomics. Mol. Cell Proteomics https://doi.org/10.
1074/mcp.M112.017764 (2012).

42. Brown, V. 1. et al. Thymic stromal-derived lymphopoietin induces proliferation of pre-B leukemia and antagonizes mTOR inhibitors,
suggesting a role for interleukin-7Ralpha signaling. Cancer Res. 67, 9963-9970. https://doi.org/10.1158/0008-5472.CAN-06-4704
(2007).

43. Battaglia, M., Stabilini, A. & Roncarolo, M. G. Rapamycin selectively expands CD4+CD25+FoxP3+ regulatory T cells. Blood 105,
4743-4748. https://doi.org/10.1182/blood-2004-10-3932 (2005).

44. Delgoffe, G. M. et al. The mTOR kinase differentially regulates effector and regulatory T cell lineage commitment. Immunity 30,
832-844. https://doi.org/10.1016/j.immuni.2009.04.014 (2009).

45. Chapman, N. M. et al. mTOR coordinates transcriptional programs and mitochondrial metabolism of activated Treg subsets to
protect tissue homeostasis. Nat. Commun. 9, 2095. https://doi.org/10.1038/s41467-018-04392-5 (2018).

46. Kunisawa, J. et al. Regulation of intestinal IgA responses by dietary palmitic acid and its metabolism. J. Immunol. 193, 1666-1671.
https://doi.org/10.4049/jimmunol.1302944 (2014).

47. Chinen, T. et al. An essential role for the IL-2 receptor in Treg cell function. Nat. Immunol. 11, 1322-1333. https://doi.org/10.1038/
ni.3540 (2016).

48. Ohkura, N. & Sakaguchi, S. Transcriptional and epigenetic basis of Treg cell development and functionL its genetic anomalies or
variations in autoimmune diseases. Cell Res. 30, 465-474. https://doi.org/10.1038/s41422-020-0324-7 (2020).

49. Rubtsov, Y. P. et al. Regulatory T cell-derived interleukin-10 limits inflammation at environmental interfaces. Immunity 28, 546-558.
https://doi.org/10.1016/j.immuni.2008.02.017 (2008).

50. Han, H., Thelen, T. D., Comeau, M. R. & Ziegler, S. F. Thymic stromal lymphopoietin-mediated epicutaneous inflammation pro-
motes acute diarrhea and anaphylaxis. J. Clin. Invest. 124, 5442-5452. https://doi.org/10.1172/JCI77798 (2014).

51. Tanaka, S. et al. KAP1 regulates regulatory T cell function and proliferation in both Foxp3-dependent and -independent manners.
Cell Rep. 23, 796-807. https://doi.org/10.1016/j.celrep.2018.03.099 (2018).

52. Tanaka, S. et al. Sox12 promotes T reg differentiation in the periphery during colitis. J. Exp. Med. 215, 2509-2519. https://doi.org/
10.1084/jem.20172082 (2018).

53. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/
nar/28.1.27 (2000).

Acknowledgements

We thank Ms. Kazumi Nemoto and Maho Yoshino for technical support and Prof. Shinichiro Motohashi (Chiba
University) for supporting 13 colors flow cytometric analysis.

Author contributions

T.K.: Methodology; Investigation; Data curation; Visualization; Writing—original draft. S.T.: Conceptualization;
Funding acquisition; Methodology; Investigation; Data curation; Visualization; Writing—original draft. J.T.:
Data curation; Visualization; Writing—review & editing. K.E.: Data curation; Visualization; Writing—review &
editing. J.S.: Data curation; Visualization; Writing—review & editing. K.H.: Data curation; Visualization; Writ-
ing—review & editing. M.K.: Data curation; Writing—review & editing. Y.E.: Data curation; Writing—review

Scientific Reports|  (2023) 13:1653 | https://doi.org/10.1038/s41598-023-28987-1 nature portfolio


https://doi.org/10.1073/pnas.1008271107
https://doi.org/10.1128/mcb.24.6.2584-2592.2004
https://doi.org/10.1182/blood-2008-02-137414
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.1016/j.immuni.2007.02.009
https://doi.org/10.1016/j.immuni.2007.02.009
https://doi.org/10.4049/jimmunol.1002503
https://doi.org/10.1016/s1471-4906(03)00141-8
https://doi.org/10.1016/s1471-4906(03)00141-8
https://doi.org/10.1016/j.cell.2013.08.053
https://doi.org/10.1016/j.immuni.2010.11.024
https://doi.org/10.1038/nature12297
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1096/fj.14-268409
https://doi.org/10.1016/j.celrep.2019.03.029
https://doi.org/10.1111/ajt.14995
https://doi.org/10.1172/jci.insight.89160
https://doi.org/10.1172/jci.insight.89160
https://doi.org/10.1146/annurev-immunol-032712-095948
https://doi.org/10.1146/annurev-immunol-032712-095948
https://doi.org/10.1016/j.immuni.2016.01.009
https://doi.org/10.4049/jimmunol.0804106
https://doi.org/10.1126/scisignal.aam8858
https://doi.org/10.1126/scisignal.aam8858
https://doi.org/10.1074/mcp.M112.017764
https://doi.org/10.1074/mcp.M112.017764
https://doi.org/10.1158/0008-5472.CAN-06-4704
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.1016/j.immuni.2009.04.014
https://doi.org/10.1038/s41467-018-04392-5
https://doi.org/10.4049/jimmunol.1302944
https://doi.org/10.1038/ni.3540
https://doi.org/10.1038/ni.3540
https://doi.org/10.1038/s41422-020-0324-7
https://doi.org/10.1016/j.immuni.2008.02.017
https://doi.org/10.1172/JCI77798
https://doi.org/10.1016/j.celrep.2018.03.099
https://doi.org/10.1084/jem.20172082
https://doi.org/10.1084/jem.20172082
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27

www.nature.com/scientificreports/

& editing. T.K.: Data curation; Visualization; Writing—review & editing. T.I.: Data curation; Visualization;
Writing—review & editing. M.Y.: Data curation; Visualization; Writing—review & editing. A.I.: Data curation;
Visualization; Writing—review & editing. A.S.: Data curation; Visualization; Writing—review & editing. K.S.:
Data curation; Visualization; Writing—review & editing. H.S.: Conceptualization; Resources; Visualization;
Writing—review & editing. S.F.Z.: Conceptualization; Resources; Visualization; Writing—review & editing. H.N.:
Conceptualization; Resources; Visualization; Writing—review & editing.

Funding

This work was supported by Kanae foundation for the Promotion of Medical Science, Takeda Science Founda-
tion, SENSHIN Medical Research Foundation, and Grants-in-Aids for Scientific Research from the Ministry of
Education, Culture, Sports, and Technology (grant no. 19K17902) of the Japanese Government.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-28987-1.

Correspondence and requests for materials should be addressed to S.T. or H.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:1653 | https://doi.org/10.1038/s41598-023-28987-1 nature portfolio


https://doi.org/10.1038/s41598-023-28987-1
https://doi.org/10.1038/s41598-023-28987-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Epithelial cell-derived cytokine TSLP activates regulatory T cells by enhancing fatty acid uptake
	Results
	Treg cells express functional TSLP receptors in colonic lamina propria. 
	TSLP is not essential for Treg cell differentiation. 
	TSLP enhances Treg cell activation both in vivo and in vitro. 
	TSLP stimulation leads Treg cells to increase in size through the activation of mTORC1. 
	TSLP enhances fatty acid uptake to maintain the activated phenotype in Treg cells. 

	Discussion
	Materials
	Mice. 
	Reagents. 
	Flow cytometry. 
	DSS-induced colitis. 
	Adoptive transfer model of colitis. 
	Cell culture. 
	Immunohistochemistry. 
	RNA-seq analysis. 
	Quantitative PCR analysis. 
	Statistical analysis. 

	References
	Acknowledgements


