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SUMMARY

CD4™* T cells regulate inflammation and metabolism in obesity. An imbalance of CD4* T
regulatory cells (Tregs) is critical in the development of insulin resistance and diabetes. Although
cytokine control of this process is well understood, transcriptional regulation is not. KLF10, a
member of the Kruppel-like transcription factor family, is an emerging regulator of immune cell
function. We generated CD4*-T-cell-specific KLF10 knockout (TKO) mice and identified a
predisposition to obesity, insulin resistance, and fatty liver due to defects of CD4" Treg
mobilization to liver and adipose tissue depots and decreased transforming growth factor g3 (TGF-
B3) release /n vitroand in vivo. Adoptive transfer of wild-type CD4* Tregs fully rescued obesity,
insulin resistance, and fatty liver. Mechanistically, TKO Tregs exhibit reduced mitochondrial
respiration and glycolysis, phosphatidylinositol 3-kinase (PI3K)-Akt-mTOR signaling, and
consequently impaired chemotactic properties. Collectively, our study identifies CD4* T cell
KLF10 as an essential regulator of obesity and insulin resistance by altering Treg metabolism and
mobilization.

Graphical Abstract

—» lKLFw

Obese CD4* T cells

&Da*— KLF10™ mice

+HFD

Page 2

CD4" Treg function

l mitochondrial respiration

l glycolysis

TGF[\S

/ﬂ I glucose uptake
@
FRoguiatory T

| oxeros \_7
TG Fp3 W Igluoose preduction

l Treg chemotaxis

\ /

\4

g' SN 5 g | o B
it 4 N | AN
v g = g = ——
a
(rmiin) {min}
l Fatty liver/ NASH IAdiposilyrobesily [Insulin resistance

In Brief

Immune cell accumulation in adipose tissues and liver contributes to the development of insulin
resistance and obesity. Wara et al. demonstrate that the transcription factor KLF10 is a critical
regulator of CD4* T regulatory cell accumulation in liver and adipose depots, leading to obesity,
insulin resistance, and fatty liver.
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INTRODUCTION

Obesity is increasing at an alarming rate worldwide with more than 650 million obese
subjects with a body mass index (BMI) over 30 kg m~2 (WHO, 2018; NCD Risk Factor
Collaboration, 2017). Obesity is accompanied by a high risk of insulin resistance and type 2
diabetes, which are major threats to global human health (Hotamisligil, 2006, 2017; Lee et
al., 2018; Yamauchi and Kadowaki, 2013). Accumulating studies have linked inflammation,
in particular T cells and macrophage subsets, with the onset of glucose intolerance, insulin
resistance, hepatic steatosis, dyslipidemia, and the subsequent progression to diabetes
(Brestoff and Artis, 2015; Reaven, 1988; Wellen and Hotamisligil, 2005) .

Immune cell activation and infiltration in metabolically critical organs, such as adipose
tissues and liver, play a crucial role in obesity and insulin resistance (Brestoff and Artis,
2015). Interactions between adipocytes, macrophages, and T cells are a pathophysiological
hallmark that underlies the chronic, low-grade inflammation of obesity and insulin resistance
(Brestoff and Artis, 2015; Hotamisligil, 2006). Alteration of the delicate balance between
pro- and anti-inflammatory immune subsets or their secreted repertoire of cytokines and
chemokines can readily skew the local milieu toward metabolic impairment and the
development of obesity and insulin resistance (Lee et al., 2018; Sell et al., 2012). For
example, the localization of CD4* T cells in metabolic tissues and the release of interferon-y
(IFN-7) can induce macrophage phenotypic switching toward an M1 proinflammatory
subtype, whereas CD4* T cell secretion of interleukin-4 (1L-4), IL-13, or I1L-10 can induce
an M2 anti-inflammatory subtype, which are effects that contribute to the pathogenesis of
obesity and insulin resistance in mice and humans (Wentworth et al., 2010). Although
considerable attention has focused on macrophage and adipocyte interactions in the
development of obesity and insulin resistance, the role of CD4* T cell subsets that may
impact these interactions is less understood.

Several different CD4* T cell subsets are implicated in regulating adipose inflammation,
obesity, and insulin resistance. In general, CD4*CD25 T cells (Teffs) such as T helper 1
(Th1) or Th17 promote adipose tissue inflammation, whereas T regulatory cells (Tregs)
suppress immune responses (Bluestone et al., 2009; Newton et al., 2016). In the activation of
CD4* T cells, resting naive CD4* T cells differentiate to Teffs and Tregs to exert
immunological responses (Bluestone et al., 2009). Increasing Treg differentiation suppresses
inflammation and maintains a normal homeostatic metabolic environment (Cipolletta, 2014;
Fan and Turka, 2018; Tang and Vincenti, 2017; Zhang et al., 2017). Obesity and insulin
resistance induce either a suppression of Treg differentiation or impairment of Treg function
(Cipolletta et al., 2012; Feuerer et al., 2009; Wagner et al., 2013). The cellular metabolism of
Tregs is mainly dependent on mitochondrial oxidation of lipid and pyruvate, although it also
relies partially on glycolysis by a glucose transporter Glutl-independent pathway (Gerriets
et al., 2016; Newton et al., 2016). In contrast, CD4* Teffs use energy mostly from glycolysis
by a Glutl-dependent pathway. The ratio of mitochondrial respiration to glycolysis also
increases with enhanced expression of Foxp3, a marker of CD4* Tregs (Gerriets et al.,
2016). However, the mechanisms governing these metabolic effects in CD4* T cells in
response to obesity and insulin resistance are not well understood.
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KLF10, a transforming growth factor 1 (TGF-p1) responsive transcription factor and
member of the Kruppel-like zinc-finger family (KLF) (Cao et al., 2010; Subramaniam et al.,
1995), regulates both CD4*CD25~ T cell effectors and CD4*CD25* Tregs (Cao et al.,
2009). KLF10-deficient CD4* T cells have impaired Treg differentiation, and the
CD4*CD25™ T cells are hyperactivated /n vitro. Our prior studies and others demonstrated
that KLF10 systemic knockout (KO) mice have a proinflammatory phenotype in response to
ischemic vascular injury and atherosclerotic lesion formation (Beier et al., 2015; Cao et al.,
2009; Gerriets et al., 2015; Wara et al., 2011b). However, a cell-autonomous role for KLF10
in CD4™ T cells and its role in regulating inflammation and metabolism in chronic disease
states such as obesity-induced insulin resistance remain unknown. Here, we generated
CD4*-T-cell-specific KLF10 KO (TKO) mice to explore its role in high-fat-diet (HFD)-
induced obesity and insulin resistance. Our findings reveal that KLF10 deficiency in CD4* T
cells aggravates obesity and induces insulin resistance through distinct mechanisms
involving impaired Treg chemotaxis into tissues and altered metabolic responses, which are
effects that can be fully rescued by adoptive transfer of wild-type (WT) CD4* Tregs.

CD4* T Cells Exhibit Decreased KLF10 Expression in Obese Mice and Human Subjects

CD4* T cells play an important role in the early inflammatory stages of obesity (Liston and
Gray, 2014). Teffs contribute to macrophage accumulation in metabolically critical organs,
whereas Tregs regulate inflammation by suppressive effects (Chatzigeorgiou et al., 2012).
We (Cao et al., 2009; Khedkar et al., 2015) and others (Venuprasad et al., 2008; Xiong et al.,
2012) demonstrated that the transcription factor KLF10 regulates both Teffs and Tregs;
however, its cell-autonomous role in CD4* T cells and its expression under obese conditions
has not been elucidated. As a first step, we examined KLF10 expression in peripheral
CD4*CD25 T cells (Teffs) and CD4*CD25* Tregs (Tregs) from C57BL/6 mice fed either a
chow or 12-week HFD. In response to HFD, KLF10 expression significantly decreased in
Teffs and Tregs from both spleen and peripheral blood (Figures 1A and 1B). A similar
reduction in KLF10 expression was observed in splenic Teffs and Tregs from db/db mice
(Figures S1A and S1B). Furthermore, KLF10 expression was also significantly reduced in
peripheral Teffs and Tregs of human subjects with BMI of >35 compared to normal BMI of
<24 (Figure 1C).

In response to obesity, adipose tissue depots such as subcutaneous adipose tissues (SATS)
and visceral adipose tissues (VATSs) develop adipocyte expansion, chronic inflammation, and
metabolic dysfunction. KLF10 expression was reduced by 56% in SAT and 28% in VAT
derived from HFD mice compared to chow diet mice (Figure 1D). Moreover, KLF10
expression was significantly reduced in Teffs and Tregs isolated from SAT and VAT of HFD
mice (Figure 1E), thereby raising the possibility that KLF10 may regulate CD4*-T-cell-
mediated functional effects in obesity.
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CD4* T Cell KLF10-Deficient Mice Develop Obesity, Insulin Resistance, Adipose
Inflammation, and Fatty Liver with Reduced Treg Accumulation in Tissues

We generated CD4* TKO mice to further investigate KLF10’s role in obesity and
metabolism (Figures S1C-S1F). CD4-Cre mice were used as controls (WT mice); there were
no differences in the acquisition of /n vitro differentiated CD4*CD25*Foxp3*Tregs (iTregs)
from WT CD4-Cre and KLF10-flox/flox mice (Figure S1G). Compared to WT mice after 12
weeks of HFD, TKO mice gained 61% more weight with higher total mass (Figures 2A and
2B, left) and showed a significantly higher percentage of body composition of fat mass and
lower percentage of lean mass (Figure 2B, right). These TKO HFD-fed mice also developed
glucose intolerance and insulin resistance (Figures 2C and 2D) and promoted
gluconeogenesis in the liver (Figure S1H). In contrast, young chow-fed TKO and WT mice
showed no difference in weight, glucose tolerance, or insulin resistance (Figures S11-S1K),
whereas older chow-fed TKO mice showed more glucose intolerance, insulin resistance (by
insulin tolerance test [ITT]), and gluconeogenesis in the liver, despite no differences in body
weight (Figures S1L-S10). Although TKO mice had significantly increased plasma low-
density lipoprotein cholesterol (LDL-c), there were no significant differences for total
cholesterol, free fatty acid (FFA), or triglycerides (Table 1).

Because diet-induced obesity promotes lipid metabolic dysfunction, inflammation, and
immune cell accumulation in metabolically critical tissues, we explored lipid deposition,
adiposity, and leukocyte profiling in liver, VATs, and SATSs. Livers of TKO mice
demonstrated substantially increased lipid droplets (up to 9.7-fold) by H&E and oil red O
(ORO) staining accompanied by an influx of Mac2-positive macrophages (Figure 2E),
indicating the presence of fatty livers in TKO mice compared to WT. Evaluation of livers for
features of non-alcoholic steatohepatitis revealed no differences in fibrosis, as quantified by
Sirius red (Figure S2F); however, one HFD TKO mouse developed accelerated fibrosis
(Figure S2F). In addition, TKO mice developed hepatocyte ballooning and microvesicular
steatosis consistent with an accelerated progression of fatty liver in the TKO mice (Figure
S2G). In response to excessive caloric intake, lipid overload in adipose tissue depots develop
low-grade inflammation and adipocyte expansion in size (Olefsky and Glass, 2010; Osborn
and Olefsky, 2012; Weisberg et al., 2003). TKO mice exhibited higher macrophage
accumulation, including “crown-like structures” by Mac2 staining compared to WT mice in
VATs and SATs (Figures 2F and 2G). Furthermore, adiposity of TKO mice markedly
switched from small (<2,000 pm?) to large (>4,000 pm?2) adipocyte size in VATs and SATs
(Figures S2A and S2B). Deficiency of Tregs in adipose tissues has been linked to the
development of obesity-induced insulin resistance (Eller et al., 2011; Feuerer et al., 2009;
Han et al., 2014; Winer et al., 2009). Examination for Foxp3*Tregs from CD4* T cells in
liver, VATs, and SATs demonstrated dramatically reduced accumulation of Foxp3*Tregs in
liver (WT: 20.88% versus TKO: 7.23%), VATs (WT: 57.55% versus TKO: 27.40%), and
SATs (WT: 22.53% versus TKO: 12.58%) (Figures 2H-2J; Figure S2H) that also
corresponded with marked reductions in the ratio of Tregs to CD4*CD25™ T cells in these
tissues (Figures S21-S2K). In contrast, reduced accumulation of Foxp3*Tregs was only
observed in VATSs, and not in SATSs or liver, of older chow-diet-fed TKO mice (Figure S1P).
The ability of CD4*CD25 T cells to differentiate into iTregs was also reduced more in HFD
TKO mice than in chow-diet-fed TKO mice (Figure S1Q). Given the role of CD4* Tregs in
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dampening tissue inflammation in obesity-induced insulin resistance, the reduction in Tregs
in tissues of HFD-fed TKO mice raised the possibility of alteration in the balance of pro-
and anti-inflammatory macrophage subsets. Indeed, TKO mice had significantly higher
Ly6C*-high pro-inflammatory macrophages than WT mice in liver (WT: 5.03% versus
TKO: 17.24%), VATs (WT: 3.70% versus TKO: 7.97%), and SATs (WT: 3.75% versus
TKO: 4.73%) (Figures S2C-S2E). Taken together, these data indicate that KLF10 deficiency
in CD4™ T cells markedly exacerbates obesity-induced fatty liver, adiposity, and insulin
resistance, which are effects associated with the reduced presence of Tregs in liver, VATS,
and SATSs and increased accumulation of pro-inflammatory macrophages in these tissues.

TKO Mice Develop Reduced Energy Expenditure Independent of Total Body Mass or Food

Intake

To gain insights into the major drivers in the development of obesity and insulin resistance in
these mice, we used a comprehensive laboratory animal monitoring system (CLAMS) to
analyze WT and TKO mice placed on chow or HFD for up to 4 weeks. Compared to WT
mice, TKO mice on 4 weeks of HFD had significantly reduced energy expenditure (Figure
2K; Figures S3A-S3E), which was maintained for total body mass as shown in regression
plots (Figures 2L and 2M). These findings occurred despite no changes in hourly food
consumption (Figure S3C), locomotor activity (Figure S3D), or ambulatory activity (Figure
S3E). In addition, TKO mice after just 4 weeks of HFD developed glucose intolerance and
insulin resistance (Figures S3F and S3G). Interestingly, WT and TKO 8- to 10-week-old
mice fed a chow diet showed an increase in respiratory exchange ratio (Figure S3K),
suggesting that they are already developing a metabolic defect despite no change in body
weight and other metabolic parameters (Figures S3H-S3J and S3L-S30). Indeed, an
independent group of older chow-diet-fed TKO mice develop insulin resistance without a
change in weight compared to controls (Figures S11-S1K). Collectively, these data indicate
that food intake and central obesity are not the main drivers of insulin resistance in the TKO
HFD mice. Rather, these data suggest that impaired Treg chemotaxis or elaboration of
factors derived from TKO Tregs may contribute to paracrine effects on insulin resistance in
peripheral tissues.

TKO Tregs Display Marked Defects in Mobilization In Vitro and In Vivo

Tregs possess powerful immunosuppressive functions and contribute to homeostatic control
of inflammation in both liver and adipose tissues (Pucino et al., 2014). To gain insights into
the reduced accumulation of Tregs observed in liver, VATS, and SATs of HFD-fed TKO mice
(Figures 2H-2J), TKO and WT CD4* T cells from HFD mice underwent a range of T cell
functional assays. Consistent with our prior report using CD4* T cells from systemic
KLF10~/~ mice on chow diet (Cao et al., 2009), TKO CD4* T cells from HFD-fed mice
exhibit significantly reduced iTregs over the course of 6 days in response to CD3 antibodies
and TGF-B (Figure 3A). In addition, in response to T cell receptor (TCR) activation, TKO
CD4*CD25 T cells expressed higher levels of several pro-inflammatory markers than WT
CD4*CD25™ T cells for Thl markers, such as IFN-y, MIP1a, T-bet, and TNF-a, suggesting
that these cells are predisposed to a hyperactivated state (Figures 3B and 3C). Moreover, we
explored the ability of TKO and WT Tregs to migrate in modified Boyden transwell assays.
TKO Tregs migrated 73% less than WT Tregs in response to the chemokine CCL19, but not
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to CCL20 (Figures 3D and 3E). Due to the selectivity of chemokine responses, TKO and
WT Tregs were examined for expression of the corresponding chemokine receptors.
Consistent with the migration assays, TKO Tregs demonstrated reduced expression for the
CCL19-ligand receptor CCR7 compared to WT Tregs, whereas no differences were
observed for the CCL20-ligand receptor CCR6 (Figures 3F and 3G). In order to observe
Treg mobilization to metabolically critical tissues such as liver, SATs, and VATS, we
adoptively transferred PKH26-labeled Tregs from WT or TKO HFD-fed mice into HFD-WT
mice and harvested tissues 48 h later for Treg accumulation. TKO Tregs exhibited a
significant defect in mobilization to liver (WT: 5.39% versus TKO: 0.93%), VATs (WT:
7.56% versus TKO: 3.81%), and SATs (WT: 3.33% versus TKO: 2.61%) (Figure 3H). To
explore potential paracrine mechanisms by which Tregs may contribute to insulin resistance,
we performed co-culture experiments with iTregs, 3T3-L1-dervied mature adipocytes, and
mouse primary hepatocytes. Compared to supernatants from WT iTregs, supernatants from
HFD TKO iTregs significantly reduced adipocyte glucose uptake by 44% (Figures 31 and 3J)
and significantly increased glucose production by 74% in primary hepatocytes (Figures 3K
and 3L). Evaluation of the supernatants by ELISA revealed that compared to HFD WT
iTregs, HFD TKO iTregs had markedly lower concentration of TGF-B3, (Figure S4B), a
critical growth factor implicated in adiposity, glucose intolerance, and weight gain (Petrus et
al., 2018). A similar reduction in circulating TGF-B3 expression was present in the plasma
of TKO mice compared to WT mice on HFD (Figure S4A). Furthermore, exogenous
administration of recombinant TGF-B3 completely rescued the impaired glucose uptake in
differentiated 3T3-L1 cells and the elevated glucose production in mouse primary
hepatocytes when co-cultured with supernatants from HFD TKO Tregs (Figures S4C and
S4D). In addition, there were reduced numbers of TGF-B3* Tregs in VATs and spleens in
TKO HFD mice compared to those of WT HFD mice (Figures S4E-S4G). A prior report
indicated that TGF-B3*/~ mice contained reduced adipocyte progenitors in adipose depots
with the development of adipocyte hypertrophy and insulin resistance (Petrus et al., 2018).
Consistent with these observations, we found a reduced percentage of CD457/CD317/CD34*
adipocyte progenitors in VATs in TKO HFD mice compared to that of WT HFD mice
(Figure S4H). Finally, to assess if TKO Tregs exhibited reduced suppressor function that
could also contribute to the elevated leukocyte inflammation observed in these metabolically
critical tissues, we performed Treg suppression assays in which splenic Tregs were co-
cultured with splenic Teffs. Interestingly, the suppressive function of HFD TKO Tregs was
not reduced and exhibited modestly higher suppressor function (Figure S4J), indicating that
the higher inflammation observed in liver, SATs, and VVATs was not due to altered
suppressive capacity of TKO Tregs (Figure 2). Taken together, these data indicate that the
marked dysfunction in mobilization of TKO Tregs coupled with reduced expression of TGF-
B3 underlie the accelerated HFD-induced tissue inflammation in the TKO mice.

Adoptive Transfer of WT Tregs Fully Rescues Obesity, Insulin Resistance, and Fatty Liver
in TKO Mice
Because TKO Tregs exhibited mobilization defects to metabolically important tissues, we
hypothesized that WT CD4* Tregs may be sufficient to rescue the obesity, insulin resistance,
and fatty liver observed in the HFD-fed TKO mice. Remarkably, by transferring WT Tregs
to TKO mice over 12 weeks, HFD induced normalization of weight gain in TKO mice; in
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contrast, TKO Tregs adoptively transferred to TKO HFD-fed mice over the same period
continued to gain weight (Figures 4A and 4B) with increased composition of fat mass
(Figure 4C). Delivery of WT Tregs also improved the circulating lipid profile (cholesterol
and LDL) (Figures S5A-S5E). There was higher Foxp3 expression detected in liver, VATS,
and SATSs in mice that received adoptively transferred WT Tregs than TKO Tregs (Figures
S5F-S5H). However, adoptively transferred WT and TKO CD4*CD25™ T effector cells into
HFD WT or TKO mice had no effect on insulin resistance (Figures S51 and S5J). Moreover,
the insulin intolerance of TKO mice that received WT Tregs was completely rescued
(Figures 4D and 4E). Although there were no differences in overall GTT by area under curve
analyses, there was a trend toward significance for glucose intolerance in the TKO group at
the 15-min time point—the TKO mice had a ~25% worse trend for glucose tolerance
compared to WT mice (p = 0.09) (Figure 4D). Differences between Figure 4D and Figure
2C may reflect exposure to weekly PBS injections, which potentially provide a different
stress environment. In addition, adoptive transfer of WT Tregs also inhibited
histopathological changes in TKO HFD-fed mice, including the development of fatty liver
(Figure 4F), the accumulation of macrophages and “crown-like” structures in VATs and
SATs (Figures 4G and 4H, top), and the switch in adiposity from small to large adipocytes
(Figures 4G and 4H, bottom). Finally, WT Treg adoptive transfer to TKO mice also
improved circulating levels of insulin and C-peptide (Figure 41). Collectively, these findings
indicate that the obesity, insulin resistance, fatty liver, and adipose tissue inflammation
found in the TKO HFD-fed mice could be effectively rescued by WT Tregs, thereby
highlighting that dysfunction of TKO Treg mobilization likely underlies these metabolic
phenotypes.

Signaling Pathway Analysis of KLF10 Deficiency in CD4* T Cells

To explore the signaling pathways and biological processes affected by KLF10 deficiency in
CD4* T cells, genome-wide RNA sequencing (RNA-seq) was performed on splenic CD4*
Teffs and Tregs from WT and TKO mice after 12 weeks of HFD. Approximately 560 genes
were significantly dysregulated (fold change, 1.5; p < 0.05; RPKM, >1) in TKO Tregs
compared to WT Tregs by ingenuity pathway analyses (IPAs). Top Gene Ontology (GO)
pathways for molecular and cellular functions included cell death and survival, free radical
scavenging, and lipid metabolism (Figure 5A). Similar IPA of 569 genes differentially
regulated in Teffs from HFD-fed WT and TKO mice identified similar pathways, including
cellular growth and proliferation, cell death and survival, and free radical scavenging (Figure
5G). Interrogation of specific signaling pathways enriched from the dysregulated Treg and
Teff gene sets revealed that oxidative phosphorylation, glycolysis, and PI3K-Akt-mTOR
signaling pathways were among the top signaling pathways altered in HFD TKO Tregs
(Figures 5B-5F) and Teffs (Figures 5H-5L) by either IPA or gene set enrichment analysis
(GSEA). It also revealed several common disease states associated with both Tregs and
Teffs, including metabolic and inflammatory disease (Figures S6A-S6F). Interestingly,
further analyses showed that 18 of the 23 genes belonging to metabolic disease were also
associated with diabetes and hepatic steatosis, such as ccrs, stk32c, Tgfbi, gpx1, and Apoe
(Figures S6G-S61). Moreover, compared to WT Tregs, enrichment plots from GSEA
demonstrated reduced gene abundance in oxidative phosphorylation and PI3K-Akt-mTOR
pathways in TKO Tregs (Figure 5E) and decreased oxidative phosphorylation and PI3K-
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Akt-mTOR pathways in TKO Teffs compared to WT Teffs (Figure 5K). Consistent with
these findings, TKO Tregs and Teffs displayed significant reductions in the expression of p-
AKT, p-ERK1/2, and p-mTOR (Figures 5F and 5L). Collectively, these data indicate that
TKO Tregs and Teffs demonstrate altered gene enrichment for key metabolic signaling
pathways and processes typically involved in mitochondrial respiration and glycolysis.

TKO Tregs Exhibit Severe Dysfunction in Oxidative Phosphorylation and Glycolysis

CD4* T cell subsets use different means for energy production and utilization. Tregs
typically rely upon mitochondrial respiration, whereas Teffs depend more on glycolysis. We
first examined mitochondrial oxygen consumption rates (OCRs) from iTregs and Teffs from
WT and TKO mice after 12 weeks HFD. Compared to WT control (ctrl), both TKO CD4* T
cell subsets had reduced OCRs (Figures 6A and 6B). TKO iTregs had reduced OCR at
baseline (by 51%) and exhibited significant reduction in ATP production (by 51%) and
proton leak (by 51%) compared to WT iTregs (Figure 6A). In contrast, basal OCR in TKO
Teffs was slightly reduced (by 25%), whereas respiratory capacity was markedly reduced
82% (Figure 6B). To examine effects of TKO CD4* T cell subsets on glycolysis,
extracellular acidification rates (ECARSs) were quantified from iTregs and Teffs from WT
and TKO mice after 12 weeks of HFD. Although TKO iTregs showed a significant reduction
in glycolytic capacity and glycolytic reserve compared to WT iTregs (Figure 6C), there were
non-significant trends observed in Teffs (Figure 6D). To further clarify the marked reduction
in OCR in HFD TKO CD4* T cells, we assessed the relative expression of mitochondrial
oxidative phosphorylation (OXPHOS) complexes I to V, which collectively use reducing
equivalents from oxidized fuels to generate the proton gradient across the inner
mitochondrial membrane and ATP production (DiMauro and Schon, 2003). HFD TKO
iTregs displayed marked decreases in complexes I, 1, 11, IV, and V compared to HFD WT
iTregs (Figure 6E). The reduction in OXPHOS in HFD TKO Tregs was generally more
pronounced than the more modest reduction in OXPHOS in HFD Teffs (Figure 6F).
However, both HFD TKO subsets exhibited reductions in mitochondrial mass (Figures 6G
and 6H). Collectively, these data indicate that HFD TKO CD4* Tregs exhibit defects in
mitochondrial oxidative respiration with more modest decreases in glycolytic function.

DISCUSSION

Obesity-associated insulin resistance is driven in part by low-grade inflammation in adipose
tissue and liver through the accumulation of diverse innate and adaptive immune cell
subsets. CD4* T cell regulation of immune-adipose tissue crosstalk is a critical paradigm
leading to the progression of obesity and obesity-associated disease states (Becker et al.,
2017; Panduro et al., 2016). Circulating CD4* T cell frequency is positively associated with
increased BMI and obesity in human subjects (Pecht et al., 2014; Womack et al., 2007).
Accumulation of adipose CD4* Teffs promote adipose tissue inflammation and insulin
resistance in mice (Strissel et al., 2010; Winer et al., 2009) and is associated with insulin
resistance and systemic inflammation in human subjects (Fabbrini et al., 2013). Factors that
control the recruitment and composition of CD4" T cell subsets in tissues may inform new
targets in the development of insulin resistance. Here, we found that KLF10 expression is
reduced in circulating CD4* T cells from HFD (Figure 1B), d&/alb mice (Figures S1A and
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S1B), and in Tregs in human subjects with increased BMI (Figure 1C), raising the
possibility that KLF10 contributes to CD4-mediated regulation of obesity and insulin
resistance. In support, we identified a protective role for CD4-T-cell-derived KLF10 in the
maintenance of obesity, insulin resistance, and fatty liver. Adoptive transfer studies revealed
that TKO Tregs accumulated significantly less in adipose tissues and livers of HFD mice
than adoptively transferred WT Tregs (Figure 3), an effect likely due to the marked defects
in mitochondrial respiration and glycolytic function in HFD TKO CD4* Tregs. WT Tregs,
but not TKO Tregs, fully rescued the obesity, insulin resistance, VAT and SAT adiposity,
inflammation, and fatty liver observed in HFD TKO mice (Figure 4). Collectively, these
findings highlight a critical role for KLF10 in orchestrating CD4* Treg mobilization into
tissues, an effect that a predisposition to obesity, insulin resistance, and fatty liver disease.

In theory, the deletion of KLF10 in CD4" T cells could have either increased fat weights
and, as a consequence, drove insulin resistance; or KLF10 deficiency in CD4* T cells could
directly affect insulin resistance. Our findings support the latter, as we found that despite no
differences in body weights (Figure S10), chow-fed older TKO mice developed significant
impairment in glucose tolerance (by glucose tolerance test [GTT]; Figure S1L), insulin
sensitivity (by ITT; Figure SIM), and hepatic glucose production (by pyruvate tolerance test
[PTT], Figure SIN) compared to WT mice. These data demonstrate that TKO deficiency in
CD4* T cells is sufficient to produce insulin resistance and impaired glucose homeostasis in
the absence of obesity. In addition, we assessed whether CD4-derived KLF10 contributes to
obesity per se by placing WT and TKO mice in metabolic cages (CLAMS) after 4 weeks of
HFD before body weights had diverged. As shown in Figures 2K-2M and S3A-S3E, TKO
mice placed on HFD had significantly reduced energy expenditure despite no significant
change in food intake or locomotion or ambulatory activity, and the significant decrease in
energy expenditure was maintained as shown in regression plots for total body mass. In
addition, TKO mice developed significant exacerbation in glucose tolerance (by GTT) and
insulin tolerance (by ITT) at this early time point (Figures S3F and S3G). Interestingly,
evaluation of younger chow-fed TKO and WT mice in metabolic cages demonstrated an
early increase in their respiratory exchange ratio (Figure S3K), suggesting that they are
already developing a metabolic defect despite no change in body weights.

Accumulating studies demonstrate that alterations in adipose-tissue-resident CD4* T
subpopulations disrupt the ratio of pro-inflammatory M1 and anti-inflammatory M2
macrophages, a critical balance that controls adiposity, fatty liver, and metabolism (Huh et
al., 2014). In particular, deficiency or impairment of CD4* Tregs exacerbates HFD-induced
obesity and insulin resistance in mice. For example, the maintenance of Tregs in VATs of
HFD-fed obese mice resulted in a significant decrease in body weight gain, VAT mass, and
adipocyte size (Cipolletta et al., 2012; Tian et al., 2011). However, the regulators of Treg-
associated immune homeostasis in adipose tissue depots are poorly understood. Our findings
demonstrate that KLF10 expression in CD4* T cells is important for the maintenance of
adipose tissue CD4* Tregs and adipose tissue inflammation in HFD-fed mice (Figures 2F,
2G, 21, and 2J). Consistent with these observations, expansion of adipose Tregs attenuated
adipose tissue inflammation and improved insulin sensitivity in HFD-fed obese mice and
ob/ob mice (llan et al., 2010; Kolodin et al., 2015; Pettersson et al., 2012), whereas depletion
of VAT Tregs by anti-CD25 monoclonal antibody aggravated insulin resistance and
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increased VAT inflammation in ab/db mice (Eller et al., 2011). Moreover, HFD TKO Tregs
had impaired chemotaxis to CCL19, which has been implicated in the progression of obesity
in mice (Sano et al., 2015; Sharma et al., 2015) and human subjects (Kochumon et al.,
2018). In addition, supernatants from HFD TKO Tregs interfered with 3T3-L1 adipocyte
glucose uptake and exacerbated hepatocyte glucose production (Figures 31-3L), suggesting a
potential paracrine effect contributing to insulin resistance. Indeed, ELISA-based studies
revealed a marked deficiency of TGF-B3 in the supernatants of HFD TKO iTregs, and
exogenous TGF-B3 fully rescued these defects mediated by HFD TKO iTreg supernatants
(Figures S4B and S4C). Moreover, circulating levels of TGF-B3 expression, but not TGF-p1
or TGF-B2, in HFD TKO mice were significantly reduced compared to WT HFD mice.
These findings are consistent with a recent report that TGF-p3-deficient mice exhibit
increased adiposity, glucose intolerance, and weight gain (Petrus et al., 2018). Although this
report suggested that TGF-B3 deficiency was associated with a reduction in adipocyte
precursor proliferation, the authors concluded that this did not exclude that other factors may
contribute to cellularity of adipose tissue depots. Specifically, they note that although TGF-
B3 is enriched in adipocyte progenitors (CD45-CD31~CD34" cells), it is also expressed in
immune cells, which they speculated could have also contributed to effects on adipose
cellularity in the TGF-B3*/~ mice (Petrus et al., 2018). Consistent with this premise, we
found that the percentage of CD4*Foxp3*TGF-B3* Tregs in VATSs and spleens was markedly
lower in HFD-fed TKO mice than in WT mice (Figures S4E and S4G). Moreover, we found
that TKO mice on HFD have reduced CD45-CD31-CD34* adipocyte progenitors in VATs
compared to WT HFD mice (Figure S4H). Collectively, the impaired Treg mobilization and
accumulation in adipose tissue and liver coupled with the TGF-B3 paracrine defects from
TKO Tregs contribute to the HFD-induced obesity and insulin resistance in the TKO mice.
Future studies will be of interest to assess the role of TGF-B3 in our TKO mice, for example
by crossing to the TGF-B3*/~ mice to assess for dependency or delivery of recombinant
TGF-B3 to assess for rescue of the insulin resistance and obesity phenotype. In this context,
whether TGF-B3 facilitates insulin-stimulated glucose uptake in fat depots will also be of
future interest.

The contribution of CD4* T cell subsets in the development of fatty liver and non-alcoholic
steatohepatitis (NASH) is poorly defined. Emerging studies indicate that higher Teff to Treg
ratios cause a predisposition to intrahepatic inflammation, fatty liver, and progression to
NASH in both mice and human subjects (Bertola et al., 2010; Inzaugarat et al., 2011;
Kremer et al., 2010; Pacifico et al., 2006; Rau et al., 2016; Sutti et al., 2015; Vonghia et al.,
2015). Our studies demonstrated that HFD-fed TKO mice exhibited a significant reduction
in Treg accumulation associated with increased intrahepatic Ly6C*-hi M1 macrophage
inflammation and lipid deposition (Figures 2 and S2). In addition, adoptive transfer of WT
Tregs, but not TKO Tregs, fully rescued the macrophage accumulation and fatty livers
(Figure 4). The reduction in HFD TKO Treg accumulation was most severe in the liver
compared to SAST and VATSs, which corresponded to a more pronounced increase in
expansion of Teffs (Figures 2H-2J). These findings highlight that reduced Tregs in the liver
facilitates pro-inflammatory responses, leading to macrophage accumulation, lipid
deposition, and insulin resistance.
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Alterations in components of the AKT-PI3K-mTOR signaling pathway are sufficient to
reprogram mitochondrial metabolism, leading to impaired Treg differentiation, suppression,
or mobilization depending on the cellular context (Cunningham et al., 2007; Zeng et al.,
2013). For example, mTOR deficiency in Tregs drove spontaneous effector T cell activation
and inflammation in tissues (Chapman et al., 2018). Furthermore, deficiency of Raptor or
Tfam impaired Treg accumulation in tissues (Xu et al., 2017). Interestingly, loss of mMTOR or
Raptor and Rictor in Tregs led to extensions in lifespan in mice, an effect that may be
associated with reduced tissue inflammation (Zeng et al., 2013). We found that Tregs from
HFD-fed TKO mice exhibited severely impaired OXPHOS and glycolysis, an effect
associated with their impaired migratory properties and mobilization into tissues and
increased inflammation in liver, VATs, and SATs (Figures 2 and 3). Expression of p-AKT
was markedly reduced in TKO HFD CD4* Tregs (Figure 5F). These findings are consistent
with a study that found activation of PI3K-AKT signaling is required for Treg migration
(Kishore et al., 2017). Moreover, disruption of PI3K-AKT signaling led to reduced Treg
glycolysis (Kishore et al., 2017), an effect also observed in HFD TKO Tregs (Figure 6C).
Furthermore, multiple predicted databases (mSigDB, TRED, EEDB, Amadeus, bZIPDP, and
OregAnno) in combination with IPA verified several key targets of KLF10 that are involved
in the AKT-PI3K-mTOR signaling (Hsu et al., 2011; Johnsen et al., 2002; Lin et al., 2015;
Sakaguchi et al., 2005; Yang et al., 2017; Table S1). Finally, although activation of PI3K-
AKT signaling was required for enhancement of glycolysis and Treg migration, there were
no differences in Treg suppressive capacity (Kishore et al., 2017). Consistent with these
observations, although HFD TKO Tregs had reduced AKT signaling and glycolytic activity,
there was no impairment in TKO Treg suppressive capacity (Figure S4J). In addition, HFD
TKO Tregs exhibited significantly reduced energy production with lower mitochondrial ATP
production compared to WT TKO Tregs (Figure 6), which may contribute to Treg
immobility (Desdin-Mico et al., 2018; Ledderose et al., 2018). Collectively, these data
indicate that TKO Tregs exhibit marked intrinsic defects in AKT signaling associated with
reduced glycolysis, mitochondrial respiration, and subsequent Treg accumulation in tissues,
effects enabling a more permissive expansion of pro-inflammatory macrophage
accumulation, adiposity, and development of insulin resistance.

Limitations in this study include the possibility that the mechanisms by which the older
TKO mice on a normal chow diet develop insulin resistance (without a change in body
weight) may be different than TKO mice on a HFD that develop insulin resistance and
obesity. In addition, although TKO HFD mice have increased inflammation of the liver,
SATs, and VATs, whether this directly contributes to the reduced energy expenditure in these
mice will require further study. Finally, we find that TKO mice on HFD have reduced
numbers of adipocyte progenitors. It is possible that TKO CD4" Tregs may impact either the
total number of these adipocyte progenitors or increase their adipocyte differentiation,
thereby reducing the pool of adipocyte progenitors. In support of the latter, our studies
indicate that there is reduced TGF-f3 release from TKO CD4* Tregs, and TGF-p3
heterozygous mice on HFD harbor reduced numbers of adipocyte progenitors and a higher
number of cells undergoing differentiation /n vitro (Petrus et al., 2018). Future studies will
be of interest to assess these two possibilities.
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In summary, our study revealed that CD4*-T-cell-specific KLF10-deficient mice on HFD
develop obesity, insulin resistance, and fatty liver due to defects of CD4* Treg mobilization
to adipose tissue depots and liver, effects that were fully rescued by WT CD4* Tregs and not
TKO Tregs. Tregs lacking KLF10 exhibit marked intrinsic defects in mitochondrial
respiration, OXPHOS, glycolysis, PI3K-Akt-mTOR signaling, and consequently impaired
chemotactic properties. In addition, paracrine defects in TGF-B3 expression in TKO regs
interfered with adipocyte glucose uptake /7 vitro, and TGF-B3* Tregs were reduced in VATS
in vivo. Collectively, these findings establish KLF10 as a metabolic checkpoint in Tregs that
couples metabolic regulation to immune homeostasis, obesity, and insulin resistance.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Mark W. Feinberg,
mfeinberg@bwh.harvard.edu

Materials availability—This study generated CD4*-KLF10 KO mice; these are available
upon reasonable request.

Data and code availability—The mouse gene expression data are deposited in the
National Center for Biotechnology Gene Expression Omnibus (https://
www.nchi.nlm.nih.gov/geo/), accession number GSE139977.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—The floxed-KLF10 mice (C57BL/6 background) were generated by inserting a loxP
site flanking the first two exons as previously described (Weng et al., 2017). CD4-specific
KLF10 knockout mice were generated by crossing KLF101oX/flox mjce and CD4-Cre
transgenic mice (re-named wild-type (WT) mice) obtained from Taconic Biosciences (Stock
#4196). We used WT CD4-Cre mice and KLF10floX/flox mice as controls. Mice were fed
either a standard chow or high-fat diet (60% kcal from fat (D12492i, Research Diets Inc.);
6-18 weeks of age, or as indicated) ad /ibitum. All mice were males and maintained on a 12-
hour light/dark cycle in a pathogen-free animal facility. Littermates of the same sex were
randomly assigned to experimental groups. Body weight was monitored weekly. Overnight
fasted mice were used for tissue samples collection. WAT was obtained from subcutaneous
periinguinal (SWAT) or visceral epidydimal/perigonadal (\VAT) regions. Experimental
procedures were approved by the Laboratory Animal Care at Harvard Medical School and
Brigham and Women’s Hospital.

Human subjects and T cell Isolation—Peripheral blood samples (20 mL) were
obtained from 12 healthy male and female adult human subjects (age > 18) with BMI of <24
kg/m? (BioChemed Services, Winchester, VA, USA) and from subjects with BMI > 35
kg/m?2 (age > 18) who had planned bariatric surgery in accordance with the Institutional
Review Board-approved protocols at Brigham and Women’s Hospital, Boston, MA, USA. In
brief, peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient
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centrifugation (GE Healthcare, USA) as previously described (Wara et al., 2011a). CD4* T
cells were isolated from PBMCs with a negative CD4* T cell isolation kit (Miltenyi Biotec).
CD4*CD25™ cells were obtained by negative selection (flow through), and CD4*CD25*
cells were positively selected (eluted column-retained cells).

Cell Culture—Primary splenic CD4*CD25~ and CD4*CD25* T cells were isolated from
WT and TKO mice by using a magnetic-based CD4+CD25+ regulatory T cell Isolation kit
(Miltenyi Biotech). CD4+CD25- cells were stimulated in the presence of 1 ug/ml anti-CD3
(plate-bound CD3ADb, clone 2C11) in 24-well plates for 24hrs or in the presence of both
anti-CD3 and and TGF-B1 (2 ng/mL) over the indicated time period. Cells were grown in
RPMI 1640 medium (ATCC) supplemented with 10% fetal bovine serum, 0.02mM B-
mercaptoethanol as previously described (Cao et al., 2009).

METHOD DETAILS

Flow Cytometry—Tissue samples were excised and cut in small pieces with a scalpel. Cut
tissues were digested with collagenase type Il and dispase (1mg/ml each in DMEM/F12) and
incubated for 1 h at 37°C with shaking. Suspensions were thoroughly vortexed and
subsequently centrifuged (500 g for 5 min). Cells were centrifuged and resuspended in PBS
containing 1% BSA. All samples were washed, resuspended in PBS plus2% FBS, and
stained for 20 min on ice with directly conjugated (either PE or FITC) monoclonal
antibodies specific for CD4, CD25, Foxp3, F4/80, CD11b, Ly6C, CCR7, CCR6, TGF-B3,
CD31, CD34, and CD45 as described by the manufacturer’s protocol (eBioscience). Specific
to Foxp3 Ab, cells were permeabilized according to the manufacturer’s protocol (Miltenyi
Biotech), To assess mitochondrial mass of iTregs, freshly isolated splenic Tregs, and
CD4*CD25™ Teffs were stained with MitoTracker green according to the manufacturer’s
instructions (Fisher Scientific; M-7514). FACS analysis was performed on an LSR-II
(Beckton-Deckinson, San Diego, CA) and analyzed with FlowJo software.

T cell Isolation from mouse peripheral blood mononuclear cells—Peripheral
blood samples (~1mL) were obtained from C57BL/6 and db/db mice. In brief, peripheral
blood mononuclear cells (PBMCs) were isolated by LSM-Lymphocyte separation Medium
(MPbio, USA). CD4* T cells were isolated from PBMCs with a negative CD4* T cell
isolation kit (Miltenyi Biotec). CD4*CD25" cells were obtained by negative selection (flow
through), and CD4*CD25" cells were positively selected (eluted column-retained cells).

RNA isolation and gRT-PCR—Tissues were excised and homogenized using
TissueLyser 1l (QIAGEN) according to the manufacturer’s instructions. Cell suspensions
were thoroughly vortexed, and a small fraction was directly dissolved in TRIzol reagent
(Invitrogen) or RNeasy kit (QIAGEN). Subsequent RT-gPCR was performed using High-
Capacity cDNA generated with a reverse transcriptase core kit (Applied Biosystems). For
Syber Green based assays GoTaq gPCR Master Mix (Promega) was used. The expression of
mMRNA was examined by quantitative PCR analysis using with AriaMx Real-time
PCRsystem (Agilent Technologies, USA). Expression of mMRNAs levels was normalized by
B actin. Primer sequences are described in (Table S2). Genotyping was performed by PCR
using Tag DNA polymerase (Promega) according to manufacturer’s instructions.
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Genotyping primers used were: primerl: 5 ACCAGCCAGCTATCAACTCG-3’; primer2:
5'-TTACATTGGTCCAGCCACC-3’; primer3: 5’-
CTAGGCCACAGAATTGAAAGATCT-3";.and primer4: 5’
GTAGGTGGAAATTCTAGCATCATCC-3’.

Glucose and Insulin Tolerance Tests—For glucose tolerance tests (GTTs), mice were
fasted for 12 h, and then injected intraperitoneally with d-glucose (Sigma, 1.0 g per kg of
body weight). Insulin tolerance tests (ITTs) were performed on mice after 6 h fasting.
Recombinant human regular insulin (0.75 U per kg of body weight, Humulin R, Eli Lilly)
was given to mice by intraperitoneal injection. Blood glucose levels were measured before
injection and at 15, 30, 60, 90 and 120 min after the administration of glucose or insulin
using Contour next EZ blood glucose monitoring system (Bayer).

Pyruvate tolerance tests—For Pyruvate tolerance tests (PTTs), mice were fasted ~16 hr
and intraperitonealy injected with 2 g/kg BW sodium pyruvate (Sigma) in saline as
described (Foretz et al., 2010; Sumara et al., 2012) Blood glucose levels were measured
before injection and at 15, 30, 60, 90 and 120 min after the administration of pyruvate using
Contour next EZ blood glucose monitoring system (Bayer).

Blood chemistry—L.ipid profiles were measured as previously described (Sun et al.,
2014). Briefly triglyceride levels were determined using Infinity™ Triglycerides Liquid
Stable Reagent (Thermo Scientific). Total cholesterol was measured using the Infinity™
Cholesterol Reagent (Thermo Scientific) and HDL cholesterol was measured by colorimetric
assay (BioAssay Systems, EnzyChromTM HDL). LDL cholesterol levels were calculated
using the following formula: LDL = Total Cholesterol — HDL Cholesterol — Triglycerides
divided by five. Standards for cholesterol, triglyceride, and HDL were purchased from
Pointe Scientific, Inc. Plasma free fatty acid was measured using Free Fatty Acid
quantification Kit (Abcam).

Histological and immunostaining analysis—For immunohistology, tissues were fixed
with neutral buffered 10% formalin solution, embedded in paraffin, cut into sections, and
then deparaffinized. Sections were incubated with anti-Mac-2 (CL8942AP, Cedarlane Labs)
for 30 min at room temperature, and counterstained with hematoxylin. Adipocyte size was
measured on 5 independent H&E-stained sections per animal. Oil Red O (ORO) staining
was performed on OCT-embedded sections. Images were captured by a digital system, and
the staining area was measured using computer-assisted image quantification (Image-Pro
Plus software, Media Cybernetics).

Antibodies for western blot analysis—Primary antibodies used were anti-phospho-
Akt (Serd73; #4060, Cell Signaling), anti-pan-Akt (#2920, Cell Signaling), anti-phospho-
P44/42 MAP(ERK1/2) (#9101, Cell Signaling), anti- P44/42 MAPK (ERK1/2) (L34F12)
(#4696, Cell Signaling), anti-phospho-mTOR (SER2448 (D9C?2), #5536, Cell Signaling),
anti-mTOR (# 2972, Cell Signaling), anti-oxidative phosphorylation (OXPHOS) complexes
| to V (#ab110413, Abcam), anti-KLF10 (#ab73537, Abcam), and B-actin (#4970, Cell
Signaling).
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ELISA—The supernatants from CD3 activated cultured CD4*CD25~T Cells were collected
and subjected to ELISA using Mouse Cytokine Discovery Assay (Eve Technologies).
Plasma from WT and TKO mice after 12 weeks of HFD were obtained for insulin, C-
peptide, resistin, and leptin concentrations (Eve Technologies).

Body composition, food intake, and metabolic monitoring—Body composition
was examined with Echo MRI (Echo Medical Systems, Houston, Texas) using the 3-in-1
Echo MRI Composition Analyzer. Food intake was measured approximately every 10 min in
metabolic chambers maintained at 22°C under a 12 hr light/dark cycle with constant access
to food and water and maintained on high-fat diet. Metabolic measurements were performed
using a Comprehensive Lab Animal Monitoring System (Columbus Instruments, Columbus,
OH) (Tschdp et al., 2011). After 48 h of acclimation, rates of O2 consumption (VO,) and of
CO2 production (VCO,) were recorded for 24 h at 22°C. Respiratory exchange ratio (RER)
was calculated as the ratio of VCO5 to VO,. Energy expenditure (EE) was calculated from
values of VO, and VCO, as EE = (3.82 3.82VO, + 1.22VVCO») and was adjusted by
ANCOVA for lean body mass as determined by NMR spectroscopy (EchoMRI). Physical
activity was measured as beam breaks.

Adoptive Treg cell transfer and mobilization studies—To assess chemotaxis /n
vivo, adoptive transfer of CD4*CD25" Treg cells was conducted as previously described
(Sun et al., 2014). Briefly, splenic Treg cells were obtained from donor WT or TKO HFD-
fed mice (mouse Treg isolation kit, Miltenyi Biotech) and labeled ex vivo with fluorescent
PKH26 dye (Sun et al., 2014). Fluorescently labeled PKH26 CD4*CD25* WT and TKO
Tregs (1x10°) were suspended in 0.2 mL PBS and injected intravenously into C57BL/6
recipient mice. Two days after the injection, the PKH26-cells were quantified from VAT,
SAT and liver by flow cytometry on an LSR-II (Beckton-Deckinson, San Diego, CA) and
analyzed with Flowjo software. In separate studies, TKO and WT Tregs were isolated from
WT and TKO HFD-fed mice (Treg isolation kit, Miltenyi Biotech) and adoptively
transferred (1 x 108 cells/mouse) intravenously once per week into the indicated recipient
mouse groups: 1) WT mice + PBS; 2) TKO mice + PBS; 3) TKO mice + WT Tregs; and 4)
TKO mice + TKO Tregs. Recipient mice were kept on a high-fat diet containing 60% kcal
fat (Research Diets, D12492i) for 12 weeks at which time ITT and GTT were performed
prior to tissue harvest.

Migration assays—NMuigration assay was performed using the ChemoTx transwell system
(Neuro Probe, Inc, Cabin John, MD, USA) according to the manufacturer’s protocol.
Briefly, 2x10% TKO and WT Tregs from HFD-fed mice and suspended in serum-free media
were placed in the upper compartment, while the lower compartment was filled with
medium containing chemokines CCL19 or CCL20. After 6 h of incubation at 37°C, the total
number of cells in the lower compartment were collected and cell migration was detected by
counting the number of cells by FACS, which was performed on an LSR-1I (Beckton-
Deckinson, San Diego, CA). Each sample was assayed in triplicate.

Mitochondrial bioenergetics—Mitochondrial oxygen consumption rates (OCR) and
extracellular acidification rates (ECAR) were determined using an XFe-96 Extracellular
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Flux Analyzer (Seahorse Biosciences). Cells (iTregs (in vitro differentiated and sorted as
CD4*CD25* Tregs), freshly isolated splenic Tregs, or CD4*CD25~ Teffs) were plated at 2
x10° per well in 96-well Seahorse plates coated with CellTak (BD pharmingen).
Mitochondrial OCR was measured and plotted at basal conditions followed by sequential
addition of 2 pg/mL oligomycin (ATP synthase inhibitor), 1 pmol/L FCCP (a mitochondrial
uncoupler), and 0.5 pmol/L rotenone (complex I inhibitor) plus 0.5 pmol/L antimycin A
(complex 11 inhibitor). Glycolytic capacity of T cells was determined by Seahorse XF
Glycolysis Stress Test Kit (Agilent Technologies) according to the manufacturer’s
instructions. For the measurement of ECAR, XF RPMI Seahorse medium supplemented
sequentially with 10 mM glucose and 2 mM L-glutamine, oligomycin (2 u M), and 2-DG
(30 mM) (Sigma-Aldrich) to measure glycolysis, glycolytic capacity, and glycolytic reserve,
respectively.

Glucose uptake assays—3T3-L1 fibroblasts were differentiated into 3T3-L1 adipocytes
according to the manufacturer’s instructions (AAT Bioquest). In brief, induction of
differentiation of 3T3-L1 pre-adipocytes into mature adipocytes was performed after 2-day
incubation with DMEM supplemented with 10% FBS, 0.83uM insulin, 0.25uM
dexamethasone, and 0.25mM isobutylmethylxanthine. The cells were subsequently
maintained for 2 days with DMEM supplemented with 10% FBS and 0.83 pM insulin alone.
The medium was changed to DMEM supplemented with 10% FBS for another 3-5 days.
Differentiated cells (at least 95% of which showed an adipocyte phenotype by accumulation
of lipid droplets) were used on day 8 to 12 after induction of differentiation. 3T3-L1
adipocytes were placed in growth medium at 5x10* cells/well/100uL/96-well black wall/
clear bottom cell culture Poly-D lysine plate. Cells were co-cultured with WT or TKO Treg
cell supernatants for 8-10 h. Subsequently, cells were treated with or without insulin (1 uM)
for 20 min to activate glucose transport and quantified using Screen QuestaFluorimetric
Glucose Uptake Assay Kit (AAT Bioquest) (Lu et al., 2018).

In vitro glucose production assays—Production of glucose was assessed in mouse
primary hepatocytes. Briefly, primary hepatocyte cells were cultured in 12-well collagen-
coated plates (200,000 cells per well) for 12 h (Calabuig-Navarro et al., 2015; Matsumoto et
al., 2007). After washing twice with pre-warmed PBS buffer, hepatocytes were incubated in
2 mL glucose-free glutamine-containing Dulbecco’s Modified Eagle’s DMEM without
phenol red, supplemented with 1 mM pyruvate. After 12-hr incubation in the presence of 8-
cpt-cCAMP (cAMP analog, 500 pM) and dexamethasone (100 uM), cells were co-cultured
with WT or TKO Treg cell supernatants for 12 h. Conditioned medium were harvested to
determine glucose levels, using the colorimetric glucose assay as described by the
manufacturer (Wako, Japan) Briefly, mutarotase-glucose oxidase was added to each well,
and incubated at room temperature for 20 min before measuring absorbance at 505 nm.
Glucose concentration was calculated from a standard curve generated with the
manufacturer’s glucose standards.

RNA-seq analysis and GO—RNA-seq analysis was performed after ribodepletion and
standard library construction using Illumina HiSeq2500 V4 2x100 PE (Genewiz, South
Plainfield, NJ). Briefly, processing of FastQC was performed by Genewiz as following:
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Sequence reads were trimmed to remove possible adaptor sequences and nucleotides with
poor quality (error rate < 0.05) at the end. After trimming, sequence reads shorter than 50
nucleotides were discarded. Remaining sequence reads were aligned to the reference
genome for mouse (GRCm38.p5). Mean quality score of all samples was < 37 within a
range of 30,000,000-40,000,000 reads per sample. All samples had at least >70% of mapped
fragments over total. Total gene hit counts were measured and RPKM values were calculated.
After mapping and total gene hit count calculations using CLC Genomics server (v9.0), the
total gene hit counts table was used for downstream differential expression analysis using
DESeq2. Genes with an adjusted p value < 0.05 and absolute log2FoldChange > 1 were
called as differentially expressed genes for each comparison, after removing low abundant
transcripts by gene hit counts base < 10. Hierarchical heatmap cluster analysis was
generated with heatmap?2 function in R package gplots. Dissimilarity value was calculated
using distance matrix 1-correlation. For Volcano plots log2 fold change was plotted adjusted
p value -log10. For gene set enrichment analysis (GSEA) and prediction of upstream
regulators IPA software (QIAGEN) was used (Core Analysis tool).

In Vitro Suppression Assay—TKO or control Treg cells were sorted as CD4*CD25*
Treg cells and cultured with CD4*FoxP3- responder cells (isolated from spleens of FoxP3-
GFP CD45.1* mice and labeled with cell trace violet (ThermoFisher Scientific)) and CD19+
B cells (isolated by CD19+ positive selection (Miltenyi Biotec) along with anti-CD3 (2C11;
2ug/ml) for 4 days. Cultures were harvested and responder cells were analyzed by flow
cytometry by gating on CD4+IA-CD45.1+ cells. Division index and proliferation index were
assessed using FlowJo software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were determined by using unpaired two-tailed Student’s t test or ANOVA
with Bonferroni correction for multiple comparisons. Normal distribution was assumed for
all experimental groups. A value of p < 0.05 was considered statistically significant. Data are
represented as mean + SEM and the number per group is indicated in the figure legends.
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Highlights

KLF10 expression is downregulated in mouse CD4* T cells and human
subjects with obesity

KLF10 deletion in mouse CD4* T cells leads to multiple defects in CD4*
Treg function

Decreased TGF-P3 release from these Tregs alters glucose uptake and
production

WT Treg delivery rescues obesity, insulin resistance, and fatty liver in these
mice
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Figure 1. CD4™ T Cells Exhibit Decreased KLF10 Expression in Obese Mice and Human
Subjects
(A) KLF10 relative expression in splenic CD4*CD25™ T cells (Teffs) and CD4*CD25* T

regulatory cells (Tregs) after 12 weeks of chow diet or HFD conditions (n = 6 per group).
(B) KLF10 relative expression in peripheral blood CD4*CD25 T cells (Teffs) and
CD4*CD25* T regulatory cells (Tregs) after 12 weeks of chow diet or HFD conditions (n =
6 per group).

(C) KLF10 relative expression in CD4* Teffs and Tregs from peripheral blood of human
subjects with BMI of <24 or BMI of >35.

(D) KLF10 relative expression in subcutaneous adipose tissue (SAT) and visceral adipose
tissue (\VAT) after 12 weeks of chow diet or HFD conditions (n = 6 per group).

(E) KLF10 relative expression in CD4* Teffs and Tregs of SAT and VAT after 12 weeks of
chow diet or HFD conditions (n = 6 per group). Statistical differences are indicated as
*p<0.05, **p<0.01, and ***p<0.001. Results are reported as mean + SEM.
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Figure 2. CD4™ T Cell KLF10-Deficient (TKO) Mice Develop Insulin Resistance, Fatty Liver, and

Adipose Inflammation with Reduced Tissue Treg Accumulation

(A) Body weights of WT and TKO mice over 12 weeks of HFD (n = 10 per group).

(B) Body composition of WT and TKO mice after HFD for 12 weeks (n = 6 per group).

(C and D) Glucose tolerance test (GTT) (C) and insulin tolerance test (ITT) (D) were

performed on WT and TKO mice after 12 weeks of HFD (n = 10 per group). AUC, area

under the curve.

(E) Representative liver sections were stained with oil red O (ORO) (top panels) or
hematoxylin and eosin (H&E) (middle panels) or immunostained against Mac2 for

macrophages (bottom panels) (n = 10 per group; 5 random fields for each mouse; scale bars,

100 pm)

(F and G) Representative sections of VAT and SAT immunostained against Mac2 (n = 10 per

group; 5 random fields for each mouse; scale bars, 100 um).

H-J) Quantification by flow cytometry of CD25 and Foxp3 expression in CD4* T cells in
( y y y p3 exp

liver (H), VAT (1), and SAT (J) of WT and TKO mice. Bar graphs show percentages of

CD4*CD25*Foxp3* Treg cells and CD4*CD25*Foxp3~ T cells (n = 4 mice per group).
(K=M) WT and TKO mice were placed on 4 weeks of HFD and assessed in metabolic cages.
Energy expenditure (K) and energy expenditure regression plots correlated with total body
weights are shown (L and M). Statistical differences are indicated as *p<0.05, **p<0.01, and
***n<0.001. NS, non-significant. Results are reported as mean + SEM.

Related to Figures S1 and S2.
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Figure 3. TKO Tregs Display Marked Defects in Mobilization In Vitro and In Vivo
(A) CD4*CD25~ T cells from spleens of WT and TKO mice after 12 weeks of HFD were

treated with anti-CD3 antibodies and TGF-B1 for differentiation into /n vitro differentiated
Tregs (iTregs). Percentage of WT and TKO CD4*CD25"Foxp3™ Tregs were measured by
flow cytometry at the indicated time points (n = 6 per group). (B and C) CD4*CD25™ T cells
from spleens of WT and TKO mice after 12 weeks of HFD were activated by anti-CD3
antibodies for 24 h and subjected to qRT-PCR analysis (B) or ELISA from supernatants (C)
for the indicated cytokines, chemokines, and growth factors (n = 5-9 per group).
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(D and E) Transwell migration study of CD4*CD25* Tregs isolated from WT and TKO
mice after 12 weeks of HFD. Cells were assessed for migration in the presence or absence of
CCL19 (D) or CCL20 (E) (n = 3 per group).

(F and G) Flow cytometry for CCR7 (F) or CCR6 (G) expression in WT and TKO Tregs (n
= 6 per group).

(H) Schematic of PKH26-labeled HFD WT and TKO Tregs adoptively transferred to HFD
C57BL/6 mice. Flow cytometry shows percentage of PKH26-expressed cells in liver, VAT,
and SAT of recipient mice (n = 6 per group).

(I and J) Schematic of glucose uptake study of differentiated 3T3-L1 cells co-cultured with
HFD WT and TKO iTreg supernatant (supe) (). (J) Fluorescence intensity of 2-Deoxy-D-
glucose (2-DG) uptake by differentiated 3T3-L1 cells co-cultured with supernatants of WT
and TKO CD4™ Tregs in the presence or absence of insulin stimulation (n = 4 per group).
(K and L) Schematic of glucose production study of mouse primary hepatocytes co-cultured
with HFD WT and TKO iTreg supernatants (K). (L) Glucose production by mouse primary
hepatocytes co-cultured with supernatants of HFD WT and TKO CD4* Tregs (n = 6 per
group).

Statistical differences are indicated as *p<0.05, **p<0.01, and ***p<0.001. Results are
reported as mean = SEM.

Related to Figures S3 and S4.
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Figure 4. Adoptive Transfer of WT Tregs Fully Rescues Obesity, Insulin Resistance, and Fatty
Liver in TKO Mice

(A) Schematic of adoptively transferred splenic WT and TKO CD4™ Tregs (500,000 cells/
mouse per week) into WT and TKO recipient mice during 12 weeks of HFD (n = 6 per
group).

(B) Body weights of the four recipient mouse groups over 12 weeks: (1) WT mice +
phosphate-buffered saline (PBS), (2) TKO mice + PBS, (3) TKO mice + WT Tregs, and (4)
TKO mice + TKO Tregs (n = 6 per group).
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(C) Body composition of the four recipient mouse groups over 12 weeks: (1) WT mice +
PBS, (2) TKO mice + PBS, (3) TKO mice + WT Tregs, and (4) TKO mice + TKO Tregs (n
= 6 per group).

(Dand E) GTT (D) and ITT (E) were performed on the indicated recipient HFD mice after
12 weeks (n = 6 per group).

(F) Representative liver sections were stained with ORO (n = 6 per group; 5 random fields
per mouse; scale bars, 100 pm).

(G and H) Representative sections of VAT and SAT were immunostained against Mac2 for
macrophages (n = 6 per group; 5 random fields per mouse; scale bars, 100 um). Bar graphs
on the right (top) represent percentage of Mac2 staining as percentage of whole field; bar
graphs on the right (bottom) represent counts of crown-like structures. Beneath the images,
pie charts and bar graphs represent the percentages of small, medium, and large adipocytes
in each group.

(1) Plasma concentrations of metabolism-related hormones insulin, C-peptide, resistin, and
leptin in the indicated groups after 12 weeks HFD (n = 6 per group). Statistical differences
are indicated as *p<0.05, **p<0.01, and ***p<0.001. Results are reported as mean + SEM.
Related to Figure S4.
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Figure 5. Signaling Pathway Analysis of KLF10 Deficiency in CD4* T Cells
CD4*CD25* Tregs and CD4*CD25™ Teffs isolated from spleens of WT and TKO mice after

12 weeks of HFD mice were subjected to the following analyses.
(A) Gene Ontology (GO) analyses of molecular and cellular functions of WT and TKO

Tregs based on fold change (FC) of >1.5, p < 0.05, and RPKM of >1 genes (560 genes) by
ingenuity pathway analysis (IPA) (n = 2-3 mice per group).
(B) Signaling pathway analysis of WT and TKO Tregs based on full set of genes (48,440

genes) by gene set enrichment analysis (GSEA).
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(C) Heatmap of representative genes involved in oxidative phosphorylation, PI3K-Akt-
mTOR signaling, TGF-beta signaling, and glycolysis in WT and TKO Tregs.
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(D) Representative signaling pathway network. Pink represents genes up-regulated in TKO
compared to WT Tregs. Gray represents genes affected but without significant FCs. Green
represents down-regulated genes in TKO Tregs.

(E) Enrichment plots of WT versus TKO Tregs in oxidative phosphorylation (top) and PI3K-
Akt-mTOR (bottom) signaling pathways.

(F) Western blot analyses for p-Akt-ser473, total-AKT (T-AKT), p-ERK, total-ERK (T-
ERK), p-mTOR, and total mTOR (T-mTOR) protein expression of Tregs from WT and TKO
mice after 12 weeks of HFD (lysates pooled from n = 4 mice per group).

(G) GO analyses of molecular and cellular functions of WT and TKO Teffs based on FC of
>1.5, p < 0.05, and RPKM of >1 genes (560 genes) by IPA (n = 2 mice per group).

(H) Signaling pathway analysis of WT and TKO Teffs based on full set of genes (48,440
genes) by GSEA.

(1) Heatmap of representative genes involved in oxidative phosphorylation, PI3K-Akt-
mTOR signaling, TGF-beta signaling, and glycolysis in WT and TKO Teffs.

(J) Representative signaling pathway network. Pink represents genes up-regulated in TKO
compared to WT Teffs. Gray represents genes affected but without significant FCs. Green
represents genes down-regulated in TKO Teffs.

(K) Enrichment plots of WT vs TKO Teffs in oxidative phosphorylation (top) and PI3K-Akt-
mTOR (bottom) signaling pathways.

(L) Western blot analyses for p-Akt-ser473, T-AKT, p-ERK, T-ERK, p-mTOR, and T-mTOR
protein expression of Teffs from WT and TKO mice after 12 weeks of HFD (lysates pooled
from n = 4 mice per group).

Related to Figure S5.
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Figure 6. TKO Tregs Exhibit Severe Defects in Oxidative Phosphorylation and Glycolysis
(A and B) Oxygen consumption rates (OCRs) of iTregs (A) or CD4*CD25~ Teffs (B) from

spleens of WT or TKO mice after 12 weeks of HFD as measured by Seahorse (n = 4 per

group).

(C and D) Extracellular acidification rates (ECARSs) of iTregs (C) or CD4*CD25™ Teffs (D)
from WT or TKO mice after 12 weeks of HFD as measured by Seahorse (n = 4 per group).
(E and F) Oxidative phosphorylation (OXPHOS) complexes 1-V were detected by western
blot analyses and quantified using Image J of iTregs (E) or CD4*CD25™ Teffs (F) from WT
or TKO mice after 12 weeks of HFD (lysates from n = 4 mice were pooled for each group).
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(G and H). Histograms represent MitoTracker staining of iTregs (G) or CD4*CD25™ Teffs
(H) from WT or TKO mice after 12 weeks of HFD. Bar graphs represent MitoTracker
percentages in WT and TKO groups compared to unstained control group (n = 6 per group).
Statistical differences are indicated as *p<0.05, **p<0.01, and *** p<0.001. Results are
reported as mean = SEM.
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Table 1.
Circulating Lipid Profiles of HFD Mice

Serum Lipid WT TKO p Value
Cholesterol (mg/ml)  133.1+10.94 156.1+11.33 0.0806
Triglyceride (mg/ml)  104.6 £10.95 102.0 £ 14.47 0.8868

HDL-c (mg/ml) 31.86 £3.223 36.32+3.839 0.1929

LDL-c (mg/ml) 70.25+6.387 99.47 £7.004 <0.01

FFA (nmol/ul) 2758+ 19.14 301.3+15.42 0.1566

Lipid profiles for WT and TKO mice after 12 weeks high-fat diet.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-phospho-Akt, Ser473 Cell Signaling #4060
anti-pan-Akt Cell Signaling #2920
anti-phospho- P44/42 MAP(ERK1/2) Cell Signaling #9101
anti- P44/42 MAPK (ERK1/2) (L34F12) Cell Signaling #4696
anti-phospho-mTOR (SER2448 (D9C2)) Cell Signaling #5536
anti-mTOR Cell Signaling #2972
B-actin Cell Signaling #4970
anti-oxidative phosphorylation (OXPHOS) complexes | to V Abcam #ab110413
anti-KLF10 Abcam #ab73537
CD4, CD25, Foxp3, eBioscience, USA #17-0042-82
# 25-0251-82
#11-5773-82
F4/80, CD11b, Ly6C, CD8a, CCR7, CCR6, CD31, CD45, Biolegend, USA #123116
and CD34
#101210
#108406
#155008
#120108
#129804
#102407
#103121
#128611
anti-Mac-2 Cedarlane, USA # CL8942AP
CD3e (145-2C11) Life Technologies #16-0031-85
MitoTracker green Fisher Scientific #M-7514
CCL19, CCL20, anti-mouse CD197 (CCR7) and Biolegend, USA # 587804
anti-mouse CD196 (CCR6) # 582304
#120108
#129804
Fluorescent PKH26 dye Sigma-Aldrich #MINI26-1KT

Rabbit anti-Human TGF-beta-3

Assaypro,USA

#32545-05141T

Biological Samples

Human peripheral blood samples

BioChemed Services, Winchester, VA,
USA

https://www.biochemed.com/

Human peripheral blood samples Brigham and Women’s Hospital, Boston, ~ N/A

MA
Chemicals, Peptides, and Recombinant Proteins
TRIzol reagent Invitrogen #15596018
LSM-Lymphocyte separation Medium MPbio, USA # 0850494-CF
sodium pyruvate Sigma # 58636
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy kit QIAGEN #74104
Reverse transcriptase core kit Applied Biosystems #4368814
GoTag gPCR Master Mix Promega # A6001

negative CD4* T cell isolation kit

negative CD8" T cell isolation kit

Infinity™ Triglycerides Liquid Stable Reagent
Infinity™ Cholesterol Reagent

Blood glucose strips

CD19+ kit

Insulin, Humulin R

colorimetric glucose assay

D-Glucose and Sodium Pyruvate

Recombinant TGF-B1

Dexamethasone

IBMX (3-isobutyl-1-methylxanthine)

Poly-D lysine

HDL colorimetric assay (HDL)

Free Fatty Acid Kit

CD4* CD25* Regulatory T Cell Isolation Kit, mouse
CD4* CD25* Regulatory T Cell Isolation Kit, Human
ChemoTx transwell system

Seahorse XF Glycolysis Stress Test Kit

Seahorse XF mito Stress Test Kit XF DMEM Medium

Mouse Cytokine Discovery Assay

Miltenyi Biotec
Miltenyi Biotec
Thermo Scientific
Thermo Scientific
Contour next EZ, Bayer
Miltenyi Biotec

Eli Lilly

Wako, Japan
Sigma-Aldrich

PeproTech

Fisher Scientific
Sigma-Aldrich
Fisher Scientific
BioAssay Systems
Abcam

Miltenyi Biotec
Miltenyi Biotec
(Neuro Probe, USA)
Agilent Technologies
Agilent Technologies

Eve Technologies

#130-104-454
#130-104-075
TR22421
TR13421
#7252
#130-121-301
#U-100
#997-03001
#G7021
#P4562
#100-21
#501035208
#15879

# A3890401
#E2HL-100

# ab65341
#130-091-041
130-091-301
#101-5

# 103020-100
#103015-100
#100840-000

https://www.evetechnologies.com

Glucose Uptake Assay Kit AAT Bioquest #36500
Cell-Tak Corning #354240
8-cpt-cCAMP Santa Cruz Biotech #sc-201569
GLUCOSE AUTOKIT Wako, japan #997-03001
cell trace violet Thermo Fisher # C34557
High fat Diet Research Diets #D12492i
Free fatty Acid Abcam #ab65341
Ficoll-Paque GE Healthcare #17-5442-02
L-glutamine, Oligomycin, and 2-DG Sigma #G3126
#75351
#D6134
ELISA, Mouse Cytokine Discovery Assay EVE Technology,Canada MD44
Deposited Data
Gene Expression Omnibus This Paper accession number GSE139977
Experimental Models: Cell Lines
3T3-L1 ATCC CL-173
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

mouse primary hepatocytes

Massachusetts General Hospital

Cell Resource Core

Experimental Models: Organisms/Strains

KLF10flox/flox mjjce This Paper N/A
CDA4-Cre transgenic mice Taconic Biosciences #4196
CD4-specific KLF10 knockout mice This Paper N/A
C57BL/6 mice Charles River #027
db/ab mice Jackson Lab #000642
Instruments, Software and Algorithms

FlowJo software https://www.flowjo.com/ N/A
Image-Pro Plus software, Media Cybernetics N/A
Ilumina HiSeq 2500 system Genewiz, NJ N/A
Prism GraphPad https://www.graphpad.com/ N/A
Adobe illustrator https://www.adobe.com N/A
IPA software and gene set enrichment analysis (GSEA) QIAGEN Inc N/A
GENE ONTOLOGY ANALYSIS (GO) N/A http://geneontology.org

LSR-1I Flow cytometry

AriaMx Real-time PCRsystem
Tissue Lyser Il

XFe-96 Extracellular Flux Analyzer
Metabolic Monitoring System
Primers for 18, see Table S2

Beckton-Deckinson

Agilent Technologies
QIAGEN

Seahorse Biosciences
Columbus Instruments,USA

This paper

Beckton-Deckinson
https://www.agilent.com
http://www.giagen.com/cn/
https://www.agilent.com/
N/A

N/A
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