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Dysregulated inflammation in adipose tissue, marked by increased
proinflammatory T-cell accumulation and reduced regulatory T
cells (Tregs), contributes to obesity-associated insulin resistance.
The molecular mechanisms underlying T-cell-mediated inflamma-
tion in adipose tissue remain largely unknown, however. Here we
show a crucial role for signal transducer and activator of tran-
scription 3 (Stat3) in T cells in skewing adaptive immunity in
visceral adipose tissue (VAT), thereby contributing to diet-induced
obesity (DIO) and insulin resistance. Stat3 activity is elevated in
obese VAT and in VAT-resident T cells. Functional ablation of Stat3
in T cells reduces DIO, improves insulin sensitivity and glucose
tolerance, and suppresses VAT inflammation. Importantly, Stat3
ablation reverses the high Th1/Treg ratio in VAT of DIO mice that
is likely secondary to elevated IL-6 production, leading in turn to
suppression of Tregs. In addition, Stat3 in T cells in DIO mice
affects adipose tissue macrophage accumulation and M2 pheno-
type. Our study identifies Stat3 in VAT-resident T cells as an im-
portant mediator and direct target for regulating adipose tissue
inflammation, DIO, and its associated metabolic dysfunctions.

hronic inflammation is increasingly appreciated as a major

culprit in promoting insulin resistance and other metabolic
abnormalities associated with diet-induced obesity (DIO) (1-3).
At the cellular level, recent studies implicate T cells, B cells, and
macrophages in promoting adipose tissue inflammation and
regulating high-fat diet (HFD)-induced obesity and insulin re-
sistance (4-6). Seminal studies have demonstrated that both
CD4" and CD8* T-cell subsets in obese adipose tissue produce
proinflammatory cytokines such as IFN-y, which drives local in-
flammation and inhibits insulin signaling (7-10). B and T cells also
can regulate CD11b"F4/80™ adipose tissue M1 and M2 macro-
phage phenotypes, which exacerbate adipose tissue inflammation
(7, 9, 11). Foxp3™ regulatory T cell (Treg) populations in adipose
tissue are inversely correlated with obesity (4, 9, 12), suggesting
that a defect in immune tolerance also promotes obesity, in-
flammation, and insulin resistance. The key signaling mediators
that regulate T-cell-promoted HFD-induced obesity and insulin
resistance are largely unexplored, however. Thus, identification of
key molecular mechanisms underlying local inflammation in DIO
is of significant interest and may lead to effective strategies to treat
obesity and insulin resistance.

Several transcription factors, including the signal transducer
and activator of transcription (Stat) family, particularly Stat3,
regulate diverse targets to drive T-cell-mediated inflammatory
responses in cancer, graft-versus-host disease, and other auto-
immune disorders (13-15). During cancer development, Stat3
promotes Treg recruitment and their suppressive functions in the
tumor microenvironment, while inhibiting antitumor Thl-medi-
ated immune responses (16-20). Therapeutic inhibition or ge-
netic ablation of Stat3 in immune cells, including T cells and
myeloid cells, results in robust Thl mediators with an effective
antitumor immune response in solid cancers. It was recently
shown that Stat3 regulates Th1 cells in autoimmune diseases such
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as experimental autoimmune encephalomyelitis, and that the loss
of Stat3 blunts Th17 cell populations and elevates Treg pop-
ulations in these models, thereby ameliorating disease pro-
gression (21, 22). In contrast, however, in models of colitis, a
disease driven by both Th17 and Thl cells, Stat3 ablation in T
cells elevates Thl populations in spleen but may dampen their
infiltration in the colon while promoting Tregs (23). The apparent
paradoxical role of Stat3 in Th1/Treg balance during cancer and
autoimmunity suggests that its contribution to diseases with dys-
regulated inflammation is highly context-dependent. Although
aberrant inflammation is known to contribute to DIO, whether
Stat3 signaling in T cells regulates inflammation and insulin re-
sistance remains unknown.

In the present study, we examined the role of Stat3 in poten-
tiating inflammation that leads to obesity and insulin resistance.
Using mice lacking Stat3 in T cells, we found that Stat3 is crucial
for T-cell-mediated inflammation in obese adipose tissue, and
that functional ablation of Stat3 in T cells reduces DIO and
improves glucose tolerance and insulin sensitivity. Stat3 in T cells
of mice on a HFD promotes IFN-y—producing CD8" and CD4™*
T cells and blunts Tregs in visceral adipose tissue (VAT). Factors
secreted by obese VAT, including IL-6, suppress Treg gener-
ation in a Stat3-dependent manner, thereby provoking local
inflammation. In addition, the ablation of Stat3 in T cells is
accompanied by a reduction in macrophage accumulation and
restoration of the M2 phenotype in VAT. Taken together, our
findings suggest that T cells use Stat3 as a key mediator of
adipose tissue inflammation during DIO causing insulin re-
sistance, and may serve as an effective therapeutic target for
treating obesity and its metabolic complications.

Results

Stat3 in T Cells Promotes DIO and Insulin Resistance. To investigate
the impact of Stat3 on dietary obesity, we analyzed activation of
Stat3 [phosphoTyr’%-Stat3 (pStat3)] in VAT of mice after 16 wk
on either a low-fat diet (LFD) or a HFD. Stat3 activity was highly
elevated in total VAT of mice fed a HFD compared with those
fed a LFD (Fig. S14), and appeared predominantly in crown-like
structures (CLSs) in the stromal compartment of obese VAT
(Fig. S1B). We next assessed Stat3 activation specifically in T
cells, and found elevated pStat3 in VAT-associated CD4™ T cells
in mice fed a HFD compared with those fed a LFD (Fig. S1C).

To assess the potential contributions of Stat3 signaling in
T cells to DIO and insulin resistance, we fed Stat3™* (Stat3*/*)
and CD4-Cre/Stat3"™"** (Stat37'~) mice either a LFD or a HFD
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for 16 wk. Genomic PCR and quantitative RT-PCR (qRT-PCR)
analysis of FACS-sorted immune cell subsets confirmed func-
tional Stat3 deletion in spleen and VAT-associated CD4* and
CDS" T cells (Fig. S2 A-C). Compared with Stat3*'* mice, Stat3~~
mice gained less weight on a HFD, with a nearly 50% reduction
in weight gain during the first 8§ wk of the diet seen in both sexes
(Fig. 14). Food intake was similar in Staz3*"* and Stat37~ mice
(Fig. S3). Stat3™~ mice had significantly lower blood glucose
(Fig. 1B and Fig. S44) and serum insulin levels compared with
Stat3*"* mice on a HFD (Fig. 1C).

We next evaluated the impact of Stat3 in T cells on insulin
sensitivity in DIO using the glucose tolerance test (GTT) and the
insulin tolerance test (ITT). Stat3”~ mice demonstrated im-
proved glucose tolerance compared with Stat3+* mice on a HFD
(Fig. 1 D and E and Fig. S4B). Moreover, insulin sensitivity was
significantly improved in Stat3~~ mice compared with Stat3**
mice (Fig. 1F and Fig. S4C). Stat3™'~ mice demonstrated less
severe fatty liver (Fig. S5 4 and B), along with decreased tri-
glyceride levels and increased activation of phosphorylated Akt,
suggesting reduced lipid accumulation and improved insulin
signaling, respectively, in the liver during DIO (Fig. S5 C and D).
Functional ablation of Stat3 in T cells of LFD-fed mice did not
affect body weight, glucose level, or insulin tolerance, indicating
that regulation of T cells by Stat3 requires DIO. Collectively,
these results indicate that Stat3 activation in T cells regulates
HFD-induced obesity and promotes insulin resistance and
glucose intolerance.

Stat3 in T Cells Promotes Adipose Tissue Inflammation. Because
T cells have been previously implicated in the regulation of adipose
tissue inflammation, we next examined whether Stat3 in T cells

promotes inflammation in VAT of DIO mice. Our analysis
revealed significant reductions in VAT mass in Stat3~/~ mice
compared with Stat3*"* mice on a HFD (Fig. 24 and Fig. S4D).
Of note, VAT mass was similar in Staz3** and Stat3~~ mice on a
LFD. In addition, adipocyte cell diameter, determined by quan-
tification of H&E staining in VAT, was smaller in Stat3™~ mice
compared with Stat3*"* mice on a HFD (Fig. 2B).

To evaluate the potential impact of T-cell-specific Stat3 on
VAT inflammation and metabolism, we assessed mRNA levels
of various markers of fatty acid and glucose metabolism and
inflammation by qRT-PCR, focusing on mRNA levels with sig-
nificant differences between mice on a LFD and those on
a HFD. We found increased expression of Adipoq and Fasn in
VAT of Stat3™'~ mice compared with Statz3*'* mice on a HFD
(Fig. 2C). We also detected reduced Socs3, which is expressed in
adipocytes and has been linked to obesity-induced insulin re-
sistance (24, 25), and increased Socs! expression in VAT of
Stat3~'~ mice compared with Stat3** mice on a HFD (Fig. 2C).
Expression levels of genes implicated in VAT inflammation, in-
cluding Saa3, Ccl5, and Ifny (6, 10), were reduced in Stat3™~
mice compared with Staz3** mice on a HFD, whereas expres-
sion of Il-6 remained unchanged (Fig. 2C). We confirmed pro-
tein levels of IFN-y and IL-6 in obese VAT by ELISA (Fig. 2 D
and E). Taken together, these data indicate reductions in both
metabolic dysfunction and local inflammation in VAT of DIO
mice lacking Stat3 in T cells.

Stat3 in T Cells Regulates Th1/Treg Balance in Adipose Tissue of DIO
Mice. To further characterize cellular mechanisms important for
Stat3-regulated T-cell-driven adipose tissue inflammation, we
assessed T cells and their cytokine profiles in VAT of DIO mice.
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Fig. 1. Stat3in T cells promotes DIO and insulin resistance. (A) Body weight was measured in Stat3*"* and Stat3~~ mice on a LFD or HFD from at least two
independent studies. (Left) Females, n > 20 per group. (Right) Males, n > 6 per group. (B) Fasting blood glucose levels measured after 12 wk on a LFD or HFD.
n =4 per group. (C) Serum insulin levels measured by ELISA after 16 wk on a LFD or HFD. n = 8 per group from two independent studies. (D) GTT performed
on female mice after 12 wk on a LFD or HFD. n = 4 per group. (E) GTT performed on male mice after 6 wk on a LFD or HFD. n = 5-8 per group (F) ITT
performed on mice after 14 wk on a LFD or HFD. n = 4 per group. P values indicate comparisons between Stat3*"* and Stat3~'~ mice on a HFD.
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Fig. 2. Stat3in T cells promotes adipose tissue inflammation. (A) VAT mass
was measured in Stat3** and Stat3™~ mice after 16 wk on a LFD or HFD.
n >12 per group from two independent studies. (B) H&E staining of VAT
from Stat3*™* and Stat3~"~ mice on a LFD or HFD. (Scale bars: 100 um.) Adi-
pocyte cell diameter (in pixels) from 50 random cells from n = 4 mice per
group are shown. Data are representative of two independent studies. (C)
QRT-PCR analysis of VAT from Stat3*'* and Stat3~"~ mice after 16 wk on a LFD
or HFD. mRNA expression of indicated genes was normalized with Gapdh.
n = 4 per group. (D and E) ELISA of IFN-y (D) and IL-6 (E) levels of VAT from
Stat3** and Stat3~~ mice on a LFD or HFD. Pooled data from n = 4 mice per
group are shown as mean + SD.

Total CD8" and CD4* T cell numbers were significantly reduced
in Stat3~'~ mice compared with Staz3*'* mice on a HFD (Fig. 34
and Fig. S6 A and B). Of note, CD4" T cell levels were signifi-
cantly elevated, whereas CD8" T cell levels remained un-
changed, in DIO mice compared with lean mice. Flow cytometry
revealed modest reductions in VAT-associated CD8" and CD4*
T-cell production of IFN-y in Staz3~~ mice compared with Stat3*'*
mice (Fig. 3B). qRT-PCR analysis confirmed a reduced Ifny ex-
pression in CD8" T cells (Fig. 3C).

VAT-associated T cells show increased memory and de-
creased naive markers during the development of DIO (10, 26).
Thus, we evaluated the effects of Stat3 ablation on memory
phenotype in VAT, and observed a twofold increase in naive
CD62LCD44~CD8" T cells in Stat3~~ mice compared with
Stat3*'* mice on a HFD, with no discernible differences in CD4*
T cells (Fig. 3D).

CD4*1IL-17* (Th17) cells were significantly reduced and CD4*
IL-4* (Th2) cells were significantly increased in Staz3™'~ mice
compared with Staz37* mice on a HFD (Fig. 3E). Analysis of T-
cell subsets in Stat3"* and Stat37'~ mice on a LFD demonstrated
increased IFN-y production by CD4* and CD8" T cells in spleen

Priceman et al.

(Fig. S7A), but reduced IFN-y production in both T-cell subsets
in VAT of Stat37'~ mice compared with Stat3** mice under lean
conditions (Fig. S7B). Of note, along with the known reduction
in VAT-associated Tregs during DIO (4, 9, 12, 27), CD4*Foxp3™
Treg percentages were increased in the VAT of Stat3~~ mice
compared with Stat3** mice on a HFD (Fig. 3F). Spleens from
Stat3~'~ mice demonstrated a reduction in total CD4™ T cells
and a concomitant increase in CD8" T cells, although negligible
differences were observed in Thl and Treg populations com-
pared with Stat3*"* mice on a HFD (Fig. S84 and B). These data
suggest that a shift in Th1/Treg balance through ablation of Stat3
in T cells reduces local inflammation in VAT of DIO mice.

To gain insight into potentially important molecular mecha-
nisms for Stat3-promoted Treg suppression in VAT of DIO
mice, we treated splenic CD4" T cells undergoing in vitro Treg
polarization with conditioned media (VAT-HFD) collected from
VAT of DIO mice. The results of these experiments show that
VAT-HFD potently suppressed Treg generation in a Stat3-
dependent manner (Fig. 3G). Culturing of CD4* T cells with
VAT-HFD under non-Treg polarizing conditions also revealed
defective Treg populations, a situation reversed by Stat3 abla-
tion. We also observed a concomitant reduction in Th17 gen-
eration in Stat3™'~ T cells, which was promoted by VAT-HFD
(Fig. S94). We then examined whether IL-6, a potent Stat3 ac-
tivator found to be elevated in VAT of DIO mice (Fig. 2 D and
E), contributes to defective Treg accumulation during DIO. To
that end, we depleted IL-6 from VAT-HFD, which completely
restored Treg generation (Fig. 3H). Inhibition of Stat3 signaling
with Stattic also reversed the inhibition of Tregs by VAT-HFD
(Fig. S9B). Considered together, these findings suggest that Stat3
signaling in T cells promotes Th1 cells while reducing Tregs in
VAT of mice on a HFD, and that functional ablation of Stat3 in
T cells reverses the high Th1/Treg ratio in DIO mice.

Stat3 in T Cells Regulates Adipose Tissue Macrophages in DIO Mice.
Recent studies have demonstrated that T-cell-mediated in-
flammation in DIO mice affects adipose tissue macrophage
(ATM) function, thereby contributing to obesity and insulin re-
sistance. We examined whether Stat3 activation in T cells affects
ATMs in DIO mice. Flow cytometry analysis of VAT demon-
strated a significant reduction in F4/80* ATMs in Stat3~'~ mice
compared with Staz3"* mice on a HFD (Fig. 4 4 and B and Fig.
S104). ATM accumulation in VAT was reduced as detected by
immunostaining (Fig. 4C), with reduced CLSs in Stat3~~ mice
compared with Staz3** mice on a HFD (Fig. 4D). In addition,
F4/80 (Emr-1) expression was reduced in Stat3~~ VAT, whereas
Cdllc expression was similar, and M2 markers Cd163 and
Retnla, which were reduced in DIO mice compared with lean
mice, were significantly restored in Staz3~'~ mice compared with
Stat3*™* mice (Fig. 4E).

To further characterize the polarization of macrophages in
VAT of DIO mice, we analyzed the M1 and M2 subsets by
CD11c and macrophage mannose receptor (MMR) expression in
ATMs, respectively. We found that DIO was associated with a
significant decrease in the percentage of MMR-expressing M2
ATMs, which was partially restored by ablation of Stat3 in T cells
(Fig. 4F and Fig. S10B). Percentages of CD11c* classically ac-
tivated M1 ATMs in VAT were relatively unaffected in Stat3~/~
mice compared with Stat3** mice on a HFD (Fig. 4F and Fig.
S10C). These data suggest that Stat3 ablation in T cells reduces
ATM infiltration and restores an M2 phenotype in VAT during
HFD-induced obesity.

Discussion

Recent studies indicate that local adipose tissue inflammation
contributes to insulin resistance and other metabolic abnormal-
ities associated with dietary obesity (1-3, 5, 6). Although the
pathological impact of both innate and adaptive immune cells,
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expression by CD8" T cells in VAT of mice on a HFD. Pooled data are from FACS-sorted cells, n = 4 per group. (D) Naive CD4* and CD8* T cells in VAT of mice on
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7-8 per group from two independent studies (Lower) are shown. (F) Foxp3™ Tregs in VAT of mice on a HFD. Representative images (Upper) and analysis of n =
7-8 per group from two independent studies (Lower) are shown. (G) In vitro induced Treg (iTreg) polarization of splenic CD4™ T cells from Stat3*™* and Stat3~/~
mice with or without VAT- conditioned media from HFD-fed mice (VAT-HFD) for 3 d, followed by flow cytometry analysis. (H) Under similar polarizing con-
ditions, IL-6-neutralizing antibody or IgG control antibody was added for 3 d, after which splenic CD4* T cells were analyzed by flow cytometry. All data are

representative of at least two independent studies.

including myeloid cells, B cells, T cells, and natural killer T
(NKT) cells, has been documented in DIO models (1, 7, 9, 11,
12, 28, 29), the molecular signaling pathways that mediate their
effects remain largely unexplored and unclear. In the present
study, we have identified the transcription factor Stat3 as an
important mediator of T-cell-driven inflammation in adipose
tissue of DIO mice. Although we focused on the role of Stat3 in
T cells, Stat3 is likely elevated in multiple cell types in VAT of
DIO mice compared with lean mice. Mice with deletion of Stat3
in T cells were significantly less obese on a HFD, and demon-
strated improved insulin sensitivity and reduced local adipose
tissue inflammation compared with control mice.

Although the present study focused primarily on CD4" and
CDS8* T cells, the deletion of Stat3 may occur in other T lym-
phoid subsets as well, such as NKT cells; further investigation of
this possibility is needed. Functional ablation of Stat3 blocked
CD8* and CD4" T-cell accumulation in VAT, and balanced the
Th1 and Treg ratio in favor of Tregs. Importantly, we observed
a significant impact on ATMs, with functional ablation of Stat3 in
T cells reducing overall macrophage accumulation and pro-
moting an alternatively activated M2 macrophage phenotype.
These findings suggest that Stat3 links T-cell-mediated in-
flammation with macrophage activation, a finding that has been
attributed to both CD8* and CD4™" T cells in VAT of DIO mice.

13082 | www.pnas.org/cgi/doi/10.1073/pnas.1311557110

-'
1.7% 2.7%
o o) ) =
&= = |
s — CD4 ————————— |
(VAT CD4* T cell gated) | ' ‘
0.7% 0.0% -
/ h
o, | o | L oo | hin
o 167 \
L7 ——————— S J\ [
. 2<12
(VAT CD4* T cell gated) S z
o £ 8
Py
e (0]
X X +
; $
s® 3
p<0.05
I
& X oy
050
et
IL-4* IL-17*
Fig. 3. Stat3in T cells regulates Th1/Treg balance in adipose tissue of DIO mice. (A) Flow cytometry analysis of CD4* and CD8* T cells in Stat3™* and Stat3~/~
mice on a LFD or HFD. n = 12 per group from three independent studies. (B) IFN-y production by CD4* and CD8" T cells in VAT. (C) gRT-PCR analysis of Ifny
- '

Stat3 is recognized as a crucial factor underlying dysfunctional
inflammation in multiple diseases; however, its role in these
diseases is complex and highly context-dependent. For instance,
in T cells, deletion of Stat3 in various autoimmune disease
models was found to increase Foxp3™ Tregs along with a re-
duction in overall disease progression (21, 22, 30). Contrary to
the unchanged or elevated IFN-y levels from Stat3 ablation in
those studies, our findings indicate that populations of Th1l and
CD8" T cells expressing IFN-y were both reduced in VAT,
whereas Foxp3* Treg subsets were elevated. These findings
suggest that in dietary obesity, Stat3 affects Th1l and Treg sub-
sets, which are known culprits in the mediation of VAT-associ-
ated inflammation and insulin resistance. In addition to their
known roles in exacerbating local inflammation, IL-6 and IFN-y
can directly inhibit insulin signaling in multiple cell types and
promote insulin resistance (31-33). Although the detection of
IL-17 was low in CD4% T cells in VAT, functional ablation of
Stat3 blunted their numbers, as expected. The impact of this
small population of Th17 cells on obesity and insulin resistance
merits further investigation, however.

Although multiple studies have implicated adaptive immune
cells in promoting adipose tissue inflammation (2, 10, 26), the
molecular mechanisms involved have remained largely unknown.
Nonetheless, it has recently been demonstrated that peroxisome
proliferator-activated receptor gamma (PPARY) is critical in
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regulating T-cell-mediated inflammation in adipose tissue by
promoting VAT-associated Tregs during HFD-induced obesity
(27). Further, PPARYy agonists induce Treg-dependent improve-
ments in insulin sensitivity in DIO mice. Given that PPARY has
been shown to inhibit Th17 polarization (34), a differentiation
program highly positively regulated by Stat3 (21, 35), it is pos-
sible that these two important transcription factors oppose each
other during T-cell-mediated VAT inflammation in DIO. How-
ever, Stat3 likely regulates multiple genes in various cell types to
mediate VAT inflammation during DIO. In addition, although
we observed only minimal effects of HFD-induced obesity on
splenic T-cell numbers or their inflammatory profiles, whether
Stat3 in T cells located in other tissues, such as muscle, liver,
and the gut, also contributes to obesity and insulin resistance,
remains to be explored.

Being a transcription factor, Stat3 is a difficult target to inhibit
in a cell-specific manner. However, recent approaches to inhibit
Stat3 using targeted platforms to deliver siRNA to specific im-
mune cells have been explored with therapeutic success by our
group (16, 36, 37). Thus, in addition to more potent and in-
novative small molecule inhibitors of Stat3 signaling in the near
future, targeting Stat3 specifically in T cells may be an ultimate
goal for treating obesity and insulin resistance. Our findings
suggest a crucial role for Stat3 in mediating T-cell accumulation
in adipose tissue, driving VAT inflammation and contributing to
DIO and insulin resistance. Consequently, these findings high-
light the importance of Stat3 in T cells as a potential therapeutic
target for blunting obesity and insulin resistance.

Materials and Methods

Mice. Mouse care and experimental procedures were performed under
pathogen-free conditions in accordance with established institutional
guidance and approved protocols from the Institutional Animal Care and Use
Committee of Beckman Research Institute at City of Hope National Medical
Center. C57BL/6 mice were purchased from Jackson Laboratory or the
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National Cancer Institute, Stat3"/f°* mice were obtained from Drs. Shizuo
Akira and Kiyoshi Takeda (Osaka University, Osaka, Japan), and CD4-Cre
mice were purchased from Taconic Farms. Functional ablation of Stat3 in
T cells was accomplished as described previously (20).

Diet and Metabolic Studies. For diet and metabolic studies, mice were fed
either a LFD or a HFD (60 kcal% fat; Research Diets D12492) generally from 6
to 8 wk of age, for up to 16 wk where indicated. Body weight was measured
weekly and food intake was monitored on both diets. After specified periods
on a HFD, fasting blood glucose levels (OneTouch Ultra; LifeScan) levels and
serum insulin concentrations (Crystal Chem ELISA) were measured. For the
GTT, fasted mice (16 h) received 1 g per kg body weight of glucose i.p., and
glucose levels were measured every 15-30 min for 120 min. For ITT, fasted
mice (4-6 h) received 0.75 U per kg of body weight of insulin (Humulin; Eli
Lilly) i.p., and glucose levels were measured every 15-30 min for 120 min.
Area under the curve (AUC) analysis was performed using GraphPad
Prism software.

Flow Cytometry. Adipose tissue (carefully avoiding lymph nodes) was dis-
sected into 1- to 5-mm? fragments, centrifuged to remove circulating cells,
and digested with collagenase type D (2 mg/mL; Roche) and DNase | (1 mg/
mL; Roche) for 30-45 min at 37 °C. Digests were filtered through 70-um cell
strainers and pelleted to enrich for immune cells in stromal vascular frac-
tions. Spleens were gently dissociated under 70-um mesh for single-cell
isolation. After RBC lysis (Sigma-Aldrich), single-cell suspensions were
resuspended in FACS wash buffer (2% FBS in HBSS without magnesium,
calcium, and phenol red). Cells were blocked with CD16/32 and then in-
cubated for 30 min on ice with fluorophore-conjugated antibodies (CD3,
CD4, CD8, CD25, CD44, CD45, CD62L, CD11b, CD11¢, F4/80, Gr-1, Ly6C, and
MMR, from eBioscience, Biolegend, or BD Biosciences). Aqua LIVE/DEAD (R)
for viability was purchased from Invitrogen.

For intracellular staining, cells were fixed and permeabilized using the
Foxp3 Fixation/Permeabilization Kit (eBioscience) according to the manu-
facturer’s protocol. After two washes, cells were stained for 30 min on ice
with fluorophore-conjugated antibodies (IFN-y, IL-4, IL-17, and Foxp3, from
eBioscience, Biolegend, or BD Biosciences). Intracellular pSTAT3 staining was
performed as described previously (19). Cells were washed twice before
analysis on a BD LSRFortessa flow cytometer. Cell sorting was performed
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with a BD FACS Aria-lll cell sorter with DAPI (Sigma-Aldrich) for viability.
Data were analyzed with FlowJo software (TreeStar).

Immunohistochemistry. Tissues were harvested and fixed in 3% para-
formaldehyde for 24-48 h. Paraffin-embedded sections (5 pm) were depar-
affinized and stained with rat anti-F4/80 (Serotec) or monoclonal rabbit anti-
pY705 STAT3 (Cell Signaling) antibodies and counterstained with hematox-
ylin. Oil Red O staining was performed on frozen [optimal cutting tempera-
ture medium (OCT)] liver sections. Sections were examined under an
Olympus AX70 automated upright microscope. CLSs were analyzed from F4/
80-stained sections and quantified from one representative 10x field per
mouse. Adipocyte cell diameter was examined from H&E-stained sections
using the straight-line tool in ImagelJ software and quantified in 50 random
adipocyte cells from one representative 10x field per mouse.

Western Blot Analysis and ELISA. For Western blot analysis, tissues were
minced to a fine powder in liquid nitrogen and then lysed in 1% Nonidet P-40
lysis buffer containing protease inhibitor mixture (1:1,000, Sigma-Aldrich)
and 1 mM sodium orthovanadate (Sigma-Aldrich). Protein lysates (10-20 pg)
were separated by SDS/PAGE and then transferred to a PVDF membrane.
Membranes were probed and reprobed using antibodies specific for mouse
pSTAT3 (Tyr705; Cell Signaling), STAT3 (C-20; Santa Cruz Biotechnology),
PAKT (Serd73; Cell Signaling), AKT (Cell Signaling), and B-actin (Sigma-
Aldrich) and detected using an enhanced chemiluminescence substrate
(Pierce). For ELISA on IFN-y (Femto; eBioscience) and IL-6 (R&D Systems), VAT
was harvested and minced into 1- to 5-mm? fragments, and 100 mg total
tissue was cultured in 1 mL serum-free DMEM for 24 h. Supernatants were
filtered through a 0.22-um filter and stored at —80 °C until analysis.

In Vitro Treg Polarization. CD4" T cells were positively enriched (EasySep; Stem
Cell Technologies) from spleens of C57BL/6 mice or Stat3*"* and Stat3~~ mice,
then FACS-sorted for CD62L* and CD25~ cells. Naive T cells were cultured on
96-well plates coated with 1 pg/mL anti-CD3 (eBioscience) in complete DMEM
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media (10% FBS) containing soluble 1 pg/mL anti-CD28 (eBioscience), 1 ng/mL
human TGF-§ (Peprotech), and 5 ng/mL murine IL-2 (BD Biosciences).
Conditioned media (VAT-HFD) prepared from VAT of HFD-fed mice was
added (15% VAT-HFD in media) where indicated. IL-6 was depleted from
VAT-HFD with neutralizing antibodies (BD Biosciences) for 30 min at 4 °C.
Stattic (Sigma-Aldrich) was added at 1 uM. After 3 d, cells were restimulated
with 50 ng/mL PMA (Sigma-Aldrich), 0.5 pg/mL ionomycin (Sigma-Aldrich),
and monensin (Biolegend) for 4 h before analysis by flow cytometry.

Quantitative RT-PCR Quantitative RT-PCR (qRT-PCR) was performed as de-
scribed previously (38). In brief, tissues were minced as stated above, and
RNA was extracted using column purification (Qiagen RNeasy or Ambion
RNAqueous micro kit). cDNA was prepared using a Bio-Rad cDNA synthesis
kit. qRT-PCR was performed using Bio-Rad SYBR Green Supermix. Primers
were generated using SciTools (Integrated DNA Technologies), PubMed-
blasted for specificity, and validated across a dynamic range of interest with
a single melting peak.

Statistical Analysis Data are presented as mean + SEM unless stated other-
wise. Statistical comparisons among groups were performed using the un-
paired two-tailed Student t test to calculate P values. *P < 0.05; **P < 0.01;
***Pp < 0.001. Adipocyte cell diameter was compared using the Mann-
Whitney U test.
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