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T reg–specific insulin receptor deletion prevents
diet-induced and age-associated metabolic syndrome
Dan Wu1,2, Chi Kin Wong2,3, Jonathan M. Han1,2, Paul C. Orban1,2, Qing Huang1,2, Jana Gillies1,2, Majid Mojibian1,2, William T. Gibson2,3, and
Megan K. Levings1,2,4

Adipose tissue (AT) regulatory T cells (T regs) control inflammation and metabolism. Diet-induced obesity causes
hyperinsulinemia and diminishes visceral AT (VAT) T reg number and function, but whether these two phenomena were
mechanistically linked was unknown. Using a T reg–specific insulin receptor (Insr) deletion model, we found that diet-
induced T reg dysfunction is driven by T reg–intrinsic insulin signaling. Compared with Foxp3cre mice, after 13 wk of high-fat
diet, Foxp3creInsrfl/fl mice exhibited improved glucose tolerance and insulin sensitivity, effects associated with lower AT
inflammation and increased numbers of ST2+ T regs in brown AT, but not VAT. Similarly, Foxp3creInsrfl/fl mice were protected
from the metabolic effects of aging, but surprisingly had reduced VAT T regs and increased VAT inflammation compared with
Foxp3cre mice. Thus, in both diet- and aging-associated hyperinsulinemia, excessive Insr signaling in T regs leads to undesirable
metabolic outcomes. Ablation of Insr signaling in T regs represents a novel approach to mitigate the detrimental effects of
hyperinsulinemia on immunoregulation of metabolic syndrome.

Introduction
Obesity-associated adipose tissue (AT) inflammation is thought
to promote insulin resistance and contribute to the development
of type 2 diabetes (T2D; Donath, 2014). In lean mice, visceral AT
(VAT) primarily contains type 2 immune cells, including regu-
latory T cells (T regs) and M2-like macrophages; these are re-
duced in diet-induced obesity with a parallel accumulation of
proinflammatory cells, such as M1-like macrophages. Elevated
production of cytokines such as TNF-α, IL-6, and IFN-γ in obese,
inflamed AT is thought to directly contribute to insulin resis-
tance and, ultimately, the development of T2D (Becker et al.,
2017; Wu et al., 2016). In brown AT (BAT), type 2 immune
cells also have a key homeostatic role, responding to cold by
promoting expression of thermogenic genes such as UCP1 to
enhance energy expenditure and prevent obesity (Brestoff et al.,
2015; Nguyen et al., 2011; Qiu et al., 2014). Maintaining a healthy
immune composition in both VAT and BAT is important for
metabolic homeostasis.

AT-resident CD4+Foxp3+ T regs (hereafter T regs) control
local immune homeostasis and systemic metabolism (Panduro
et al., 2016). In lean mice, VAT T regs exhibit a distinct Th2-like
phenotype, with elevated expression of PPARγ, IL-10, and ST2
(IL-33R; Cipolletta et al., 2012, 2015; Feuerer et al., 2009; Han
et al., 2014; Vasanthakumar et al., 2015). In BAT, T reg numbers

positively correlate with thermogenesis and energy expendi-
ture, particularly upon cold stimulation (Kälin et al., 2017;
Medrikova et al., 2015). In both mice (Cipolletta et al., 2015; Han
et al., 2014; Vasanthakumar et al., 2015) and humans (Wu et al.,
2019), obese AT contains reduced proportions of VAT T regs, and
therapies that reverse obesity-associated VAT T reg loss improve
systemic insulin sensitivity (Feuerer et al., 2009; Han et al.,
2015; Vasanthakumar et al., 2015). In contrast to the appar-
ently beneficial effects of VAT T regs in diet-induced obesity,
VAT T regs are deleterious in a model of age-associated insulin
resistance, and their depletion leads to improved insulin sensi-
tivity (Bapat et al., 2015).

We previously reported that insulin reduced IL-10 produc-
tion from mouse T regs in an Akt-mTOR–dependent manner,
resulting in impaired suppression of inflammatory cytokine
production by myeloid cells (Han et al., 2014). Investigation
into the role of the insulin receptor (Insr) in conventional
CD4+ T cells (T convs) revealed that insulin signaling pro-
moted their inflammatory function in vivo (Fischer et al.,
2017; Tsai et al., 2018). How insulin signaling affected T regs
in vivo in the context of normal or elevated levels of insulin,
however, remained unknown. Here, we investigated how
insulin controls the function and phenotype of AT T regs in
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two physiologically relevant models of hyperinsulinemia and
insulin resistance.

Results and discussion
To investigate the role of insulin signaling in T regs in vivo, we
crossed Foxp3YFP-cre mice to Insrfl/fl mice, using Foxp3YFP-cre

Insrwt/wt mice (hereafter Foxp3cre mice) as controls. Western
blot and mRNA analysis confirmed T reg–specific deletion of
the Insr, with no significant reduction in protein or mRNA
expression in T convs (Fig. 1, A and B). We verified specific
impairment of insulin signaling in Foxp3+ T regs from
Foxp3creInsrfl/fl mice by measuring ex vivo insulin-stimulated Akt
phosphorylation at Ser473. Consistent with our previous work
(Han et al., 2014), in Foxp3cremice, the amount of insulin-induced
Akt phosphorylation was significantly higher in T regs than in T
convs, an effect that was specifically abrogated in T regs from
Foxp3creInsrfl/flmice (Fig. 1 C). Thus, Insr−/− T regs fail to respond to
higher-than-physiological levels of insulin, and although high
levels of insulin have been reported to signal via the insulin-like
growth factor receptor (Varewijck and Janssen, 2012), at least
judged by Akt phosphorylation, this did not appear to contribute
significantly to the T reg response to insulin. Furthermore, anti-
CD3/CD28 stimulated WT but not Insr−/− T regs produced less IL-
10 in response to insulin (Fig. 1 D), confirming the inhibitory effect
of insulin on a key T reg suppressive mechanism.

To explore the role of insulin signaling in T regs in the con-
text of diet-induced obesity and hyperinsulinemia, 3-wk-old

male Foxp3cre and Foxp3creInsrfl/fl mice were fed a high-fat diet
(HFD) or normal chow diet (NCD) for 13 wk. All HFD mice be-
came obese, with no difference in body weight or fat versus lean
mass body composition between Foxp3cre and Foxp3creInsrfl/flmice
(Fig. S1, A and B). Regardless of genotype, all HFD mice devel-
oped hyperinsulinemia, suggesting that T reg–specific Insr de-
letion did not affect systemic insulin levels (Fig. 2 A). Whereas
HFD Foxp3cre mice developed glucose intolerance and insulin
resistance, HFD Foxp3creInsrfl/fl mice exhibited significantly im-
proved glucose and insulin tolerance test (GTT and ITT, re-
spectively) results (Fig. 2, B and C; and Fig. S1 C).

We detected no difference in plasma insulin between HFD
Foxp3cre and Foxp3creInsrfl/fl mice during the first 20 min of the
GTT, suggesting that the difference in GTT was not due to dif-
ferential glucose-stimulated insulin production (Fig. S1 D). Ad-
ditionally, a subset of HFD Foxp3cre and Foxp3creInsrfl/fl mice were
placed in metabolic cages to measure oxygen consumption,
carbon dioxide production, heat production, and cumulative
food and water intake. These data revealed no difference be-
tween genotypes, indicating that differences in GTT were not
due to a shift in oxidative substrate preference, increased heat
production, or altered food/water intake (Fig. S1 E).

To examine the possibility that these metabolic improve-
ments were due to changes in immune modulation, we exam-
ined the immune composition of spleen and key metabolic
tissues. Among HFD mice, no major immune cell compositional
changes were observed in spleen, pancreatic lymph nodes, or
liver (not depicted), and T regs from these tissues expressed

Figure 1. T reg–specific Insr deletion in Foxp3creInsrfl/fl mice. (A and B) Sorted splenic T regs and T convs from Foxp3cre and Foxp3creInsrfl/fl mice were
stimulated with anti-CD3/CD28 beads for 3 d, and cell lysates were analyzed for Insr protein by immunoblot (A) and mRNA expression by quantitative PCR (B).
(C) Ser473-phosphorylated Akt by flow cytometry in sorted splenic T regs or T convs stimulated with insulin (10 µg/ml) for the indicated time. (D) IL-10
secretion from sorted splenic T regs stimulated with anti-CD3/28 beads and without or with increasing amounts of insulin for 5 d. Significance was determined
by one-way ANOVA with Tukey’s test (B), two-way repeated-measures ANOVA with Tukey’s test (C), or two-way ANOVA with Bonferroni’s test (D). Data
shown as mean ± SEM; n = 3 per group from three independent experiments. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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similar levels of CD25, CTLA4, ICOS, and GATA3 (Fig. S1 F and
Fig. S2). Surprisingly, there was also no change in VAT immune
cell composition, including ST2+ T reg proportions and numbers
(Fig. 2 D and Fig. S1 G). However, VAT from HFD Foxp3creInsrfl/fl

mice expressed significantly lower levels of a variety of in-
flammatory genes (Fig. S1, H and L), and consistent with our
in vitro findings in Fig. 1 D, VAT T regs from HFD Foxp3cre mice

exhibited reduced expression of Il10 compared with cells from
Foxp3creInsrfl/fl (Fig. 2 E and Fig. S1 J).

In contrast to the minimal effect on immune cell composition
in VAT, eosinophil and ST2+ T reg proportions were increased in
the BAT of HFD Foxp3creInsrfl/fl mice (Fig. 2 D), with ST2+ T reg
numbers and proportions in Foxp3creInsrfl/fl double those of
Foxp3cre mice (Fig. 2 F). Further examination of BAT T regs

Figure 2. Foxp3creInsrfl/fl mice are protected from diet-induced metabolic syndrome. Male Foxp3cre and Foxp3creInsrfl/fl mice were fed HFD or NCD for 13
wk from 3 wk of age. Metabolic parameters were measured in 16-wk-old mice. (A) Fasting serum insulin levels (n = 4–5 per group). (B and C) GTTs (B) and ITTs
(C; n = 5–20 per group). (D) Flow cytometric immune profiling of VAT and BAT; gating shown in Fig. S2. ATMs, adipose tissue macrophages. Numbers are the
means of n = 5–10 per group. Populations with significant difference (P < 0.05) between NCD-Foxp3cre and HFD-Foxp3cre mice in VAT: M1 ATMs, CD4 T cells, T
regs, and ST2+ T regs. Populations with significant difference (P < 0.05) between HFD-Foxp3cre and HFD-Foxp3creInsrfl/fl mice in BAT: eosinophils, T regs, and
ST2+ T regs. (E and H) Gene expression by nanoString in sorted VAT T regs (E) or unfractionated BAT (H; n = 3 per group, pooled from two independent
cohorts). (F and G) Proportion, absolute number (F), and phenotype (G) of T regs within CD4+ T cells in BAT (n = 3–10 per group). Significance was determined
by Kruskal-Wallis test with Dunn’s test (A, E, and H), two-way repeated-measures ANOVA with Tukey’s test (B and C), or one-way ANOVA with Tukey’s test
(D, F, and G). Data shown as mean ± SEM from two independent experiments. *, P < 0.05; **, P < 0.01.
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revealed that Foxp3creInsrfl/fl mice exhibited higher proportions
of LAP+ and Ki67+ cells specifically within the ST2+ rather than
the ST2− T reg subset (Fig. 2 G). HFD also caused elevated BAT
inflammatory gene expression (e.g., Ifng, Tnf, Ccl2, Ccl7, and Ccl8)
in Foxp3cre mice, with a significant reduction in Foxp3creInsrfl/fl

mice (Fig. 2 H and Fig. S1, I and K). BAT T regs are important for
promoting thermogenic gene expression (e.g., Ucp1, Prdm16, and
Cidea) after cold exposure (Kälin et al., 2017; Medrikova et al.,
2015). In our mice, which were housed at room temperature,
BAT Ucp1 expression was not affected by HFD, and there were no
differences between Foxp3cre mice and Foxp3creInsrfl/fl mice (Fig.
S1 I). Experiments with cold challenges to compare the expres-
sion of BAT thermogenic genes between Foxp3cre mice and
Foxp3creInsrfl/fl mice will be an interesting future direction.
Overall, these results show that T regs are directly affected by
diet-induced hyperinsulinemia in vivo and that the negative
effects of insulin on T regs were manifested in BAT as well
as VAT.

In contrast to their role in diet-induced obesity, VAT T regs
are deleterious in age-associated insulin resistance (Bapat et al.,
2015), so we next investigated the consequences of insulin sig-
naling in T regs in mice with age-associated insulin resistance
and hyperinsulinemia. NCD Foxp3cre and Foxp3creInsrfl/fl mice
were aged to 52 wk, and all developed hyperinsulinemia (Fig. 3
A). Although no differences in weight or fat versus lean mass
body composition were observed (Fig. S3, A and B), Foxp3creInsrfl/fl

mice exhibited significantly improved glucose tolerance and in-
sulin sensitivity (Fig. 3, B and C; and Fig. S3 C). As with HFDmice,
these improved metabolic parameters were unrelated to changes
in glucose-stimulated insulin production, oxidative substrate
preference, heat production, or food/water intake (Fig. S3, D and
E). There were also no major differences in immune composition
in spleen, pancreatic lymph nodes, or liver (not depicted), and T
regs from these tissues expressed similar proportions of T reg–
associated markers (Fig. S3 F).

In contrast to HFD mice, aged Foxp3creInsrfl/fl mice exhibited a
significantly altered immune composition in VAT but not in BAT
(Fig. 3 D). Consistent with the negative role of VAT T regs in the
context of aging (Bapat et al., 2015), Foxp3creInsrfl/fl mice had
significantly reduced VAT T reg proportions and numbers, in-
cluding both ST2+ and ST2− cells, compared with Foxp3cre mice
(Fig. 3, E and F). In contrast, aged BAT T regs were not affected
by Insr deletion (Fig. S3 G). This loss of T regs in Foxp3creInsrfl/fl

mice occurred gradually over time and was observed specifically
in VAT (Fig. S3 H). Additionally, compared with those in aged
Foxp3cre mice, VAT T regs in aged Foxp3creInsrfl/fl mice exhibited
reduced expression of transcripts associated with T reg function
(Foxp3, Il2ra, Pdcd1, Il10, Icos, Gzmb, Il10ra, and Ikzf2) as well as
with a previously identified VAT T reg–specific signature (Il1rl1,
Klrg1, Dgat1, Pparg, Areg, Prdm1, Nr4a1, and Adipor2; Cipolletta
et al., 2015; Fig. 3 G and Fig. S3 I). A caveat of these data is
that we did not interrogate mRNA expression of ST2+ and ST2− T
regs separately, so the altered proportions of these subsets in
this model could contribute to observed differences.

Consistent with this apparent reduced T reg function, total
VAT from Foxp3creInsrfl/fl mice exhibited increased inflammatory
gene expression, including Ifng, Tnf, Il1b, Tlr2, Slamf7, Ccl2, Ccl7,

and Ccl8 (Fig. 3 H and Fig. S3 K). No significant changes in
transcript levels were detected in BAT (Fig. S3 J). Thus, consis-
tent with a previous report (Bapat et al., 2015), aging-related
insulin resistance is exacerbated by increased numbers of VAT
T regs, and mechanistically this expansion is at least partially
driven by T reg–intrinsic Insr signaling.

To ask why AT T regs were beneficial for diet-induced but
detrimental for aging-associated metabolic syndrome, we ex-
amined gene expression of VAT Foxp3cre T regs from young (16-
wk-old) lean, obese (13-wk HFD), and aged (52-wk-old) mice.
Hierarchical clustering of VAT T reg signature genes revealed
striking differences (Fig. 4 A). Consistent with previous reports
(Cipolletta et al., 2015), compared with those of young leanmice,
VAT T regs from obese mice lost expression of signature genes
required for VAT adaptation, including Il2ra, Il1rl1, Il10, and Pparg
but retained expression of core T reg genes (Foxp3 and Ikzf2) and
T reg functional genes (Areg, Pdcd1, Tbfb1, and Lrrc32). In con-
trast, in aging, VAT T regs had diminished expression of both
core (Foxp3 and Ikzf2) and functional (Lrrc32, Il2ra, and Il1rl1) T
reg–associated genes (Fig. 4 A), indicating that distinct pathways
underlie T reg dysfunction in these two contexts.

How aging changes VAT T regs is an underexplored area of
research. We found changes in expression of several genes that
could be deleterious to T reg function. For example, high ex-
pression of Lamin A (encoded by Lmna) could augment Th1
differentiation and diminish T reg differentiation and suppres-
sive function (Toribio-Fernández et al., 2018, 2019). We also
found high expression of Irf4 and reduced expression of Ikzf2 in
VAT T regs from aged mice. Although IRF4 plays a critical role in
VAT T reg differentiation and adaptation in young mice
(Vasanthakumar et al., 2015), it can also repress PD-1, Helios,
CD73, and other molecules associated with T reg function (Wu
et al., 2017), potentially explaining lower Ikzf2 expression. No-
tably, levels of Il10 in aged VAT T regs were equal to those in
young, lean mice. This differential effect of diet versus age on
VAT–T reg Il10 expression could be related to Pcsk1 expression, a
proprotein convertase 1 that cleaves mouse Foxp3 and enhances
Il10 expression (de Zoeten et al., 2009), which is only reduced in
VAT T regs from obese, but not aged, mice. Gene expression in
unfractionated VAT of Foxp3cre mice corroborated the disparate
features of obesity versus age-associated metabolic syndrome
(Fig. 4 B). Elevated transcript expression of Ifng, Tlr2, and Tlr4
was found in obese VAT, whereas aged VAT exhibited increased
Tnf, Il6, Ccl2, Ccl7, Ccl8, Lep, and Igf1 (Fig. 4 B).

It is well established that VAT T regs play a key role in
controlling diet-induced metabolic syndrome (Panduro et al.,
2016), but the environmental cues driving loss of their cellular
phenotype remained unknown. Here we found that diet-
induced hyperinsulinemia drove AT T reg dysfunction by re-
ducing expression of IL-10 and restraining expansion of ST2+

cells. Combined with our previous finding that insulin dimin-
ishes IL-10 production by T regs in an Akt/mTOR-dependent
manner (Han et al., 2014), and the well-known ability of phar-
macological inhibition of Akt or mTOR signaling to promote T
reg expansion and function (Crellin et al., 2007; Huynh et al.,
2015; Stallone et al., 2016), our data suggest that persistent
insulin-mediated T reg stimulation likely compromised their
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function in vivo. The specific role of IL-10 in obesity remains
controversial: two studies reported that Il10−/− mice fed HFD
had no change in insulin sensitivity (Clementi et al., 2009; den
Boer et al., 2006), whereas a recent study reported reduced
adiposity and improved insulin sensitivity (Rajbhandari et al.,
2018). However, given that multiple cell types produce and
respond to IL-10, it is difficult to make direct comparisons

between our T reg–focused study and systemic knockout
studies.

In contrast to the well-characterized role of AT T regs in
obesity, their role in age-associated metabolic syndrome has
been largely unexplored. Age-associated insulin resistance is
associated with excess VAT, since reduction of VAT mass
through surgical means (Gabriely et al., 2002) or caloric

Figure 3. Foxp3creInsrfl/fl mice are protected from age-associated metabolic syndrome. Male Foxp3cre and Foxp3creInsrfl/fl mice were fed NCD, and
metabolic parameters were measured in 52–60-wk-old mice. (A) Fasting serum insulin levels. Dashed line represents mean serum insulin levels of healthy,
young (16-wk-old) mice (n = 7 per group). (B and C) GTTs (B) and ITTs (C). (D) Flow cytometric immune profiling of VAT and BAT; gating shown in Fig. S2.
ATMs, adipose tissue macrophages. Numbers are the mean of n = 10 per group. Significant difference (P < 0.01) between Foxp3cre and Foxp3creInsrfl/fl mice in
VAT: T regs and ST2+ T regs. (E and F) Proportion and absolute numbers in VAT of T regs within CD4+ T cells (E) and ST2+ cells within T regs (F). (G and H)
Gene expression by nanoString in sorted VAT T regs (G) or unfractionated VAT (H; n = 3–6 per group). Significance was determined by Student’s t test (A and
D–F), Mann–Whitney U test (G and H), or two-way repeated-measures ANOVAwith Bonferroni’s test (B and C). Data shown asmean ± SEM; for B–F, n = 10 per
group from two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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restriction (Barzilai et al., 1998) improves metabolic parameters.
T regs accumulate in VAT with age (Bapat et al., 2015; Cipolletta
et al., 2015) but were paradoxically reported to be detrimental
(Bapat et al., 2015). We confirmed and extended this observation
by showing that their expansion is controlled by Insr signaling.
In contrast to young, HFD mice, VAT T regs in aged
Foxp3creInsrfl/fl mice had reduced expression of many T reg–
associated genes, including Il10, leading us to conclude that the

mechanisms of immune dysregulation are distinct in these two
contexts. Indeed, our findings suggest that at least some aspects
of inflammation may be favorable in aging, since T reg–specific
Insr deletion dampened T reg expansion and augmented VAT
inflammation, and yet ameliorated glucose intolerance and in-
sulin resistance. This possibility is in accordance with the pre-
vious finding that depletion of aged VAT T regs led to improved
metabolism, elevated TNF-α–driven VAT inflammation, and

Figure 4. T reg and VAT gene signatures differ in age-associated and diet-induced metabolic syndrome. (A and B) Unsupervised hierarchical clustering
of gene expression determined by nanoString of sorted VAT T regs (A) or unfractionated VAT (B) from young (16-wk-old), obese (13-wk HFD), and aged (52-wk-
old) Foxp3cre mice. Each column represents one animal. Additionally, statistical comparisons of single gene expression were performed using Kruskal–Wallis
test with Dunn’s test; #, P < 0.05 between aged and obese groups; †, P < 0.05 between young and aged groups; ‡, P < 0.05 between young and obese groups.
Data from two independent cohorts. (C) Schematic diagram summarizing the differential role of insulin signaling in AT T regs in diet-induced and age-
associated metabolic syndrome.
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increased VAT remodeling (Bapat et al., 2015). While AT in-
flammation is often perceived as negatively contributing to
metabolic dysfunction, it is important to note that this is also a
physiological process that can occur during adipogenesis, in
which healthy adipocytes recruit macrophages and express extra
cellular matrix proteases to facilitate AT remodeling (Lee et al.,
2013; Wernstedt Asterholm et al., 2014).

Regulation of T reg function by receptor tyrosine kinase
signaling is a relatively uncharted field. Insulin was previously
reported to promote T conv effector function in vitro and in viral
clearance (Fischer et al., 2017; Tsai et al., 2018). Our data show
that insulin also directly affects T regs in the context of hyper-
insulinemia. Few other receptor tyrosine kinases have been
explored in the context of T reg function: in cancer, amphir-
egulin augmented the function of EGFR-expressing T regs
(Wang et al., 2016; Zaiss et al., 2013), while VEGF stimulation
promoted VEGFR+ T reg proliferation (Terme et al., 2013). Fur-
ther exploration into how receptor tyrosine kinases modulate T
reg function represents a new avenue of research.

In conclusion, our data provide the first mechanistic evidence
for howmetabolic syndromes can cause T reg dysfunction (Fig. 4
C). Hyperinsulinemia has been proposed to have a causal role in
the development of T2D (Carey et al., 2014; Mehran et al., 2012)
since in humans, prevention of hyperinsulinemia induces
weight loss (Alemzadeh et al., 1998; Lustig et al., 2006), and in
mice, insulin reduction prevents both diet-induced and age-
associated insulin resistance (Mehran et al., 2012; Templeman
et al., 2015, 2017). Our study further bolsters this hypothesis and
shows that some of the effects of hyperinsulinemia are mediated
via altered AT T reg expansion and function and consequent
changes in AT inflammation. A limitation of our study is that
although we studied T regs from a number of tissues, we did not
exhaustively examine T regs from every compartment, such as
the intestine or the subcutaneous or inguinal AT, and thus
insulin-mediated effects on T regs in other tissues could con-
tribute to the overall metabolic phenotypes. Overall, our find-
ings suggest that preventing the deleterious effects of Insr
signaling in T regs may be a previously unknown approach to
limit the pathological effects of hyperinsulinemia.

Materials and methods
Study approval
Animals were housed in the animal facility of BC Children’s
Hospital Research Institute, and protocols were approved by the
University of British Columbia Animal Care Committee (A18-
0169).

Experimental animals and diet
All animal protocols were approved by the University of British
Columbia Animal Care Committee. Foxp3YFP-Cre mice (Jackson
Laboratory, 016959) and Insrfl/fl mice (Jackson Laboratory,
006955), both on a C57/Bl6 background, were crossed to gen-
erate Foxp3YFP-CreInsrwt/wt mice (control) and Foxp3YFP-creInsrfl/fl

mice (T reg–Insr-knockout). Recently, we and others reported
that the widely used Foxp3YFP-Cre mice displayed ectopic Cre re-
combination outside of the T reg population (Bittner-Eddy et al.,

2019; Franckaert et al., 2015; Wu et al., 2020; Xie et al., 2019). To
generate a sufficient number of animals while maintaining a
matched genetic background, we used F4-generation mice ob-
tained by breeding F3 littermates to each other, as described in
Fig. 6 of Wu et al. (2020). To genotype F4-generation mice and
select those with confirmed T reg–specific Insr deletion (<5%
ectopic recombination detected in ear notch DNA), quantitative
PCR was performed as described (Wu et al., 2020), with ear
notch DNA using three sets of primers, each specifically am-
plifying only one allele: WT (59-ACAAACTTTATAGGACTAGTG
AGGT-39, 59-ACCACCATGTCCACCTTTCCC-39), floxed (59-GCT
TGGCTGGACGTAAACTCCT-39, 59-ACCACCATGTCCACCTTTCC
CA-39), or recombined (59-ACCGTGCCTAGAGACTCCAAGAC-39,
59-CTGAATAGCTGAGACCACAG-39). WT Ccr5 (59-CAGGCAACA
GAGACTCTTGG-39, 59-TCATGTTCTCCTGTGGATCG-39) and Il10rb
(59-ATGATTCCACCCCCTGAGA-39, 59-GAGCTGTGAAAGTCAGGT
TCG-39) were used as gDNA housekeeping genes. For HFD
studies, 3-wk-old male mice were fed a high-fat/high-sucrose
diet (HFD, 58 kcal% fat and sucrose, Research Diet, D12331) or
NCD (Lab Diet, 5P76) for 13 wk. For aging studies, male mice
were aged to 52 wk on NCD. Each study included two inde-
pendent cohorts.

ITTs and GTTs
After 13 wk of diet, for i.p. GTT (IPGTT), the animals were fasted
for 6 h and blood glucose was measured (time 0). Mice were
then injected i.p. with 1.4 g/kg glucose (Sigma-Aldrich, G7021),
followed by blood glucose measurements at 10, 20, 30, 60, 90,
and 120 min. For ITT, mice were fasted for 4 h, followed by basal
blood glucose (time 0) measurement. Mice were then injected
i.p. with 1.25 U/kg insulin (Novolin, GE Toronto), followed by
blood glucose measurements at 10, 20, 30, 60, 90, and 120 min.
Blood was sampled from mouse tails, and blood glucose levels
were assessed using a OneTouch Ultra Glucometer (Johnson &
Johnson).

Measurement of metabolic parameters
Following HFD for 13 wk or NCD for 52 wk, a subset of mice was
singly housed in metabolic cages designed to mimic home-cage
environment (LabMaster TSE Systems) for 3 d consecutively. O2

consumption and CO2 production were measured via an open
circuit indirect calorimetry system, with sensors sampling air
from each cage once every 15 min to obtain individual meas-
urements of respiratory function and food and water intake.
Metabolic activity (respiratory exchange ratio) was calculated
from the ratio of VCO2 (ml/h) produced to VO2 (ml/h) consumed
throughout the day for each mouse. Food/water intakes were
monitored every 15 min through weight sensors directly asso-
ciated with food/water dispensers. Mice were allowed 2 d to
acclimatize to the metabolic cage conditions.

Body composition analysis
Animal body composition was measured in conscious ani-
mals using quantitative magnetic resonance technology,
which distinguishes differential proton states between lip-
ids, lean tissues, and free water (EchoMRI-100, Echo Medical
Systems).
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Insulin ELISA
Blood was drawn from the saphenous vein of mice fasted for 4 h.
Heparinized blood was centrifuged at 2,000 g for 15 min at 4°C
to separate plasma. Insulin was quantified using STELLUX
Chemiluminescent Immunoassays (ALPCO, 80-INSMR-CH01).

AT processing
Scapular BAT and epididymal VAT were harvested as described
(Mann et al., 2014). BAT and VAT from each animal wereminced
and digested in 0.5 mg/ml collagenase II (Worthington Bio-
chemical, LS004176) at 37°C for 45 min, passed through a 100-
µm cell strainer, and centrifuged to obtain stromal vascular
fraction cells. The cells were resuspended in 1 ml red blood cell
lysis buffer (0.8% NH4Cl, Stemcell Technologies, 07800), incu-
bated for 5 min at room temperature, washed with FACS buffer
(PBS, 0.5% BSA, and 2 mM EDTA), and stained for flow cy-
tometry. A small portion of AT was homogenized and lysed in
gentleMACS M tubes using the gentleMACS Dissociator (Mil-
tenyi Biotec) for RNA analysis.

Flow cytometry
For phenotypic analysis, cells were acquired on an LSRFortessa
X-20 (BD Biosciences) and analyzed using FlowJo v10 (TreeStar).
Antibodies used are listed in Table S1, and the gating strategy is
shown in Fig. S2. To estimate absolute cell number, 123count
eBeads (Thermo Fisher Scientific) were used according to the
manufacturer’s protocol. To isolate T regs and T convs, flow
cytometric sorting was performed on a FACSAria II (BD Bio-
sciences). T regs were sorted as CD45+CD4+Foxp3(YFP)+ cells,
and T convs were sorted as CD45+CD4+Foxp3(YFP)− cells. For
quantifying the relative amount of phosphorylation on Akt
Ser473 after insulin treatment, total splenic CD4+ cells were
rested in RPMI 1640 with no serum for 4 h (time 0) and then
stimulated with 10 µg/ml insulin for ≤30 min. The cells were
immediately fixed at 5, 10, and 30 min and stained using anti-
Akt AF647 (pS473; BD Biosciences, 561670; clone M89-61).

Immunoblotting
FACSorted splenic T convs and T regs were stimulated with 1:1
anti-CD3/CD28 beads (Thermo Fisher Scientific, 11452D) for 3 d,
and then lysed in Laemmli lysis buffer (1% SDS, 10% glycerol,
and 0.1 M Tris, pH 6.8) and boiled for 10 min. The lysates were
sonicated for 4 min, and the protein contents were quantified
using BCA assay (Thermo Fisher Scientific, 23225). 40 µg of
lysates was run on an 8% SDS gel and transferred to a poly-
vinylidene fluoride membrane. Insr was blotted using anti-Insrβ
mAb (Cell Signaling, 3020), and vinculin was blotted using anti-
vinculin mAb (New England Biolabs, 13901).

Gene expression analysis
To measure Insr mRNA using quantitative PCR, FACSorted
splenic T convs and T regs were stimulated with 1:1 anti-CD3/
CD28 beads (Thermo Fisher Scientific, 11452D) for 3 d. RNA was
isolated using OMEGA E.Z.N.A. Total RNA Kit (Omega Bio-Tek,
R6834), reverse transcribed using qScript cDNA SuperMix
(Quanta Bio, 95048), and quantified by SYBR Green–based re-
action using PerfeCTa SYBR Green FastMix (Quanta Bio, 95074)

on a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific).
Data were normalized to Sdha and Rpl13a, and fold changes were
calculated with the ΔΔCT method. Primers used were Insr (59-
TGTGACATCTGCCCAGGAGCT-39, 59-GCATAGGAGCGGCGGATC
TTTAG-39), Sdha (59-CCTAAACATGCAGAAGTCGATGC-39, 59-
GCCTTCTTGCAATACACTCCCC-39), and Rpl13a (59-CTCAAGGTT
GTTCGGCTGAA-39, 59-CTGTCACTGCCTGGTACTTCCA-39). Ad-
ditional mRNA expression was measured using two custom
nanoString nCounter code sets. 100 ng of AT RNA or 4 µl of
unpurified lysate from sorted T regs was analyzed on a nCounter
SPRINT Profiler (NanoString Technologies). Background sub-
traction, sum normalization, and log2 transformation of mRNA
counts were performed. The hierarchical clustering module
(public GenePattern server, Broad Institute) was used to gen-
erate heatmaps and cluster trees by pairwise average linkage
according to Spearman’s correlation coefficient. The accession
no. for the NanoString data in GEO is GSE151016.

IL-10 cytometric bead array
Sorted splenic T convs and T regs were stimulated with 1:1 anti-
CD3/CD28 beads (Thermo Fisher Scientific, 11452D) for 5 d in the
presence or the absence of insulin, and the supernatant from the
last day was analyzed for IL-10 using the BD mouse inflamma-
tion kit (BD Biosciences, 552364).

Statistical analysis of experimental data
Statistical analyses were performed in GraphPad Prism 7.
Comparison of gene expression between two groups was per-
formed with the Mann–Whitney U test, and for more than two
groups, one-way ANOVAwith Tukey’s test was performed, with
the exception of Fig. 1, C and D, in which two-way ANOVA with
Tukey’s test was performed. Multiplicity-adjusted P values are
reported: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
Data are shown as mean ± SEM.

Online supplemental material
Fig. S1 shows additional characteristics of the HFD cohort. Fig. S2
shows the flow cytometric gating strategy for the immune
profiling of VAT and BAT. Fig. S3 shows the additional charac-
teristics of the aging cohort. Table S1 lists the mAbs used.
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Figure S1. Additional characteristics of the high-fat-diet cohort.Male Foxp3cre and Foxp3creInsrfl/fl mice were fed HFD or NCD for 13 wk from 3 wk of age.
(A)Weight (n = 10 per group). (B) Fat and lean mass measured by EchoMRI at week 16 (n = 4–8 per group). (C) Area under the curve (AUC) of glucose and ITTs
at week 16 (n = 5–20 per group). (D) Insulin secretion following glucose injection in GTT at week 16 (n = 5–8 per group). (E) After 13 wk of HFD, mice were
singly housed in metabolic cages designed to mimic home-cage environment for 3 d consecutively. Oxygen consumption, carbon dioxide production, heat
production, and cumulative food and water intake were measured (n = 8 per group). (F) Mean fluorescence intensity of CD25, CTLA4, ICOS, and GATA3 on T
regs isolated from liver, spleen, and pancreatic lymph nodes at week 16 (n = 3–12 per group). (G) Absolute number of T regs and T convs in the VAT at week 16
(n = 7–18 per group). (H–L) Gene expression assays measured by nanoString nCounter (n = 3–5 per group). Selected inflammatory transcripts in unfractionated
VAT (H) and unfractionated BAT (I). For HFD mice, heatmap of relative transcript levels in sorted splenic and VAT T regs (J), unfractionated BAT (K), and
unfractionated VAT (L) are shown. KO, knockout. Significance was determined by one-way ANOVA with Tukey’s test. Data shown as mean ± SEM from two
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.01; ****, P < 0.0001.
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Figure S2. Gating strategy for immune profiling of BAT and VAT using flow cytometry. (A) Gating strategy used for eosinophils, macrophages, NK cells,
B cells, CD8 T cells, and CD4 T cells. FSC, forward scatter; SSC, side scatter. (B) Gating strategy used for ILC2s.
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Figure S3. Additional characteristics of the aging cohort. Male Foxp3cre and Foxp3creInsrfl/fl mice were fed NCD for 52 wk. (A)Weight (n = 3–6 per group).
(B) Fat and lean mass measured by EchoMRI (n = 3–6 per group). (C) Area under the curve (AUC) of GTTs and ITTs at week 52 (n = 10 per group). (D) Insulin
secretion following glucose injection in GTT at week 52 (n = 4–8 per group). (E) After 52 wk of chow diet, mice were singly housed in metabolic cages designed
to mimic home-cage environment for 3 d consecutively. Oxygen consumption, carbon dioxide production, heat production, and cumulative food and water
intake were measured (n = 3–4 per group). (F) Mean fluorescence intensity of CD25, CTLA4, ICOS, and GATA3 on T regs isolated from liver, spleen, and
pancreatic lymph nodes at week 52 (n = 3–10 per group). (G) Characteristics of BAT T regs at week 52 determined by flow cytometry (n = 9–12 per group).
(H) Proportions of T regs and ST2+ T regs in VAT, BAT, and spleens of mice at various ages (n = 4–8 per group). (I–K) Gene expression assays measured by
nanoString nCounter (n = 3–6 per group). Heatmap of relative transcript levels in sorted splenic and VAT T regs (I), unfractionated BAT (J), and unfractionated
VAT (K) are shown. KO, knockout. Significance was determined by Student’s t test (C) and two-way ANOVA with Bonferroni’s test (H). Data shown as mean ±
SEM from two independent experiments. *, P < 0.05; **, P < 0.01.
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Table S1 is provided online as a Word file and lists antibodies used for flow cytometry.
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