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SUMMARY

Obesity modifies T cell populations in adipose tissue,
thereby contributing to adipose tissue inflammation
and insulin resistance. Here, we show that Rab4b, a
small GTPase governing endocytic trafficking, is
pivotal in T cells for the development of these patho-
logical events. Rab4b expression is decreased in ad-
ipose T cells from mice and patients with obesity. The
specific depletion of Rab4b in T cells causes adipo-
cyte hypertrophy and insulin resistance in chow-fed
mice and worsens insulin resistance in obese mice.
This phenotype is driven by an increase in adipose
Th17 and a decrease in adipose Treg due to a cell-
autonomous skew of differentiation toward Th17.
The Th17/Treg imbalance initiates adipose tissue
inflammation and reduces adipogenesis, leading to
lipid deposition in liver and muscles. Therefore, we
propose that the obesity-induced loss of Rab4b in
adipose T cells may contribute to maladaptive white
adipose tissue remodeling and insulin resistance by
altering adipose T cell fate.

INTRODUCTION

White adipose tissue (WAT) plays an important role in regulating
whole-body energy, glucose and lipid homeostasis, and insulin
sensitivity through its metabolic and endocrine functions. The re-
modeling of WAT is a key homeostatic process that maintains
the metabolic homeostasis in response to change in energy sta-
tus (Pellegrinelli et al., 2016; Rutkowski et al., 2015). Pathologic
remodeling of WAT with alterations in its functions as in obesity
is critically involved in the development of insulin resistance and
obesity-related cardiometabolic disease. When WAT reaches its
maximum capacity of expansion and becomes dysfunctional,
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the ectopic accumulation of toxic lipids occurs in other meta-
bolic organs as muscles and liver inhibiting insulin signaling
and action (Hammarstedt et al., 2018).

The healthy and pathological expansion and function of WAT
in response to metabolic cues depend on complex interplays
between adipocytes and adipose stromal cells. Among these
stromal cells, a delicate balance between pro- and anti-inflam-
matory immune cells, including macrophages and T cells, plays
a key role in healthy WAT homeostasis through a fine-tuning of
inflammatory signals (Boutens and Stienstra, 2016; Crewe
et al., 2017; Fitzgibbons and Czech, 2016). Obesity alters both
innate and adaptive immunity (Andersen et al., 2016). Obesity
shifts adipose innate immune cells toward a pro-inflammatory
state with an increase in metabolically and/or classically acti-
vated macrophages (Boutens and Stienstra, 2016). This is
accompanied by the production of pro-inflammatory mediators
that impair insulin signaling and the functions of insulin-sensitive
tissues, but also affect WAT expansion and adipocyte differenti-
ation (Hammarstedt et al., 2018; Tanti et al., 2013). Different
lymphocyte subsets are also modified in WAT from subjects
with obesity. Among them, regulatory T cells (Tregs) are
decreased, whereas effector T cells increased, and this imbal-
ance participates in WAT inflammation and dysfunction (Feuerer
et al., 2009; Priceman et al., 2013; Winer et al., 2009). It is there-
fore clear that cross-talk between immune cells and adipocytes
is crucial for WAT homeostasis and that a deregulation of this
cross-talk contributes to the pathological remodeling of WAT,
but the underlying cellular and molecular mechanisms remain
incompletely understood.

Endocytosis is critically involved in cell adaptation to external
cues, including metabolic ones, and in the cross-talk between
different cell types within tissues by controlling the subcellular
localization of protein complexes in a microenvironment-depen-
dent manner (Di Fiore and von Zastrow, 2014). The family of Rab
guanosine triphosphatases (GTPases) is a central hub governing
intracellular trafficking through membrane tethering, fusion, and
motility (Galvez et al., 2012). We and others have shown that
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Rabs, including the Rab4 family, control the insulin-induced
glucose transporter Glut4 translocation to the plasma membrane
in adipocytes (Cormont et al., 1996; Mari et al., 2006). In partic-
ular, we identified Rab4b, an endosomal Rab, as a key player in
Glut4 translocation in adipocytes, and more important, the
expression of Rab4b was decreased in the WAT of obese and in-
sulin-resistant mice and in patients affected by obesity (Kaddai
et al., 2009). In addition to being expressed in adipocytes,
Rab4b is strongly expressed in immune cells (Gurkan et al.,
2005), and a fine-tuned intracellular trafficking controls the func-
tion and fate of the immune cells (Pei et al., 2012). Therefore, it
was plausible that a deregulation of Rab4b expression in adi-
pose immune cells participates in the alteration of WAT remod-
eling and functions.

We show here that Rab4b expression was reduced in the ad-
ipose T cells of obese mice and patients with obesity, but not in
adipocytes. To address the pathophysiological importance of
this decrease, we generated mice with a specific invalidation
of Rab4b in T cells. We demonstrate that Rab4b invalidation in
T cells worsened the insulin resistance of diet-induced obese
mice and was enough to promote the glucose intolerance and in-
sulin resistance of mice fed a normal chow diet (NCD). This was
due to unhealthy WAT expansion and inflammation, leading to
ectopic lipid deposits in liver and muscles. WAT inflammation
started early, with a decrease in Treg cells and an increase in T
helper cell 17 (Th17) in adipose tissue. We also show that the
loss of Rab4b in T cells skewed ThO differentiation toward
Th17 at the expense of Treg. Thus, we identify Rab4b in T cells
as a critical factor in the control of WAT remodeling and insulin
sensitivity by regulating T cell function and fate.

RESULTS

Rab4b mRNA Levels Are Reduced in CD3* T
Lymphocytes from the Adipose Tissue of Subjects with
Obesity

We previously reported that the level of Rab4b mRNA was
reduced in WAT from patients with obesity and type 2 diabetes
and in epididymal WAT (epiWAT) from db/db mice (Kaddai
et al., 2009). Here, we found a progressive decrease in Rab4b
mRNA expression in epiWAT when the percentage of calories
from lipids in the diet increased from 8.4% (NCD) to 45% and
60% (high-fat diet [HFD]) after 16 weeks (Figure 1A). The
Rab4b mRNA expression in epiWAT was inversely correlated
to fasting glucose, fat pad weight, and the glucose tolerance
index (Figure 1B). The decrease in Rab4b expression was de-
tected after 4 weeks of 60% HFD (Figure 1C), and an inverse cor-
relation with fasting glucose, adipocyte size, and the glucose
tolerance index was already present (Figure 1D). These results
suggest a link between the low levels of Rab4b in epiWAT and
alterations in glucose homeostasis in obesity. The Rab4b
mRNA level was unchanged in adipocytes between lean and
obese mice (Figure 1E), whereas it was decreased by 30% in ep-
iWAT CD3" T lymphocytes from obese mice compared to lean
mice (Figure 1F). More important, Rab4b mRNA expression
was also decreased in human CD3* T lymphocytes isolated
from visceral WAT of non-diabetic patients with obesity
compared to individuals without obesity (BMI <30), and this
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reduction was even stronger when the patients with obesity
were also diabetic, reaching a 2-fold decrease compared to
non-obese individuals (Figure 1G; Table S1). The level of
Rab4b expression was inversely correlated to BMI, fasting
glucose, and hemoglobin A1c (HbA1c) and positively correlated
to high-density lipoprotein (HDL) cholesterol (Table S2). These
results demonstrate that the level of Rab4b mMRNA decreases
in the T lymphocytes of WAT in mice and patients affected by
obesity.

Generation of Mice with a Specific Invalidation of Rab4b
inT Cells

To investigate the results of the reduced Rab4b expression in
T cells on glucose and lipid homeostasis and insulin resistance,
we generated mice in which the Rab4b gene was disrupted by
homologous recombination specifically in T cells (Rab4be®! KO
mice) by crossing mice with Rab4b floxed alleles (Rab4bo/flox
mice), with mice expressing the Cre recombinase under the
control of the promoter of the T lymphocyte-specific protein
tyrosine kinase Lck (Lck-Cre mice) (Figures 2A, S1A, and
S1B). As anticipated, Rab4b mRNA expression was markedly
reduced in T lymphocytes and in natural killer (NK)/NKT cells
isolated from the spleen of Rab4b™®" KO mice, but not in mono-
cytes and B lymphocytes (Figure 2B). Reduced mRNA expres-
sion of Rab4b was consistently observed in the spleen of
Rab4b™®" KO mjce, which is enriched in T lymphocytes, but
not in other organs such as the brain, muscle, or liver (Fig-
ure S1C). The knockdown efficiency was also validated by
western blot (Figure 2C). The expression of other endocytic
Rabs, including the Rab4b homologous Rab4a and Rabba,
Rab11a, and Rab14, were unchanged (Figure S1D). Since lym-
phocytes are present in WAT, we reasoned that the expression
of Rab4b should be decreased in the stroma vascular fraction
(Sp). Accordingly, the Rab4b mRNA expression was decreased
by ~50% in the S of epiWAT, and no change was found in ad-
ipocytes (Figure 2B). These findings indicate that the mice with
the Rab4b deletion in lymphocytes are suitable for studying the
consequences of a decreased expression of Rab4b in adipose
T cells on metabolic disorders associated with obesity.

Loss of Rab4b in T Cells Causes Glucose Intolerance and
Insulin Resistance with Aging in Chow-Fed Mice and
Worsens Insulin Resistance in Obesity

To determine whether the reduced expression of Rab4b mRNA
in adipose tissue lymphocytes during obesity is linked to meta-
bolic complications, Rab4b™®" KO mice were studied under
an NCD for 35 weeks or challenged with an HFD (60% energy
from fat) from the age of 7 weeks for 18 weeks. Rab4b'®" KO
mice gained similar weight and fat mass as their littermate con-
trols both on NCD (Figures 3A and 3B) and after HFD (Figures 3C
and 3D). At 10 weeks of age, random-fed glucose and insulin
levels were not different in chow-fed animals (Figures 3E and
3F). However, at 25 and 35 weeks of age, chow-fed Rab4b™®!
KO had a 2- to 3-fold increase in random-fed serum insulin levels
(Figure 3F) and abnormal plasma glucose levels in the fasting
state (Rab4b"™* versus Rab4b™®" K°: 179.0 + 10.9 and
214.2 + 9.3; p < 0.05 in 25-week-old mice; 179.5 + 7.4 and
203.1 + 4.3; p < 0.05 in 35-week-old mice). These findings
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Figure 1. Rab4b Expression Is Reduced in CD3* Lymphocytes from Mice and Human Adipose Tissue in Obesity

B) The linear regression best fits with 95% confidence are shown.

D) The linear regression best fits with 95% confidence are shown.
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A) Rab4b mRNA level in epiWAT of mice (n = 8/group) fed NCD or HFD (45% or 60%) for 16 weeks.
C) Rab4b mRNA level in epiWAT of mice fed NCD or 60% HFD for 2 or 4 weeks (Vergoni et al., 2016).

E) Rab4b mRNA in adipocytes isolated from epiWAT of mice (n = 8) fed NCD or 60% HFD.
F) Rab4b mRNA in CD3" cells of epiWAT Sg of mice fed NCD or HFD (n = 4/group). The Sg from two mice were pooled for CD3* cell isolation.

(G) Rab4b mRNA in CD3* cells from visceral adipose tissue (VAT) of patients without obesity (n = 4), patients with obesity (n = 10), and patients with obesity and

type 2 diabetes (n = 10).

Graphs show means + SEMs. Statistical significance is shown as *p < 0.05, **p < 0.01, and **p < 0.001.

revealed the first signs of metabolic complications. Although
chow-fed Rab4b™®" KO mice did not reveal differences on
glucose tolerance compared to controls at 25 weeks of age on
an intraperitoneal glucose tolerance test (ipGTT) (Figures 3G
and S2A), 35-week-old Rab4b™®" K© mice remarkably devel-
oped glucose intolerance (Figures 3H and S2A). Compared to
chow-fed Rab4b™f°% |ittermates, Rab4b™®" K° mice also ex-
hibited higher plasma insulin concentrations at the 20-min time

point after glucose challenge (Figure 3I) and a 2-fold increase
in the homeostasis model assessment of insulin resistance
([HOMA-IR] 2.9 + 0.4 for Rab4b"* X mice versus 6.1 = 0.9 for
Rab4b ™" KO mice; p = 0.03). Accordingly, Akt phosphorylation
on Thr308 and Ser473 was decreased in the muscle of
35-week-old Rab4b™®" KO mice (Figure 3J; phosphorylated
AKT-308 [pAKT-308]: 0.95 + 0.05 for Rab4b™™* mice
versus 0.75 + 0.05; p = 0.052, and pAKT-473: 1.02 + 0.07 for
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Figure 2. T Cell-Specific Invalidation of the Rab4b Gene in Mice
(A) Schematic representation of the strategy.

(B) Rab4b mRNA expression in Tc: CD3* T cell, Bc: B220™ B cell, M¢p: CD11b* monocyte, NKm: NK1.1* cell, Ag: adipocyte fraction, Sg: stromal vascular fraction of

epiWAT (n = 6/genotype). mRNA levels are relative to mouse RPLPO.

(C) Immunobilot of Rab4b in thymus lysate of Rab4b"/°* and Rab4b™®" X° mice with extracellular signal-regulated kinase (ERK)1/2 as control.

Rab4b™°X mice versus 0.70 + 0.07; p < 0.05). To verify that
this change in glucose homeostasis was not due to the Lck-Cre
transgene, we compared Lck-Cre mice with Rab4b™ % and
wild-type (WT) mice at 35 weeks of age. We did not observe dif-
ferences in glucose tolerance, fed and fasted blood glucose, fed
blood insulin, and fat mass in those mice (Figures S2C-S2H). We
then investigated the metabolic phenotype of the Rab4bTee! KO
mice fed an HFD. After 15 weeks of HFD feeding, Rab4bce" K©
mice showed not only a 2.5-fold increase in random-fed serum
insulin level with similar random-fed glucose compared to
Rab4b¥fox jittermates (Figures 3K and 3L) but also an increase
in fasting blood glucose (213.5 = 29.6 for Rab4b"/°* mice
versus 279.5 = 10.2 for Rab4b™®" K© mice; p < 0.05). These
were associated with the development of a more severe glucose
intolerance, with a 2-fold increase in the area under the curve on
ipGTT (Figures 3M and S2B) and a worse insulin resistance by in-
sulin tolerance test (Figure 3N). These findings show that Rab4b
deficiency in T cells drives, without altering body weight and
adipose mass, a progressive alteration in glucose tolerance
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and insulin response with age in mice fed an NCD and worsens
glucose intolerance and insulin resistance upon HFD.

Rab4b™*!" K° Mice Display Ectopic Lipid Accumulation
and an Increase in Circulating Level of Non-esterified
Fatty Acids

The NCD-fed Rab4b™®" KO mijce at 35 weeks of age developed
dyslipidemia with a significant increase in blood levels of non-
esterified fatty acids (NEFAs) in the fasting state (Figure 4A)
and 5.6- and 3.5-fold increases in muscle and liver triglycerides
(TGs) content, respectively (Figures 4B and 4C). These findings
clearly correlated with the glucose intolerance these mice
developed. An increase in circulating NEFAs was also observed
at 25 weeks of age, when features of metabolic complications
start to occur, but without signs of ectopic lipid deposits
in muscle and liver (Figures 4B and 4C). At this age,
Rab4b™®" X° mjice exhibited a lower respiratory quotient (RQ)
compared to Rab4b™1°* mice, mainly in the light phase (Fig-
ures 4D and 4E), as compared to control mice without
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Figure 3. T Cell-Specific Invalidation of Rab4b Causes Glucose Intolerance and Insulin Resistance with Aging in Chow-Fed Mice and
Worsens Insulin Resistance in the Obese State
Rab4b¥1°x and Rab4b ™" “© mice were fed an NCD and studied at 10 weeks (n = 6/genotype), 25 weeks (n = 8/genotype), and 35 weeks (n = 8/genotype) of age
(A, B, and E-J) or a 60% HFD for 18 weeks from the age of 7 weeks (n = 6/genotype) (C, D, and K-M).
(A and C) Body weight curve of mice under NCD (A) and HFD (C).
(B and D) EpiWAT weight of mice under NCD (B) and HFD (D).
(E and L) Random-fed blood glucose of mice under NCD (E) and HFD (L).
(F and K) Random-fed serum insulin of mice under NCD (F) and HFD (K).
(legend continued on next page)
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modifications in energy expenditure, activity, and rearing
(Figures S3A-S3F). This is indicative of higher lipid utilization
and can explain the lack of ectopic lipid accumulation, despite
the increase in circulating NEFAs in 25-week-old Rab4b'e®! KO
mice. Upon HFD, Rab4b™®" K° mice experienced a worsening
of liver steatosis, with an increase in both lipid droplet number
and size (Figures 4F and 4G). These results indicate that Rab4b
deficiency in T cells induced ectopic lipid accumulation with
age in mice fed an NCD and worsens liver steatosis upon
HFD challenge.

Loss of Rab4b in T Lymphocytes Drives Pathological
Adipose Tissue Expansion with Enlarged Adipocytes

The increase in fasting blood NEFAs followed by the ectopic lipid
deposits in chow-fed Rab4b™®" K° mice suggests that the
glucose intolerance and metabolic abnormalities may originate
from alterations in WAT functions. To determine whether loss
of Rab4b in T cell drives WAT alterations, we analyzed adipose
tissue cellularity and adipocyte size. Despite no change in epi-
WAT mass between the two genotypes (Figure 3B), there was
a 30% increase in the mean diameter of adipocytes from
chow-fed Rab4b™®! KO mice compared to Rab4b™/ < jitter-
mates as early as 25 weeks of age, when features of metabolic
complications started to occur (Figures 5A and 5B).
By contrast, adipocyte size was unaltered in 10-week-old
Rab4b ™" KO mice that did not exhibit metabolic alterations (Fig-
ures 5A, 5B, and S4A). Accordingly, the expression of leptin
mRNA that is tightly correlated with adipocyte size (Guo et al.,
2004) was increased in the epiWAT of 35-week-old
Rab4b™®" KO mice, but not in the epiWAT and isolated adipo-
cytes of 10-week-old Rab4b™®" KO mice (Figures 5C and S4B).
Adipocytes from 10-week-old Rab4b™"°* and Rab4p'e! KO
mice also expressed similar levels of glucose transporter type
4 (GLUT4) and uncoupling protein 1 (UCP1) in epiWAT and sub-
cutaneous white adipose tissue (scWAT) (Figure S4B). Because
of the increase in fasting blood NEFAs in Rab4b ™" X° mice, we
looked at the expression of genes controlling adipocyte lipolysis
in epiWAT. We found decreased perilipin (PLINT) mRNA in epi-
WAT from chow-fed Rab4b ™" K° mice (Figure 5C). By contrast,
the mRNA expression of the lipases adipose triglyceride lipase
(ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol
lipase (MGL) was unaltered (Figure 5C). However, the phosphor-
ylation of the activating protein kinase A (PKA)-dependent phos-
phorylation site S563 on HSL was increased by 1.8-fold
(Figure 5D). A decrease in PLINT and an increase in S563-HSL
support an increase in epiWAT lipolytic activity, which could
explain the increase in plasma NEFAs in Rab4b™®" K© mice.
Our findings illustrate that the loss of Rab4b in T cells promotes
the development of hypertrophic and dysfunctional adipocytes
in the epiWAT of Rab4b'™®' X© mice, a feature of unhealthy
WAT that is associated with insulin resistance and metabolic
complications (Crewe et al., 2017; Hammarstedt et al., 2018).

Loss of Rab4b in T Cells Promotes Early Impairment in
Adipogenesis Affecting the Dynamic of Adipose Tissue
Expansion

The unaltered epiWAT mass observed in Rab4b™®" KO mice,
together with the increase in adipocyte size, suggested fewer
adipocytes. Consistent with this hypothesis, the calculated num-
ber of adipocytes, although similar between the two genotypes
until 10 weeks of age, plateaued earlier in Rab4b™®" X© mice
than in their control littermates. Consequently, the number of
mature adipocytes was halved in 25- or 35-week-old Rab4b™®"
KO mice compared with Rab4b""°* mice (Figure 5E). The num-
ber of adipocytes in scWAT was also decreased in 35-week-old
Rab4b™®" X° mice, although the adipocyte size remained un-
changed in accordance with the trend in the decreased scWAT
weight.

Because pathological fat mass expansion can result from
limited recruitment and differentiation of adipocytes from
progenitor cells (Hammarstedt et al., 2018), we determined
whether the alteration in the dynamic of epiWAT expansion in
Rab4b ™" KO mice resulted from a reduction in adipocyte differ-
entiation from their progenitors. First, we tried to determine
whether Rab4b deficiency in T lymphocytes affected the number
of mesenchymal stem cells (MSCs) within the epiWAT, because
adipose MSCs are committed into preadipocytes before being
differentiated into mature adipocytes. We studied the epiWAT
from 10-week-old mice to detect early defects. The Sg of the ep-
iWAT from 10-week-old Rab4b™/ % and Rab4b™®" K° mice
was cultured under conditions favoring only the growth of the
MSCs, and the number of MSC colony-forming units (CFUs)
was quantified (Figure 5F). The CFU number was increased by
almost 2-fold in the Rab4b™®" K° mice, suggesting an early
defect in preadipocyte commitment. The capacity of the epiWAT
MSCs (Figure S4C) and preadipocytes (Figure S4D) from 10-
week-old Rab4b™®! KO mice to differentiate into adipocytes
ex vivo was unaltered, suggesting that factors secreted in the ad-
ipose tissue microenvironment of the Rab4b " KO mice altered
MSC-derived preadipocyte commitment and differentiation. To
address this possibility, 3T3-L1 preadipocytes were induced to
differentiate into adipocytes in the presence of the epiWAT
explants from 10-week-old Rab4b™®" K© or Rab4fo¥flox mice.
EpiWAT explants from Rab4b™®" X© mice reduced by 60%
3T3-L1 differentiation in adipocyte compared to explants from
Rab4b™°X mice, as shown by reduced TG accumulation visu-
alized by oil red O staining and by the reduced expression of
adipocyte-specific genes (Figure 5G). These data demonstrate
that the hypertrophic phenotype of adipocytes is associated
with an early impairment in adipogenesis and suggest that the
loss of Rab4b in T cell promotes, as early as 10 weeks of age,
an epiWAT microenvironment that restricts adipocyte differenti-
ation. This alteration in the dynamic of WAT expansion occurs
before the development of the metabolic complications of the
Rab4b™®" KO mice.

(G, H, and M) Intraperitoneal glucose tolerance test of 25-week-old mice under NCD (G), 35-week-old mice under NCD (H), and 25-week-old mice under HFD (M).

(I) Serum insulin during the ipGTT in 35-week-old mice.

(J) Representative western blot of muscle AKT phosphorylation in 35-week-old mice under NCD with ERK2 used as control.

(N) Insulin tolerance test in mice fed HFD.

Values are means + SEMs. Statistical significance is shown as *p < 0.05, **p < 0.01, and ***p < 0.001.

3334 Cell Reports 25, 3329-3341, December 18, 2018



OPEN

ACCESS
CellPress

>
@
(9]

< 1 5' Azo' *k 14' ... Aol .
o *kk E) - Rab4bﬂoxlﬂox — 12. Rab4b :e ox
w .o 3 g),l 5] O Rabagice [ g o) -O- Rab4bTee!l ’}
S E1.01 -y = ; £
o 0 e o ) -~ 84 ,
o E i ~ 104 K o ’
o] E (] ’ l_ 6. I'
— 0.5 ° / e -
o o £ 5 4 m_oo---
% @ Rabab"Xox a e 2 5
© -O- Rabd4bTcell KO E == - .
0.0+ 0O+ 0+———
5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
mice age (weeks) mice age (weeks) mice age (weeks)
D E
1.2+ : : 1.1
: : ek - Rab4bﬂoxlﬂox
1.14 ] : 3 Rabab™®! KO
o 1.0 81.0
x 0.9 ] 383 3
; seRsely 1 oo
0.8+ . Rabapfioxflox :
.o Feell KO 1
0.7- -O: Rab4b -
16h 16h total night day
F
Rab4bf|OX/f|OX Rab4b Tcell KO

o3

: 400 B 8007 ..
- —
=) L. O
%8300- 5 600
S T ~
o —
5 g 200- 2 2 400/
T E 5=
2 2 100- uE> 200
| |HE
0 g 0-

Figure 4. T Cell-Specific Invalidation of Rab4b Induced Ectopic Lipid Accumulation and an Increase in the Circulating Level of Non-esterified
Fatty Acids

Rab4b¥°x and Rab4b e “© mice were fed an NCD and studied at 10 weeks (n = 6/genotype), 25 weeks (n = 8/genotype) and 35 weeks (n = 8/genotype) of age
(A-E) or fed a 60% HFD for 18 weeks from the age of 7 weeks (n = 6/genotype) (F and G).

(A) Circulating NEFA after 6 hr of fasting.

(B and C) TG content in muscles (B) and liver (C) of random-fed mice.

(D) Respiratory quotients (RQs) in 25-week-old Rab4b™/"°* and Rab4b™®" K° mice randomly fed with NCD.

(E) Mean RQ in night and day periods.

(F) Oil red O staining of liver section.

(G) Quantification of liver lipid droplets.

Values are means + SEMs. Statistical significance is shown as *p < 0.05, **p < 0.01, and ***p < 0.001.

Loss of Rab4b in T Cells Promotes WAT Inflammation in differentially secreted by the explants of 10-week-old
Chow-Fed Mice Rab4b™e®" KO and Rab4b™1°* mice. Cytokine and/or chemo-
Adipocyte function and differentiation are controlled by the in-  kine array analysis revealed that explants from 10-week-old
flammatory environment (Hammarstedt et al., 2018). Thus, to  Rab4b™®" K° mice secreted higher amounts of cytokines
determine whether the loss of Rab4b in T cells impaired adipo-  such as interleukin-17A (IL-17A), IL-6, and IL-1o or chemokines
genesis through an alteration of the epiWAT cytokine secretion  such as C-X-C motif chemokine ligand 5 (CXCL5) and CXCL12
profile, we screened for cytokines and/or chemokines that are  and lower amounts of C-C motif chemokine ligand 5 (CCL5)
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Figure 5. T Cell-Specific Invalidation of
Rab4b Affects Adipose Tissue Homeostasis
and Promotes an Early Impairment in Adi-
pogenesis

Rab4b™1ox and Rab4b™®" K© mice were fed an
NCD and studied at 10 weeks (n = 6/genotype),
25 weeks (n = 8/genotype), and 35 weeks (n = 8/
genotype) of age.

(A and B) Representative images (A) and quantifi-
cation (B) of adipocyte diameters in epiWAT.

(C) Expression levels of mRNA in epiWAT from
random-fed mice (n = 6/genotype) at 10 and
35 weeks of age. The level of MRNAs is relative to
RPLPO and is expressed relative to Rab4bflo¥/flox
mice at each age.

(D) Representative western blot and quantification
(n = 6/genotype) of HSL phosphorylation on
Ser563 in the epiWAT of 35-week-old mice under
an NCD with ERK2 as control.

(E) Mathematical estimation of the adipocyte
number in epiWAT.

(F) Representative image and quantification of
MSC colony-forming units (CFUs) in the Sg of
10-week-old Rab4b™/ * and Rab4b ™" K mice
(n = 12 preparations of Sg).

(G) Representative image and lipid quantification
by oil red O staining in 3T3-L1 adipocytes differ-
entiated in the presence of explants of epiWAT of
10-week-old Rab4b™/ * and Rab4b ™" K mice
(n = 6 explants). Values are means + SEMs.
Statistical significance is shown as *p < 0.05,
**p < 0.01, and ***p < 0.001.

immune cells because of the loss of
Rab4b in T cells, we characterized
adipose immune cells in the epiWAT of
10- and 35-week-old Rab4b™/ " and
Rab4b™®" KO mice by flow cytometry by
using the gating strategies described in
Figure S5. The proportion of CD4* and
CD8" T lymphocytes as well as adipose
NKT cells relative to conventional T cells
in epiWAT cells was similar in the two ge-
notypes whatever the age of the mice
(Figures 7A and S6A). The number

(Figures 6A and 6B). IL-17A, IL-6, and IL-1a are cytokines that
are known to inhibit adipocyte differentiation (He et al., 2006;
Rotter et al., 2003; Shin et al., 2009; Zuhiga et al., 2010). The
mRNA expression of IL-17A, IL-6, CXCL5, and CXCL12 was
also consistently increased in the epiWAT of 10-week-old
Rab4b ™" %O mice, while that of CCL5 was decreased and
that of IL-2 and IL-10 was unchanged (Figure 6C). This inflam-
matory signature in Rab4b™®" KO mice suggested an early
imbalance in adipose tissue T cell homeostasis that can be at
the origin of the alteration in epiWAT expandability.

Rab4b Deficiency in T Cells Induces an Early Increase in
Adipose Th17 and a Decrease in Adipose Treg

To determine whether the observed changes in cytokine secre-
tion could be due to changes in the populations of adipose

3336 Cell Reports 25, 3329-3341, December 18, 2018

of vdT, NK, and B cells did not differ in epiWAT between the
two genotypes at 10 and 35 weeks of age (Figures S6A and
S6B). The invalidation of Rab4b in T cells did not affect adipose
memory T cells in the epiWAT (Figure S7), which could have
disturbed adipose tissue metabolic functions, as described by
Han et al. (2017). Thus, because we observed an increase in
IL-17A production by the epiWAT from Rab4b ' K° mice, we as-
sessed whether the number of IL-17A-producing cells was
changed. The number and proportion of IL-17A* T cell receptor
B positive (TCRB*) was increased by ~2.5-fold in the epiWAT of
10- and 35-week-old Rab4b™®" KO mice compared to age-
matched Rab4b"1°* mice (Figure 7B). A similar increase
occurred in the scWAT of 10-week-old Rab4b™®" K© mice (Fig-
ure S8A). The number of IL-17A-producing v3T or NK cells was
not different between the two genotypes whatever the age of
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Figure 6. T Cell-Specific Invalidation of Rab4b in T Cells Promotes WAT Inflammation in Chow-Fed Mice
(A and B) Secretion of epiWAT explants from 10-week-old Rab4b™1°* and Rab4b™®" KO mice analyzed using a cytokine and/or chemokine array (A) and

quantified (B). Black dots, chemokines; red dots, cytokines.

(C) Expression levels of cytokine and/or chemokine mRNA in the epiWAT of 10-week-old Rab4b™1°* and Rab4b™®" K© mice (n = 6/genotype). The level of

mRNAs is relative to RPLPO.

Values are means + SEMs. Statistical significance is shown as *p < 0.05 and **p < 0.01.

the mice (Figure S6C). The expression of IL-17Ain Th17, v3T, or
NK cells was the same between 10- or 35-week-old Rab4b /1%
and Rab4b™®" KO mice (Figure S6D). Conventional T cells
(TCRa.B) were the major subtypes of IL-17A-expressing immune
cells (Figure S8B), and most of them were CD4* T cells (Fig-
ure S8C). The increase in Th17 in the epiWAT of Rab4bTee! KO
mice was associated with a decrease in the proportion and num-
ber of Foxp3-expressing Treg cells (Figure 7C), suggesting that
Rab4b deficiency in T cells induced an early alteration in the
Th17/Treg balance within the epiWAT, which can progressively
lead to a more profound alteration in adipose tissue inflammation
with age. Accordingly, compared to Rab4b1fo* mice at
35 weeks of age, age-matched Rab4b'™®" X© mice displayed a
1.5-fold increase in F4/80" macrophages and a higher mRNA
expression of F4/80 in epiWAT (Figures S6E and S6F), with an
~1.4-fold increase in pro-inflammatory F4/80"9"CD11¢"9" mac-
rophages but no differences in the number of F4/80'°“CD11c"9"
cells (Figure S6E). This increase in macrophage infiltration was

associated with an increase in the mRNA expression of CCL2
and tumor necrosis factor o (TNF-a) (Figure S6F).

Rab4b Deficiency Induces a Cell-Autonomous Defect in
T Cell Polarization

To determine whether the alteration in the Th17/Treg balance in
Rab4b™®" XO mice was cell autonomous, naive splenic
CD4*CD62L"9"CD44"°" T cells (ThO cells) from Rab4b/fox
and Rab4b™®" KO mice were differentiated in vitro either in
Treg orin Th17. Of note, Rab4b expression was not affected dur-
ing Treg/Th17 differentiation and appeared similar whatever the
source or T cell subsets (Figures S9A and S9B). Approximately
40% of ThO cells from Rab4b"°* mice differentiated in
Foxp3* Treg under Treg-polarizing conditions, and a small pro-
portion (~5%) differentiated in IL-17A-producing Th17 (Fig-
ure 7D). By contrast, in the same condition, the ability of ThO cells
from Rab4b™®" KO mice to differentiate into Treg was decreased
by ~30%, and the proportion of Th17 was increased by 3-fold
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Figure 7. T Cell-Specific Invalidation of
Rab4b Alters the Th17/Treg Ratio in EpiWAT
and Skews Ex Vivo ThO Differentiation to-
ward Th17

(A) Frequency of CD4", CD8", and NKT cells
among adipose af T cells in epiWAT.

(B) Representative flow cytometry plots and
quantification of IL-17A*TCRB* (Th17) cells in
epiWAT.
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(C) Typical flow cytometry plots and quantification
of Foxp3*CD4" (Treg) in epiWAT. Graphs show the
value for each mouse and the means + SEMs.

(D) Naive ThO cells from spleen of 10-week-old
Rab4b"/1°* and Rab4b ™" K© mice were induced
to differentiate into Treg (left) or Th17 (right), and
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**p < 0.01, and **p < 0.001.
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(Figure 7D). The amount of Th1 cells positive for T cell-specific
transcription factor (T-bet) was similarly low using ThO cells
either from Rab4b™®™°* or Rab4b™®" X° mice. Under Th17-
polarizing conditions, ~45% of ThO cells from Rab4bT®! KO
mice differentiated into Th17 compared to ~25% for ThO
cells from Rab4b"°* mice (Figure 7D). The proportion of ThO
cells from Rab4b™®" KO mice that differentiated into Th1 cells
in this condition was also slightly increased compared to
Rab4b°X mice (Figure 7D). Our observations thus show
that Rab4b deletion in T cell favors Th17 differentiation while re-
pressing Treg cells differentiation in a cell-autonomous manner.
This could contribute to the alteration in theTh17/Treg balance in
the epiWAT of Rab4bT®®" KO mijce.

DISCUSSION
Adaptive immunity is now recognized as an important player in

WAT homeostasis. Furthermore, alteration of adipose T cells in
WAT from subjects with obesity contributes to pathological WAT
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the expression of the small GTPase
Rab4b, which is involved in the control of
endocytic recycling (Perrin et al., 2013), is
decreased in adipose T cells of mice and
patients with obesity. Using mice with a
specific invalidation of Rab4b in T cells,
we report that Rab4b in T cells plays a crit-
ical role inthe healthy expansion of WAT, in
the control of glucose and lipid homeosta-
sis, and in the regulation of WAT Th17 and
Treg cell homeostasis.

It is likely that a defect in WAT expand-
ability causes the metabolic dysfunctions
of Rab4b ™" KO mice. Several studies have shown both in mice
and humans with obesity that failure in WAT expandability results
in the ectopic fat deposition in muscles and liver that contributes
to insulin resistance (Hammarstedt et al., 2018; van Beek et al.,
2015). Conversely, proper tissue plasticity and expandability
are associated with metabolic health and insulin sensitivity (Arner
and Spalding, 2010; Hammarstedt et al., 2018). Chow-fed
Rab4b™®" KO mice consistently display reduced adipogenesis,
which is characterized by a decrease in adipocyte number in ep-
iIWAT and scWAT and enlarged adipocytes, with an early in-
crease in MSC in epiWAT. This coincides with an increase in
circulating NEFA and ectopic fat deposits and the development
of glucose intolerance. The adipogenic defect is detectable
before the metabolic complications of the Rab4b™®" K© mice,
suggesting that the loss of Rab4b in T cells interferes with healthy
WAT development and thus causes the increase in inflammatory
macrophages and the metabolic disorder in old chow-fed mice.

The changes in cytokines and chemokines found in the epi-
WAT of Rab4b™®" KO mice as early as the age of 10 weeks

*

o

Foxp3 IL-17 T-bet



certainly drive these pathological steps that are qualitatively
reminiscent of the unhealthy development of WAT in obesity. In
particular, the loss of Rab4b in T cells increases the production
by epiWAT of IL-17A, IL-6, and IL-1, which inhibit adipocyte dif-
ferentiation (Rotter et al., 2003; Shin et al., 2009; Zuniga et al.,
2010). We also found an increase in CXCL5 and CXCL12 that
contributes to obesity-induced inflammation and insulin resis-
tance (Chavey et al., 2009; Kim et al., 2014). Thus, Rab4b inval-
idation in T cells promotes an early inflammatory state in epiWAT
that may restrain the capacity of WAT to properly expand.

The changes in the profile of cytokine and chemokine secre-
tion by the WAT of Rab4b™®" X°© mice certainly result from
changes in WAT immune cell content. The lack of Rab4b in
T cells results in an early increase in adipose Th17 and a loss
of adipose Treg. The increases in Th17 may contribute to the
increase in IL-17A secretion since we do not detect changes in
IL-17-producing vd3T or NK cells. We, however, cannot exclude
that mucosal-associated invariant T cells (MAITs) or innate
lymphoid cell 3 (ILC3) contribute to the production of IL-17A by
WAT. These changes in adipose Treg and Th17 are also
described during obesity, and the loss of Treg in obesity was
causally linked to insulin resistance (Bertola et al., 2012; Dalmas
et al., 2014; Eller et al., 2011; Fabbrini et al., 2013; Feuerer et al.,
2009; Winer et al., 2009). Also, the frequency of Th17 cells is
higher in patients with obesity and type 2 diabetes compared
to patients with obesity only, and Th17 can play a pathogenic
role in obesity (Chehimi et al., 2017; Dalmas et al., 2014; Fabbrini
et al., 2013). The decrease in Rab4b expression is larger in adi-
pose T cells from patients with obesity and diabetes than it is
in patients affected by obesity but without diabetes, suggesting
a potential association between Rab4b expression in T cells, the
number of adipose Th17, and the severity of the metabolic com-
plications of obesity.

The imbalance between adipose Treg and Th17 in the WAT of
Rab4b " KO mice strongly suggests that Rab4b in T cells plays
a pivotal role in the maintenance of the Treg to Th17 ratio in WAT.
Hence, the decrease in Rab4b expression in adipose T cells may
participate in the Treg/Th17 imbalance described in WAT during
obesity. The mechanisms involved in the increase in Th17 in the
WAT of subjects with obesity remain poorly understood, but they
could involve several non-exclusive mechanisms. Obesity drives
changes in adipocytes, adipose dendritic cells, and adipose
stem cells that could more efficiently trigger Th17 differentiation
of the WAT resident naive CD4* T cells (Bertola et al., 2012; Che-
himi et al., 2017). Obesity is also associated with a splenic and
systemic increase in Th17 (DeFuria et al., 2013; Winer et al.,
2009) that could yield to parallel variations within tissues. Lastly,
the increase in WAT Th17 could result from the transdifferentia-
tion of Treg (Komatsu et al., 2014). We propose that obesity
modifies adipose T cells to favor Th17 differentiation and that
the decrease in Rab4b expression is involved at the molecular
level. Naive T cells from Rab4b ™" KO mice are prone to differen-
tiate in Th17 when stimulated with anti-CD3/CD28 antibodies in
the presence of IL-6 and transforming growth factor f (TGF-).
Thus, the increase in adipose Th17 in Rab4b™®" K° mice may
result from a better intrinsic capacity of T cells to differentiate
into Th17 in the presence of small amounts of Th17 inducers in
the WAT microenvironment. WAT, even in lean subjects, pro-

duces the Th17 inducers IL-6 and TGF-B (Fain et al., 2005; Gus-
tafson et al., 2007). Accordingly, the IL-6 level is increased in the
WAT of Rab4b™®" KO mice as early as 10 weeks of age. This
could later be sustained by the establishment of positive feed-
forward loops, since IL-17A secreted by Th17 stimulates the
secretion of IL-6 by adipocytes (Shin et al., 2009) and other Sg
cell types (Davoine and Lacy, 2014; Ogura et al., 2008).

The lack of Rab4b in T cells also impairs in vitro Treg differen-
tiation. Treg and Th17 are reciprocally regulated during differen-
tiation (lvanov et al., 2007). Thus, our data highlight the pivotal role
played by Rab4b in T cells, favoring Treg and restraining Th17 dif-
ferentiation. However, it is unlikely that the skewing of T cells to-
ward Th17 is the only mechanism involved in the reduced number
of adipose Treg in Rab4b™*"K° mice because the number of Treg
decreased 10 times more than the Th17 increased. Alterations in
Treg accumulation or survival in WAT are plausible additional
mechanisms. In chow-fed mice, adipose Treg cells from the
thymus start to expand at the age of 10 weeks (Kolodin et al.,
2015), and at this age the number of Treg in the WAT of
Rab4be®" KO mice is reduced. The number of Treg in WAT relies
onthe IL-33/ST2 (suppression of tumorigenicity 2) axis and on the
TCR-antigen interaction in the MHC class Il context (Kolodin
etal., 2015; Vasanthakumar et al., 2015). Rab4b plays arolein en-
docytic trafficking (Perrin et al., 2013), which is involved in the
control of the TCR level at the plasma membrane. Moreover,
Rab4b co-localizes with intracellular TCR in T cells (Soares
et al., 2013), suggesting that Rab4b-dependent pathways regu-
late TCR trafficking. Rab4b-dependent endocytic processes
could also organize an intracellular signaling platform for IL-33
as they did for other cytokines (Cendrowski et al., 2016).

In summary, the present study identified the small GTPase
Rab4b in T cells as a key protein contributing to the control of
WAT expansion and insulin sensitivity by regulating the adipose
Th17/Treg balance. Because the Rab4b level is decreased in ad-
ipose T cells of insulin-resistant individuals with obesity, our data
suggest that deregulation of Rab4b-dependent endocytic traffic
in immune cells may represent an additional mechanism that
contributes to the development of obesity-associated metabolic
disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Home-made rabbit polyclonal anti-Rab4b (immunized with Perrin et al., 2013, and this paper N/A

C-terminal part of Rab4b)

Mouse monoclonal anti-ERK2 (clone D2)

Rabbit monoclonal anti-ERK1/2 (clone 137F5)

Rabbit monoclonal anti-phosho-AKT T308 (clone D25E6)
Rabbit monoclonal anti-phosho-AKT S473 (clone D9E)
Rabbit polyclonal anti-phospho-HSL S563
Peroxidase AffiniPure Goat polyclonal Anti-Rabbit IgG
Peroxidase AffiniPure Goat polyclonal Anti-Mouse IgG
CD8 (clone 145-2C11)

CD28 (clone 37.51)

CD11c-APC (clone N418)

F4/80-PE (clone BM8)

CD44-PE_Cy7 (clone IM7)

Foxp3-Alexa647 (clone FJK165)

CD8-FITC (clone H35-17.2)

CD45-APC_Cy7 (clone 30-F11)

TCRB-PB (clone H57-597)

CD4-Percp_Cy5.5 (clone RM4-4)

CDB8-PE_Cy7 (clone 53-6.7)

CD19-Alexa647 (clone 6D5)

NK1.1-FITC (clone PK136)

CD4-FITC (clone RM4-5)

CD62L-APC (clone MEL-14)

CD69-PE

Fc Block 2-4G2 (clone2.4G2)

IL17-APC

TCRy3-PE

Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Jackson ImmunoResearch
Jackson ImmunoResearch
BD Bioscience

BD Bioscience
eBioscience

eBioscience

eBioscience

eBioscience

eBioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

BD Bioscience

Miltenyi Biotech

Miltenyi Biotech

Cat# sc-1647; RRID: AB_627547

Cat# 4695; RRID: AB_390779

Cat# 13038; RRID: AB_2629447

Cat# 4060; RRID: AB_2315049

Cat# 4139; RRID: AB_2135495

Cat# 111-035-144; RRID: AB_2307391
Cat# 115-035-205; RRID: AB_2338513
Cat# 553058; RRID: AB_394591

Cat# 553295; RRID: AB_394764

Cat# 17-0114-82; RRID: AB_469346
Cat# 12-4801-82; RRID: AB_465923
Cat# 25-0441-81; RRID: AB_469622
Cat# 51-5773-82; RRID: AB_763538
Cat# 11-0083-85; RRID: AB_657766
Cat# 557659; RRID: AB_396774

Cat# 109226; RRID: AB_1027649
Cat# 116012; RRID: AB_2563023
Cat# 552877; RRID: AB_394506

Cat# 115522; RRID: AB_389329

Cat# 108706; RRID: AB_313393

Cat# 100510; RRID: AB_312713

Cat# 104411; RRID: AB_313098

Cat# 553237; RRID: AB_394726

Cat# 5563142; RRID: AB_394657

Cat# 130-102-298; RRID: AB_2660790
Cat# 130-104-012; RRID: AB_2654078

Chemicals, Peptides, and Recombinant Proteins

Dulbecco’s modified Eagle’s medium (DMEM)
Fetal Calf Serum

New born Serum
Penicillin/Streptomycin

Gentamycin

MesenCult Medium
Isobutylmethylxantine

Dexamethasone

Rosiglitazone

Insulin

Collagenase
Acrylamide/Bis-Acrylamide 37.5:1 40%
Trizol
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GIBCO

GIBCO

GIBCO

GIBCO

GIBCO

Stem Cell Technologies
Sigma

Sigma

Enzo Life Science
GIBCO

Sigma

Biosolve

Life Technology

Cat# 41965-039

Cat# 10270-106

Cat# 16010-159

Cat# 15140-122

Cat# 15710-049

Cat# 05502

Cat# 15879

Cat# D4902

Cat# ALX-350-125

Cat# 12585-014

Cat# C6885

Cati# 01422301

Cat# 15596018
(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tris Euromedex Cat# 261283094A
Permeabilisation buffer eBioscience Cat# 00-8333-56
Fixation buffer diluent eBioscience Cat# 00-5223-56
Fixation buffer concentrate eBioscience Cat# 00-5123-43
Oilred O Sigma Cat# 00625
Crystal Violet stain Sigma Cat# C3886
Hematoxylin MM France Cat# F/HAQ500
Eosin Y MM France Cat# F/C0352
IL-4 R&D Systems Cat# 404-ML
IL-12 R&D Systems Cat# 419-ML
IL-6 R&D Systems Cat# 406-ML
TGFB R&D Systems Cat# 7666-MB
IL-2 R&D Systems Cat# 402-ML

Critical Commercial Assays

Insulin ultra-sensitiv assay kit HTRF
NEFA standard FS DiaSys assay kit
DiaSys triglyceride assay kit

Cytokine and/or chemokine array panel A
Reverse transcription AMV RT Kit

Sybr Green PCR master Mix kit

Substrat HRP immobilon ECL kit

Naive CD4"* T cell Isolation kit (mouse)
Anti-PE microbeads

CisBio

Diagnostic Systems
Diagnostic Systems
R&D Systems
Promega

Applied Biosystems
Millipore

Miltenyi Biotech
Miltenyi Biotech

Cat# 62INSPEB
#1 578199 10935
#1 571099 10021
Cat# ARY006
Cat# A3500

Cat# 4344463
Cat# WBKLS0500
Cat# 130-104-453
Cat# 130-048-801

Experimental Models: Cell Lines

3T3-L1 fibroblast ATCC ATCC CL-173
Experimental Models: Organisms/Strains
B6-Tg(Rab4b-flox)/N mice Institut Clinique de la Souris N/A
(ICS, llkirch, France)
B6-Tg(Lck-cre)/J mice Jackson Laboratories strain 3802
Oligonucleotides
See Table S3 for oligonucleotide sequences N/A
Software and Algorithms
FlowJo Tree Star N/A
MACSQuantify Miltenyi Biotech N/A
Motion Tracking Generously provided by Yannis N/A
Kalaidzidis from Marino Zerial Lab
(MPI-CBG Dresden)
FiJi (ImagedJ image analysis software) Freeware from the NIH N/A
GraphPad Prism 7 GraphPad Software N/A
Multi Gauge V3.0 software FujiFilm software N/A
Other
Regular Chow Diet (ND) SAFE custom diet Cat# A04
High Fat Diet 60% (HFD) SAFE custom diet Cat# 230HF

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr.

Mireille Cormont (cormont@unice.fr).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples

Subjects were composed of patients affected by morbid obesity eligible for laparoscopic Roux-en-Y gastric bypass surgery and
are included in a larger cohort described in (Dalmas et al., 2015; Fan et al., 2016). Subjects with obesity were segregated in nondi-
abetic and type 2 diabetic patients based on fasting glycemia over 7 mmol/L or use of antidiabetic drugs. Control subjects without
obesity involved in programmed surgery for hernia, nissen fundoplication, or gallbladder ablation were included and selected
without dyslipidemia, type 2 diabetes, or chronic inflammatory or infectious diseases. The subjects were recruited at Geoffroy
Saint-Hilaire Clinique (Ramsey Générale de Santé), Paris, France. The study was conducted in accordance with the Helsinki
and the Ethics Committee (CPP lle-de-France) approved the clinical investigations for individuals with or without obesity. All
subjects provided written informed consent when included in the surgery program. Characteristics of the subjects are shown
in Table S1.

Generation of mice with Rab4b invalidation in T lymphocytes

The studies with mice were conducted in accordance with the European and French guidelines and approved by our animal care
committee CIEPAL-AZUR (number: NCE/2013-83). C57BL/6N Rab4b"1°* mice were obtained under pure background at the
Mouse Clinical Institute (ICS, llikirch, France) as schematized in Figure 2. Rab4b/fox \were crossed with mice expressing the
Cre recombinase under the Lck promoter to obtain Lck-Cre Rab4b™"t mice. The obtained mice were crossed together to select
Lck-Cre-Rab4b™°x mice. They were then crossed with Rab4b™°* mice to generate in the same littermate mice invalidated for
Rab4b in T lymphocytes (Rab4b™®" X© mice) and Rab4b™"* mice as control. When mentioned, other control mice (wild-type
and Lck-cre) were selected in the crossing of Lck-Cre-Rab4b™"t with themselves. The Rab4b™®" K© mice were viable and
born at expected Mendelian ratio. Male mice were used for the study.

The genotyping of the mice was performed on DNA from tails using the following primers: to detect Rab4b with flox sequences
5-TGGCACTTCCAGCAGTGGGT-3' and 5'-TTCCCCTGCCTCTTCTGCCC-3' (Figure S1A), with the following reaction procedure:
3 min at 94°C / 5 cycles of 1 min at 94°C, 1 min at 62°C, 1 min at 72°C / 40 cycles of 10sec at 94°C, 30 s at 62°C, 1 min at 72°C /
3min at 72°C. To detect the Cre-recombinase 5'-CGA TGC AAC GAG TGA TGA GGT TC-3' and 5'-GCA CGT TCA CCG GCA TCA
AC-3' according to The Jackson Laboratories’ procedure.

METHOD DETAILS

Material

Flow cytometers

T cell subtypes were analyzed using a BD FACSCanto analyzer (Becton Dickinson) and FlowJo software (Tree Star). Myeloid cells
were analyzed using MACSQuant Analysers and MACSQuantify software (Miltenyi Biotech) as described in (Vergoni et al., 2016).
Magnetic sorting was performed using an AutoMacs Pro separator, Miltenyi Biotech.

Microscopes

Zeiss PALM Micro Beam system equipped with Plan-Neofluar 10x (0.3 N.A.) air objective and an AxioCam MRc5 color camera; Nikon
Eclipse Ci equipped with Plan-Neofluar 10x (0.25 N.A.) and Plan-Neofluar 20x (0.4 N.A.) and a Nikon color camera (C3M light micro-
scopy facility, MiCA Ibisa platform, Nice).

Metabolic exploration of the mice
Mice were housed in a 23°C on a 12 h light-dark cycle in the animal facility of the INSERM U1065 (Nice, France). Male mice were fed
NCD or 60% HFD from 7-8 weeks of age.

Intraperitoneal glucose tolerance tests (IPGTT; 0.8 g/kg body weight) and intraperitoneal insulin tolerance test (0.75 U/kg body
weight) were performed in 6-hr fasted mice. Glucose level was measured in tail vein blood using a glucometer (FreeStyle Optium,
Abbott Laboratories, Abbott Park, USA). Serum insulin and NEFAs were measured using an HTRF-based or biochemical assay,
respectively.

Mice metabolism were analyzed by indirect calorimetry to determine oxygen consumption (VO2) and carbon dioxide production
(VCO2), energy expenditure, respiratory quotient ([RQ] = VCO,/VO,), and locomotor activity using calorimetric tides cages (Oxylet-
pro-Physiocage Panlab, Bioseb, Vitrolles, France). For that, mice were individually housed and acclimated for 24 h before experi-
mental measurements. Analysis was first performed during 24 h with mice having free access to food and water. The equations
of Frayn (Frayn, 1983) were used to calculate the energy expenditure (EE; in kcal/day/kg®"® = [3.815 + (1.232 x RQ)] x 1.44 x VO,).

Adipocyte size/number

WAT was fixed in 4% PFA and embedded in paraffin. The WAT sections stained with hematoxylin-eosin were imaged on a Zeiss
PALM MicroBeam system. Five images were randomly captured per sections and the diameters of adipocytes were semi-automat-
ically counted by using a plug-in developed by Dr G. Marsico on Motion Tracking software. At least 10000 adipocytes were counted
per conditions.
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To estimate the number of adipocytes in whole WAT depots mice, we applied the mathematical equation developed by Jo and
Colleagues (Jo et al., 2009). Briefly, the number of adipocytes (N) was estimated by dividing the WAT mass (M) by the density of
adipocytes (D = 0.915 g/L) multiplied by the mean volume of adipocytes within the WAT (V). The mean volume of adipocytes is calcu-
lated from the mean diameters of adipocytes (see above). The equation is presented below:

M

Tissue TG analysis and quantification

For tissue triglyceride (TG) quantification, snap-frozen liver or muscles were homogenized in sodium acetate (0.2M, pH 4.5) using
a Precellys Homogenizer and centrifuged. Supernatants were collected, and TG content quantified using the DiaSys triglyceride
assay kit.

For liver section oil red O staining, 10 um liver tissue sections were labeled using oil red O (3 g/l in 60% isopropanol) and imaged
using a Zeiss PALM Micro Beam system. Quantification of the number and the size of the lipid droplets was performed using Mo-
tionTracking quantitative multiparametric image analysis platform (Collinet et al., 2010; Rink et al., 2005) on 30 randomly captured
images per condition.

Adipose mesenchymal stem cell (MSC) and preadipocyte isolation, and adipocyte differentiation

Stromal vascular fraction (Sg) from epiWAT of 10-week-old mice was obtained by collagenase digestion (Cormont et al., 1996). MSC
were obtained by plating the Sk and cultivating it in MesenCult medium with antibiotics. The culture of MSC in MesenCult medium for
14 days in condition of limit dilutions allowed for their number quantification. Mouse pre-adipocytes were obtained from Sg (Bost
et al., 2005).

Adipocyte differentiation was then induced. Briefly, adipose MSC, pre-adipocytes and 3T3-L1 cells were cultured in MesenCult
medium or DMEM, respectively, until 2-days post-confluence. They were then differentiated into adipocyte using 5 pg/ml insulin,
0.25 uM dexamethasone, and 0.5 mM isobutyl methylxanthine for two days. The medium was then changed for the same medium
containing insulin for two additional days. Then the cells were cultured for 3 days in the appropriate medium without insulin. All the
culture media were supplemented with 1% penicillin/ streptomycin/gentamycin.

The impact of WAT secretome on adipocyte differentiation was tested by adding during the first two days of 3T3-L1 differentiation
freshly harvested WAT explants (~200 mg) from 10-week-old mice in a Boyden chamber.

The extent of differentiation was analyzed by quantification of the expression of adipocyte genes using RT-gPCR and using oil red
O to label lipid droplets and DAPI to label the nuclei. We collected fluorescent images of lipids (from oil red O staining using the
alexab55 filters set) and DAPI (using the alexa405 filter set). Then the areas covered by lipid droplets were normalized by the number
of nuclei. For the quantification of mesenchymal stem cells in adipose tissue S were prepared from individual mice and were cultured
in as recommended by the manufacturer.

Identification of cytokines produced by WAT

EpiWAT explants from four 10-week-old Rab4b"°* mice and four Rab4b"®®" ° mice were cultured in DMEM containing 10% fetal
calf serum, 1% penicillin/streptomycin/gentamycin. 24 h later, the conditioned media were applied on cytokine and/or chemokine
array membranes then treated according to the manufacturer.

Flow cytometry analysis of adipose cells
The Sk from WAT was obtained following collagenase digestion and the number of cells determined. Staining procedures and gating
strategy were applied on 2x10° Sg cells (Figure S5) and the cells were subjected to flow cytometry analysis.

For the analysis of adipose myeloid cells, freshly isolated cells from Sg were labeled with F4/80-PE (100°) and CD11c-APC (100°) for
30 min at 4°C. After washes, the cells were analyzed by flow cytometry.

For the analysis of adipose T cells, three staining procedures were used. For the staining procedure 1 (Figure S5B), cells were
labeled at 4°C for 30 min with Fc Block 2-4G2 (50°) and the indicated fluorescently-coupled antibodies: CD45-APC_Cy7 (200°),
TCRB-PB (100°), TCRy3-PE (50°), CD4-Percp_Cy5.5 (100°), CD8-PE_Cy7 (200°), CD19-APC (200°) and NK1.1-FITC (200°). For
the staining procedure 2 (Figure S5C), cells were labeled at 4°C for 30 min with the Fc Block 2-4G2 (50°) and the following
labeled-antibodies: CD45-APC_Cy7 (200°), TCRB-PB (100°) and CD4-Percp_Cy5.5 (100°). After two washes, the cells were incu-
bated for 30 min on ice in a fixation/permeabilization buffer. Following two washes, cells were incubated for 30 min at room temper-
ature with Foxp3-APC (100°) and the Fc Block 2-4G2 (50°). For the staining procedure 3 (Figure S5D), cells were first maintained at
37°C for 4 hin T cell culture media supplemented with 50 ng/ml of PMA, 500 ng/ml of ionomycin and 0.6 ul/ml of Golgi stop
(Angkasekwinai et al., 2007). Then, they were labeled at 4°C for 30 min with anti CD45-APC_Cy7 (200°), TCRB-PB (100°), TCRy3-PE
(50°), CD4-FITC (100°), NK1.1-PE_Cy7 (50°), and the Fc Block 2-4G2 (50°). The cells were washed twice and incubated with the fix-
ation/permeabilization buffer for 30 min on ice. Cells were then washed twice and incubated for 30 min at room temperature with

Cell Reports 25, 3329-3341.e1-e5, December 18, 2018 e4

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

IL17-APC (50°) and the Fc Block 2-4G2 (50°). This procedure was complemented using CD4-PercP_Cy5.5 (100°) and CD8-FITC
(200°) to determine the proportion of TCRB*CD4* and TCRB*CD8" cells that express IL-17A.

For the analysis of memory T cells, freshly isolated cell from the Sg were incubated with anti CD45-APC_Cy7 (200°), TCRB-PB
(100°), CD4-PercP_Cy5.5 (100°), CD8-FITC (200°), CD62L-APC (200°), CD69-PE (100°), CD44-PE_Cy7 (200°) and the Fc Block
2-4G2 (50°) for 30 min at 4°C.

Immune cells isolation by magnetic sorting

Mouse CD3"* cells were enriched from S cells or fresh thymocytes by positive magnetic sorting on cells incubated with anti CD3-PE
antibody and anti-PE antibody coupled with magnetic beads. Human CD3* cells were enriched from VAT Sk purified as described
(Rouault et al., 2013) using magnetic beads as in (Dalmas et al., 2015).

Mouse B cells and NK/NKT cells were enriched from freshly mechanically dissociated cells from spleen using PE-labeled antibody
directed against B220 or NK1.1, respectively, and anti-PE antibody coupled with magnetic beads before positive magnetic sorting.
Mouse monocytes were enriched from freshly prepared bone marrow cells using PE-labeled antibody directed against CD11b and
sorted as above.

In vitro T cells differentiation

Naive CD4* T cells from spleen (CD4*CD62L"9"CD44'°%) obtained by using a naive CD4* isolation kit with a magnetic cell sorter were
activated by plating them on 24-well plates pre-coated with antibodies against CD3 (10 png/ml) in RPMI with 5% fetal calf serum, 1%
penicillin/streptomycin and 50 uM B-mercapto-ethanol containing soluble CD28 (2 ug/ml). Their differentiation were induced into
Treg cells with IL-2 (20 ng/ml) and TGF-B (1 ng/ml), or into Th17 cells with TGF-B (1 ng/ml) and IL-6 (100 ng/ml), or into Th1 with
IL-2 (20 ng/ml) and IL-12 (20 ng/ml). After 5 days of treatment, the efficiency in Th17 or Treg cell differentiation was estimated by
quantifying the expression of markers of T cell subpopulations by flow cytometry.

Western blotting and RT-qPCR

Snap frozen tissues were lysed, and immunoblotting was performed using the indicated antibodies as described (Kaddai et al., 2009).
Detection was made using ECL (Millipore, Molsheim, France) and incremental images were acquired on an ImageQuant LAS 4000
(GE Healthcare Life Sciences) and quantifications were performed with Multi Gauge V3.0 software.

RNAs were prepared from snap-frozen tissues using TRIzol and RT-qPCR were performed as previously (Kaddai et al., 2009).
Primer sequences are provided in Table S3. The gPCR reactions were performed using StepOne devices from Applied Biosystems
(Thermo Fisher Scientific, lllkirch, France), and the PCR data were normalized to mouse Rplp0 gene expression and the comparative
Ct (AACt) quantitation method was used.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as the mean + SEM. Statistical significance between two groups of mice was evaluated with Mann-Whitney test.
Statistical significance between the different time points was assessed by two-way ANOVA followed by post hoc comparison. A p

value < 0.05 was considered statistically significant. All statistical details of experiments can be found in the figure legends. GraphPad
PRISM5 software was used.
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