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Figure 3 The release reaction is enhanced in Pxn-KD platelets. Bone marrow cells transduced with LentiLox-sh-control-GPlba (Control) or
LentiLox-sh-paxillin-GPlba (Pxn-KD) at an MO! of 5 were transplanted into lethally irradiated recipient mice. (A) P-selectin expression on GFP-positive
platelets stimulated with or without 1 mmol/L AYPGKF or 50 ng/mL convulxin was assessed by flow cytometry. The plots represent the degree of GFP
expression (horizontal) and P-selectin expression (vertical). (B) Columns and error bars represent the mean + sd. of P-selectin expression after stimulation
in GFP-positive platelets (n = 3-5). (C-E) Washed platelets were stimulated with the indicated agonist for 15 min, and then the concentrations of PF4
(C), serotonin (D), and TxB, (E) were measured in the supernatants. Columns and error bars represent the mean + s.d. (n = 5). Open bars: control
platelets; black bars: Pxn-KD platelets. Statistical significance was determined using Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0001 vs. control.

secondary effects of platelet aggregation, influx of extracel-
lular calcium, and release reactions, we preincubated the
platelets with EDTA, apyrase, and SQ29548. Intracellular
calcium mobilization induced by the GPVI agonist con-
vulxin and G protein-coupled receptor stimulation with
AYPGKF was rather decreased by Pxn-KD (Figure 5B).
These data suggest that paxillin targets downstream sig-
naling of calcium mobilization or a calcium-independent
signaling pathway.

To explore the importance of calcium-independent sig-
naling pathways in Pxn-KD platelets, we employed
BAPTA-AM, an intracellular calcium chelator, to exclude
the effect of calcium mobilization. Because JON/A re-
quires extracellular calcium for antibody binding, we
assessed P-selectin expression induced by an agonist.
Pretreatment with BAPTA-AM significantly suppressed
P-selectin expression in both control and Pxn-KD plate-
lets (Figure 5C). On the other hand, P-selectin expression
elicited by an agonist was still observed in Pxn-KD plate-
lets even in the presence of BAPTA-AM (Figure 5C).

These data indicate that downstream signaling from intra-
cellular calcium mobilization is amplified by Pxn-KD, and
the calcium-independent pathway is activated by
Pxn-KD to increase platelet activation.

Pxn-KD augments platelet adhesion and thrombus
formation in vivo

Finally, we examined the contribution of paxillin to
thrombus formation in vivo. To visualize thrombus forma-
tion in vivo, we used a direct visual technique based
on confocal microscopy in mesenteric capillaries [26].
Thrombus formation in this system was initiated by the
production of ROS following laser irradiation [26]. Laser
irradiation-induced thrombus formation was significantly
enhanced in Pxn-KD platelets (Figure 6A and 6B and
Additional files 6 and 7). In addition, there was an
enhancement of thrombus formation initiated by FeCls in
large femoral arteries (Additional file 8). Moreover, blee-
ding times after tail clipping significantly shortened in
Pxn-KD experiments (Figure 6C). These findings support
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Figure 4 Pxn-KD platelets exhibit augmented outside-in signaling. (A) Control and Pxn-KD platelets treated with 50 ng/mL convulxin were
allowed to adhere on immobilized fibrinogen for 30 min. The platelets were then fixed and stained with an anti-GFP antibody (green; left panel)
and rhodamine-conjugated phalloidin (red; middle panel). The merged images show colocalization of GFP and actin staining (yellow; right panel).
Original magnification, x600; Bar, 5 um. Data are representative of three independent experiments. (B) Platelets treated with or without 50 ng/mL
convulxin were incubated in dishes coated with 400 pg/mL fibrinogen for 30 min. The area of cell spreading was quantified by ImageJ software.
The mean platelet size on BSA was subtracted from the total spread area on fibrinogen to determine the actual increase in platelet spreading.
The horizontal bar denotes the mean, and each symbol denotes an individual cell (n = 281-394 cells). (C) Clot retraction of platelet-rich plasma
consisting of diluted human plasma and control or Pxn-KD platelets was initiated by 0.1 U/mL thrombin and then photographed at 0, 45, 90, and

*P <005, *P <001, and ***P < 0.001 vs. control.

120 min. (D) Clot retraction was quantified by measuring serum formation extruded by clot retraction. Columns and error bars represent the
mean = s.d. (n = 3). Open bars: control platelets; black bars: Pxn-KD platelets. Statistical significance was determined using Student’s t-test.

our hypothesis that paxillin is an important negative regu-
lator of platelet activation and thrombus formation in vivo.

Discussion

Here, we found that the LIM protein paxillin is a negative
regulator of platelet activation in mice. The negative regu-
lation of platelet activation by paxillin was not limited to a
specific signaling pathway, because Pxn-KD enhanced
platelet activation in response to a variety of agonists. We
also confirmed that thrombus formation was augmented
in Pxn-KD platelets in vivo. This finding is notable be-
cause several previous reports suggest that changes
in paxillin function actually reduce integrin signaling
[13,14]. Furthermore, a previous finding in platelets has

demonstrated the possible role of paxillin as a negative
feedback regulator after integrin ligation to regulate the
activity of Lyn tyrosine kinase [17]. However, this mode of
regulation cannot fully explain the phenotypes of Pxn-KD
platelets, because both outside-in and inside-out signaling
were augmented by Pxn-KD. Our results reveal a new cel-
lular function of paxillin and indicate new mechanisms
that modulate platelet activation.

The most interesting result of this study was that Pxn-
KD significantly enhanced the upstream signaling path-
ways that converge on platelet activation. Appropriate
inhibition of the platelet response is essential to control
pathological thrombus formation. It is well known that
the mediators that enhance intracellular cAMP or cGMP
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Figure 5 Pxn-KD fails to increase tyrosine phosphorylation and calcium mobilization. (A) Washed platelets obtained from control and Pxn-KD
experiments were stimulated with 150 ng/mL convulxin for the indicated times. The cell lysates were resolved by SDS-polyacrylamide gel electrophoresis
and then immunoblotted with an anti-phosphotyrosine mAb (4G10). The data shown are representative of three independent experiments. (B) Control

and Pxn-KD platelets were labeled with GFP-Certified™ FluoForte™ dye. Changes in intracellular calcium levels after stimulation with an indicated
concentration of AYPGKF or convulxin were then measured every 30 s. Data are expressed as the relative fluorescence unit (RFU) measured using a
microplate spectroflucrometer (excitation, 530 nm; emission, 570 nm). The peak calcium concentration was measured after stimulation (open bars:
control platelets; black bars: Pxn-KD platelets). Columns and error bars represent the mean + s.d. {n = 5-8). Statistical significance was determined by
the Student’s t-test. (C) Control and Pxn-KD platelets were pretreated with 1 mmol/L EDTA and/or 20 pmol/L BAPTA-AM for 10 min, and then
stimulated with or without 1 mmol/L AYPGKF or 150 ng/mL convulxin. P-selectin expression on GFP-positive platelets was determined by flow cytometry.
Columns and error bars represent the mean + s.d. of P-selectin expression (n = 4).

levels, including prostacyclin, prostaglandin E,, and nitric
oxide, are strong extrinsic inhibitors of platelet activation
[27]. These extrinsic mediators ameliorate the broad plate-
let activation elicited by various agonists [27]. Intrinsic
negative regulators of platelet activation have been identi-
fied recently, but many of these proteins only control a
specific receptor signaling pathway. GPVI-mediated im-
munoreceptor tyrosine-based activation motif (ITAM)
signaling is regulated by immunotyrosine-based inhibitory
motif (ITIM)-containing receptors including platelet en-
dothelial cell adhesion molecule 1 and carcinoembryonic
antigen-related cell adhesion molecule 1 [28,29]. Further-
more, Lyn tyrosine kinase has been reported to inhibit
ITAM signaling by inducing tyrosine phosphorylation of
ITIM [28]. It has also been reported that binding of a
regulator of G-protein signaling to the Gia subunit limits
platelet responsiveness to the receptor, which is indepen-
dent of Rap1b [30]. Conversely, paxillin may downregulate
platelet activity by modulating a common pathway,

because Pxn-KD resulted in marked platelet hyperactiva-
tion in response to stimulation of tyrosine phosphory-
lation-based receptors and G protein-coupled receptors.
Although paxillin is reportedly involved in various
integrin-mediated cellular functions, many of these func-
tions are limited to outside-in signaling pathways. Paxil-
lin-deficient embryos show embryonic lethality, and the
phenotype closely resembles that of fibronectin-deficient
mice [31]. Moreover, paxillin-deficient fibroblasts show
reductions in cell migration and tyrosine phosphoryla-
tion following cell adhesion [31]. Chimeric integrin «IIbB3
with a cytoplasmic tail substitution of a4fl or «9f1,
which facilitates paxillin binding, significantly inhibits cell
spreading, but does not affect alIbB3-dependent cell adhe-
sion [18,19]. Inhibition of paxillin binding to integrin o4
inhibits leukocyte recruitment to an inflammatory site
[32]. These data suggest important roles of paxillin in
outside-in signaling by direct interaction with the integrin
a-subunit. However, in this study, inside-out and outside-
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Figure 6 Pxn-KD in platelets expedites thrombus formation in vivo. (A) Intravital imaging of thrombus formation by laser irradiation of
mesenteric arterioles in mice with control or Pxn-KD platelets. Thrombus formation was increased in mice with Pxn-KD platelets following laser
irradiation. Bar, 10 um. The right panel shows the results of quantification of the thrombus area. (B) Percentage areas of thrombus within blood
vessels after laser irradiation. Columns and error bars represent the mean + s.e.m. (n =40 vessels in five mice/group). (C) Tail bleeding times were
assessed as described in the Methods. Columns and error bars represent the mean + s.em. (n = four mice/group). Statistical significance was
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in signaling of integrin allbB3 were increased in Pxn-KD
platelets, even though paxillin failed to interact with plate-
let-specific integrin ollb [19]. It is possible that other sig-
naling pathways in platelets are modulated by paxillin,
which is independent of direct interactions with integrins.

An issue that remains unresolved is the precise me-
chanism governing the negative regulatory function
of paxillin in platelet activation. As described above,
Rathore et al. previously reported that integrin allbf3-
dependent platelet aggregation induced tyrosine phos-
phorylation of paxillin and Hic-5 in platelets, leading to
the binding of Csk, which controls activation of the Src
family of tyrosine kinases [17]. Csk preferentially binds
to paxillin in murine platelets that coexpress paxillin
and Hic-5 [17]. Furthermore, the interaction abolishes
the activity of Lyn, but not Fyn or Src. It is possible that
paxillin acts as a negative feedback regulator of outside-
in signaling by modulating Lyn activity after ligand bind-
ing to integrin aIIbB3 [17]. However, this mechanism
does not fully explain the functional roles of paxillin
in platelets. Our data suggest that paxillin controls addi-
tional proximal signaling pathways for platelet activation.

Pxn-KD did not directly augment the conformational
changes of integrin alIbB3 expressed on Chinese hamster
ovary cells (Additional file 9), tyrosine phosphorylation, or
calcium mobilization induced by phosphoinositide turn-
over. These data suggest that paxillin negatively controls
downstream signaling of calcium mobilization or a cal-
cium-independent signaling pathway. In addition, calcium
mobilization was rather reduced by Pxn-KD. It is there-
fore possible that negative feedback exists to prevent fur-
ther activation of Pxn-KD platelets, or phosphoinositide
turnover is directly modulated by Pxn-KD.

Our data suggest that several mechanisms may increase
platelet activation by Pxn-KD. Notably, calcium-inde-
pendent actions by Pxn-KD appear to exist, because
P-selectin expression elicited by an agonist was still ob-
served in Pxn-KD platelets even in the presence of
BAPTA-AM. A previous report has suggested that coordi-
nated signaling through both G153 and G; causes integrin
alIbB3 activation, despite a small increase in intracellular
calcium [33]. In addition, G153 and G; signaling activates
integrin olIbB3 in Gg-deficient mice [34]. It is possible
that paxillin modify the calcium-independent signaling
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pathway leading to release reaction and integrinallbp3
activation. Additional studies are needed to investigate
how paxillin regulates platelet activation, and to assess
whether these roles of paxillin in control of cellular signa-
ling are common mechanisms in other cell types. We are
now interested in further investigation of the precise
mechanisms, and additional experiments are currently un-
derway in our laboratory.

Another interesting finding of our study is that Pxn-KD
resulted in an enlargement of platelet volume. CLP36, a
member of the LIM domain family, was recently reported
to play some roles in platelet activation [35]. Platelets from
mice lacking the LIM domain of CLP36 show a slight in-
crease in size and hyperactivation in response to a GPVI
agonist [35]. The phenotypes of CLP36-deficient or mu-
tant platelets are similar to those of Pxn-KD platelets in
our study, although G protein-coupled receptor signaling
is not affected in CLP36-deficient or mutant mice. Ac-
cordingly, the expression of LIM domain proteins may de-
termine platelet size and reactivity.

To extrapolate the implications of our study to the bio-
logy and pathophysiology of humans, we must consider
the differential expression pattern of paxillin-related pro-
teins in platelets among species. Murine platelets express
paxillin, Hic-5, and leupaxin, whereas human platelets
only express Hic-5 [17]. Hagmann et al reported that a
switch from paxillin to Hic-5 expression should occur
during the late phase of megakaryopoiesis in humans [15].
A recent report has described platelet functions in Hic-5-
deficient mice [36]. Hic-5-deficient mice exhibit prolonged
bleeding times, and the loss of Hic-5 in platelets slightly
impairs integrin allbB3 activation induced by thrombin,
but not other agonists including convulxin, U46619, and
ADP [36]. Although the hemostatic defect in Hic-5-
deficient mice, as assessed by tail bleeding, is not fully
explained by a mild defect in platelet function, it is pos-
sible that the structurally related proteins paxillin and
Hic-5 play opposing roles in the regulation of platelet
function in murine platelets. Leupaxin, another LIM pro-
tein that is predominantly expressed in leukocytes, has
been reported to play an inhibitory role in B cell receptor
signaling [37], which is similar to the role of paxillin
reported in this study. In human platelets, which only
express Hic-5, it will be necessary to elucidate whether
Hic-5 acts as a positive regulator of integrin allbp3
activation.

In summary, we have shown that paxillin is a negative
regulator of platelet activation in mouse platelets. Modula-
tion of platelet activation by Pxn-KD may originate in the
augmentation of common signaling pathways, leading to
integrin allbB3 activation, release reactions, and Tx bio-
synthesis. Modulation of the LIM protein function might
be an attractive candidate therapeutic target capable of
strongly suppressing unexpected platelet activation in

thrombotic disorders. The next challenge will be elucida-
ting the precise mechanism by which paxillin regulates
the signaling pathway in platelet activation.

’ Additional files

Additional file 1: Schematic diagrams of the lentiviral vector used
in this study. (A) Schematic diagram of the lentiviral vector. (B) Locations
of the. oligonucleotides encoding the shRNAs in the mouse paxillin (Pxn)
gene. (C) Mouse embryonic fibroblasts were transduced with a lentiviral
vector containing the control, Pxn-1, Pxn-2, or Pxn-3 shRNA sequences at
MOiIs of 1, 3, or 10. Protein expression was determined by immunoblot-
ting at 48 h after transduction. Data are representative of three independ-
ent experiments.

Additional file 2: Oligonucleotide sequences of siRNA cloned into
Lentilox.

Additional file 3: Pxn-KD does not affect granule contents. Bone
marrow cells transduced with LentiLox-sh-control-GPIba (Control) or
LentiLox-sh-paxillin-GPiba (Pxn-KD) at an MOI of 5 were transplanted into
lethally irradiated recipient mice. (A) The morphology of control and
Pxn-KD platelets was examined by transmission electron microscopy, and
the areas of granules and cytoplasm in each platelet were independently
quantified using ImageJ software for Macintosh. Columns and error bars
represent the mean % s.d. (n = 53-70). (B-C) Washed platelets were lysed
to measure the concentrations of platelet factor 4 (PF4) (B) and serotonin
(Q). Columns and error bars represent the mean + s.d. (n = 4). Statistical
significance was determined using Student’s t test. ***P < 0.001 vs.
control.

Additional file 4: Expression levels of platelet-specific glycoproteins.
Description of data: (A) Expression levels of GPIb/llia (integrin allbB3)

(left panel), GPIb (middle panel), and GPVI (right panel) in control (dark gray)
and paxillin-knockdown platelets {light gray). (B) Columns and error bars
represent the mean + sd. of the mean fluorescence intensity (MFl) of
antibody binding (n = 5). Statistical significance was determined using
Student’s ¢ test. *P < 0.05, **P <001, and ***P < 0.001 vs. control.

Additional file 5: Effects of apyrase and SQ29548 on agonist-induced
integrin allbp3 activation and P-selectin expression in control and
Pxn-KD platelets. Platelets pretreated without or with 5 U/mL apyrase and
10 pmol/L 5Q29548 were stimulated with the indicated agonists. JON/A
binding (A) and P-selectin expression (B) on GFP-positive platelets were
assessed by flow cytometry. Column and error bars represent the mean =+ s.
d. of the mean fluorescence intensity (MFI) (n =3-4). Statistical significance
was determined using Student’s t test. *P < 0.05, **P <001, and ***P < 0.001
vs. control.

Additional file 6: Intravital imaging of thrombus formation by laser
irradiation of mesenteric arterioles in mouse with control platelets.

Additional file 7: Intravital imaging of thrombus formation by laser
irradiation of mesenteric arterioles in mice with Pxn-KD platelets.

Additional file 8: Thrombus formation in femoral arteries induced
by FeCl3. (A) Intravital imaging of thrombus formation 5 mins after FeCl3
treatment in femoral arteries in mice with control or paxillin knock-down
platelets (Pxn-KD). The black arrows indicate the direction of blood flow,
and triangles show the developed thrombus. Bar, 100 um. (B) Areas of
thrombus within arteries 20 mins after laser irradiation. Columns and error
bars represent the mean £ s.em. (n = 8 arteries in four mice/group).

Additional file 9: Knock-down of paxillin does not affect
talin-dependent activation of integrin allbf3 in CHO cells.

(A) Schematic representation of the lentiviral vectors used in this experiment.
(B-D) allb@3-CHO cells were transduced with lentiviral vectors expressing a
control shRNA sequence and GFP (Control), the paxillin shRNA sequence and
GFP (Pxn-KD), a control shRNA sequence and the GFP-Talin FERM domain
(Control-FERM), or the paxillin shRNA sequence and the GFP-Talin FERM
domain (Pxn-KD-FERM). (B) Lysates obtained from the transduced cells were
immunoblotted with anti-GFP polyclonal antibody, anti-paxiliin monoclonal
antibody, and anti-vinculin monoclonal antibody. (C) PAC-1 binding after

transduction in the presence or absence of 1 mmol/L GRGDS was assessed by
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flow cytometry. Data are representative of four independent experiments.
(D) Columns and error bars represent the mean = sd. of PAC-1 binding (n =4).
Statistical significance was determined using Student’s ¢ test.
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Pxn-KD: Paxillin-knockdown; Tx: Thromboxane; shRNA: Short hairpin RNA;
GRGDS: Gly-Arg-Gly-Asp-Ser; ROS: Reactive oxygen species;

ITAM: Immunoreceptor tyrosine-based activation motif;

ITIM: Immunotyrosine-based inhibitory motif.
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Visualization of thrombus formation in vivo
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SUMMARY

Distinct B cell populations, designated regulatory B
(Breg) cells, are known to restrain immune responses
associated with autoimmune diseases. Additionally,
obesity is known to induce local inflammation within
adipose tissue that contributes to systemic meta-
bolic abnormalities, but the underlying mechanisms
that modulate adipose inflammation remain poorly
understood. We identified B4 cells that produce
interleukin-10 constitutively within adipose tissue. B
cell-specific //10 deletion enhanced adipose inflam-
mation and insulin resistance in diet-induced obese
mice, whereas adoptive transfer of adipose tissue
Breg Cells ameliorated those effects. Adipose envi-
ronmental factors, including CXCL12 and free fatty
acids, support B4 cell function, and B,eq cell fraction
and function were reduced in adipose tissue from
obese mice and humans. Our findings indicate that
adipose tissue B4 cells are a naturally occurring
regulatory B cell subset that maintains homeostasis
within adipose tissue and that B, cell dysfunction
contributes pivotally to the progression of adipose
tissue inflammation in obesity.

INTRODUCTION

Recent findings have shown that in addition to their capacity to
produce antibodies, distinct B cell subsets, the regulatory B
(Breg) cells, can restrain the excessive and pathological inflam-
matory responses that occur during autoimmune diseases
(Lemoine et al., 2009). This property of By cells is mainly
attributable to their secretion of interleukin-10 (IL-10) and/or
transforming growth factor beta (TGF-B), which inhibit proinflam-
matory cellular processes. Several phenotypically distinct sub-

® CrossMark

sets of B cells, including splenic B-1a, marginal zone (MZ) B
and transitional-2 (T2) MZ precursor B cells, as well as peritoneal
B-1 cells, are capable of producing IL-10 upon stimulation and
of negatively regulating inflammatory processes (DiLilio et al.,
2010; Vitale et al., 2010). B10 cells are one of the best-character-
ized regulatory B cells. They are a rare subset in lymphoid tissue
and bone marrow (BM), and suppress inflammatory responses
in an antigen-dependent manner via IL-10 (DiLillo et al., 2010).
However, only 1%-2% of splenic B cells are capable of pro-
ducing IL-10 upon stimulation (IL-10 competent), and they do
not constitutively produce IL-10.

Recent studies have shown that obesity induces chronic
inflammation within adipose tissue, which in turn leads to meta-
bolic abnormalities and inflammation in distant tissues. Macro-
phages and T cells play crucial roles in adipose inflammation
(Donath and Shoelson, 2011). In lean healthy adipose tissue,
inflammatory processes appear to be restricted. However,
feeding a high-fat diet (HFD) to mice quickly activates CD8"
T cells, which then promote macrophage accumulation and
their M1 activation, thereby triggering an inflammatory cascade
within visceral adipose tissue (Nishimura et al., 2009). By
contrast, CD4* T2 and regulatory T (T.eg) cells, as well as
resident M2 macrophages, have been shown to suppress
inflammation within adipose tissue. Accordingly, it appears
that the balance among immune cells is important for the main-
tenance of homeostasis and control of inflammatory processes
within adipose tissue (Lumeng et al., 2009). However, the mech-
anisms by which the immune cell network controls adipose
tissue inflammation are poorly understood. Recently, Winer
et al. (2011) reported that adipose B cells secrete autoreactive
immunoglobulin G (IgG), which contributes to adipose inflam-
mation. However, it remains unknown whether there are Bieg
cells present within adipose tissue, or other metabolic organs,
and whether they have a regulatory function there. Herein,
we describe a subset of B4 cells that are abundant within
adipose tissue and constitutively produce IL-10, with which
they restrain adipose tissue inflammation and maintain meta-
bolic homeostasis.

Cell Metabolism 18, 759-766, November 5, 2013 ©2013 Elsevier Inc.
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Figure 1. B Cells Constitutively Expressing
IL-10 Are Abundant in Adipose Tissue

(A) Flow cytometric analysis of CD19" CD45R* B
cells in the SV fraction (SVF) from epididymal,
inguinal s.c. (SC), retroperitoneal, and omental fat
pads from 20-week-old lean wild-type mice fed a
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normal chow diet (ND). Flow cytometric plots
are representative of at least three independent
experiments throughout this paper.
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CD45R" B cells from adipose tissue and spleen
from 25-week-old wild-type (WT), diet-induced
obese (DIO), and //10~'~ (IL-10KO) mice. /10
knockout (IL-10KO) mice were used as a negative
control. Note that isolated B cells were un-
stimulated and directly used to analyze IL-10.

(C) Intracellular IL-10 levels in CD4" Foxp3* Teq
cells and F4/80* CD11c~ CD206* M2 macro-
phages from epididymal (red line) and inguinal s.c.
(blue line) adipose tissue from 20-week-old lean
mice. Black lines indicate the isotype-matched
negative control (NC).

(D) Levels of //10 expression in the indicated cell
types in epididymal and s.c. fat from lean contro!
mice. Shown are levels in M1 (F4/80" CD11c*
CD2067) and M2 (F4/80* CD11c™ CD206") mac-
rophages, B cells (CD19" CD22" CD45R*), CD3~
CD8" CD4™ T cells, CD4* CD25" Foxp3™ Tyeq cells,
and adipocytes (Ad). n = 8 preparations, each
from 5 mice. *p < 0.05.

(E) B cells, F4/80" CD11b™ macrophages (Mac),
and adipocytes (Ad) from epididymal and inguinal

Spleen

s.c. adipose tissue and B cells from spleen were
isolated from 20-week-old lean mice and cultured
for 48 hr at a density of 5 x 10* cells/ml in
Dulbecco’s modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS)
without LPS stimulation. IL-10 levels in the culture
media were then analyzed using a multianalyte
profiling system. n = 8 preparations, each from
5 mice.

(F) Flow cytometric analysis of IgM, IgD, CD1d,
and CD5 expression on CD19" CD22* CD45R* B
cells from adipose tissue, spleen, and peritoneum

SC fat pad i
Epididymal SC fat pad i ED
F  Epididymal fat pad SC fat pad
(65 T Eg 73 T k4| -39 : 784
R T I P 3
3 3 = =
=1 © ‘ 2
| Lot |
s
Peritoneal B1
35 -3 1 [res - &' - 78]
.’ i
: z
I B
| O
RESULTS AND DISCUSSION

Using flow cytometric analyses, we found that in lean C57BL/6
mice, approximately 30% of stromal vascular (SV) cells in the
inguinal subcutaneous (s.c.) adipose tissue and 7%-10% of
SV cells in the epididymal, retroperitoneal, and omental visceral
adipose tissue are CD19" CD22* CD45R* mature B cells (Fig-
ures 1A and S1A, available online). Notably, the majority of
freshly isolated, unstimulated adipose B cells contained high
levels of IL-10 in their cytoplasm (Figures 1B and S1B), and the
IL-10 levels were higher in s.c. than in epididymal B cells. By

from 20-week-old ND mice. B-1 (CD19* CD22*
CD45R"°%) and B-2 (CD19* CD22* CD45R"9")
cells were identified among the peritoneal cells.
n = 5 for each medium.

We expressed the results as means + SEM. See
also Figure S1.

contrast, splenic B cells did not express IL-10 under basal con-
ditions (Yanaba et al., 2008), nor did B cells from bone marrow
(BM), peripheral blood, liver, or skeletal muscle (Figure 1B and
data not shown). It was previously reported that M2 macro-
phages and T4 cells produce IL-10. However, the levels of
1110 mRNA expression and of intracellular IL-10 were clearly
much lower in those cell types than in B cells in both s.c. and
epididymal adipose tissue (Figures 1C and 1D). Moreover,
when cultured, adipose B cells secreted IL-10 in the absence
of lipopolysaccharide (LPS) stimulation (Figure 1E). This is in
contrast to previously identified B cells, which expressed IL-10
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Figure 2. IL-10 Produced by B Cells Is a
Critical Regulator of Adipose Tissue Inflam-
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(B) Real-time PCR analysis of cytokine gene
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only upon activation by LPS (DiLillo et al., 2010). Moreover, the
level of IL-10 secretion from adipose tissue B cells was higher
than from other cell types, including macrophages, T cells, and
adipocytes (Figure 1E). Taken together, these results indicate
that B cells are the major cell type expressing IL-10 in adipose
tissue.

Splenic B10 cells are known to be CD1d™9" CD5™, but adipose
IL-10* B cells were CD1d"°" CD5™°% (Figure 1F). The surface
phenotypes of adipose IL-10* B cells also differed from those
of splenic and peritoneal B-1a cells, due to the low levels of
CD5 and CD23 expression (Figures 1F and S1C). Likewise, the
surface characteristics of adipose IL-10" B cells differed from
other regulatory B cell subsets, including CD1d™9" cp21Mah

T
60

IL10KO*BKO (ND)

—— IL10KO+BKO (DIO)

0.05. We expressed the results as means + SEM.
See also Figure S2.

CD23~ IgMM" |gD~ MZ B cells and
CD1d"e" cp21Me" CcD23* IgM™9" |gD~
T2 MZ precursor B cells (Mizoguchi
et al., 2002; Srivastava et al., 2005)(Fig-
ure S1C). Collectively then, adipose
IL-10* B cells from epididymal and s.c.
adipose tissue are CD1d°% CD5™°* CD11b'°* CD21/CD35""
CD23~"°% CD25* CD69* CD72"S" CD185~ CD196* IgM* IgD™,
which is distinct from any other known IL-10-producing B cells.

We next hypothesized that adipose tissue IL-10" B cells nega-
tively regulate the adipose tissue inflammation via IL-10 produc-
tion. To test that hypothesis, we generated BM chimeric mice in
which //70 was selectively deleted from B cells (Figures 2 and
$2). Mixtures of 10% //70~/~ BM and 90% B cell-deficient BM
(IL10KO + BKO), 10% wild-type (WT) and 90% BKO BM (WT +
BKO), or 100% WT BM (WT to WT) and BKO BM (BKO) were
transplanted into WT mice. Chimerism analyses showed that
while the majority (approximately 80%) of T,.q cells and macro-
phages were derived from BKO BM, all B cells were derived

Cell Metabolism 18, 759-766, November 5, 2013 ©2013 Elsevier Inc.



from IL10KO BM in IL10KO + BKO mice or WT BM in WT + BKO
mice (Figure S2A). IL-10 production was not observed in B cells
from IL10KO + BKO chimeric mice (Figure S2B). All the mice
were then fed either a HFD or normal diet. There were no differ-
ences in body weight gains or fat pad weights among the three
types of chimeric mice (Figures S2C and S2D). B cell-specific
1110 deletion (IL10 + BKO) increased the CD8" T cell and M1
macrophage fractions in s.c. and epididymal adipose tissues
from diet-induced obese (DIO) mice and in s.c. adipose tissue
from lean mice (Figures 2A and S2E). In addition, levels of Tnf,
Ccl2, and //6 expression were significantly higher in adipose tis-
sue from IL10KO + BKO mice than in the control WT to WT mice,
while IL-10 levels were much reduced, as expected (Figure 2B).
These results clearly demonstrate that IL-10 produced by B cells
within adipose tissue is crucial for suppression of inflammatory
activation and maintenance of tissue homeostasis. As compared
to the control WT to WT chimeric mice, B cell-specific //710-defi-
cient (IL10 + BKO) and B cell-deficient (BKO) chimeric mice fed a
normal diet showed modest insulin resistance and glucose intol-
erance, and those metabolic abnormalities were aggravated by a
HFD (Figures 2C and 2D). Thus, production of IL-10 by B cells
appears to be important for suppressing insulin resistance,
even under physiological conditions. The observation that
IL-10" B cells negatively regulate inflammation and maintain
homeostasis within adipose tissue indicates that the I1L-10" B
cells function as regulatory B cells.

CD8" T cell activation is one of the earliest events in the inflam-
matory processes seen during the development of obesity and is
followed by M1 macrophage activation (Nishimura et al., 2009).
We therefore hypothesized that B4 cells may continuously sup-
press activation of CD8" T cells. Supporting our hypothesis was
the observation that B cell-specific //70 deletion increased levels
of CD44 and interferon gamma (IFN-y) expression in CD8* T cells
in epididymal and s.c. fat pads (Figures 2E and S2F).

To further test whether adipose B4 Cells are capable of inhib-
iting CD8* T cells locally within adipose tissue, we transplanted
adipose B cells isolated from the s.c. fat pads of lean wild-type
mice or splenic B cells into s.c. inguinal fat pads of obese BKO
mice. The transplantation of adipose B cells reduced the levels
of CD44 and IFN-y expression in CD8* T cells, as well as levels
of tumor necrosis factor alpha (TNF-a) in macrophages in the
ipsilateral fat pads (Figures 3A and 3B), but this effect was not
observed after spienic B cell transplantation. In addition, IFN-y
secretion from CD8* T cells was suppressed by the adipose B
cell transplantation (Figure S3A). Importantly, adipose B cell
transplantation did not affect CD8" T cell activation in the contra-
lateral inguinal fat pads. Moreover, transplanting // 107/~ adipose
tissue B cells or wild-type splenic B cells failed to inhibit CD8*
T cell activation (Figures 3A and S3A).

We then tested whether Bo4 cells might directly suppress
CD8" T cells. Coculturing CD8" T cells isolated from obese s.c.
adipose tissue with adipose B cells isolated from lean s.c. and
epididymal adipose tissue suppressed levels of CD44 and
IFN-y expression in CD8* T cells, and this suppressive effect
was eliminated by anti-iL-10 neutralizing antibody (Figure 3C).
Similarly, s.c. adipose B cells suppressed IFN-y secretion from
CD8* T cells in an IL-10-dependent manner (Figure S3B). In
line with those results, IL-10 suppressed expression of CD44
and IFN-y and secretion of IFN-y in cultured adipose CD8"
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T cells (Figures S3C and S3D). These findings support the notion
that adipose B¢ cells locally suppress activation of CD8" T cells
via IL-10 and that adipose B,.4 cells play a pivotal role in the
maintenance of adipose homeostasis by restraining CD8*
T cells.

To further assess the functional role of B,.q cells in suppress-
ing adipose tissue inflammation and in systemic metabolism, we
adoptively transferred B cells to DIO mice. The initial experi-
ments showed that adoptively transferred adipose tissue B cells
efficiently accumulated in the adipose tissue, whereas B cells
from the spleen and peritoneal cavity did not (Figure S3E).
Thus, systemic injection could be used to transfer adipose B
cells to fat depots, indicating that a mechanism exists to recruit
adipose B cells to fat depots. We then transferred 5 x 10° adi-
pose B cells to DIO mice 3 times each week for 2 weeks. Adop-
tive transfer of s.c. adipose tissue B cells from lean wild-type
mice reduced CD44 and IFN-y expression in CD8* T cells in
both epididymal and s.c. adipose tissue (Figure 3D) and
improved insulin sensitivity (Figure 3E). Notably, adoptive trans-
fer of s.c. adipose B cells also suppressed inflammatory cytokine
expression (Tnf and Cc/2) in both s.c. and epididymal fat pads
(Figure 3F). Those effects were diminished when adipose B cells
from DIO mice were transferred (Figures 3D-3F). In addition, s.c.
adipose tissue B cells from IL-10 KO mice did not induce those

effects (Figures 3D-3F). These resuilts further support the notion

that adipose B,q cells negatively regulate inflammation in obese
adipose tissue at least in part via IL-10 production. The results
also highlight the functional difference between adipose tissue
Breg cells and splenic B cells.

In contrast to adipose B4 cells, other regulatory B cells do not
constitutively express IL-10 under physiological conditions. We
therefore hypothesized that the adipose microenvironment sup-
ports the unique characteristics of adipose B4 cells. Consistent
with that idea, coculturing B cells with s.c. adipose tissue
increased B cell production and secretion of IL-10 (Figures 4A
and S4A). Coculture with fat pad also improved the survival
rate among adipose B cells (Figure S4B). These results suggest
the presence in adipose tissue of humoral factors that support
Breg cell IL-10 production and survival. Several signals have
been shown to prime B4 function and IL-10 secretion, including
signaling in the Toll-like receptor 4 (TLR4) pathways (Yanaba
et al., 2008). We therefore first tested the effects of LPS and
found that LPS increased intracellular IL-10 and its secretion in
both s.c. and epididymal adipose B cells (Figures 4B and S4C).
On the other hand, even when treated with LPS, the amount of
IL-10 secreted from splenic B cells was much smaller than that
secreted from unstimulated adipose B cells. LPS also increased
the viability of all B cell preparations (Figure S4D). As would be
expected from these findings, pretreating s.c. and epididymal
adipose B cells with LPS enhanced their suppressive effect on
CD8" T cells (Figure S4E).

Previous studies have shown that saturated free fatty acids
(FFAs), which are released from adipocytes through lipolysis of
stored triglycerides, can activate TLR4 signaling (Eguchi et al.,
2012). We therefore tested whether saturated FFAs directly
affect adipose B cells and found that palmitate improved survival
among cultured adipose B cells, but not splenic B cells, and
induced IL-10 production in adipose B cells (Figures 4C and
S4F). This suggests that the local factors within adipose tissue
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Figure 3. Adoptively Transferred Adipose B
Cells Suppress Adipose Inflammation in
DIO Mice

(A and B) B cells were obtained from inguinal ad-
ipose tissue and spleen from 20-week-old lean
wild-type and IL-10 knockout mice. Isolated cells
(5 x 10° per mouse) were injected locally into
inguinal fat pads of 25-week-old obese BKO mice,
and 2 days later we assessed CD8" T cell (A) and
macrophage (B) activation in the treated ipsilateral
(Ipsi) and contralateral (Contra) fat pads trans-
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that activate TLR4 signaling, including FFAs, contribute to the
unique functions of adipose Bq4 cells.

To further identify the microenvironmental factors supporting
adipose B cells, we used PCR arrays to systematically
analyze the gene expression of cytokine and chemokine recep-
tors. This analysis revealed that two receptor genes, //70ra and
Cxcr4, were expressed more strongly in adipose than in splenic
B cells (Figure 4D). We then assessed the effects of the ligands
for those receptors. We found that IL-10 itself increased levels
of intracellular IL-10 and its secretion from both s.c. and epidid-
ymal adipose B cells, but not splenic B cells (Figures 4B and
S4C). IL-10 also improved the viability of adipose B cells, but
not splenic B cells (Figure S4D). Moreover, addition of an anti-
IL-10 neutralizing antibody partially inhibited the prosurvival
effect of adipose tissue on adipose B cell viability (Figure S4B),
and pretreating adipose B cells with IL-10 augmented their sup-
pressive effects on CD8" T cells (Figure S4E). These results
show that IL-10 enhances adipose B cell survival and function
in vitro.

Inhibition of IL-10 signaling through systemic administration of
an anti-IL-10 neutralizing antibody modestly, but significantly,
reduced the B cell fraction in adipose tissue, but not in bone
marrow, spleen, liver, or skeletal muscle (Figures S4G and
S4H). As expected, IL-10 neutralization also increased CD44
and IFN-y expression in adipose CD8" T cells (Figure S4l).
Genetic /10 deletion reduced B cell numbers in fat pads, but
not in bone marrow, spleen, liver, or skeletal muscle (Figure S4J).
These results suggest that IL-10 is one of the environmental fac-
tors present in adipose tissue, though the presence of B cells in
the adipose tissue of IL-10 knockout mice suggests that other
factors are also involved.

We next analyzed the C-X-C chemokine receptor type 4
(CXCR4) ligand CXCL12. Cxcl12 was expressed in SV cells
within all the adipose tissues analyzed (j.e., inguinal, epididymal,
omental, and retroperitoneal fat), and its expression levels were
higher in adipose SV cells than in spleen (Figure 4E and data not
shown), suggesting that CXCL12 might contribute to B cell accu-
mulation in adipose tissue. To test this idea, we locally injected

Cell Metabolism 18, 759-766, November 5, 2013 ©2013 Elsevier Inc.
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Figure 4. Environmental Factors within
Adipose Tissue Support B,y Cell Survival
and Function

(A) B cells were incubated for 48 hr in the presence
of pieces of s.c. adipose tissue from WT (+WTfat),
IL-10 knockout (+IL10KOfat), or BKO (+BKOfat),
after which their IL-10 production was analyzed.
n = 5 experiments in each group.

(B) Intracellular production of IL-10 in B cells after
incubation for 48 hr with LPS (1 pg/ml) or recom-
binant IL-10 (10 ng/ml). n = 5 preparations, each
from 5 mice.

(C) Cultured B cells isolated from spleen and
epididymal and s.c. fat pads from 20-week-old
lean mice were treated for 48 hr with vehicle
(CTRL), palmitate (PA; 100 uM), or recombinant
CXCL12 (10 ng/ml), after which intracellular IL-
10 production was analyzed. Neutralizing anti-
CXCL12 antibody (10 pg/ml) was also added
to some cells treated with palmitate and
CXCL12 (+CXCL12Ab). n = 5 experiments in each
group.

(D) Expression of //10ra and Cxcr4 in B cells in
spleen and epididymal or s.c. fat pad from lean
mice. n = 5 animals in each group.

(E) Expression of Cxc/12 (SDF-1, CXCR4 ligand) in
the SV fractions of s.c. and epididymal adipose
tissues, and spleen from 25-week-old lean and
DIO mice. n = 5 animals.

(F and G) Mice were fed a HFD for 21 weeks,
beginning when they were 4 weeks old, and were
administered CXCL12 (0.5 ug per g body weight)
into an inguinal fat pad daily for 2 weeks. Age-
matched obese mice served as controls (CTRL).
In (F), the relative B cell fractions in the treated
ipsilateral (Ipsi) or contralateral (Contra) fat pads
are shown. In (G), intracellular IL-10 in B cells in
s.c. fat pads is shown. n = 5 experiments in each
group; *p < 0.05.

(H) Flow cytometric analysis of immune cells in
epididymal and s.c. fat pads from lean mice fed a
normal chow diet (ND); diet-induced-obese (DIO)
mice fed a HFD for 16 weeks, beginning when
they were 4 weeks old; and ob/ob mice fed a ND.
All mice were analyzed when they were 20 weeks
old. The number of each cell type was normalized
to the total number of viable (PI7) cells in the SVF,
and fractions among viable cells are shown. The
total number of each cell type per fat depot is
shown in Figure S4L. n = 5 animals in each group.
*p < 0.05.

() Intracellular IL-10 in B cells isolated from
mouse s.c. adipose tissue at the indicated ages.
The DIO mice were fed a HFD, beginning when
the mice were 4 weeks old. *p < 0.05 versus
4 weeks old.

(J) Fractions of early apoptotic (Annexin V* PI7)
cells among B cells in s.c. adipose tissue from
25-week-old DIO mice. n = 5 animals.

(K) B cells (2 x 10° cells per g body weight)
obtained from inguinal adipose tissue were

adoptively transferred into 25-week-old lean and DIO mice. Shown is the total number of transferred B cells detected within each s.c. fat pad. n = 5 animals

in each group.

(L) Levels of gene expression in the SV fractions of s.c. fat pads obtained at surgery from human subjects and body mass index values were analyzed. R values
were calculated using Pearson’s correlation coefficient test. Expression levels were normalized to the average of all subjects. n = 20 subjects.
(M) Schematic model of B cell function in adipose homeostasis and inflammation. We expressed the results as means + SEM. See also Figure S4.
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CXCL12 into s.c. inguinal fat pads of DIO mice. Local CXCL12
selectively increased the B cell fractions in the injected fat
pads without affecting T cell or macrophage fractions (Figure 4F
and data not shown). By contrast, the injection did not affect B
cell fractions in the contralateral inguinal fat pads, which sup-
ports the notion that CXCL12 affects B cell accumulation locally
within the injected fat pads. CXCL12 injection also increased IL-
10 production in B cells (Figure 4G). Consistent with that obser-
vation, IL-10 production was enhanced in B cells isolated from
adipose tissue treated with CXCL12 ex vivo but was unaffected
in splenic B cells treated likewise (Figure 4C).

Notably, addition of palmitate further activated IL-10 produc-
tion in adipose B cells treated with CXCL12, and this additive
effect was blocked by an anti-CXCL12 neutralizing antibody
(Figure 4C), suggesting that there is crosstalk between CXCR4
and TLR4 signaling. To test that idea, B cells were treated with
palmitate and/or CXCL12 in the presence of a kinase inhibitor.
We found that both BMS345541 (IkB kinase [IKK] inhibitor) and
LY294002 (PI3K inhibitor) partially suppressed the activation of
IL-10 production by palmitate and CXCL12 and reduced B
cell survival (Figure S4K and data not shown). By contrast,
PDA8059 (MEK1 inhibitor) had no significant effects. These re-
sults suggest that both the NF-«B and PI3K/Akt pathways are
important for the activation of B.g cell function by CXCL12
and FFA. However, further studies are needed to elucidate the
signaling crosstalk underlying the combinatorial activation of
Breg cells. Collectively, these findings demonstrate that multiple
environmental mediators and saturated FFAs act cooperatively
to support adipose Byeg cells.

The results so far demonstrate that adipose B4 cells restrain
adipose tissue inflammation. We then asked what is the role of
Breg Cells during the progression of adipose tissue inflammation?
In both s.c. and visceral adipose tissue, the B cell fractions were
significantly smaller in DIO mice fed a HFD for 16 weeks than in
lean controls (Figures 4H and S4L). Similarly, B cell fractions
were smaller in ob/ob mice than in lean wild-type mice. In
contrast to adipose tissue, B cell fractions in BM, spleen, and
peripheral blood were unaffected by a HFD (data not shown).
Moreover, IL-10 expression in B cells was progressively dimin-
ished in adipose tissue by DIO (Figure 4l), and the suppressive
effect of Byeg cells isolated from obese adipose tissue on CD8*
T cell activation was compromised, as compared to B,.q4 cells
from lean adipose tissue (Figure 3D).

The smaller B cell fraction may be explained, at least in part, by
the reduction in Cxcl/12 and II10 expression (Figures 4E and
S4M), which could affect B cell accumulation, activation, and
survival. Consistent with that idea, we found that the incidence
of apoptotic B cells was increased in obese adipose tissue (Fig-
ure 4J) and that adoptively transferred adipose B cells were less
efficiently accumulated in obese adipose tissue (Figure 4K).
Taken together, these findings suggest that adipose tissue
obesity alters environmental cues (i.e., CXCL12 and IL-10)
important for B cell recruitment, survival, and activation, and
the resultant Byeg cell dysfunction contributes to the progression
of adipose tissue inflammation.

To gain insight into the clinical significance of adipose B cells
in humans, we analyzed the expression levels of several cyto-
kines (TNF, CCL2, IL10, CXCL12, and MIF) as well as markers
of B cells (CD79 and CD22) and macrophages (EMR1) in the

SV fraction from human subcutaneous adipose tissues (Figures
41 and S4N). We found that levels of B cell markers and /IL10
inversely correlated with body mass index (BMI), suggesting
that the B cell fraction is reduced in obese subcutaneous adi-
pose tissue. Levels of CXCL12 expression were also reduced
in obese subjects. By contrast, levels of EMR7, CCL2, and
TNF were positively associated with BMI but were inversely
correlated with B cell markers and IL70. Finally, B cells isolated
from human subcutaneous adipose tissue produced IL-10
(Figure S40). Collectively, these results strongly suggest that
adipose B cells are an important regulator of inflammation in
adipose tissue and that B cell dysfunction contributes to the
progression of adipose inflammation in humans.

In the present study, we showed that adipose tissue contains
large numbers of B4 cells, which we will define as adipose nat-
ural regulatory B cells. Splenic B, activities require activation via
TLR4 signaling, CD40, B cell receptor, and/or TLR9 for IL-10 pro-
duction (Vitale et al., 2010), but adipose B4 cells secrete IL-10
constitutively, without additional activation of these signals.
Those results, along with our surface marker analysis, suggest
that adipose B4 cells are a functionally unique B cell subset.
Our results also support a model in which adipose natural regula-
tory B cells restrain inflammatory activation by suppressing CD8*
T cells atleast in part via IL-10 production, even under physiolog-
ical conditions. In this way, natural regulatory B cells maintain
local homeostasis within adipose tissue as well as systemic
metabolic homeostasis (Figure 4M). Although adipose Bq cells
continuously produce IL-10, B cell fractions and IL-10 produc-
tion are progressively diminished in obese adipose tissue, which
further promotes development of inflammation.

Beg cells were present within all the fat depots analyzed, and
the microenvironmental factors supporting B4 cells, such as
CXCL12, were also expressed in those depots. However, the
size of By cell population differed among fat depots and was
largest in s.c. fat. The large population of B4 cells in s.c. fat
may contribute to the fact that this tissue is more protected
from HFD-induced inflammation than visceral fat tissues. That
said, our results clearly demonstrate that B..g cells play an
essential regulatory role in both visceral and s.c. adipose tissue.
Indeed, B,q cells in both fat depots constitutively produce IL-10
and are capable of suppressing CD8* T cells, as evidenced by
our finding that B cell-specific //10 deletion aggravated inflam-
mation in both visceral and s.c. adipose tissue, as well as insulin
intolerance induced by HFD (Figure 2).

Winer et al. (2011) recently reported that B cells promote adi-
pose inflammation and insulin resistance, possibly by secreting
1gG (auto)antibodies. This suggests that B cells may assume
dual roles within adipose tissue. In the present study, we were
unable to detect either IgG secretion from adipose B cells or
1gG class switching in major B cell populations (data not shown).
The reasons for this discrepancy are not immediately clear. How-
ever, we found that both the number of adipose tissue B,.q cells
and the IL-10 production were higher in adipose B cells in germ-
free mice than specific pathogen-free (SPF) mice (data not
shown). It is tempting to speculate that endogenous and envi-
ronmental factors affect adipose B cell phenotypes.

In conclusion, we have identified adipose natural regulatory B
cells, which are crucial for maintaining homeostasis within adi-
pose tissue. Our results suggest that controlling adipose natural
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regulatory B cell function could serve as the basis for novel
approaches to the treatment of metabolic syndrome and other
obesity-related diseases.

EXPERIMENTAL PROCEDURES

Animals

B cell-deficient mice were described previously (Kitamura et al., 1991). Full
methods and any associated references are available in the Supplemental
Information. All experiments were approved by the University of Tokyo Ethics
Committee for Animal Experiments and strictly adhered to the guidelines for
animal experiments of the University of Tokyo.

Human Subjects

After obtaining informed consent using an institutional review board-approved
protocol, we acquired subcutaneous adipose tissue from healthy female
donors undergoing liposuction of the abdomen or thighs.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cmet.2013.09.017.
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