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Introduction

Obesity and metabolic syndrome are increasing rapidly, as over-
nutrition has become a major problem in modern society. Adipose
tissue inflammation is a major driver of insulin resistance and
metabolic syndrome in obesity (1, 2). Macrophages are the key cell
type mediating adipose tissue inflammation (3, 4). Macrophages
have functional plasticity, and their proinflammatory or antiin-
flammatory phenotypes (M1 and M2, respectively) are complex
and can be altered depending on the tissue microenvironment
(5). Inflammatory M1 macrophages accumulate in obese adipose
tissue and produce proinflammatory cytokines such as TNF and
IL-1B. Macrophage-specific deletion of key signaling components
such as JNK or IkB kinase p involved in inducing proinflammatory
cytokines improves obesity-induced adipose tissue inflammation
and insulin resistance (2, 6). In contrast, alternatively activated
M2 macrophages attenuate adipose tissue inflammation and
obesity-induced insulin resistance (7). M2 macrophages display
increased expression of CD206, CD301, arginase 1 (ARG1), and
antiinflammatory factors such as IL-10. The Th2 cytokines IL-4
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M2 macrophages, innate lymphoid type 2 cells (ILC2s), eosinophils, Tregs, and invariant NK T cells (iNKT cells) all help to
control adipose tissue inflammation, while M1 macrophages, TNF, and other inflammatory cytokines drive inflammation
and insulin resistance in obesity. Stromal cells regulate leukocyte responses in lymph nodes, but the role of stromal cells

in adipose tissue inflammation is unknown. PDGFRa* stromal cells are major producers of IL-33 in adipose tissue. Here, we
show that mesenchymal cadherin-11 modulates stromal fibroblast function. Cadherin-11-deficient mice displayed increased
stromal production of IL-33, with concomitant enhancements in ILC2s and M2 macrophages that helped control adipose tissue
inflammation. Higher expression levels of IL-33 in cadherin-11-deficient mice mediated ILC2 activation, resulting in higher
IL-13 expression levels and M2 macrophage expansion in adipose tissue. Consistent with reduced adipose tissue
inflammation, cadherin-11-deficient mice were protected from obesity-induced glucose intolerance and adipose tissue
fibrosis. Importantly, anti-cadherin-11 mAb blockade similarly improved inflammation and glycemic control in obese WT
mice. These results suggest that stromal fibroblasts expressing cadherin-11 regulate adipose tissue inflammation and thus
highlight cadherin-11 as a potential therapeutic target for the management of obesity.

and IL-13 mediate M2 macrophage differentiation (8, 9). A recent
study using IL-13 reporter mice showed that IL-13 is predomi-
nantly produced in adipose tissue by innate lymphoid type 2 cells
(ILC2s) compared with IL-13 production by CD4* T cells or invari-
ant NK T cells (iNKT cells) in adipose tissue (9). ILC2s in adipose
tissue also mediate IL-4 production by activating eosinophils
through IL-5 (9). In addition, ILC2s improve insulin sensitivity
by increasing beige fat differentiation (10, 11). ILC2s respond
to the cytokines IL-33, TSLP, and IL-25 (12). In particular, IL-33
induces the activation and expansion of ILC2s to express IL-13
and IL-5, which subsequently induces M2 macrophage and eosin-
ophil accumulation and regulates Treg homeostasis in adipose
tissue (9, 13, 14). IL-33 administration improves glucose tolerance
and accumulation of M2 macrophages in adipose tissue of 0b/0b
mice (15). Thus, IL-33 plays a protective role in adipose tissue
inflammation in obesity.

Fibroblasts are best known for their roles in matrix remod-
eling, which, in pathological states, can result in tissue destruc-
tion or fibrosis (16-18). However, in tissues like lymph nodes,
fibroblastic stromal cells control T cell responses in the paracor-
tex. Under basal conditions, they produce homeostatic CCL19,
CCL21, and IL-7, which support T cell accumulation and sur-
vival (19, 20). Then, following activation, they suppress T cell
responses via the production of nitric oxide (21-23). In some
autoimmune inflammatory disorders such as rheumatoid arthri-
tis (RA), fibroblasts are major producers of IL-6 as well as a range
of other cytokines and chemokines (24-26). Thus, a key role for
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fibroblasts as both drivers and regulators of inflammation in spe-
cific tissue sites is emerging. However, the role of fibroblasts in
adipose tissue inflammation, glycemic control, and metabolic
syndrome is poorly defined. The lack of specific fibroblast mark-
ers and selectively expressed regulators of their function have
been major challenges in studying and therapeutically targeting
fibroblasts. Cadherin-111is a classical mesenchymal cadherin that
mediates the homotypic cell-to-cell adhesion that is important
in tissue morphogenesis and architecture (27, 28). Cadherin-11
is expressed by fibroblasts and myofibroblasts in a variety of tis-
sues such as skin, lung, and joint synovium, and its expression
can be induced by inflammatory stimulation (18, 29-31). Inter-
estingly, targeting cadherin-11 by genetic deletion or mAb block-
ade has been shown to abrogate pathological fibroblast behavior
in mouse models of destructive inflammatory arthritis and skin
and lung fibrosis (18, 29, 30).

Using cadherin-11 as a marker and functional modulator of
fibroblasts, we show that fibroblastic stromal cells in adipose tis-
sue regulate macrophage phenotype and glucose intolerance in
diet-induced obesity. We found that cadherin-11-deficient mice
had increased IL-33-producing PDGFRa* fibroblasts, increased
ILC2s and IL-13, and an associated expansion of M2 macro-
phages. Reduced adipose tissue inflammation in cadherin-11-
deficient mice was associated with improved glycemic control and
metabolic syndrome. Similar findings were noted after anti-
cadherin-11 mAb therapy in WT mice.
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Figure 1. Cadherin-11is expressed

by fibroblasts in adipose tissue. (A)
Representative flow cytometric plots of
cell-surface cadherin-11 (Cad11) expres-
sion on CD45-Ter119-CD31-PDGFR* fibro-
blasts among SVF cells in e WAT from
WT and cad-11"- mice. (B) Cell-surface
cadherin-11 expression on CD45-CD235a"
CD31 cells in stromal vascular cells
isolated from obese human omentum
fat (data from 1 of 3 experiments

with similar results are shown). Max,
maximum. (C) Confocal microscopic
images of cadherin-11 expression (green)
at adherens junctions on day-2 ex vivo
SVF cell cultures. Cells were costained
with phalloidin (actin, red) and DRAQ5
(nucleus, blue). Scale bars: 10 um and 5
um (insets). DIC, differential interfer-
\el ence contrast. (D) Cdh11 mRNA relative
to GAPDH in SVF cells and adipocytes
from adipose tissue of WT mice (n = 3)
fed a HFD for 5 weeks. (E) Cadherin-11
expression in eWAT, muscle, and liver
from WT mice fed a ND or HFD for 5
weeks (n = 5 ND-eWAT, n =12 HFD-
eWAT, n =10 HFD-muscle,and n=5
HFD-liver; data are combined from 3
independent experiments).
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Results

Cadherin-11 is expressed by fibroblasts in adipose tissue. Adipocytes
can be separated from the stromal vascular fraction (SVF) cells
that contain the leukocytes and stromal cells after enzymatic
digestion of adipose tissue. Surface expression of cadherin-11 was
detected by flow cytometry on nonhematopoietic stromal cells in
the adipose tissue of WT mice in comparison with cad-117- (KO)
mice (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI86881DS1).
Given their spindle shape in ex vivo tissue culture and cell-
surface markers, we refer here to CD45Ter119-CD31 Sca-1*
PDGFRa* cells (nonhematopoietic, non-red blood cells, non-
endothelial cells) as adipose tissue fibroblasts. This fibroblast
population constitutes over 90% of nonhematopoietic CD45"
stromal vascular cells, and it includes fibroblasts, mesenchymal
stem cells, adipocyte precursors, and preadipocytes. We detected
cell-surface expression of cadherin-11 on approximately 10% to
50% of total adipose tissue fibroblasts (Figure 1A and Supplemen-
tal Figure 1). Similarly, we found that cadherin-11 was also highly
expressed by a fibroblast population of stromal vascular cells
(CD45°CD235a"CD31) in the omentum of obese humans (Figure
1B). Confocal microscopic analysis further confirmed a typical
staining pattern of zipper-like adhesion structures of cadherin-11
at adherens junctions between cells in ex vivo stromal vascular
cell cultures (Figure 1C) (32). We further analyzed cadherin-11
expression in epididymal white adipose tissue (€WAT) by quanti-
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A Figure 2. Reduced inflammation and
H&E Ctl F4/80 increased M2 macrophages in adipose
- tissue of obese cad-11"/- mice. WT and
X ke . # cad-11"/~ mice were fed a HFD for 12
weeks, unless otherwise indicated. (A)
Representative fluorescence micro-
scopic images with H&E and anti-CD68
| macrophage whole-mount staining
P s @ ) - (scale bars: 20 um), and IHC with
staining for isotype control (Ctl) and
F4/80 (scale bars: 10 um) in eWAT. (B)
Representative flow cytometric analysis
for adipose tissue macrophages in the
CD45* gate of SVF cells (left panel) and
the F4/80"CD11b* gate of macrophages
(right panel). (C) Percentage and number
- - of F4/80"CD11b* macrophages (total),
o e CD301*CD11c” macrophages among total
macrophages (M2), and CD301-CD11c*
B macrophages among total macro-
ND _ HFD ND HFD phages (M1) in eWAT (n = 4 ND-WT,
! n=3ND-KO,n=5HFD-WT,andn=5
HFD-KO). Data are representative of
more than 3 independent experiments.
ATMs, adipose tissue macrophages. (D)
gPCR analysis of the indicated genes in
adipose tissue from mice fed a ND
(n =10 ND-WT and n = 10 ND-KO; pooled
from 2 independent experiments) or a
HFD (n = 6 HFD-WT and n = 5 HFD-KO;

HFD-KO

o S w 10of 3 independent experiments) for 10
L, ol g ¢ weeks. Data are expressed as the mean
g : o + SEM. *P < 0.05, **P < 0.01, and
[ R R P R R A T W e wow e W ***P < 0.001, by 2-way ANOVA (C) and
CD11b > CD11c Lt unpaired Student’s t test (D).
C
5 609 L 100 b, 209 ok
- Kkk - *k — ]
g a= SUL —_— Q= 154
82 40 § 0 0%, ikYe g Bk
g0 co 52 10-
S5 20 & 85 401 y 25 5
‘; -i- O 201 O
DL—-— * b= ¥ nh—.—.—
1001 * 60 F.i.id 154
5 801 ign ° o & .
Eégso. 5ég 404 _» i @ Eég“)—
o £ % 404 O si< O Sre O
28% ] 25% 201 I? $5% 5
e 0 o 0 o -
=952 S9E¢ EQES
oo oo a aooo
ZZE% 22k % 22¢t
D
< 1.5 ND < 4 H':*D WwT
Zo Zo * Oko
Zo o3
eg 10 ES "
@ 6 @ E 2
= * =
<=2 0.5 z0 1
oL o8
90 L R p
® 8 = £ 0 € = K O
< = = < «? s = =

tative reverse transcription PCR (qQPCR) and found thatits expres-  high-fat diet-fed (HFD-fed) WT mice, but did not reach significance
sion was localized to the SVF, but not to mature adipocytes (Fig-  (Figure 1E). We found that cell-surface cadherin-11 expression on
ure 1D). Compared with lean mice fed a normal chow diet (ND),  adipose tissue fibroblasts was similar betweenlean and obese mice
cadherin-11 (Cdhll) mRNA expression tended to be higher in (data not shown). Compared with eWAT, cadherin-11 expression

3302 jci.org  Volume 127 Number9  September 2017



The Journal of Clinical Investigation RESEARCH ARTICLE

BMCM- Hl vr-AT-CM B I viibroblasts
o [ ko-at-cm [] Ko-fibroblasts
S %}
% ° 25 ‘|3| %k g 10 *kk
xo 204 o s 8
ES 15 o g
25 4 ©
£o 1.0 S 4
T 00 © 9
‘é o ‘S): = 8 ®  none M1 M2
< = = = Predifferentiation
C D E
ND HFD
~5 500
< < EC 400
< 0.000201 < Z 0.00067 s+  Z0.00004 € 200
o a or v o &6
£ 0.000154 = £ £ u ™ g5 200
o o A o o 0.0004 ° 2s 200
= 0.000109 = E I"_I_J = 0.00002 28 "
@ ® ©
® 0.000054g o 3 (?, 0.0002 a o) -
2 0.00000 s Z 0.0000 X 0.00000
WT KO WT KO KO
F G H |
< Sorted ILC2s
= 0.00084 *_ i
c
0.0006 ,
E : 2.6 2 0159 — < 0.16
2 0.0004 w ge 4 g
5 NS 53 E 0.12 5-
= 0.0002 — S84 o 0.10 E [
—- 0 =y
© 0.0000-MCLELLS §E’2 %005 = 0.08
= 2555 < == 2 » B 0.04
o
Eggg 0 = 0.00 2 .00
$2 WT KO KO
£Q
pd

!

ST2 —_—

CD90

Figure 3. The levels of IL-13 produced by ILC2s are significantly higher in adipose tissue of obese cad-11/- mice than in that of WT mice. (A) gPCR
analysis of pro- and antiinflammatory genes in BMDMs cultured in AT-CM for 3 days. For each experiment, AT-CM was obtained from the adipose tissue
of WT and cad-11"- mice fed a HFD for 5 weeks (n = 3 HFD-WT and n = 3 HFD-KO). Data are representative of 3 independent experiments. (B) BMDMs were
untreated or predifferentiated into either M1 or M2 macrophages. After direct coculturing with fibroblasts derived from adipose tissue of WT or cad-11"~
mice, the percentage of surface CD206* BMDMs was analyzed by flow cytometry (data from 1 of 3 experiments with similar results are shown, and in each
experiment, different fibroblast lines derived from WT or cad-11"/- mice were used). (C and D) Comparison of mRNA levels of //13 and //4 in adipose tissue
from WT and cad-11"- mice fed a ND (C, n = 5 ND-WT and n = 5 ND-KO) or a HFD (D, left graph: n = 10 HFD-WT and n = 9 HFD-KO; D, right graph: n = 10 HFD-
WT and n = 6 HFD-KO; data were pooled from 2 independent experiments). (E) IL-13 protein in adipose tissue from HFD-fed mice was detected by ELISA
(n=5HFD-WT and n = 5 HFD-KO). Data are representative of 2 independent experiments. (F) //73 mRNA expression in SVF cells and adipocytes fractioned
after digestion of adipose tissue from HFD-fed mice (n = 4 WT-SVF, n = 6 KO-SVF, n = 5 WT-adipocytes, and n = 7 KO-adipocytes; data were pooled from

2 independent experiments). (G) Representative flow cytometric analysis of ILC2s in adipose tissue. (H) Percentage of ILC2s among CD45* lymphocytes

in adipose tissue of WT and cad-11"- mice fed a HFD for 5 weeks (n =10 WT and n = 7 KO; data were pooled from 2 independent experiments). (I) mRNA
levels of /113 and /I5 in flow-isolated ILC2s from adipose tissue of WT and cad-11/~ mice fed a HFD for 12 weeks (n = 3 HFD-WT and n = 3 HFD-KO). Data are
expressed as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired Student’s t test (A, B, D-F, H, and I).

was very low, at or below the level of detection in muscle and liver
of HFD-fed WT mice (Figure 1E). These data demonstrate that
cadherin-11 is expressed on fibroblast populations but not on
mature adipocytes, hematopoietic cells, or endothelial cells in the
WAT of mice and humans.

cad-117- mice have reduced adipose tissue inflammation and
increased M2 macrophages in diet-induced obesity. The appearance
of crown-like structures composed of clusters of M1 macrophages
and other inflammatory cells is a hallmark of adipose tissue inflam-

mation in obesity. Following HFD feeding, crown-like structures
accumulating macrophages were visualized in adipose tissue by
immunofluorescence microscopy with staining for CD68* and by
IHC with staining for F4/80. We found that obese cad-117- mice
had substantially fewer crown-like structures than did obese WT
mice (Figure 2A). In contrast to the smaller number of crown-
like structures, we detected a higher percentage and number
of total macrophages in obese cad11”" mice (Figure 2, B and C).
However, M2 macrophages (CD301'CD11c'F4/80"CD11b* cells)
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Figure 4. PDGFRo fibroblast expansion accounts for higher expression of IL-33 in cad-11/- adipose tissue. (A) IL-33 expression in adipose tissue of WT and
cad-11"- mice fed a HFD for 5 weeks (left graph: n =9 HFD-WT and n = 9 HFD-KO, pooled from 2 independent experiments; right graph: n =7 HFD-WT and

n =10 HFD-KO, pooled from 2 independent experiments). (B) //33 mRNA expression in SVF cells and adipocytes isolated from adipose tissue of mice fed

a HFD for 12 weeks (n = 4 WT-SVF, n = 6 KO-SVF, n = 5 WT-adipocytes, and n = 7 KO-adipocytes, pooled from 2 independent experiments). (C) //33 mRNA
expression in adipose tissue and flow-isolated PDGFRa* fibroblasts (n = 5 WT-eWAT, n = 5 KO-eWAT, n = 5 WT-PDGFRo*, and n = 5 KO-PDGFRa*). Data are
representative of 2 independent experiments. (D) Percentage of PDGFRa* fibroblasts in SVF cells from mice fed a ND or HFD for 5 weeks (n =4 ND-WT,n =4
ND-KO, n = 5 HFD-WT, and n = 5 HFD-KO). Results are representative of more than 3 independent experiments. (E) Representative flow cytometric plots of
BrdU uptake in PDGFRo* fibroblasts from WT and cad-11"- mice fed a HFD for 1 week. (F) Percentage of BrdU* cells among PDGFRa* fibroblasts (n = 5 ND-WT,
n =5 ND-KO). Results are representative of 2 independent experiments. Data are expressed as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by

unpaired Student’s t test (A-D and F).

were the major macrophage population in adipose tissue from both
lean and obese cad-117" mice. The percentage of M1 macrophages
(CD301'CD11¢*F4/80*CD11b" cells) was significantly decreased,
but these percentages were similar in adipose tissue of obese
cad-117- mice compared with that of obese WT mice (Figure 2, B
and C). The mRNA expression of M2 macrophage markers such as
Argl, Mrcl, and Il10 was also substantially higher in adipose tissue
of obese cad-117"mice (Figure 2D). These resultsindicate that there
were increased numbers of M2, but not M1, macrophagesin adipose
tissue of cad-117- mice. Myeloid cell lineage development in bone
marrow and monocyte populations (Ly6CHCXCR3* and Ly6Cl
CXCR3") in peripheral blood appeared normal in the cad-117/~ mice
(Supplemental Figure 2, A and B). These results suggested that the
increased M2 macrophage numbers in cad-117- mice were likely
a result of the local adipose tissue microenvironment. Taken
together, these findings suggested that cad-117- fibroblasts may
regulate the adipose tissue macrophage phenotype.

IL-13 expression is higher in adipose tissue of cad-117- mice. To
determine whether cadherin-11 deficiency is responsible for M2
macrophage differentiation, we examined bone marrow-derived
macrophages (BMDMs) treated with conditioned medium from
ex vivo cultures of adipose tissue from either WT or cad-117
mice fed a HFD. Under these conditions, BMDMs cultured with
cad-117 adipose tissue-derived conditioned medium (KO-ATCM)
expressed higher levels of mRNA for M2 macrophage-
associated markers (Mrcl, Argl, and 1110), but not M1 macrophage-
associated markers (Tnf and iNOS), compared with WT adipose
tissue-derived conditioned medium (WT-AT-CM) (Figure 3A).
The results using WT BMDMs were consistent with our previous
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analyses of increased expression of the M2 markers Argl, Mrcl,
and I/10, but no changes in the M1 macrophage markers Tnf or
iNOS in adipose tissue of obese cad-117" mice (Figure 2D). These
data indicate that M2 macrophage differentiation is mediated by
soluble factor(s) in cad-117/- adipose tissue.

To confirm that fibroblasts in cad-117/-adipose tissue mediate
macrophage differentiation, we prepared cocultures of adipose
tissue-derived fibroblasts with BMDMs in vitro. WT and cad-117-
fibroblasts showed similar effects on the levels of CD206, a
M2 macrophage marker expressed in BMDMs (Figure 3B), sug-
gesting that cad-117" fibroblasts do not directly produce soluble
factor(s) for macrophage polarization into M2 macrophages.
However, cad-117- fibroblasts significantly enhanced the surface
expression of CD206 on BMDMs predifferentiated into M2 mac-
rophages (Figure 3B), which suggested that cad-117" fibroblasts
promote the M2 macrophage phenotype instead of initiating M2
macrophage polarization.

Next, we examined IL-13 and IL-4, factors that are well known
in M2 macrophage differentiation. The levels of both IL-13 and IL-4
were similar in adipose tissue of lean WT and cad-117"mice, with a
slight trend toward higher I/13levels in cad-117-adipose tissue (Figure
3C). However, I/13 mRNA expression was significantly higher in the
adipose tissue of obese cad-117" mice compared with mRNA levels
in similarly obese WT mice (Figure 3D). Higher IL-13 expression at
the protein level was confirmed by ELISA in adipose tissue of obese
cad-117- mice (Figure 3E). The higher levels of 1/13 in cad-117" adi-
pose tissue were detected in SVF cells, but not in adipocytes (Figure
3F). These results suggested that higher expression of IL-13 in obese
cad-117-adipose tissue induces M2 macrophage differentiation.
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L Figure 5. Cadherin-11-/- deficiency protects obese mice from poor glycemic control. WT and cad-117/- mice were fed a HFD for 5 weeks,

3.? 10 unless otherwise indicated. (A) BW of mice on a HFD (n = 5 HFD-WT and n = 4 HFD-KO). Data are representative of more than 3

2c g independent experiments. EchoMRI analysis for (B) BW and (C) lean and fat mass (7 =7 ND-WT, n =5 ND-KO, n = 5 HFD-WT, and n = 4

Fu g 4 HFD-KO). Data are representative of 2 independent experiments. (D) GTTs and ITTs for WT and cad-117/- mice fasted overnight for the

He bk GTT (n =9 HFD-WT and n = 8 HFD-KO) and fasted 4 hours for the ITT (n = 4 HFD-WT and n = 5 HFD-KO). Data are representative of more
£ 2

<< 0 than 3 independent experiments. (E) GTTs for littermates of WT and cad-11"- mice fed a HFD for 5 weeks (1 = 7 HFD-WT, n = 7 HFD-Het,

WT KO and n = 5 HFD-KO). Het, heterozygous. (F) HOMA-IR index. (G) Serum levels of insulin (n = 5 HFD-WT and n = 5 HFD-KO), adiponectin,

and FGF21 (n = 8-9 per group, pooled from 2 independent experiments). (H) Serum levels of FFA (n = 10 per group) and TG (n = 17-18

per group, pooled from 3 independent experiments). Serum factor analyses were done separately with serum samples collected from

3 independent experiments. (I) Representative image of livers and graph showing liver weights for WT and cad-11"/- mice (n = 10 per
group, combined from 2 independent experiments). (J) Representative H&E staining of liver sections from WT and cad-11/- mice fed

a HFD for 12 weeks. Scale bars: 100 um. (K) TLC analyses of nonpolar lipids isolated from livers of obese WT and cad-11"/- mice. Arrow
indicates the TG-specific bands as determined by the TG standards (STD) on the TLC plate. Graph shows Image) densitometric analysis
of TLC-resolved TG (n = 5 HFD-WT and n = 5 HFD-KO0). Data are representative of 2 independent experiments. (L) Analysis of ALT activity
in serum collected from mice fed a HFD for 12 weeks (n = 7 HFD-WT and n = 6 HFD-KO, combined from 2 independent experiments). Data
are expressed as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired Student’s t test (A-C, F-1, K, and L) and 2-way
ANOVA, for WT and cad-11/- mice (D and E).
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Figure 6. Less fibrotic adipose tissue of cad-11/- mice contains healthy adipocytes in obesity. (A) MRNA expression of Tgfb in obese adipose tissue of WT
and cad-11"- mice (n = 5 HFD-WT and n = 7 HFD-KO). Data are representative of 2 independent experiments. (B) Representative Masson's trichrome staining
of adipose tissue from WT and cad-11"- mice fed a HFD for 12 weeks. Scale bars: 100 pm and 20 um (insets). The percentage of blue-colored trichrome-
positive staining of the adipose tissue (AT) area was measured with Image) (15 images were taken from HFD-WT [n = 3]; 11 images were taken from HFD-KO
[n = 4] mice). Data are representative of 2 independent experiments. (C) gPCR analysis of collagens in adipose tissue (n = 5 HFD-WT and n = 7 HFD-KQ). Data
are representative of 2 independent experiments. (D) gPCR analysis of flow-isolated PDGFRa* fibroblasts and CD45* cells (n = 3 HFD-WT and n = 3 HFD-KO).
Data are representative of 2 independent experiments. (E) Size distribution of adipocytes. (F) Average size of adipocytes. Adipocyte size was measured by
Image) in H&E-stained adipose tissue from WT and cad-11"- mice fed a HFD for 5 weeks (46 images were taken from HFD-WT [n = 4]; 44 images were taken
from HFD-KO [n = 6] mice). Data are representative of 2 independent experiments. (G) gPCR analysis of adiponectin and FGF21in adipose tissue and isolated
adipocytes from WT and cad-11"/~ mice fed a HFD for 12 weeks (n = 5 HFD-WT and n = 7 HFD-KO). Data are representative of 2 independent experiments.
Data are expressed as the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired Student's t test (A-D, F, and G).

ILC2s are activated in adipose tissue of obese cad-117-mice. Since
IL-13 is predominantly produced by ILC2s in adipose tissue (9),
we compared ILC2s in adipose tissue of obese WT and cad-117/
mice (Figure 3G and Supplemental Figure 3A). Indeed, we found
that ILC2 numbers were significantly higher in adipose tissue of
cad-117" mice than in that of WT mice fed a HFD (Figure 3H).
Consistent with the lack of expression of cadherin-11 on CD45*
cells shown in Supplemental Figure 1, ILC2s lacked expression
of cadherin-11 (data not shown). Furthermore, I/13 expression
was markedly higher in flow-sorted ILC2s from adipose tissue of
obese cad-117"compared with ILC2s from obese WT mice (Figure
3I). This suggests that the expansion and activation of ILC2s are
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responsible for the increased IL-13 production observed in obese
cad-117- adipose tissue. Il5 expression by flow-sorted ILC2s was
similar in WT and cad-117/ mice (Figure 3I), which is consistent
with there being similar numbers of eosinophils and similar lev-
els of Il4 expression in obese WT and cad-117" adipose tissue
(Figure 3D and Supplemental Figure 3B). Interestingly, lean
cad-117- mice had a higher percentage of eosinophils in adi-
pose tissue than did WT mice (Supplemental Figure 3B), which
may influence the increased M2 macrophage phenotype in lean
cad-117/" mice. Together, the data suggested that ILC2-derived
IL-13 mediates M2 macrophage differentiation in adipose tissue
of cad-117/" mice.
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Cad-117" fibroblasts produce IL-33 and are expanded in adipose
tissue of obese mice. Next, we determined the mechanism by which
cad-117" fibroblasts mediate ILC2 activation. ILC2s are activated
by IL-33, TSLP, and IL-25. Among these, the ST2 ligand IL-33 is
known to induce ILC2 expansion in adipose tissue (9, 33). Our
qPCR analysis showed that, compared with CD45" cells, nonhe-
matopoietic cells are the main cells expressing IL-33 (Supplemen-
tal Figure 4A). In lean mice, /33 mRNA appeared slightly higher
in the adipose tissue of cad-117- mice compared with that of WT
mice, but did not reach significance (Supplemental Figure 4B).
However, Il33 mRNA and protein expression levels were markedly
higher in the adipose tissue of HFD-fed cad-117" mice than in
that of WT mice (Figure 4A). Further, the levels of Tslp, but not
1125, were also increased in adipose tissue of obese cad-117/" mice
(Supplemental Figure 4C). The increased expression of I/33 was
detected in SVF cells, not adipocytes (Figure 4B). qPCR for /33 in
flow-isolated PDGFRa" fibroblasts revealed that fibroblasts from
adipose tissue of obese WT and cad-117" mice expressed similar
levels of 1133 and other ligands (Figure 4C and Supplemental Fig-
ure 4D). To our surprise, however, there was a significant increase
in the number of PDGFRa* fibroblasts in obese cad-117- adipose
tissue compared with that detected in obese WT mice (Figure
4D and Supplemental Figure 4E). PDGFRa" fibroblasts were also
present at slightly higher levels in adipose tissue of lean cad-117-
mice (Figure 4D), which was consistent with the slightly higher
level of IL-33 expression in adipose tissue of lean cad-117" mice
compared with that of WT mice (Supplemental Figure 4B). There-
fore, we found that the basis for the increased levels of IL-33
resulted not from the amount made per cell in cad-117" versus WT
fibroblasts, but rather from the significantly higher number of adi-
pose tissue fibroblasts in cad-117- mice. We determined whether
cad-117"PDGFRa* fibroblasts were increased as a result of a higher

HFD-fed mice (B).

proliferation rate. After 5 weeks of HFD feeding, the proliferation
rate of cad-117- PDGFRa* fibroblasts (1.992% + 0.4062%) was sig-
nificantly lower than that of WT PDGFRa" fibroblasts (3.528% *
0.42%) (Supplemental Figure 4F). However, during the first week
of the HFD, compared with WT mice (8.014% * 0.9219%), a sig-
nificantly higher percentage of PDGFRa" fibroblasts in adipose
tissue of cad-117" mice (23.03% * 3.840 %) consisted of prolifer-
ating BrdU* cells (Figure 4, E and F). These results suggested that
the increased number of PDGFRa* fibroblasts in adipose tissue of
cad-117" mice results from a higher proliferation rate at the early
stage of HFD feeding.

Deficiency of cadherin-11 improves insulin resistance and hepat-
ic steatosis in obesity. Reduced crown-like structures, higher lev-
els of Th2 cytokines, and increased numbers of M2 macrophages
all indicated a substantial reduction in inflammation in the adi-
pose tissue of obese cad-117" mice. Thus, we determined whether
cadherin-11-expressing fibroblasts modulate metabolic pheno-
types in diet-induced obese mice. WT and cad-117- mice showed
no significant differences in daily food intake (Supplemental Figure
5A). Interestingly, cad-117" mice gained BW quickly in the begin-
ning of the HFD, but their BW became similar to that of WT mice
with continued HFD feeding (Figure 5, A and B). A trend toward
increased fat pad weight was seen in cad-117- mice (Figure 5C).
Compared with WT mice, HFD-fed cad-117" mice showed sim-
ilar adiposity, but, surprisingly, glucose tolerance tests (GTTs)
and insulin tolerance tests (ITTs) showed that cad-117/- mice were
nearly completely protected from obesity-induced glucose intol-
erance (Figure 5D). Note that glucose tolerance was confirmed in
cad-117" littermates compared with WT mice, suggesting that the
improved glucose tolerance in obese cad-117- mice resulted from the
absence of cadherin-11, and not from potential genetic background
differences (Figure S5E and Supplemental Figure 5B). In addition,
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after 10 weeks of HFD feeding, cad-117- mice had weight gain sim-
ilar to that of WT mice but still maintained nearly normal glucose
tolerance (Supplemental Figure 5, C and D). The homeostatic model
assessment insulin resistance (HOMA-IR) index and serum insulin
levels also confirmed insulin sensitivity in the obese cad-117- mice
(Figure 5, F and G). Serum levels of adiponectin and FGF21 were also
markedly higher in HFD-fed cad-117- mice (Figure 5G).

Consistent with these healthy adipocyte functions and insulin
sensitivity, we found lower free fatty acids (FFA) and triglycerides
(TG) in the serum of HFD-fed cad-117" mice (Figure 5H). In addi-
tion, livers from obese cad-117/- mice weighed significantly less
(Figure 5I and Supplemental Figure 5E) and had markedly fewer
lipid droplets than did livers from obese WT mice (Figure 5]). TLC
analyses confirmed that liver TG content was significantly lower
in cad-117/" mice than in WT mice fed a HFD, as quantified by the
density of the TLC bands (Figure 5K). Analysis of fatty acid biosyn-
thetic genes in liver showed that mRNA levels of ATP citrate lyase
(Acl) and fatty acid synthase (Fasn), but not acetyl-CoA carboxy-
lase 1 (Acc), were decreased in obese cad-117" mice (Supplemental
Figure 5F). This suggests that de novo lipogenesis was lower and
probably contributed to less fat accumulation in the livers of obese
cad-117/" mice. Serum ALT analysis, which measures liver dam-
age (Figure 5L), confirmed that the livers of obese cad-117 mice
were healthier. In fact, the ALT activity was comparable to that
seen in lean WT mice (data not shown). Consistent with improved
glucose tolerance, compared with WT mice, we observed sig-
nificantly improved insulin action in adipose tissue, liver, and
muscle of obese cad-117~ mice, as shown by a greater level of
phosphorylated AKT (p-AKT) following insulin administration in
vivo (Supplemental Figure 5, G and H). These findings show that
cad-117 mice have healthy adipose tissue function and markedly
less obesity-induced hepatic steatosis and glucose intolerance in
diet-induced obesity compared with WT mice.

cad-117- mice have significantly less adipose tissue fibrosis. Unre-
solved chronic inflammation often contributes to tissue fibrosis
mediated by fibroblasts and myofibroblasts. Thus, we deter-
mined whether cad-117 adipose tissue is protected from obesity-
induced adipose tissue fibrosis. We found that TGF-B (Tgfb)
mRNA expression was markedly lower in obese adipose tissue
of cad-117" mice than in that of WT mice (Figure 6A), which
was consistent with histological analysis of obese adipose tissue
that showed significantly less collagen deposition (trichrome-
positive blue- or Sirius red-colored areas) in HFD-fed cad-117/-
mice compared with WT mice (Figure 6B and Supplemental Fig-
ure 6A). We also found that the expression of several key collagen
genes, Col3al, Col6a2, and Col6a3, was significantly lower in adi-
pose tissue from obese cad-117" mice (Figure 6C). To determine
whether PDGFRa* fibroblasts were responsible for the collagen
expression in adipose tissue, PDGFRa" fibroblasts were isolated
either by flow cytometry or magnetic beads and found to be
the predominant cells producing collagen in adipose tissue.
The expression of Col3al, Col4al, and Col6a3 was substantially
lower in cad-117- PDGFRa" fibroblasts than in WT PDGFRa*
fibroblasts, whereas CD45* cells showed similar expression levels
of these collagens (Figure 6D). In particular, the lower expression
levels of Col3al and Col6a3 by cad-117- PDGFRa" fibroblasts were
consistent with the lower levels of their total mRNA expression in
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cad-117 adipose tissue. These results suggest that both reduced
inflammation and lower collagen production by fibroblasts result
in less fibrosis in adipose tissue of obese cad-117" mice. Interest-
ingly, adipose tissue from obese cad-117" mice showed a clearly
different morphology from that of obese WT mice (Supplemen-
tal Figure 6B). Previous reports have noted that adipocytes can
be larger in a flexible and less rigid adipose tissue extracellular
matrix (ECM) environment (34, 35). Correspondingly, we found
an increased percentage of larger adipocytes in HFD-fed cad-117/-
mice than in WT mice (Figure 6, E and F). Moreover, adipocytes
in cad-117/- adipose tissue expressed healthy adipokines such as
FGF21 and adiponectin (Figure 6G). Together, these data sug-
gested that lower collagen production, particularly of COL3 and
COLSG6, prevents adipose tissue fibrosis following HFD feeding in
cad-117/- mice. This likely maintains ECM flexibility and allows
adipocytes to grow larger, without the mechanical tension and
rupture that contribute to inflammation in obese adipose tissue.

Blockade of cadherin-11 significantly improves glycemic control
in obese WT mice. The remarkable protection from HFD-induced
glucose intolerance in cad-117" mice led us to consider wheth-
er targeting stromal cell cadherin-11 might offer a new thera-
peutic approach for obesity-induced glucose intolerance. Thus,
we investigated the therapeutic potential of anti-cadherin-11-
blocking mAbs to improve glucose tolerance in obesity. HFD-fed
WT mice were divided into 2 equal groups on the basis of their BWs
(Figure 7A and Supplemental Figure 7A). Compared with isotype
control mouse IgG1 (mIgG1) Ab treatment, 2 or 3 weeks of anti-
cadherin-11-specific Ab (SYN12) treatment in HFD-fed WT mice
significantly improved glucose tolerance, as determined by GTT
and AUC analysis (Figure 7B and Supplemental Figure 7B). Anti-
cadherin-11 Ab treatment did not alter body or fat pad weights
in WT mice on a HFD (Figure 7A and Supplemental Figure 7A),
which confirmed that the improved glucose tolerance in both
cad-117- mice and anti-cadherin-11-treated WT mice was inde-
pendent of BW. Consistent with the results in obese cad-117- mice,
anti-cadherin-11 Ab treatment in obese mice also revealed a trend
toward increased levels of 1133 and significantly increased levels of
1113, which are known to drive ILC2 and M2 macrophages, along
with decreased Col6a3 expression in adipose tissue compared
with levels detected in control obese WT mice (Figure 7, C-E).
Further, anti-cadherin-11 Ab treatment significantly decreased
liver weights in obese WT mice (Figure 7F). Importantly, these
2- to 3-week-long Ab treatment studies suggested that the ben-
eficial metabolic phenotype is mediated by the interference of
cadherin-11 interactions rather than by developmental effects in
cad-117/- mice. Thus, cadherin-11 may be useful as a stromal cell
therapeutic target for treating adipose tissue inflammation, glu-
cose intolerance, and metabolic syndrome in obesity.

Discussion

Fibroblasts have been implicated in the regulation of immune
responses (26). For example, fibroblastic reticular cells in lymph
nodes suppress T cell activation and expansion to maintain periph-
eral tolerance (21-23). Fibroblasts also modulate inflammation
such as that seen with inflammatory arthritis, psoriasis, inflamma-
tory bowel disease, and cancer by recruiting, activating, inhibit-
ing, or maintaining leukocytes in tissues (24, 36, 37). Importantly,
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inflammation plays a causative role in adipose tissue dysfunction
and obesity-induced insulin resistance (1-4, 38, 39). Fibroblast
populations including adipocyte precursors are relatively high and
account for over 90% of nonhematopoietic stromal vascular cells
in adipose tissue. However, the of role stromal fibroblasts in adi-
pose tissue inflammation and diabetes is unknown.

Here, we show that fibroblast function can be modified by
either the deficiency or the blockade of mesenchymal cell cadherin-
11. By targeting cadherin-11, we found that fibroblasts play a key
role in adipose tissue inflammation and glucose intolerance in obe-
sity. Cadherin-11 deficiency strikingly prevented obese mice from
adipose tissue inflammation and metabolic syndrome. Adipose tis-
sue inflammation is accompanied by a phenotypic switch from M2
antiinflammatory to M1 proinflammatory macrophages (3, 4, 40).
However, despite their obesity, we found that adipose tissue from
cad-117" mice contained significantly higher numbers of M2 macro-
phages than did WT mice. We also found that IL-33-mediated ILC2
activation resulted in an increase in IL-13 expression that maintained
M2 macrophage phenotypes in adipose tissue of obese cad-117-mice.

In obesity, IL-33 plays a protective role in adipose tissue
inflammation and insulin resistance (9, 41). IL-33 induces the
homeostasis and function of ST2-expressing ILC2s and Tregs (9,
42). However, the source of IL-33 in adipose tissue was unclear.
Studies suggested that IL-33 is mainly produced by stromal
cells such as epithelial or endothelial cells (43-45). In our study,
we found that the levels of IL-33 were much higher in stromal
vascular cells than in adipocytes and that IL-33 expression by
stromal vascular cells, but not adipocytes, was increased with
cadherin-11 deficiency. Furthermore, we found that among SVF
cells, PDGFRa* fibroblasts were the major cells producing IL-33.
Some PDGFRa stromal vascular cells also displayed IL-33 expres-
sion, and these stromal vascular cells may include endothelial
cells (43) and fibroblasts expressing low levels of surface PDGFRa.
Compared with PDGFRa"* fibroblasts, which constitute over 90%
of nonhematopoietic cells in SVF cells, the percentage of PDGFRa
stromal vascular cells is much smaller, and thus these cells may
not contribute significantly to the production of IL-33 in adipose
tissue. IL-33 expression was also detected by immunofluorescence
in cadherin-11-expressing cells in adipose tissue of lean mice in a
recent study (14), further supporting our finding that PDGFRa*
fibroblasts are the major cells expressing IL-33 in adipose tissue.

A recent report showed that expansion of adipocyte precursor
cells occurs within the first week of HFD feeding and that their
numbers return to basal levels over the course of a 6-week HFD
(46). The rapid proliferation of adipocyte precursors is mediated
through activation of the PI3K/AKT2 pathway (46). Interestingly,
compared with WT fibroblasts, cad-117- fibroblasts showed a mark-
edly higher proliferation rate during the first week of a HFD, with
their numbers returning to basal levels by week 5 of the HFD. Data
from the Immunological Genome Project (ImmGen) showed that,
among PDGF ligands (Pdgfa, Pdgfb, Pdgfc, and Pdgfd), Pdgfc expres-
sion is particularly high in adipose tissue macrophages compared
with expression levels in macrophages in other tissues. The accu-
mulation of macrophages we observed in cad-117/- adipose tissue
may have provided higher levels of Pdgfc, thereby driving the sub-
sequent proliferation of PDGFRa" fibroblasts in the adipose tissue
of HFD-fed cad-117- mice. In addition, we found that the healthy
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adipocytes in obese cad-117- mice allowed adipose tissue to store
larger amounts of lipids, which may have reduced obesogenic adi-
pogenesis. Further, we show that the higher IL-33 expression in
cad-117 adipose tissue resulted from an increase in the number
of PDGFRa* fibroblasts. In turn, IL-33 expression by the expanded
PDGFRa fibroblasts in cad-117 adipose tissue in the first week of
the HFD may enhance M2 macrophage differentiation through
ILC2-produced IL-13. Therefore, the early response of cad-117/-
mice to a HFD appears to determine the Th2-type antiinflammatory
adipose tissue microenvironment, which maintains adipose tissue
function and reduces obesity-induced adipose tissue inflammation.
Such rapid antiinflammatory mechanisms may also prevent glucose
intolerance following binge eating by animals such as predators in
the wild as well as in humans experiencing overnutrition.

Obesity-induced adipocyte hypertrophy and hyperplasia
require extensive adipose tissue remodeling. ECM proteins and
their turnover are essential for both the development and remodel-
ing of adipose tissue (34, 35). Less rigid ECM in WAT better accom-
modates adipocyte enlargement, with less adipocyte death and
inflammation in obesity (16, 34). Fibrosis contributes to adipose
tissue dysfunction and has a causative role in insulin resistance
in obesity (1, 16, 39, 47, 48). A recent study showed that COL6-
deficient mice had less adipocyte death and adipose tissue fibro-
sis, which were associated with improved glucose metabolism in
both HFD-induced and genetically obese mice (34). Importantly,
we found that cadherin-11 deficiency reduced the production of
collagens COL3 and COL6 by fibroblasts and resulted in sub-
stantially less adipose tissue fibrosis in obesity. Anti-cadherin-11
mADb blockade also markedly reduced COL6a3 production. These
data suggest that cadherin-11 regulates collagen production by
adipose tissue fibroblasts, and this may help to preserve adipose
tissue flexibility, larger adipocytes, and reduced adipocyte necro-
sis and inflammation crown-like structures in obese cad-117/-
mice. In addition, cadherin-11 blockade may be relevant to other
diseases linked by ECM deposition by cadherin-11-expressing
fibroblasts or myofibroblasts. A recent study showed that obesity
increases myofibroblasts and ECM stiffness in the adipose tissue
of mammary fat and that changes in ECM mechanics promote
breast tumorigenesis in obesity (49). It would be interesting to
determine whether blocking cadherin-11 in the myofibroblasts of
mammary fat can reduce the risk for breast tumorigenesis by
inhibiting obesity-induced collagen production.

In summary, cad-117~ mice are protected from obesity-
induced glucose intolerance and fatty liver as a result of reduced
adipose tissue inflammation associated with the axis of stromal
cell IL-33, ILC2s, and M2 macrophages, as well as less adipose tis-
sue fibrosis. Fibroblast stromal cells expressing cadherin-11 play a
major role in regulating the activation of innate immune cells and
adipose tissue matrix stiffness. These findings strongly point to
the importance of mesenchymal stromal cells and the opportunity
to target them via cadherin-11 in the management of adipose tis-
sue inflammation, diabetes, and metabolic syndrome.

Methods

Animal studies. The cad-117/- mice and control B6:129 Fl-intercrossed
mice were maintained at Taconic. Littermates of WT and cad-117/-
mice were bred and maintained at Taconic. WT C57BL/6 mice were
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purchased from Taconic. When needed, mice were shipped to the
Dana-Farber mouse facility and maintained in the same room during
the experiments. Male mice, 6 to 8 weeks of age, were given a HFD,
which consisted of 60% kcal from fat (D12492; Research Diets), or
a ND (ProLab IsoPro RMH 3000; LabDiet) for 5 to 12 weeks as indi-
cated in each figure legend. For GTTs, mice were fasted for 6 hours or
overnight for 10 hours and given i.p. D-glucose (1 g glucose per 1 kg
BW). Blood glucose levels were determined at 0, 15, 30, 60, and 90
minutes after glucose injection using the OneTouch Ultra Glucome-
ter (LifeScan Inc.). ITTs were performed after a 4-hour morning fast
and i.p. injection of insulin (0.75 IU/kg BW) (HumilinR 100 U/ml; Eli
Lilly). Blood glucose levels were measured at 0, 15, 30, 60, and 90 min-
utes. The HOMA-IR index was calculated as follows: insulin (uIU/ml) x
glucose (mg/dl)/405. For Ab treatment experiments, B6 mice were
fed a HFD for 6 weeks. mIgG1 isotype control Ab or anti-cadherin-11-
specific mAb (SYN12) was given i.p. to HFD-fed mice at 10 mg/kg BW
every 3 days for 3 weeks. For the Ab experiments in Supplemental Fig-
ure 3, Ab treatment was initiated on B6 mice fed a HFD for 3 weeks.
mlgGl or anti-cadherin-11 mAb (SYN12) was given i.p. at 500 pg per
mouse for the first dose and then at 100 pg per mouse every 3 days for
2 weeks. Body composition was analyzed in conscious mice using an
EchoMRI 3-in-1 analyzer.

Adipose tissue digestion. Adipose tissue was cut into small pieces
and digested by enzyme mixture (RPMI 1640 medium containing 1
mg/ml collagenase type 2 [LS004188; Worthington Biochemicall;
0.1 mg/ml DNase I [10104159001; Roche]; and 0.8 mg/ml Dispase
I1 [04942078001; Roche]) for 1 hour at 37°C. During digestion,
released cells were collected on ice, and fresh enzyme mixture was
added every 10 minutes. Using this method, adipose tissue was
completely digested to release stromal cells including fibroblasts.
Released cells were spun down to separate SVF cells from floating
adipocytes. Stromal vascular cells were resuspended in complete
RPMI 1640 medium containing 10% FBS and filtered through a
70-um filter. Total live cell numbers in the SVF were counted using a
trypan blue exclusion test.

Flow cytometric analysis. Cells were incubated with Zombie Aqua
(1:100; BioLegend) in PBS at room temperature for 5 minutes. After
washing, cells were resuspended in FACS buffer (2% FBS, 2 mM EDTA,
0.05% NaN, in PBS) and incubated with anti-CD16/32 Abs in FACS buf-
fer for 10 minutes on ice, followed by staining with the Abs indicated in
figures in FACS buffer for 15 minutes at 4°C. After washing, the stained
cells were analyzed using a FACSCanto II System (BD Biosciences).
Data were analyzed with Flow]Jo and FCS Express 5 (De Novo Software)
software. For cadherin-11 detection, stromal vascular cells were stained
with Zombie Aqua as described above, except 2 mM CaCl, in HEPES-
buffered saline (HBS-Ca*™) was used instead of PBS. After washing, Fc
receptors were blocked with anti-CD16/32 Abs and then incubated with
biotinylated anti-cadherin-11Ab (0.5 ug) for 20 minutes onicein HBS buf-
fer (2% FBS in HBS-Ca**) to minimize cadherin proteolysis. After wash-
ing, the cells were stained with APC-conjugated streptavidin and other
fluorescence-labeled Abs against surface markers (Ter119, CD45, CD31,
Sca-1, and PDGFRa). Cadherin-11 expression was analyzed on hemato-
poietic cells (CD45Ter119) and fibroblast stromal cells (CD45 Ter119-
CD31'Sca-1'PDGFRa") after excluding dead cells and doublets.

Immunofluorescence. For whole fat tissue staining, 5 mm? of tissue
was fixed in 4% paraformaldehyde in PBS overnight, washed in PBS
for 2 days at 4°C, and permeabilized and blocked in blocking buffer
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(5% serum, 1% BSA, and 1%Triton X-100 in PBS) overnight at 4°C.
Then, tissues were stained with the indicated Ab below in blocking
buffer for 2 days and washed in blocking buffer for 1 day at 4°C, fol-
lowed by staining with Alexa Fluor 488-conjugated goat anti-mouse
CD68, Alexa Fluor 568 phalloidin (F-actin), and DRAQ5 (nucleus)
in blocking buffer overnight at 4°C. After washing tissue pieces for 3
days at 4°C, images were taken by confocal microscopy (TE2000-U;
Nikon). For cadherin-11 detection in ex vivo stromal vascular cell cul-
tures, freshly released SVF cells were seeded on a glass coverslip in
DMEM medium containing 10% FBS, 2 mM L-glutamine, 100 units/
ml penicillin, 100 pg/ml streptomycin sulfate, 10 pg/ml gentamycin,
and 55 pM 2-mercaptoethanol (Gibco-BRL, Thermo Fisher Scientific)
at 37°Cunder 10% CO,. After 2 days of culture, cells were fixed in 4%
paraformaldehyde in HBS-Ca** for 20 minutes at room temperature
and washed 4 times for 5 minutes each. Cells were then permeabilized
in 0.2% Triton X-100 in HBS-Ca™ for 3 minutes and then washed
twice for 5 minutes each. After treatment with blocking buffer (HBS-
Ca** containing 1% BSA and 10% FBS) for 1 hour at room temperature,
cells were incubated with anti-cadherin-11 Ab (1:500; 3H10, in-house)
in blocking buffer overnight at 4°C. After dip-washing 6 times, cells
were stained with Alexa Fluor 488-conjugated goat anti-mouse Ab
(1:750); Alexa Fluor 568 phalloidin (1:500); and DRAQS5 (1:500) for
1 hour at room temperature. Cells were washed twice with blocking
buffer and twice with HBS-Ca** for 5 minutes each. Images were taken
by confocal microscopy.

ELISA. Mouse serum was analyzed for insulin (90080; CRYSTAL
CHEM Inc.); adiponectin (EZMADP-60K; EMD Millipore); FGF21
(MF2100; R&D Systems); TG (290-63701; Wako); and FFA (ab65341;
Abcam) following the manufacturers’ protocols. For IL-33 ELISA, har-
vested fat tissue was immediately frozen in N, gas and stored at -80°C
until use. The frozen tissue was placed in PBS containing 1% Triton
X-100 and protease inhibitors (11873580001; Roche) and homoge-
nized with a tissue dissociator. After incubating homogenates for 20
minutes at 4°C, tissue lysates were cleared by spinning at 10,000 g for
15 minutes. Soluble lysates were analyzed for IL-33 by ELISA (M3300;
R&D Systems). IL-33 levels were normalized to the total protein con-
centration in the tissue lysates.

Immunoblotting. After HFD feeding for 12 weeks, WT and cad-117-
mice were fasted for 6 hours, and 20 U/kg insulin was injected via the
inferior vena cava. Three minutes later, tissues were taken and homog-
enized in lysis buffer (1% Triton X-100, 50 mM Tris HCl, 150 mM
NaCl, 5 mM EDTA, 1 mM PMSF) with protease cocktail (Roche) and
phosphatase inhibitors (1 mM Na,VO,, 10 mM NaF). Total lysates were
cleared, and lysates (50 pg) were loaded into each lane. The membrane
was blotted with 1:2,500 anti-total AKT or anti-p-AKT Ab, washed
with TBS-Tween-20 (TBST), and incubated with 1:7,500 donkey HRP-
conjugated anti-rabbit Ab. The protein in the membrane was visualized
using Bio-Rad Clarity Western ECL Substrate (1705060; Bio-Rad).

Abs and reagents. For macrophage staining, the following Abs
were used: eFluor 450-CD45 (30-F11, 48-0451; eBioscience); APC-
eFluor 780-Terll9 (Terll9, 47-5921-82; eBioscience); PerCP/
Cy5.5-F480 (BMS, 557397; BD); PE-CD11b (M1,/70, 45-4801-80; eBio-
science); APC-CD11c (HL3, 550261; BD); and FITC-CD206 (C068C2,
141704; BioLegend). For cadherin-11 staining in mice, the following
Abs were used: PE-Cy7-CD45 (30-F11, 25-0451-82; eBioscience);
APC- eFluor 780-Terll9 (Terll9, 47-5921-82; eBioscience); Pacif-
ic Blue-CD31 (390, 48-0311-82; eBioscience); PE-PDGFRlo. (APAS5,



The Journal of Clinical Investigation

12-1401-81; eBioscience); Alexa Fluor 488-Ly-6A/E (Sca-1) (D7, 108116;
BioLegend); biotinylated anti-cadherin-11 (in-house); and streptavidin-
APC (016-130-084; Jackson
11 staining in humans, the following Abs were used: BV421-CD45
(HI30, 563879; BD); APC-Alexa Fluor 750-CD235a (A89314; Beckman
Coulter); PE-Cy7-CD31 (WM-59, 25-0319; eBioscience); FITC-CD90
(555595; BD); and biotinylated anti-cadherin-11 (in-house). Dead cells
were identified by staining with Zombie Aqua (423101; BioLegend). For

ImmunoResearch). For cadherin-

immunofluorescence, the following Abs were used: CD68 (FA-11; BioLeg-
end); cadherin-11 (16A, MAB2014; EMD Millipore or 3H10, in-house);
Alexa Fluor 488-conjugated goat anti-mouse (115-546-062; The Jackson
Laboratory); Alexa Fluor 568 phalloidin (A12380; Invitrogen, Thermo
Fisher Scientific); and DRAQ 5 (4084; Cell Signaling Technology). For
immunoblotting, total AKT (C67E7, 4691; Cell Signaling Technology)
and p-AKT (Ser473) (D9E, 4060; Cell Signaling Technology) were used.

qPCR analysis. Tissues were snap-frozen in nitrogen gas and stored
at -80°C until use. Fat, muscle, and liver tissues were homogenized in
TRIzol Reagent (15596026; Life Technologies, Thermo Fisher Scien-
tific) and mixed with chloroform (TRIzol/chloroform ratio of 5:1). After
spinning down, the upper aqueous phase was mixed with the same vol-
ume of 70% EtOH and applied to the RNeasy Mini Kit column accord-
ing to the procedure for the RNeasy Mini Kit (74104; QIAGEN). Iso-
lated RNA was converted to cDNA (QuantiTect Reverse Transcription
Kit, 205311; QIAGEN) according to the manufacturer’s instructions.
qPCR (Brilliant III Ultra-Fast SYBR Green QPCR Master Mix, 600882;
Agilent Technologies) was performed with gene-specific primers.
The following mouse primers (forward and reverse sequences)were
used: Gapdh: CATCACTGCCACCCAGAAGACTG and ATGCCAGT-
GAGCTTCCCGTTCAG; Cdhll GCCAACAGCCCAATAAGGTA and
CTGGGACTTTGGTTTCCTGA; 1Ii33: CTACTGCATGAGACTC-
CGTTCTG and AGAATCCCGTGGATAGGCAGAG; Tslp: GCAAATC-
GAGGACTGTGAGAGC and TGAGGGCTTCTCTTGTTCTCCG;
I125: TGGCTGAAGTGGAGCTCTGCAT and CCCGATTCAAGTC-
CCTGTCCAA; II5: GATGAGGCTTCCTGTCCCTACT and TGA-
CAGGTTTTGGAATAGCATTTCC; Il13: AACGGCAGCATGG-
TATGGAGTG and TGGGTCCTGTAGATGGCATTGC; Fgf2l:
CTCTAGGTTTCTTTGCCAACAG and AAGCTGCAGGCCTCAG-
GAT; Adiopq: AGATGGCACTCCTGGAGAGAAG and ACATAAGC-
GGCTTCTCCAGGCT; Collal: CCTCAGGGTATTGCTGGACAAC
and CAGAAGGACCTTGTTTGCCAGG; Col2al: GCTGGT-
GAAGAAGGCAAACGAG and CCATCTTGACCTGGGAATCCAG;
Col3al: GACCAAAAGGTGATGCTGGACAG and CAAGACCTC-
GTGCTCCAGTTAG; Col4al: ATGGCTTGCCTGGAGAGATAGG
and TGGTTGCCCTTTGAGTCCTGGA; Col5al: AGATGGCATC-
CGAGGTCTGAAG and GACCTTCAGGACCATCTTCTCC;
Col6al: GACACCTCTCAGTGTGCTCTGT and GCGATAAG-
CCTTGGCAGGAAATG; Col6a2: TGGTCAACAGGCTAGGTGC-
CAT and TAGACAGGGAGTTGACTCGCTC; Col6a3: CAGAAC-
CATTGTTTCTCACT and AGGACTACACATCTTTTCAC; Argl:
CATTGGCTTGCGAGACGTAGAC and GCTGAAGGTCTCTTC-
CATCACC; Mrcl: GTTCACCTGGAGTGATGGTTCTC and AGGA-
CATGCCAGGGTCACCTTT; Il10: AATAAGCTCCAAGACCAAGG
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and CAGACTCAATACACACTG; Tnf: CTCTTCTGCCTGCTG-
CACTTTG and ATGGGCTACAGGCTTGTCACTC; iNOS: GAGA-
CAGGGAAGTCTGAAGCACand CCAGCAGTAGTTGCTCCTCTTC.
MCP-1 primer sets were purchased from SA Biosciences.

Nonpolar lipid extractions and TLC analysis. Hepatic nonpolar lip-
ids were extracted using a modified Folch method (50). Briefly, indi-
vidual livers were suspended in 2 volumes of 10:1 CH,0H/0.3% NaCl
(v/v) and biphased against 2 volumes of petroleum ether. Organs were
homogenized with a glass rod and the mixture vortexed. The upper
phase containing nonpolar lipids was collected, and biphasing of liver
homogenates was repeated an additional 2 times. The petroleum ether
fractions were dried to recover nonpolar lipids. For normal-phase TLC,
the mobile phase was 90:10:3 hexane/diethyl ether/formicacid (v/v/v).
Lipids were visualized with 5% molybdophosphoric acid (Sigma-
Aldrich) followed by charring. HPLC-grade hexane, diethyl ether, and
formic acid were from purchased from Thermo Fisher Scientific. Alu-
minum TLC silica gel 60 plates (10-cm) were used (EMD Millipore).

Statistics. All data are presented as the mean + SEM. Statistical
significance was determined using a Student’s 2-tailed ¢ test or 2-way
ANOVA. A Pvalue of less than 0.05 was considered statistically signif-
icant. GraphPad Prism 5 (GraphPad Software) was used for all statis-
tical analyses.

Study approval. Animal studies were approved by the Dana-Farber
Cancer Institute animal care and use committee. Discarded visceral
adipose tissues from obese patients were obtained with IRB approval
of Brigham and Women’s Hospital.
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