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CD146 Associates with Gp130 to Control a Macrophage
Pro-inflammatory Program That Regulates the Metabolic

Response to Obesity

Hongxia Duan,* Lin Jing, Jianquan Xiang, Chenhui Ju, Zhenzhen Wu, Jingyu Liu,
Xinran Ma, Xuehui Chen, Zheng Liu, Jing Feng, and Xiyun Yan*

The mechanism of obesity-related metabolic dysfunction involves the
development of systemic inflammation, largely mediated by macrophages.
Switching of M1-like adipose tissue macrophages (ATMs) to M2-like ATMs, a
population of macrophages associated with weight loss and insulin sensitivity,
is considered a viable therapeutic strategy for obesity-related metabolic
syndrome. However, mechanisms for reestablishing the polarization of ATMs
remain elusive. This study demonstrates that CD146" ATMs accumulate in
adipose tissue during diet-induced obesity and are associated with increased
body weight, systemic inflammation, and obesity-induced insulin resistance.
Inactivating the macrophage CD146 gene or antibody targeting of CD146
alleviates obesity-related chronic inflammation and metabolic dysfunction.
Macrophage CD146 interacts with Glycoprotein 130 (Gp130), the common
subunit of the receptor signaling complex for the interleukin-6 family of
cytokines. CD146/Gp130 interaction promotes pro-inflammatory polarization
of ATMs by activating JNK signaling and inhibiting the activation of STAT3, a
transcription factor for M2-like polarization. Disruption of their interaction by
anti-CD146 antibody or interleukin-6 steers ATMs toward anti-inflammatory
polarization, thus attenuating obesity-induced chronic inflammation and
metabolic dysfunction in mice. The results suggest that macrophage CD146 is
an important determinant of pro-inflammatory polarization and plays a pivotal
role in obesity-induced metabolic dysfunction. CD146 could constitute a novel
therapeutic target for obesity complications.

1. Introduction

Obesity and its associated comorbidities,
type 2 diabetes and cardiovascular disease
are life-threatening chronic diseases.[!]
Compelling evidence suggests a causal
role of chronic inflammation in obesity-
associated pathologic conditions, including
liver damage and insulin resistance.?] Adi-
pose tissue macrophages (ATMs), consti-
tuting about 5% of adipose stromal vascular
cells or fractions (SVFs) in the lean state
and up to 50% of SVFs during obesity,>*
have been recognized as key contributors to
chronic inflammation.’] Obesity-activated
ATMs have complex phenotypes. Upon
overnutrition, ATMs have been reported to
switch from type 2 (M2; CD11c”CD206%)
to type 1 (M1; CD11c*CD2067) polariza-
tion states, promoting local and systemic
inflammation and insulin resistance.[>%7]
However, the identification of balanced
MO (CD206-CD11c¢7)®l  and mixed
(CD206*CD11c*)®!  phenotypes  indi-
cates the existence of additional subtype
diversity.1%!!] Targeting of maladaptive adi-
pose tissue macrophage (ATM) phenotypes
has the potential to restore the function of
ATMs for the homeostasis of adipose tissue
in obese individuals.
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Recent studies suggest that glycoprotein 130 (Gp130) receptor
ligands comprise potential therapeutic targets for obesity;1#13]
however, the role of Gp130 signaling in insulin resistance re-
mains controversial.l'*l Gp130 is the common subunit of the re-
ceptor signaling complex for the interleukin-6 (IL-6) family of cy-
tokines and is ubiquitously expressed.!'*] The effect of Gp130 lig-
ands in metabolic disease is unclear and is likely to be context-
dependent, especially with respect to IL-6. Although IL-6 is gen-
erally considered a pro-inflammatory cytokine, systemic abla-
tion of IL-6 in mice leads to mature-onset obesity and insulin
resistance.[’®] A recent study has shown that 1L-6 mediates anti-
inflammatory effects in macrophages by promoting higher ex-
pression of M2 phenotype-associated genes.['®] However, given
the pro-inflammatory capacity of IL-6, it may not represent a
promising therapeutic target for obesity treatment. Therefore, an
ideal target should be more specific than IL-6 but have similar
anti-inflammatory effects.

The cluster of differentiation 146 (CD146), an adhesion
molecule, mediates tumor invasion and angiogenesis.['”] Report-
edly, its expression on T cells and macrophages(!®'! contributes
to the development of non-resolving inflammatory diseases, in-
cluding multiple sclerosis,?”! inflammatory bowel disease,!?!!
cerebral malarial??l and atherosclerosis.['?! Notably, elevated
CD146 expression on macrophages under pro-atherogenic hyper-
lipidemic conditions promotes foam cell formation and disrupts
migration-related signaling."”! Given the similar hyperlipidemic
condition between atherosclerosis and obesity, in this study, we
investigate the effects of CD146 on the ATM pro-inflammatory
capacity in a high-fat diet (HFD)-induced obesity mice model.
Our findings suggest that under obesogenic conditions, CD146
is expressed on a subtype of ATMs and associates with Gp130 to
maintain the M1-like pro-inflammatory phenotype and promotes
the development of dietary obesity and adipose inflammation,
leading to systemic insulin resistance. Conversely, inactivation
of the CD146 gene or antibody targeting of CD146 releases the
Gp130 protein from its association with CD146, steering ATMs
toward M2-like polarization, thus attenuating obesity-induced in-
flammation and insulin resistance in mice. The study suggests
the potential of macrophage CD146 as a novel and specific ther-
apeutic target for obesity complications.

2. Results

2.1. CD146-expressing Macrophages Accumulate in Adipose
Tissue upon Diet-Induced Obesity

To investigate whether macrophage CD146 is involved in the
development of obesity, we first performed flow cytometry to
evaluate CD146% macrophages in visceral adipose tissue (VAT)
of C57BL/6 mice fed standard chow (ND) or HFD (60% kcal)
for 12 weeks (Figure S1A, Supporting Information). Consis-
tent with previous reports,l’”) both the number and percent of
CD11b*F4/80*CD11c* macrophages were significantly higher
in VAT from HFD compared with ND mice (Figure S1B-D, Sup-
porting Information). Interestingly, the ratio of CD11¢*CD206~
to CD11c~CD206" cells among F4/80% macrophages between
ND and HFD mice did not differ significantly (Figure 1A,B);
however, the percent of CD11c¢*CD206" cells was notably in-
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creased upon diet-induced obesity (Figure 1C). To clarify the func-
tion of CD146" macrophages, we evaluated the number and per-
cent of CD146% cells in CD11c* and/or CD206% cell populations.
As shown in Figure 1D, the number of CD146" macrophages
was increased in VAT of HFD-fed mice. Furthermore, sub-
type analysis revealed that the percentage of CD11c*CD146*
macrophages was significantly increased, while the percentage
of CD11c” CD146" macrophages was reduced (Figure 1E,F). Ad-
ditionally, the percentage of CD146-positive cells among the
CD11c*CD206™ and CD11c¢~CD206~ cell populations was signif-
icantly decreased in HFD-fed mice (Figure 1G). #60% of CD206™"
macrophages were CD146-positive, regardless of whether they
were from ND or HFD-fed mice, though both the percentage
and number of CD146™" cells in the CD11c*CD206% cell popula-
tion were significantly increased in HFD-fed mice (Figure 1G,H).
These data suggest that the CD11¢*CD206*CD146" subpopula-
tion in VAT of HFD-fed mice is over-represented during obesity.

To further evaluate the obesity-associated expression of
CD146 on macrophages, we measured CD146 expression on
mouse bone marrow-derived macrophages (BMDMs) treated
with adipocyte culture medium (ACM), which contains a large
amount of lipid and cytokine components, and well mimics
the microenvironment of adipose tissue.[*?*! Compared with
BMDMs treated with medium control, ACM-treated BMDMs
showed higher levels of CD11c, CD206, and CD146 by flow cy-
tometry analysis (Figure 1I). Real-time PCR and western blot-
ting analyses also revealed that ACM treatment significantly in-
creased the mRNA and protein levels of CD146 (Figure 1],K). To
confirm that CD146 expression is regulated by saturated fatty
acids, we treated BMDMs with palmitic acid, which mediated
a dose-dependent increase in CD146 expression (Figure 1L,M).
Together, these data suggest that saturated fatty acids promote
the expression of CD146 on macrophages and that CD146*
macrophages represent a potential pro-inflammatory population
in obesity.

2.2. Deficiency of Macrophage CD146 Prevents Diet-induced
Obesity

To further evaluate the role of CD146" macrophages in diet-
induced obesity, we applied the HFD model to macrophage
CD146-conditional knockout mice (M-KO) and their control lit-
termates (M-WT). The mouse strains had similar weight gain
with regular chow diets (Figure S2A, Supporting Information).
However, after 16 weeks, the weight gain was significantly lower
in HFD-fed M-KO mice than that in HFD-fed M-WT mice, sug-
gesting that CD146" macrophages promote diet-induced obesity
(Figure 2A). Subsequent EchoMRI scans and adipose tissue anal-
ysis confirmed that the lower weight in M-KO mice stemmed
from fat mass decrease without any change in lean mass (Fig-
ure 2B-E). Notably, the reduced weight gain in HFD-fed M-
KO mice compared with HFD-fed M-WT mice was not asso-
ciated with food intake (Figure 2F), suggesting that the differ-
ences could be metabolic in nature. To confirm this possibility, we
performed a metabolic-cage analysis. As shown in Figure S2B—
E (Supporting information), mice fed with a regular chow diet
had similar food intake, energy expenditure, and respiratory-
exchange ratio (RER). In contrast, HFD-fed M-KO mice displayed
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Figure 1. Accumulation of CD146-expressing macrophages in adipose tissue during diet-induced obesity. A) Surface staining of CD11b, F4/80, CD11c,
and CD206 on CD45.1*CD11b* leukocytes obtained from visceral adipose tissue (VAT) of mice fed with chow diet (ND) or high fat diet (HFD) (n = 7).
The numbers in the outlined areas indicate the percentages of each gate. B) The ratio of percentages of CD11ct*CD206 to CD11c~CD206" adipose
tissue macrophages (ATMs) in ND and HFD-fed mice (n = 7). C) Percentages of the CD11ctCD206" population in F4/80" macrophages (n = 7).
D) Cell number of CD146% ATMs in VAT from ND- and HFD-fed mice (n = 7). E) Cell surface staining of CD11c and CD146 in VAT CD11b*F4/80*
cells from ND- and HFD-fed mice. The numbers in the outlined areas indicate the percentages for each gate. F) Percentages of CD11c*CD146" and
CD11c"CD146™ populations in VAT F4/80% macrophages from ND- and HFD-fed mice (n = 7). G) Percentages of CD146™ cells in CD11¢*CD2067,
CD11c¢~CD206~, CD11c~CD206*, and CD11ctCD206" populations from VAT macrophages in ND- and HFD-fed mice (n = 7). H) Cell numbers of
CD11ctCD2067CD 146" ATMs in VAT from ND- and HFD-fed mice (n = 7). ) Surface staining of CD11¢, CD206 and CD146 in adipocyte culture
medium (ACM) or control medium-treated bone marrow-derived macrophages (BMDMs; representative of n = 3). J) Relative CD146 mRNA expression
in BMDMs after ACM stimulation for the indicated times (n = 3). Data were normalized to that of no ACM treated group. K) Immunoblotting of CD146
protein in BMDMs with or without ACM stimulation (representative of n = 3). L) Relative CD146 mRNA expression in BMDMs after stimulation with
the indicated concentrations of palmitic acid for 24 h. Data were normalized to that of the no palmitic acid-treated group. M) Flow cytometry analysis of
CD146 protein expression on BMDMs after stimulation with the indicated concentration of palmitic acid for 24 h. Each symbol represents an individual
mouse (B, C, D, F, G, and H) or an experiment (J, L); the short horizontal lines indicate the mean + SEM (B, C, D, F, G, and H) or SD (J, L). Significance
analysis was performed using a two-tailed t-test (B, C, D, F, and H) or one-way ANOVA (G, |, and L). n.s., not significant; *p < 0.05, **p < 0.01,
7'r~.':~,':p < 0.001.

Adv. Sci. 2022, 9, 2103719 2103719 (3 0f17) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED APV g

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com
A B C D E
o M-WT
-o- M-WT
0 40 30 i 15 34" MKO £ 06 xx
50 s L —~ o ) i - ° (]
= o 30 2 00 - ° . 2 .
= -1 @ 20 o £ 10 B2 . > 04
D 40 @ . a g . = 1@ 8
H @ 20 g o ° 5 ° 2
> 30 € 2 ] = P
oy = < 10 L 05 1 oo @ 02
o T ® = ]
s} w 10 ] L I -
20 ool 8 - ﬁ'l : E
o 0 0.0 0 - ol 5 & o0
0 4 8 12 16 T T T T T T T -
Weeks after HFD MWT M-KO M-WT M-KO M-WT M-KO Ing Epi Ret M-WT M-KO
F
HFD
0420~ MWT .
~o - M-KO cKE)
o2 o=
2 = 0.10¢ % .5’
X9 =
£ 2 o0 €2
sy o
§ § 0.06: = u8_ g !
28 .| Light Light
0.04 0.3+ m £ |.mq
12 3 4 0 12 24 36 48 0 12 24 36 48
Day Hours elapsed Hours elapsed
| J K
o M-WT

B e

515 o 5 =+
eee
1.0
= = o0 ns
1A i
Ll
0.0 I . -

T T
Hours%flapsed36 ® Cho TG FFA HDL-C LDL-C

0 12

L M N

300 2500 ” 51 . oy 4
Z oo 3200 ° ch E. 7 = .
Ezoo N 1500 = . E "
7] o [
g o [*°] £ 1000 . 221 % 2
8 100 -4 ° =
T ° 8 500 21 ™ g 10
< o~ -~ <! =]
0 T T < 0 T T 0 T T o
M-WT M-KO M-WT M-KO M-WT M-KO

LA S ]

Figure 2. Deficiency of CD146 on macrophages prevents diet-induced obesity. A) Weight gains of CD146-conditional knockout mice (M-KO) and their
control littermates (M-WT) fed with HFD (n = & for each group). B) EchoMRI scans of fat mass (left) and lean mass (right) of M-WT and M-KO mice
fed with HFD for 12 weeks (n = 5). C) The ratio of fat mass to lean mass (n = 5). D) Weights of inguinal white adipose tissue (ingWAT), epididymal
white adipose tissue (epiWAT), and retroperitoneal white adipose tissue (retWAT) from M-WT and M-KO mice (n = 7). E) The ratio of fat mass to body
weight in M-WT and M-KO mice fed with HFD (n = 5). F) The relative daily food intake and average food intake of HFD-fed mice (n = 14 for M-WT or 10
for M-KO). The metabolic-cage analysis for G) the volume of oxygen consumption (VO2), H) energy expenditure (EE), and 1) respiratory exchange ratio
(RER) (n =5 for each group). J) The concentrations of sera lipid metabolic parameters in M-WT and M-KO mice fed with HFD (n = 8). K) Representative
H&E stained images of WAT (n = 3 images per mouse). L) Numbers of adipocytes per field (left) or areas of adipocytes (right) (n = 6 for M-WT or 8 for
M-KO mice). M) Liver weight of HFD-fed M-WT and M-KO mice (n = 7). N) Representative H&E stained images of the liver (n = 3 images per mouse).
O) Representative Oil-red-O stained images of the liver (n = 3 images per mouse). P) Liver triglyceride (TG) of HFD-fed M-WT and M-KO mice (n = 7).
Each symbol (B, C, D, E, F, J, L, M, and P) represents an individual mouse; the short horizontal lines indicate the mean + SEM. For significance analysis,
a two-tailed t-test (B, C, E, F, L, M, and P) or one-way ANOVA (J) was performed. n.s., not significant; *p < 0.05, **p < 0.01.

greater energy expenditure than their WT control littermates ~ M-KO mice compared with M-WT mice (Figure 2K), which is
(Figure 2G,H); however, no difference was detected in their RER  consistent with the reported association of hypertrophic visceral
and physical activities (Figure 2I and Figure S2F, Supporting In-  adipocytes with increased FFA levels.[?] Furthermore, the num-
formation), suggesting that CD146™ macrophages are associated ~ ber of adipocytes per field was also increased in M-KO mice
with obesity-induced metabolic changes. than in the M-WT mice (Figure 2L). It has been shown that

To further elucidate the contribution of CD146* macrophages  hypertrophic adipocytes are more lipolytic and lead to an aug-
to obesity, we evaluated sera lipid metabolic parameters. M-KO  mented risk of fatty liver.[2>2°] Therefore, we isolated livers from
mice had reduced serum levels of cholesterol (Cho), triglyceride =~ M-WT and M-KO mice and measured their weights and lipid
(TG), free fatty acids (FFA), high-density lipoprotein (HDL) and  content. M-KO mice had smaller and lighter livers (Figure 2M),
low-density lipoprotein (LDL) (Figure 2J). Hematoxylin and eosin ~ with smaller clusters of lipid droplets (Figure 2N,0), which was
(H&E) staining of VAT revealed markedly smaller adipocytes in ~ confirmed by measuring the liver TG (Figure 2P). Collectively,
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Figure 3. Deficiency of CD146 on macrophages improves insulin sensitivity. Fasting blood concentrations of A) glucose and B) insulin in HFD-fed M-WT
and M-KO mice. C) Oral glucose tolerance test (GTT) in M-WT and M-KO (n = 8 for each group) mice fed an HFD for 12 weeks. Right, the ratio of the
area under the curve (AUC). D) Insulin tolerance test (ITT) in HFD-fed M-WT and M-KO adjusted to the percentage of fat mass gained after 12 (M-WT)
or 20 (M-KO) weeks (n = 7). Right, the ratio of the AUC. E) M-WT (n = 5) and M-KO (n = 6) HFD-fed mice were injected intraperitoneally with 1 U
kg~" insulin. Immunoblot analyses of epiWAT and ingWAT tissue samples were performed using antibodies specific to AKT and phospho-AKT (pAKT-
S473). Right histogram panels, quantification of p-Akt levels relative to total Akt levels in epidermal white adipose tissue (epiWAT) and inguinal white
adipose tissue (ingWAT). F) Ex vivo analysis of the insulin sensitivity of epiWAT cocultured with M-WT or M-KO macrophages (representative of n = 3).
Immunoblot analyses of G) epiWAT and H) ingWAT tissue samples using antibodies specific to CD146, ERK, phospho-ERK, UCP1, and f-actin. Right
histogram panels, quantifications of CD146 levels relative to f-actin, p-ERK levels to ERK, and UCP1 levels to f-actin. I) Immunoblot analyses of ingWAT
tissue samples cocultured with or without M-WT or M-KO macrophages for 24 h using antibodies specific to UCP1 and f-actin (representative of n = 3).
J) Immunoblot analyses of UCP1 and g-actin in ingWAT tissue samples from mice kept at room temperature (RT) or 4 °C for 72 h (representative of n =
3). Each symbol represents an individual mouse (A, B, E, G, and H) or an experiment (C, D, F, and I); the short horizontal lines indicate the mean + SEM
(A, B, E, G, and H) or SD (C, D, F, and I). For significance analysis, a two-tailed t-test (A, B, C, D, and E) or two-way ANOVA with multiple-comparison
test (C and D) or one-way ANOVA (F, G, H, and 1) was performed. *p < 0.05, **p < 0.01, ***p < 0.001.

these data suggest that CD146* macrophages promote the devel-  macrophages on glucose homeostasis. Fasting glycemia was
opment of diet-induced obesity. significantly reduced in HFD-fed M-KO mice after 16 weeks
(Figure 3A), with a corresponding reduction in fasting insu-
linemia (Figure 3B). Furthermore, in glucose tolerance tests
2.3. Deficiency of Macrophage CD146 Improves Insulin (GTTs), HFD-fed M-KO mice had improved glucose tolerance
Sensitivity (Figure 3C). These data suggest that CD146" macrophages dis-
rupt glucose homeostasis. To validate this speculation, we per-
Obesity is associated with glucose tolerance dysfunction and in-  formed insulin tolerance tests (ITTs). The M-KO mice were more
sulin resistance. Therefore, we examined the effect of CD146"  responsive than their M-WT littermates to insulin stimulation
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(Figure 3D). These genotype-specific metabolic differences are
likely related to weight gain, because no significant differences in
glucose tolerance and insulin sensitivity between ND-fed M-WT
and M-KO mice were observed (Figure S3A—-C, Supporting Infor-
mation). As additional confirmation, we isolated epidermal and
inguinal white adipose tissue (epiWAT and ingWAT) from HFD-
fed mice treated with insulin for 10 min. As shown in Figure 3E,
AKT phosphorylation levels in epiWAT and ingWAT were higher
in M-KO mice than in M-WT mice. The enhanced AKT activation
in M-KO mice was confirmed in skeletal muscle and liver tis-
sue (Figure S3D, Supporting Information). Together, these data
suggest that insulin signaling under HFD conditions is more po-
tent in M-KO mice. To evaluate whether this difference in insulin
signaling is determined by CD146" macrophages, we cocultured
WAT isolated from HFD-fed WT mice with or without M-WT
or M-KO macrophages. After insulin stimulation, the AKT phos-
phorylation levels were significantly increased in WAT cultured
alone, while the phosphorylation was suppressed to about 60%
in WAT cocultured with M-WT macrophages. In contrast, cocul-
ture with M-KO macrophages restored the phosphorylation level
to about 90% (Figure 3F). These results confirm that CD146*
macrophages inhibit the insulin sensitivity of WAT.

Macrophages in VAT are associated with diminished beige adi-
pogenesis mediated by ERK activation.[?’”] Therefore, we evalu-
ated the ERK phosphorylation and expression of uncoupling pro-
tein UCP1, which induces thermogenic activity in WAT. Both
epiWAT and ingWAT from M-KO mice had reduced ERK phos-
phorylation and elevated UCP1 levels (Figure 3G,H and Fig-
ure S3E, Supporting Information), suggesting that CD146 dele-
tion in macrophages reduces the inflammation-associated im-
pairment of beige adipogenesis in obesity. The upregulation of
UCP1 was further confirmed by ex vivo coculture with M-WT or
M-KO macrophages (Figure 31) and cold-induced thermogenesis
in mice (Figure 3] and Figure S3F, Supporting Information).

2.4. Deficiency of Macrophage CD146 Reduces their Retention in
Adipose Tissues

The number of macrophages in adipose tissues was deter-
mined by the ratio of influx to egression. In our previous
study, we demonstrated that CD146 inhibits the egression of
macrophages from atheroma plaques during atherosclerosis.!"’!
In this study, we observed that interleukin 4 (IL-4)-induced
M2-like macrophages have lower levels of CD146 expres-
sion (Figure S4A,B, Supporting Information) and higher mi-
gration ability (Figure S4C,D, Supporting Information) than
lipopolysaccharide (LPS)/ interferon gamma (IFN-y)-induced
M1-like macrophages. In addition, CD146-deletion downregu-
lated some M1/M2-related membrane molecules, such as F4/80,
major histocompatibility complex class II (MHCII), CD206,
CDl11c, and CD16/32 (Figure S4E, Supporting Information).
Therefore, we hypothesized that the expression of CD146 may
block the egression of ATMs from VAT. Consistent with this
possibility, ACM treatment reduced the migration capacity of
BMDMs, which was restored by CD146 deficiency; similar re-
sults were observed using the chemokine (C-C motif) ligand 19
(CCL19) (Figure 4A,B), which has been reported to mediate the
emigration of tissue macrophages into draining lymph nodes.!?8!
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Next, we isolated ATMs from M-WT and M-KO mice fed with
HFD for 12 weeks. As shown in Figure 4C, an increase in migra-
tion ability was observed for ATMs from M-KO mice.

To confirm the role of CD146 on the emigration of ATM from
VAT, we performed a macrophage tracking experiment with a
bone marrow transfer model (Figure 4D).'"] Bone marrow cells
from M-WT or M-KO donor mice were transferred to lethally irra-
diated CD45.17 CD146 WT recipient mice that had been fed with
HFD for 10 weeks. The mice were injected with fluorescent mi-
crospheres when the reconstitution was complete (after 8 weeks).
On the 10™ day after microsphere injection, when there was opti-
mal recruitment of labeled monocytes into VAT and clearance of
labeled monocytes from the peripheral blood (Figure S4F,G, Sup-
porting Information), was defined as the baseline. The numbers
of labeled macrophages in VAT were similar at baseline but were
significantly reduced on day 14 in VAT from M-KO—CD45.1
mice compared with M-WT—CD45.1 mice (Figure 4E), with
simultaneously increased numbers of labeled macrophages in
mesenteric lymph nodes (Figure 4F). These results suggest that
while CD146 inhibits the emigration of macrophages from the
VAT to the periphery, it has little effect on the migration from
the periphery to the VAT, which is consistent with our previous
study.*®l Moreover, although there was no significant difference
in weight gain (with M-KO—CD45.1 mice showing less weight
gain in the last two weeks) (Figure 4G, Figure S4H, Supporting
Information), lower fasting glycemia levels were detected in M-
KO—CD45.1 mice than in M-WT—CD45.1 mice (Figure 4H).
Importantly, M-KO—CD45.1 transfer improved glucose toler-
ance and insulin sensitivity (Figure 41,]). Collectively, these data
suggest that CD146 on macrophages facilitates the retention of
ATM and promotes inflammation in diet-induced obesity.

2.5. Deficiency of Macrophage CD146 Mitigates
Pro-Inflammatory Polarization

In obesity, hypertrophic adipose tissue and insulin resistance
have been attributed to heightened inflammation, caused mainly
by ATM pro-inflammatory polarization.[?l These findings sug-
gest that CD146 controls the pro-inflammatory polarization of
ATM. To determine whether CD146" macrophages are pro-
inflammatory, we isolated CD146" and CD146~ macrophages
from F4/80*CD11c*CD206" macrophages in HFD mice and
measured the expression of Ml-like genes, including Tnfa,
Il6 and Ifng, and M2-like genes, including Argl, Mgll, and
1110, using real-time PCR. As shown in Figure 5A and B, the
expression of the M1-like genes was higher, while those of
M2-like genes were lower in CD146% cells than in CD146™ cells.
These data suggest that CD146" macrophages may constitute
a pro-inflammatory population during diet-induced obesity. To
confirm, we evaluated the inflammation levels and ATM pheno-
types in VAT from M-WT and M-KO mice fed with HED by flow
cytometry and immunohistochemical staining. The total num-
bers of CD45% cells, CD3* T cells, and ATMs were significantly
reduced in epiWAT obtained from M-KO mice (Figure 5C-F).
Moreover, the number of CD11c*CD206" macrophages was sig-
nificantly reduced in epiWAT from M-KO mice (Figure 5G). Fur-
thermore, among cells expressing the M2 marker CD206, there
was a significant increase in CD11¢~CD206" macrophages in
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Figure 4. Macrophage deficiency of CD 146 reduces macrophage retention in the adipose tissue. A) Represented images (200x) and B) statistical analysis
of BMDMs treated with medium or ACM for 24 h (representative of n = 3). Migration assays were performed in the presence of sera or CCL19. C)
Migrated cells from isolated VAT ATMs in the presence of sera or CCL19 (representative of n = 3). D) Schematic representation of the macrophage
tracking model. E) In vivo analysis of the recruitment of bead-labeled macrophages to and retention in VAT of CD146MWT—CD45.1+ (M-WT HSC) and
CD146MKCCD45.1* (M-KO HSC) mice fed with HFD (n = 5 mice per group). F) Mean numbers of beads in mesenteric lymph nodes on days 10
and 14 (n =5 mice per group). G) Body weight gain of M-WT HSC and M-KO HSC mice (n = 5). H) Fasting blood concentrations of glucose in M-WT
HSC and M-KO HSC mice (n = 5). ) GTT and J) ITT of M-WT HSC and M-KO HSC mice (n = 5 for each group). The histograms on the right show
the corresponding AUCs. Each symbol represents an experiment (B, C, |, and ) or an individual section (E, F) or mouse (H); the short horizontal lines
indicate the mean + SEM (H) or SD (B, C, E, F, I, and ]) . For significance analysis, one-way ANOVA (B, C, E, and F) or two-tailed t-test (H, |, and J) or

M-KO mice (Figure 5H). Importantly, we found that VAT ATMs
isolated from M-KO mice displayed a marked down-regulation
of pro-inflammatory M1-related genes, including Tnfa, 116, Il1b,
and Ifng, and an upregulation of M2-related genes, such as Argl,
Mgl1, and 1110 (Figure 5I). Consistently, the plasma levels of TNF-
a, IL-6, IL-18, and IFN-y, measured using cytokine array analysis,
were decreased in M-KO mice (Figure 5]). These data suggest
that CD146 deficiency polarizes macrophages toward an M2-like
phenotype during diet-induced obesity.

To confirm these findings, we stimulated BMDMs from M-
WT and M-KO mice with ACM over a time course and then de-
tected M1- and M2-related gene expression by real-time PCR. As
shown in Figure 5K, ACM-treated M-KO macrophages expressed
higher levels of M2-related genes, including Arg1, Mgl1, and 1110,
and lower levels of M1-related genes, including iNos, Tnfa, Il1b,
and I16. These results were further confirmed in palmitic acid-

of M2-related genes (Figure 5L). Together, these results suggest
that CD146 deletion promotes M2 polarization under hyperlipi-
demia conditions.

2.6. CD146 Interacts with Gp130 and Negatively Regulates the
STAT3 Activation

Our previous study showed that macrophage CD146 inter-
acts with CD36 in response to oxidized low-density lipopro-
tein (oxLDL) stimulation.[') However, this study revealed that
CD36 expression is downregulated upon ACM stimulation (Fig-
ure S6A, B, Supporting Information), suggesting that the CD146-
CD36 interaction is not involved in macrophage polarization. To
elucidate other potential mechanisms of the CD146-promoted
pro-inflammatory program of macrophages in HFD-induced

stimulated BMDMSs (Figure S5A, Supporting Information) and
also in the LPS/IFN-y -induced M1 and IL-4 induced M2 (Fig-
ure S5B, Supporting Information). As additional confirmation,
inhibition of CD146 with a functional antibody, AA98, decreased
the expression of M1-related genes and promoted the expression

Adv. Sci. 2022, 9, 2103719

obesity, we first evaluated signaling pathway activation in CD146
YT and CD146 X© macrophages after in vitro stimulation with
ACM. As shown in Figure 6A,B and Figure S6C, D (Support-
ing Information), stimulation for 10-30 min markedly increased
the phosphorylation of ERK, JNK, p38, and AKT in CD146 YT
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Figure 5. Macrophage deficiency of CD146 mitigates pro-inflammatory polarization. Relative mRNA expression of A) M1- and B) M2-like genes in
CD146" and CD146~ VAT macrophages isolated from HFD-fed mice (n = 3). C) Cell numbers of CD45" and CD3* cells in VAT from M-WT (n = 7)
and M-KO (n = 11) HFD-fed mice. D) The percentages and numbers of CD11b*F4/80" ATMs in VAT from M-WT (n = 7) and M-KO (n = 11) HFD-fed
mice. E) Immunofluorescent staining of CD11b (red) in VAT. Nuclei were counterstained with DAPI (blue) (representative of n = 3). Scale bar, 50 um.
F) Representative CD68-stained images of VAT (representative of n = 3). G) Numbers of CD206TCD11ct ATMs in VAT from M-WT (n = 7) and M-KO
(n = 11) HFD-fed mice. H) Percentages of CD11c~CD206" cells in VAT ATMs from M-WT (n = 7) and M-KO (n = 11) HFD-fed mice. I) Relative gene
expression of Tnfa, 116, Il1b, and Ifng in isolated ATMs from M-WT and M-KO HFD-fed mice (n = 3). J) Concentrations of sera TNF-a, IL-6, IL-14, and
IFN-y from M-WT (n = 5) and M-KO (n = 6) mice. K) Relative expression of M2-related and M1-related genes in the BMDMs after ACM stimulation
(representative of n = 3). L) Relative expression of M2-related and M1-related genes in BMDMs after ACM stimulation in the presence of anti-CD146
antibody AA98 or control isotype mouse 1gG (50 ug mL™") (representative of n = 3). Each symbol represents an individual mouse (A, B, C, D, G, H, |,
and J) or an experiment (K and L); the short horizontal lines indicate the mean + SEM (A, B, C, D, G, H, |, and J) or SD (K and L). Significance analyses

were performed using a two-tailed t-test (A, C, D, G, and H) or one-way ANOVA (B, |, J, K, and L).

cells, which is suggestive of increased pro-inflammatory polar-
ization, whereas p-STAT3 or p-p65 were marginally induced.
However, STAT3 phosphorylation level was markedly higher, but
JNK activation was lower in CD146 X© macrophages than in
CD146 VT macrophages, though no significant difference was
detected in ERK, p65, p38 and AKT phosphorylation in CD146
WT versus CD146 X© macrophages. To elucidate whether the M2-
like polarization in M-KO cells depends on the STAT3 activa-
tion, we measured M1/M2-related genes in STAT3 inhibitor-
treated BMDMs. As shown in Figure SGE (Supporting Infor-

Adv. Sci. 2022, 9, 2103719

*p<0.05, **p<0.01, ***p<0.001.

mation), the M2-related genes (Argl, Mgll, and Yml) were sig-
nificantly increased in M-KO cells; however, STAT3 inhibitor
markedly reduced their upregulation. These data suggest that
CD146-induced pro-inflammatory polarization occurs, at least in
part, via JNK and STAT?3 signaling pathways.

STAT3 signaling is downstream of the IL-6 signaling
pathway.[?] Moreover, ACM is reported to typically contain
IL-6 cytokine. To clarify whether CD146 regulates IL-6 signaling,
we measured p-STAT3 levels after stimulation by different doses
of IL-6. As shown in Figure 6B,C and Figure S6D (Supporting

2103719 (8 of 1 7) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. CD146 interacts with Gp130 and negatively regulates the STAT3 activation. Immunoblot analyses of BMDMs stimulated A) with ACM for the
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Information), the upregulation of p-STAT3 levels was signif-
icantly increased in a dose-dependent manner, either under
ACM or IL-6 stimulation. In addition, the p-STAT3 levels were
markedly higher in M-KO cells than in M-WT cells. These data
suggest that CD146 is negatively involved in the activation of
IL-6-induced signaling. To determine how CD146 controls IL-6
signaling, we performed immunoprecipitation (IP) assays using
a CD146-Flag-overexpressing RAW264.7 cell line. The results
demonstrate that CD146 interacts with glycoprotein 130 (Gp130),
a signal transducer for the IL-6 family,!"3l and with Janus Kinase
1 and 2 (JAK1, JAK2), though interaction with IL-6 receptor
a (IL-6Ra) was not detected. The interaction between CD146,
Gp130, and JAK1/2 was independent of IL-6 but was slightly
increased upon ACM stimulation (Figure 6D). In addition, no
interaction of CD146 and IL-6 was observed (Figure S6F, Sup-
porting Information). These results indicated that Gp130 could
be a new interacting partner protein for CD146 in macrophages.
Pull-down and ELISA assays verified that the interaction of
CD146 and Gp130 is direct (Figure GE,F). Therefore, to map
which domain of CD146 is required for the interaction between
CD146 and Gp130, we constructed several domain truncations
of CD146, including domain 1 deletion (AD1), domain 1 to 2
deletion (AD1-2), domain 1 to 3 deletion (AD1-3), domain 1
to 4 deletion (AD1-4) and intracellular domain deletion (AC63)
(Figure 6G). IP assays showed that these truncations did not
affect the CD146/Gp130 interaction (Figure 6H), suggesting that
the remaining domain (domain 5) may mediate this interaction.
Furthermore, by using ELISA and IP assays, the CD146 antibody
AA98, for which the binding epitope is located in domain 5,3%
partially inhibited this interaction (Figure G6F,I). Consistent
with a critical role for domain 5, AA98 treatment promoted the
activation of STAT?3 signaling (Figure 6]).

The Gp130 protein was not significantly increased in ATMs
from HFD mice or ACM-treated BMDMs (Figure S6G-I, Sup-
porting Information). Because Gp130 is the co-receptor for IL-
6 family members and IL-6 promotes M2 polarization,['*1¢] we
determined whether IL-6 blocks the association of CD146 and
Gp130 in macrophages. As shown in Figure 6K, IL-6 slightly
affected the interaction between CD146 and Gp130 in the ab-
sence of ACM; however, in the presence of ACM, the interac-
tion was blocked by IL-6 to some extent. In addition, the acti-
vation of STAT3 induced by IL-6 was similar to that observed
with the AA98 treatment (Figure 6]). Because IL-6 did not inter-
act with CD146, these data suggest that CD146 could be a com-
petitive inhibitor for the IL-6 signal. Together, these data suggest
CD146/Gp130 interaction blocks the IL-6-induced STAT3 signal-
ing activation and promotes the pro-inflammatory polarization of
ATMs under hyperlipidemia conditions.

2.7.CD146/Gp130 Axis Promotes the SOCS3 Expression

The IL-6 induced STAT?3 activation was negatively regulated by
other regulators, such as the well-known negative regulator, Sup-
pressor Of Cytokine Signaling 3 (SOCS3),*!l and Protein In-
hibitor Of Activated STAT 3 (PIAS3).1*2] To further elucidate how
CD146 negatively regulates the STAT?3 activation, we tested the
above mentioned regulators in M-WT and M-KO BMDMs under
hyperlipidemia conditions or IL-6 stimulation. As shown in Fig-
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ure 7A, Gp130 expression did not differ between M-WT and M-
KO BMDMs; however, Pias3 and Socs3 genes were significantly
reduced in M-KO BMDMs. The downregulation of SOCS3 pro-
tein in M-KO BMDMs was also confirmed by western blot (Fig-
ure 7B).

To further confirm the role of CD146-Gp130 association in
macrophage polarization, we knocked down Gp130 expression
using siRNA in CD146-knockdown Raw264.7 cells and evalu-
ated the expression of polarization-related genes, such as Argl,
Mgl1, Ym1, iNOS, Il1b, and Il6. As shown in Figure 7C, un-
der either ACM or IL-6 stimulation, Gp130 knockdown impaired
the switch to M2-polarization, while CD146 knockdown attenu-
ated this defect. In addition, both Gp130 and CD146 knockdown
impaired the SOCS3 expression to some extent, while Gp130
and CD146 double knockdown significantly reduced its expres-
sion (Figure 7C), suggesting that the SOCS3 expression at least
partially depends on CD146/Gp130 signaling axis. Furthermore,
the CD146/Gp130 signaling axis also played a positive role in
JNK activation (Figure 7D), which has been reported to posi-
tively regulate the SOCS3 expression.*3] Collectively, our find-
ings suggest that CD146-Gp130 interaction contributes to the
pro-inflammatory polarization of macrophages under hyperlipi-
demia conditions and that polarization is regulated by the balance
between STAT3 and JNK signaling (Figure 7E, proposed model).

2.8. Antibody targeting of CD146 inhibits diet-induced VAT
inflammation and improves insulin resistance

Our previous study demonstrates that AA98 alleviates atheroscle-
rosis by promoting the emigration of macrophages from the
atheroma.[*] Therefore, we hypothesized that AA98 treatment
might inhibit obesity-associated inflammation and improve glu-
cose homeostasis. To evaluate this possibility, we fed C57BL/6]
male mice with HFD for 12 weeks (Figure 8A). Then, we divided
the mice into two groups and continued administering HFD.
At the same time, we injected AA98 antibody or control mIgG
(10 mg kg™!) intraperitoneally on the 13™ week and weekly for an-
other 11 weeks (8 mice per group). The AA98-treated mice had
lesser gain weight (Figure 8B) and lower levels of sera TG and
FFA than the control mIgG mice (Figure 8C). Moreover, the AA98
treatment significantly reduced fasting glycemia (Figure 8D).
Though the effect of shorter treatment with AA98 antibody on
glucose homeostasis was minimal, AA98 treatment modestly im-
proved glucose tolerance and insulin resistance after 8 weeks
(Figure S7A,B, Supporting Information), with significantly im-
proved GTT and ITT results in AA98-treated mice after 12 weeks
(Figure 8E,F). These effects are unlikely to be explained by tar-
geting CD146 on endothelial cells, as there were no significant
differences in the weight gain, fasting glycemia, or glucose home-
ostasis between endothelial CD146 conditional knockout mice
(CD1465X0) and their controls after HFD feeding (Figure S7C~
E, Supporting Information). In addition, higher insulin sensitiv-
ity of AA98-treated mice was accompanied by a higher level of p-
AKT and a lower level of p-ERK1/2 in VAT (Figure 8G). The VAT
of AA98-treated mice also had lower infiltration of CD457 cells,
including CD4*, CD8*, and CD11b* populations than those in
the VAT of the control mIgG mice (Figure 8H). Further analysis
showed that CD11b*CD11c* dendritic cells and CD11b*F4/80"
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served as control. Right panel, quantitative analysis of the SOCS3/actin ratio of BMDMs under various stimuli (n = 3). C) Analysis of mRNA levels
from Raw264.7 cells. KD, knockdown; D-KD, Gp130, and CD146 double knockdown. D) Immunoblot analyses of activated JNK protein in manipulated
Raw264.7 cells treated with ACM for 20 min. KD, knockdown; D-KD, Gp130 and CD146 double knockdown. Total JNK protein was served as the loading
control. Right panel, quantitative analysis of the p-)NK/JNK ratio (n = 3). E) Proposed model for the role of the CD146-Gp 130 interaction in macrophage
polarization. Upon ACM stimulation, CD146 interacts with Gp130 to inhibit ACM (mainly IL-6)-induced STAT3 activation. It also activates the JNK signal
and promotes the expression of M1-related genes and SOCS3, which enhances the STAT3 inhibition. Conversely, when CD 146 is blocked by an antibody
or deleted, its association with Gp130 is disrupted; in turn, it inhibits the JNK signaling and activates STAT3 signaling, promoting the anti-inflammatory
polarization, which is similar to the effect of a larger amount of IL-6-stimulation alone. Each symbol represents an experiment (A-D); the short horizontal
lines indicate the mean + SD. One-way ANOVA (A-D) was performed to test the statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001.

macrophages, especially CD11c*CD206*CD146% macrophages,
were significantly reduced after AA98-treatment (Figure 8I). Col-
lectively, these data suggest that macrophage CD146 could be a
novel target for obesity-induced chronic inflammation and in-
sulin resistance.

3. Discussion

In this study, we identified a subset of CD146* ATMs that accu-
mulates in adipose tissue and promotes the development of di-
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etary obesity and adipose inflammation, leading to systemic in-
sulin resistance. We demonstrated an essential role for CD146 in
macrophage polarization and the induction of a macrophage pro-
inflammatory program under hyperlipidemia conditions. Fur-
thermore, we demonstrated that CD146 acts as a regulator of IL-6
signaling by associating with Gp130. Inactivation of the CD146
gene or antibody targeting of CD146 releases the Gp130 pro-
tein from its association with CD146, steering ATMs toward anti-
inflammatory polarization, thus attenuating obesity-associated
adipose tissue inflammation and metabolic abnormalities, which
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Figure 8. Targeting of CD146 with functional antibody AA98 inhibits VAT inflammation in diet-induced obesity. A) Body weights of C57 mice fed with ND
(n=6) or HFD (n = 25). HFD mice were treated with AA98 antibody or control migG (n = & per group). Concentrations of B) sera TG and FAA and C)
glucose in ND-fed (n = 5) and HFD-fed mice treated with AA98 (10 mg kg™', n=6) or migG (10 mg kg™', n = 7) for 12 weeks. D) GTT and E) ITT of ND-
and HFD-fed mice treated with AA98 or migG (n = 6 each). The histograms on the right show the corresponding AUCs. F) Immunoblotting analysis of
AKT, p-AKT, ERK, p-ERK, and f-actin of VAT from antibody-treated mice intraperitoneally injected with 1 U kg™" insulin for 10 min (representative of n =
3). G,H) Cell numbers of infiltrated leukocytes in VAT from ND-fed (n = 5) and antibody-treated mice (n = 7 for migG or 5 for AA98 group). Each symbol
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significance. *p < 0.05, **p < 0.01, ***p < 0.001.

is similar to the effect of IL-6 on macrophage polarization. Col-
lectively, this study provides evidence that macrophage CD146
targeting could serve as a potential therapeutic strategy to treat
obesity-induced insulin resistance.

Macrophages are the most important inflammatory cells
in adipose tissues with key roles in obesity-induced insulin
resistance,l'”) and reestablishing disrupted macrophage po-
larization provides a basis for therapeutic targeting. During
the obesity process, M1-polarization is induced to promote
pro-inflammatory changes in adipose tissue, which may lead to
systemic insulin resistance.** Macrophage M2-polarization is
associated with less inflammation, lower body weight,[*>*¢! im-
proved insulin sensitivity and white fat browning.?”*’] Targeting

Adv. Sci. 2022, 9, 2103719

adipose tissue-resident macrophages may serve as a potential an-
tiobesity immunotherapy.®®*! Our study indicates that CD146
is involved in the pro-inflammatory polarization of macrophages
under high-fat conditions, which affects overall metabolic health.
Under normal physiological conditions, the expression of CD146
in macrophages is low, while under inflammatory conditions,
CD146 is significantly upregulated. Consistently, CD146 has
been positively correlated with pulmonary inflammation.*!
In addition, we found in a previous study that in atheroscle-
rotic plaques, CD146 is highly expressed on macrophages,
controlled by the oxLDL-induced NFxB signaling activation.""]
Concordantly, in this study, we also observed an upregulation of
CD146 expression on macrophages under high-fat conditions.
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Reportedly, saturated fatty acid, such as palmitic acid, also acti-
vates the NF-x B signaling pathway; !l therefore, it was expected
that this signaling pathway at least partially regulated CD146
expression during obesity. Taken together, these studies suggest
that CD146 controls a macrophage pro-inflammatory program
for a variety of inflammatory conditions.

In obesity, M1-like macrophages promote insulin resistance,
which depends on FFA-induced activation of inflammatory sig-
naling pathways, including NF-«B and JNK. It has been shown
that removing M1-like macrophages from obese mice can re-
store insulin sensitivity!'’! without affecting body weight,[*? sug-
gesting that M1-like macrophage-induced insulin resistance is
independent of body weight. In contrast, M2-like macrophages
promote insulin sensitivity and decrease body weight and total
fat.[3>3¢] Therefore, strategies to increase the M2 proportion in
obesity have potential therapeutic value. Here, we demonstrated
that deletion of CD146 on macrophages reduces the expression
of pro-inflammatory genes, promotes insulin sensitivity, and no-
tably reduces body weight. These data suggest that ablation of
CD146 in macrophages not only reduces the expression of pro-
inflammatory factors but also promotes an M2-like phenotype
switch.

Although macrophages are implicated in systemic inflam-
mation and metabolic dysfunction in obesity, previous stud-
ies have speculated that they do not play causal roles, given
the lack of efficacy of anti-inflammatory therapies in prevent-
ing obesity.*>*3] However, accumulating evidence demonstrates
that macrophages are causal in energy storage and HFD-
induced weight gain.*#*1 A recent study has shown that adi-
pose tissue-resident macrophages promote lipid storage in mice
through the production of platelet-derived growth factor (PDGF),
which induces lipid retention in WAT adipocytes in a paracrine
manner.3® Tt introduces a new macrophage-centered paradigm
in metazoan energy storage. We determined that a population of
CD146" ATMs in adipose tissue plays a pro-inflammatory role
in diet-induced obesity. In addition, this population promotes
weight gain. Although the precise mechanism remains unclear,
mice with deletion of this population showed increased UCP1 ex-
pression in ingWAT and more energy expenditure, which might
be caused by the lower pro-inflammatory factors (mainly TNF-
a and IL-1p). We hypothesize that this population is composed
of adipose tissue-resident macrophages, given that in the bone
marrow transfer experiment, though the insulin sensitivity was
improved, the body weight gain was not significantly reduced in
M-KO HSC (CD146M*° - CD45.1%) transferred mice. Although
we could not exclude the possible effect of other myeloid cells,
such as neutrophils, our study identified a new population of adi-
pose tissue-resident macrophages in diet-induced obesity.

CD11c*CD206% macrophages were described as a novel
macrophage subset to facilitate adipose tissue inflammation and
insulin resistance in obese human subjects and mice models.[*#¢]
In mice, CD11c*CD206%" ATMs were markedly increased with
the prolonged HFD supplementation.[*’! CD11c*CD206" ATMs
in humans were reported to have features of classically acti-
vated macrophages (M1), yet also have features of alternatively
activated macrophages (M2),l° suggesting that CD11c*CD206*
ATMs have a dual role in adipose tissue. In our study, we identi-
fied that CD146*CD11c*CD206% ATMs comprised ~#60% of total
CD11c*CD206* ATMs in HFD-fed mice. In addition, this popu-
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lation was pro-inflammatory and associated with obesity-induced
metabolic syndrome. Deleting CD146 or targeting CD146 with
an antibody promoted the M2-like phenotype and attenuated the
obesity-induced metabolic dysfunction. These results shed light
on the possible novel anti-inflammatory therapies to deal with
the complications of obesity.

We also demonstrated that CD146 interacts with Gp130 in
macrophages. Gp130 is a common subunit for receptors of IL-
6 family cytokines and mediates downstream signal transduc-
tion of the JAK/STAT, RAS/MAPK, and PI3K/AKT pathways.[!}]
The activation of Gp130 signaling by IL-6 family cytokines in-
fluences a wide range of important biological processes, includ-
ing inflammation, cancer, and embryonic development.!121429]
Myeloid cell-specific deletion of Gp130 signaling leads to defec-
tive M2 macrophage polarization and exacerbates inflammatory
response.[*] In M2 polarization, STAT3 signaling is activated,
while deletion of STAT3 promotes M1 polarization.!*>° These
studies suggest that Gp130-STAT3 signaling facilitates M2 polar-
ization and suppresses inflammation. On the contrary, blockade
of Gp130 signaling has been reported to improve insulin sensi-
tivity in diet-induced obesity.['*] Contradictory effects have also
been observed in studies of IL-6, which has been shown to in-
crease in circulation with the degree of obesity.*!] Injection of IL-
6 impairs insulin sensitivity in mice;>2l however, global IL-6 defi-
ciency exacerbates insulin resistance and inflammation.[**! Regu-
latory mechanisms that mediate diverse IL-6 signaling effects re-
main elusive, though IL-6 signaling in myeloid cells has been re-
ported to attenuate obesity-induced inflammation and insulin re-
sistance by promoting alternative macrophage activation.['®] This
study demonstrated that CD146 is likely to be a key regulator
of macrophage polarization that influences IL-6 signaling. Un-
der hyperlipidemic conditions, CD146 is likely to associate with
Gp130 and/or other molecules, promoting M1-like polarization.
Blocking this association with Cd146 gene deletion or CD146 an-
tibody releases Gp130 and promotes IL-6-induced signaling, lead-
ing to M2-like polarization. These data explain why macrophages
in adipose tissue keep a pro-inflammatory phenotype regardless
of the presence of IL-6. Given that agents targeting IL-6 signaling
have been used in global inflammation disorders,*®! targeting
CD146 to stimulate IL-6 signaling in ATMs presents a promising
alternative strategy for obesity and other metabolic syndromes
that might be used to influence IL-6 signaling effects.

Our data also highlight the importance of CD146 in
macrophage retention during obesity-induced insulin resis-
tance. The accumulation of macrophages in obesity could
be explained by several mechanisms, including recruitment-
dependent and independent mechanisms.['®) Newer evidence
suggests that recruitment-independent mechanisms, such as im-
paired apoptosis, increased proliferation, and decreased egress,
are important for adipose tissue inflammation. The egress of
macrophages from inflamed tissue to local lymphoid tissues is
mainly dependent on classical chemokines®* and neural guid-
ance molecules.[?) However, in obese VAT, the signals involved
in macrophage egression and sustaining chronic inflammation
remain largely unknown. A recent study revealed that upregula-
tion of the neuroimmune guidance factor netrin-1 facilitates the
accumulation of macrophages in VAT by blocking chemokine-
induced migration, thus promoting insulin resistance,!>>
which provides insight into the role of retention in the accrual of
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macrophages in obese VAT. Increasing evidence has shown that
resident macrophages egress poorly from most tissues; therefore,
it will be of interest in future studies to address how the egres-
sion of VAT macrophages impacts their total numbers and in-
flammatory potential and whether signals other than netrin-1 are
involved in this egression process.**! Our previous study showed
that CD146 promotes macrophage retention in atherosclerotic
plaques and accelerates atherosclerosis development.[*! In this
study, we further demonstrate that CD146 promotes the reten-
tion of macrophages in the obese state. Therefore, CD146 may
serve as a potential therapeutic target for macrophage retention
in a variety of inflammatory diseases.

CD146 has also been reported to function in association with
CD36, a multifunctional class B scavenger receptor.!*”) CD36 is
highly expressed on macrophages and adipocytes, implicating its
role in the development of insulin resistance and diabetes.>>]
CD36 functions as a principal receptor for the uptake of long-
chain fatty acids and oxidized lipids, thereby leading to lipid
loading and foam cell formation, and its internalization trig-
gers inflammatory signaling cascades. CD36 has been shown
to facilitate macrophage infiltration and contribute to the in-
flammation in obese VAT, however, CD36 deficiency is asso-
ciated with human insulin resistance syndrome.[*>*°! Further-
more, in macrophages, the CD36 protein level has been shown
to be reduced under high FFA conditions due to ubiquitination-
mediated degradation.l®!] In our previous study, we have shown
that macrophage CD146 interacts with CD36 in response to
oxLDL stimulation.['?) However, ACM stimulation does not fa-
cilitate the interaction of CD146 and CD36. Moreover, CD36 ex-
pression is downregulated by ACM stimulation, suggesting that
the CD146-CD36 interaction is not involved in macrophage polar-
ization. Nevertheless, we cannot exclude the possibility that the
CD146-CD36 axis might be involved in macrophages function in
vivo. Therefore, the exact role of CD36 in obesity-induced insulin
resistance needs further study.

Our recent study also showed adipocytes CD146 as a recep-
tor for angiopoietin-like protein 2 (ANGPTL2) to promote adipo-
genesis and adipose inflammation.[®”! In macrophages, CD146
interacted with Gp130 but not with ANGPTL2, suggesting that
CD146 plays complex and multiple roles in diet-induced obe-
sity. Indeed, increasing evidence demonstrates that CD146 is a
multi-functional molecule implicated in a variety of biological
and pathological processes, such as tumor,[®*! inflammation,!*°!
pathogenic infections,!® and autoimmune disease.['*2°] CD146
has been a promising candidate therapeutic target for various
pathological processes. In obesity, CD146 is expressed on the vas-
cular cells, macrophages and adipocytes, all of which play pos-
itive roles in developing adipose tissue inflammation and in-
sulin resistance. Therefore, targeting CD146 could achieve the
goal of “one stone kills three birds” in treating obesity and its
associated comorbidities. In addition, for obesity-non-associated
insulin resistance,!l a lean of insulin-resistance macrophage
CD146 would also be a promising therapeutic target.

4. Conclusion

In conclusion, our study provides compelling evidence that
CD146 controls the pro-inflammatory program by associating
with Gp130in diet-induced obesity and therefore induces obesity-
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induced insulin resistance. Our study explores not only a new
mechanism for macrophage polarization in obesity-induced in-
flammation and insulin resistance but also an effective therapeu-
tic target for obesity-induced metabolic syndrome.

5. Experimental Section

Antibodies and Reagents: In this study, the anti-CD146 antibody
AA1, generated in the library,[®] was used for immunoprecipitation,
immunoblotting and flow cytometry, PE/Cy7-conjugated rat antimouse
CD146 (clone: ME-9F1, Cat.134714, Biolegend) was used for flow cy-
tometry, and anti-CD146 (Cat.ab75769) was used for immunoblotting.
In addition, the following other antibodies and reagents were also used:
RBC Lysis Buffer (10X) (Cat.420301), Alexa Fluor 700 antimouse CD45.2
(Cat. 109822), FITC antimouse CD206 (MMR) (Cat. 141703), FITC anti-
mouse/human CD11b (Cat. 101206), PE antimouse CD130 (gp130) (Cat.
149403), PerCP/Cyanine5.5 antimouse |-A/I-E(Cat. 107625), Brilliant Vio-
let 711 antimouse CD16/32(Cat. 101337), and APC antimouse CD11c (Cat.
117310) were obtained from Biolegend. FcR Mouse Blocking Reagent (Cat.
130-092-575) was purchased from Miltenyi. Anti-Mouse F4/80 Antigen
eFluor 450 (Cat. 48-4801-82), anti-Mouse CD11b PerCP-Cyanine5.5 (Cat.
45-0112-82), and Accutase Enzyme Cell Detachment Medium (Cat. 00-
4555-56) were obtained from eBioscience. Mouse (G3A1) mAb 1gG1 Iso-
type Control (Cat.5415S) and antibodies against phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) (Cat.4370S), p38a MAPK (L53F8) (Cat.9228S),
Gp130 (Cat.3732S), phospho-Akt (Ser473) (Cat.4060T), phospho-NF-«xB
p65 (Cat.3033S), SAPK/JNK (Cat.9252S), Akt (pan) (40D4) (Cat.2920S),
p44/42 MAPK (ERK1/2)(Cat.4695S), and NF-xB p65 (L8F6) (Cat.69565)
were purchased from GST. Gp130 antibody (Cat.ab226346), UCP1 an-
tibody (Cat.ab10983) and SOCS3 (Cat.ab280884) were purchased from
Abcam. IL-6R antibody (A1570), JAK1 antibody (A18323) and JAK2 anti-
body (A19629) were purchased from ABclonal. Murine IL-6, murine IL-4,
and murine IFN-y were obtained from PeproTech. Palmitic acid and 3X
FLAG(R) peptide were purchased from Sigma. Mouse Insulin ELISA kits
(Cat.ELM-Insulin-1) were from RayBiotech. STAT3 inhibitor (Cat.M3032)
was purchased from Abmole.

Mice: All animal experiments were performed in compliance with the
guidelines for the care and use of laboratory animals and were approved by
the institutional biomedical research ethics committee of the Institute of
Biophysics, Chinese Academy of Sciences (permit number: SYXK2018-45).
All mice were housed in a pathogen-free facility. All applicable institutional
and/or national guidelines for the care and use of animals were followed.

Male C57BL/6) mice were obtained from the Department of Labo-
ratory Animal Science, Peking University Health Science Center. Ly5.1
(CD45.1%) mice were obtained from the Nanjing Biomedical Research
Institute of Nanjing University. Macrophage-specific CD146 knockout
mice (CD146MKO  Lyz2<re/+CD146M19%/fox) and their control littermates
(CD146MWT | Lyz2cre/+CD1464/+, or Lyz2*/+CD146f10%/ox) were gener-
ated as described previouslyl’] and were maintained in a pathogen-free
facility in the animal center of the Institute of Biophysics.

High-fat diet (research diet, 60% fat) was initiated at 8 weeks of age
and continued for 12-18 weeks with ad libitum access to water and food.
The weights of mice were recorded weekly. The HFD-induced obesity ex-
periments were repeated independently at least three times.

Metabolic Phenotype Measurement: Mice were fasted overnight, and
the fasting blood glucose and insulin levels were determined using a glu-
cose meter (Roche) an ELISA kit (RayBio), respectively. The GTT was per-
formed by i.p. injecting D-glucose (2 g kg™ body weight) after overnight
fasting. The ITT was performed by i.p. injecting insulin (0.75 U kg~' body
weight) after 6-8 h of fasting. Blood samples were drawn from the tail vein
before and 15, 30, 60, 90, and 120 min after glucose or insulin injection,
and glucose levels were measured using a glucose meter (Roche). Liver
triglycerides were measured using a diagnostic kit according to the man-
ufacturer’s instructions (Randox Laboratories).

For metabolic cage analysis, mice were fed with HFD for 16 weeks
and then housed individually in metabolic chambers (PhenoMaster,
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TSE Systems) with a 12 h-12 h dark-light cycle for a period of 72 h.
Every 10 min, the volume of oxygen consumption (VO,) and carbon
dioxide production (VCO,) were measured. The respiratory exchange
ratio (RER) was defined as VCO,/VO,, and the energy expenditure (EE)
was determined using the following formula;

EE = 3.941 x VO, + 1.106 x VCO,. The fat and lean proportions of
mice were measured by MRI.

Oil-red-O Staining: Oil-red-O working solution was prepared by adding
6 mL stock (0.5 g Oil-red-O in 100 mL isopropanol) to 4 mL distilled water
and then filtering through a 0.45 pm filter. Fresh liver tissues were em-
bedded in the optimum cutting temperature embedding agent and then
frozen for 24 h. Tissues were cut into 8 um slices and then were fixed
with 4% paraformaldehyde and stained with Oil-red-O for 20 min at 37
°C. Afterward, tissue slides were carefully rinsed several times with dis-
tilled water to remove excess stains and precipitates. Stained slides were
observed using an optical microscope equipped with an imaging system
(Olympus).

Measurements of In Vivo Insulin Signaling:  After fasting for 6-8 h, mice
were i.p. injected with insulin (2 U Kg™"). After 10 min, the mice were
euthanized, and their epiWAT and ingWAT were harvested, homogenized,
and lysed at 4 °C. Lysates were subjected to western blotting to assess
insulin-stimulated phosphorylation cascades.

Adipose Tissue Macrophage (ATM) lIsolation: EpiWAT from male
C57BL/6) mice fed with ND or HFD chow were excised and minced in
PBS with calcium chloride and 0.5% BSA. The suspensions were then cen-
trifuged at 500 xg for 5 min to remove erythrocytes and free leukocytes.
The pellets were resuspended, and collagenase (1 mg mL™') was added
at 37 °C for 30 min with shaking at 150 rpm. After digestion, the cell sus-
pension was filtered through a 100 um filter and then spun at 300 xg for
5 min to separate floating adipocytes from the SVF pellet. The pellet was
resuspended in RBC Lysis Buffer (eBioscience) and incubated for 5 min to
remove the erythrocytes. The remaining cells were resuspended in sorting
buffer (PBS with 0.5% endotoxin-free FBS, 2 x 1073 M EDTA, and 25 x 103
M HEPES) at a concentration of 107 cells mL™". After incubation with Fc
Block (BD Biosciences), the cells were stained with conjugated antibodies
for 25 min at 4 °C followed by two washes with 0.5% BSA PBS. The cells
were then resuspended in sorting buffer supplemented with DAPI and an-
alyzed by FACS (FACSAria; BD Biosciences). Viable cells were analyzed
with ATMs identified by coexpression of F4/80 and CD11b.

Palmitate-BSA Preparation: Briefly, 100 x 1073 m sodium palmitate
(P9767; Sigma Aldrich) was dissolved in sterile water by alternate heating
and vortexing after the solution reached 70 °C. The dissolved palmitate so-
lution was immediately combined with serum-free DMEM containing 5%
NEFA-free BSA, creatinga 5 x 1073 m palmitate solution. Before treatment
of the cells, the 5 x 1073 ™ palmitate solution was shaken at 140 rpm at
40 °C for 1 h. Serum-free DMEM containing 5% NEFA-free BSA was used
as vehicle control.

Adipocytes Culture Medium (ACM) Collection:  ACM was collected from
induced-differentiated adipocytes. In brief, 3 x 10° 3T3-L1 cells or mouse
SVF were cultured in 6-well plates with DMEM plus 10% FBS. After 100%
confluence, cells were cultured in adipogenic media (DMEM with 10%
FBS, 0.25 x 1073 m IBMX, 1 mM dexamethasone and 1 ug mL™ in-
sulin). After 2 d, the cells were cultured in adipogenic maintenance me-
dia (DMEM with 10% FBS and 1ug mL~" insulin) for 4 d; the medium
was changed every 2 d. Subsequently, the cells were maintained in a nor-
mal medium without insulin for 2 d. When about 70-80% fat cells were
observed, the culture medium was collected and stored at —20 °C.

BMDM Cell Culture: To prepare primary bone marrow-derived
macrophages (BMDMs), bone marrow of the tibia and femur of 6- to 8-
week-old CD146 WT and CD146 KO mice was flushed, and the cells were
harvested and grown in a complete DMEM culture medium supplemented
with 15% L929-conditioned media for 7 d. In some assays, differentiated
BMDMs were stimulated with indicated concentrations of palmitate con-
jugated with BSA or BSA as a control for 24 h or treated with conditioned
medium from differentiated adipocytes. For M 1-like macrophage differen-
tiation, BMDMs were treated with LPS (50 ng mL™") and IFNy (100 ng
mL’1) for 48 h; for M2-like macrophage differentiation, BMDMs were
treated with IL-4 (10 ng mL™") for 48 h.
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Cell Line and Plasmids: Raw264.7 was obtained from ATCC. Knock-
down of CD146 was performed using CD146 shRNA, which was con-
structed within the lentiviral vector pHS-ASR (SyngenTech). The target se-
quences were as follows: CD146shRNA: GCGGGAACCTGGTGAATATGA,
which was reported in a previous study;l?2 and NC-shRNA: GTAATTGT-
CAAATCAGAGTGCT. Knockdown of Gp130 was performed using Gp130
shRNA carried by the lentiviral vector pHS-ASR (SyngenTech). The target
sequences were as follows: Gp130shRNA: CGTCTTGTTCTGCTTTAACAA,;
and NC-shRNA: AAACGTGACACGTTCGGAGAA.

RT-gPCR: Total RNA was isolated using TRIzol reagent (Invitrogen),
reverse transcribed into cDNA using random primers, and then subjected
to qPCR using ChamQ Universal SYBR qPCR Master reagent (Vazyme
Biotech Co., Ltd, China) according to the manufacturer’s instructions. The
primers used are listed in Table S1 (Supporting Information). Rpl13a was
used as the housekeeping gene. The expression level of each gene was
normalized as described in the corresponding figure legend.

Co-Immunoprecipitation and Western Blotting: Raw264.7 cells were
transfected with plasmids encoding full-length or truncated CD146 with
3xFlag tag at the C-terminal end using Lipofectamine 2000. Transfected
Raw264.7 cells were lysed in ice-cold RIPA lysis buffer (150 x 1073 m NaCl,
50 x 1073 m Tris, pH 7.4, 0.25% sodium deoxycholate, 1% NP-40, 1x 1073
M PMSF, protease inhibitor cocktails) for 1h. After centrifugation at 12 000
X g for 10 min, the supernatant was immunoprecipitated with anti-FLAG
M2 agarose beads (Sigma) overnight at 4 °C. The immunoprecipitants
were washed three times with a washing buffer (1 m NaCl, 1% NP-40,
50 X 1073 m Tris—=HCI, pH 7.5) and then incubated with 200 uL Elution
buffer (washing buffer, 200 x 103 m Tris—=HCl, 0.2 mg mL~" flag peptide)
for 1 h at 4 °C. The supernatant was collected and analyzed by western
blotting. Clinx ChemiCapture (China) was used for protein detection, and
Clinx image analysis software was used for protein gray value analysis.

Pull-Down Assay:  Purified mouse Fc-CD146 and Gp130 protein (1 ug
each) were incubated in PBS for 1 h at 4 °C. For the antibody blocking as-
say, Fc-CD 146 was first incubated with AA98 or migG (0.5 pg) for 30 min,
and then Gp130 protein was added for 1h at 4 °C. After immunoprecipita-
tion with protein G PLUS-agarose (Santa Cruz Biotechnology), Fc tag and
Gp130 were measured by western blotting.

Labeling and Tracking of Macrophages: A macrophage tracking tech-
nique was used to specifically examine the role of CD146 in macrophage
emigration.[®] Briefly, 5x10% bone marrow cells from M-WT or M-KO
donor mice were transferred to lethally irradiated CD45.1* CD146 WT host
mice that had been fed with HFD for 12 weeks. After 8 weeks, at which time
the reconstitution was completed, mice were injected intravenously with
200 pL microspheres (YG-beads) diluted in sterile PBS (1:4). The labeling
efficiency (percentage of bead-positive blood monocytes) was measured
by flow cytometry at the indicated days after the beads were injected.

Statistical Analyses: ~ All experiments were performed independently at
least three times. Bar graphs show the mean + SEM or SD, as indicated
in each legend. Differences between groups were examined by Student’s
t-test or one-way ANOVA followed by Bonferroni’s correction or two-way
ANOVA with the multiple-comparison test for comparison of means. p-
values of less than 0.05 were considered statistically significant. GraphPad
Prism software was used for calculations (GraphPad Inc., San Diego, CA,
USA).
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