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Obesity induces a phenotypic switch in
adipose tissue macrophage polarization
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Adipose tissue macrophages (ATMs) infiltrate adipose tissue during obesity and contribute to insulin resis-
tance. We hypothesized that macrophages migrating to adipose tissue upon high-fat feeding may differ from
those that reside there under normal diet conditions. To this end, we found a novel F4/80*CD11c* population
of ATMs in adipose tissue of obese mice that was not seen in lean mice. ATMs from lean mice expressed many
genes characteristic of M2 or “alternatively activated” macrophages, including Ym1, arginase 1, and I110. Diet-
induced obesity decreased expression of these genes in ATMs while increasing expression of genes such as
those encoding TNF-o and iNOS that are characteristic of M1 or “classically activated” macrophages. Interest-
ingly, ATMs from obese C-C motif chemokine receptor 2-KO (Ccr2-KO) mice express M2 markers at levels similar
to those from lean mice. The antiinflammatory cytokine IL-10, which was overexpressed in ATMs from lean
mice, protected adipocytes from TNF-o-induced insulin resistance. Thus, diet-induced obesity leads to a shift
in the activation state of ATMs from an M2-polarized state in lean animals that may protect adipocytes from

e

inflammation to an M1 proinflammatory state that contributes to insulin resistance.

Introduction

Recent investigations suggest that obesity gives rise to a state
of chronic, low-grade inflammation that contributes to insulin
resistance and type 2 diabetes (1, 2). Although the tissues and cell
types involved in this inflammatory response are not fully under-
stood, there is significant interest in the role of adipose tissue
macrophages (ATMs) in the inflammatory changes characteristic
of obesity (3). In both humans and rodents, ATMs accumulate
in adipose tissue with increasing body weight and their quantity
correlates with measures of insulin resistance (4-6). In obese sub-
jects, ATM content is higher in visceral than subcutaneous adi-
pose tissue, consistent with the hypothesis that visceral fat plays
a more prominent role in insulin resistance (7). Moreover, weight
loss leads to a reduction in both inflammatory markers and ATM
content (4,7). ATMs are a prominent source of proinflammatory
cytokines such as TNF-a and IL-6 that can block insulin action in
adipocytes, providing a potential link between inflammation and
insulin resistance (6, 8).

Mouse models have demonstrated that ATMs are both neces-
sary and sufficient for the development of insulin resistance with
obesity. Mice with targeted deletions in the genes for monocyte
chemoattractant protein-1 (Mcp1/Ccl2) and its receptor C-C motif
chemokine receptor 2 (Ccr2) both have decreased ATM content,
decreased inflammation in fat, and protection from high-fat
diet-induced (HFD-induced) insulin resistance (9, 10). Converse-
ly, mice overexpressing MCP-1 have increased numbers of ATMs
along with increased insulin resistance (9, 11). Moreover, myeloid-
specific KO of IkB kinase (3 (Ikbkb) produced mice with improved
insulin sensitivity on HFD (12). Together, these data suggest that
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both the recruitment and proinflammatory activation of ATMs
are required for the development of diabetes with obesity.

While quantitative changes in ATM content with obesity and
diabetes are well supported, little is known about the range of
ATM function and how this may change with obesity. ATMs are
present in moderate quantities in adipose tissue of lean mice
in which inflammatory signals are low or nonexistent (5, 6),
and their role there is unclear. While Ccr2-KO (CCR2KO) and
Mcp1-KO mice have lower inflammatory cytokine expression
in fat, they retain significant macrophage content within adi-
pose tissue (9, 10). This suggests that factors both dependent
and independent of the MCP-1/CCR2 axis are involved in mac-
rophage recruitment to fat and, further, that not all ATMs are
programmed for proinflammatory signaling.

Macrophages show significant heterogeneity in function, as local
environmental factors shape their properties and activation state
(13, 14). Different stimuli activate macrophages to express distinct
patterns of chemokines, surface markers, and metabolic enzymes
that ultimately generate the diversity of macrophage function seen
in inflammatory and noninflammatory settings. Macrophage acti-
vation has been operationally defined across 2 separate polarization
states, M1 and M2 (13, 14). These states have largely been defined
in vitro, and tissue macrophages are likely activated along a con-
tinuum between these states in vivo. M1 or “classically activated”
macrophages are induced by proinflammatory mediators such as
LPS and IFN-y. M1 macrophages have enhanced proinflammatory
cytokine production (TNF-a, IL-6, IL-12) and generate reactive oxy-
gen species such as NO via activation of iNOS (Nos2).

M2 or “alternatively activated” macrophages are generated in
vitro by exposure to IL-4 and IL-13 (15). M2 macrophages have
low proinflammatory cytokine expression and instead generate
high levels of antiinflammatory cytokines IL-10 and IL-1 decoy
receptor. Additionally, arginase production is increased in M2-
polarized macrophages. This enzyme blocks iNOS activity by a
variety of mechanisms, including competing for the arginine sub-
strate that is required for NO production (16). Overall, M2 mac-
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Accumulation of F4/80*CD11c* ATMs in adipose
tissue in obese mice. (A) Analysis of SVF cells for
F4/80 and CD11c. Epididymal fat pads from age-
matched male C57BL/6 (C57) mice on ND or HFD
(n = 3 mice, each condition) were dissected and
separated into adipocyte and SVF populations.
SVF cells were stained with antibodies against
F4/80, CD11c, and isotype controls (open) and

137

137

<

10? 10° 10*

[JF4/80*CD11c*
W F4/80*CD11c”
4

Cells (x1000)/mg fat

11

analyzed by flow cytometry. Samples were gated
for F4/80* cells and examined for coexpression
of CD11c (lower panels). Data from a represen-
tative experiment are shown. The percentage of
CD11c* cells within the F4/80* ATM population
is indicated for each condition. (B and C) Quan-
titation of CD11c* and CD11c- ATM subpopula-
tions in epididymal fat pads. Flow cytometry was
used to assess the percentages of F4/80*CD11c*
and F4/80+*CD11c- ATMs in SVF samples from
ND- and HFD-fed C57BL/6 mice and HFD-fed
CCR2KO mice (n = 3—4 mice per condition). Data
are presented as total number of cells per mouse
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' versus ND. (D) Analysis of CD11c expression
in ATMs isolated from epididymal fat pads from
male CCR2KO mice on a C57BL/6 background
on ND or HFD. Cell isolation and flow cytometry
were performed as described for A.

rophages are believed to participate in the blockade of inflam-
matory responses and in the promotion of tissue repair (13). M2
polarization can occur in the absence of IL-4 or IL-13, suggesting
that this state may be induced by several different factors (17).
Moreover, recent studies have shown that IL-4-mediated M2
polarization is associated with the activation of transcription fac-
tors involved in lipid oxidative metabolism that include PPARy
and PPARy coactivator 1f3 (PGC-1f) (18).

In mice, distinct monocyte subsets contribute to tissue inflam-
matory responses (13, 19). Noninflamed tissues are populated
with macrophages derived from CX3CR1MCCR2- monocytes
(20). In contrast, acute inflammation increases the levels of
CX3CR1CCR2'Ly-6Ch monocytes, which have a higher capac-
ity for migration into inflamed tissues compared with other
monocyte populations (21). This model is consistent with obser-
vations that CCR2KO mice have decreased ATM content (10),
presumably due to deficient recruitment of CX3CR1°CCR2*
monocytes with retention of the trafficking of CX3CR1MCCR2-
monocytes into adipose tissue.

The qualitative differences between these monocyte/macrophage
subtypes in ATMs and obesity are unknown but may be impor-
tant in understanding the biology of these unique cells and their
contribution to diabetes. In this regard, we show here that ATMs
undergo a phenotypic switch from an antiinflammatory M2 polar-
ization state to a proinflammatory M1 polarization state upon
high-fat feeding, in the process losing their protective capacity.
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Results
F4/80"CD11b*CD11c* macrophages accumulate in fat with diet-induced
obesity. As the majority of previous studies have used F4/80 expres-
sion as a single marker to identify ATMs, we sought to examine
ATM heterogeneity in lean and obese mice using additional known
macrophage markers. Epididymal fat tissue plays a significant role
in overall metabolism in rodents (22). We thus isolated stromal
vascular fraction (SVF) cells from epididymal fat pads excised from
male mice fed a normal diet (ND) or HFD and analyzed cells by
flow cytometry. ATMs from both lean and obese mice coexpressed
F4/80 and CD11b, and the majority of the F4/80*CD11b* cells
also expressed Mac-3 (data not shown). However, there was varia-
tion in the amount of CD11c¢ expression within the F4/80*CD11b*
ATMs. The SVF from lean mice contained 17.8% F4/80" cells, con-
sistent with other reports (5). Only a small percentage of these cells
coexpressed CD11c (9.3% + 7.5%; n = 3 pools of mice) (Figure 1A).
In contrast, obese mice contained increased F4/80* cell content
within the SVF, with a significant increase in the percentage of
F4/80*CD11c" cells (38.4% + 15% of F4/80" cells; P = 0.04 versus
lean mice). These cells also expressed CD11b. Similar results were
seen in leptin-deficient ob/ob mice, with 74% of the F4/80" cells
coexpressing CD11c¢ (data not shown).

The total number of both F4/80*CD11c* cells (4.52 + 1.1 x 10°¢
cells/mouse versus 0.196 + 0.16 x 106 cells/mouse; P = 0.021)
and F4/80°CD11c cells (1.98 + 0.42 x 10° cells/mouse versus
9.69 + 8.2 x 106 cells/mouse; P = 0.24) isolated from epididymal
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fat pads increased in mice fed an HFD compared with lean mice
(Figure 1B). Normalizing this data to fat pad weight indicated
that there was a 5.5-fold increase in the content of F4/80*CD11c*
cells in adipose tissue from HFD-fed compared with ND mice
(Figure 1C). In contrast, there was no significant change in the
quantity of F4/80*CD11c cells in adipose tissue per milligram
fat weight between ND and HFD mice. This demonstrates that
F4/80*CD11c* cells are a specific population of ATMs recruited
to fat tissue upon HFD exposure.

Previous studies indicated that targeted deletion of the Ccr2 gene
results in decreased macrophage content in adipose tissue and
improved insulin sensitivity (10). Thus, CCR2KO mice were also
examined for CD11c expression as a complementary mouse model.
HFD-fed CCR2KO mice demonstrated a reduction in the content
of F4/80"CD11c* cells in the SVF compared with wild-type obese
mice, with 14.4% + 9.2% of the F4/80* cells coexpressing CD11c
(P =0.08 versus HFD C57BL/6) (Figure 1D). Normalizing for cell
number and fat weight indicated that there was a greater than 50%
reduction in the level of F4/80*CD11c* ATMs in the CCR2KO mice
(HFD C57BL/6, 2.4 + 0.46 x 103 cells/mg versus HFD CCR2KO,
0.88 + 0.98 x 10° cells/mg) (Figure 1C). The content of total
F4/80*CD11c" cells in fat pads from HFD CCR2KO mice was also
lower than in obese controls after normalization to cell number
(Figure 1B). Similar to what was observed previously (10), adipo-
cyte size was increased in HFD CCR2KO mice compared with con-
trol HFD mice (mean 7,933 + 2,754 um? versus 6,704 + 2,961 um?,
P =0.041) and HFD CCR2KO mice were protected from hepatic
steatosis (data not shown). Contrary to these observations, how-
ever, we noted increased fat pad weight in HFD CCR2KO mice
(2.83 £0.57 g versus control, 1.41 + 0.25 g; P=0.011).

Immunofluorescence microscopy confirmed the flow cytometry
results; ND SVF cultures contained only F4/80°CD11c" cells (Fig-
ure 2A). SVF cells from HFD mice showed a mix of F4/80*CD11c*
and F4/80"CD11c" cells. Immunohistochemistry on epididymal
fat pads from obese mice localized CD11c* cells in macrophage
clusters surrounding adipocytes (Figure 2B). The CD11c antibody
stained a subset of cells in these crownlike structures, while F4/80
stained nearly all of the cells in these clusters. Scattered individual
CD11c" ATMs were observed surrounding adipocytes in what may
have been early ATM clusters (Figure 2C). Rare CD11c" cells were
seen in adipose tissue sections from lean mice.

Figure 2

CD11c* ATMs in SVF cultures and in adipose tissue from obese mice.
(A) Identification of F4/80+ and CD11c* ATMs by immunofluorescence
microscopy. Epididymal fat pads from ND and HFD mice were sepa-
rated into adipocyte and SVF fractions. SVF cells were plated onto
glass coverslips and cultured overnight prior to fixation. Cells were
stained with antibodies against F4/80 (left) and CD11c (middle) and
imaged by confocal microscopy to identify surface markers to confirm
the presence of CD11c* cells only in the SVF from HFD-fed animals.
Similar results were obtained for 3 independent sets of cultures. (B)
Immunohistochemical localization of CD11c* in adipose tissue. Con-
secutive sections from epididymal fat pads from obese C57BL/6 mice
were stained with anti-F4/80 (left panels) and anti-CD11c antibodies
(right panels), followed by colorimetric detection (brown). Sections were
counterstained with hematoxylin (blue) and images taken at low (x200)
and high magnification (x1,000). (C) In obese mice, CD11c* cells were
also detected surrounding normal-appearing adipocytes in the absence
of crownlike macrophage clusters (x1,000 magnification).
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Increased inflammatory gene expression in F4/80*CDI11c* ATMs.
Because CD11c" cells appear to accumulate in adipose tissue after
high-fat feeding, we assessed expression of inflammatory genes in
F4/80*CD11c* ATMs compared with F4/80*CD11c¢ ATMs from
obese mice. Real-time RT-PCR showed appropriate sorting of the
CD11c populations based on expression of integrin, alpha X (Itgax,
encoding CD11c) (Figure 3). F4/80*CD11c" cells overexpressed
the inflammatory genes 116 (IL-6) and Nos2 (iNOS) compared with
F4/80*CD11c” ATMs. Tnfa (TNF-a) was not differentially expressed
between the cell types, while Apoe (apoE) was downregulated in the
F4/80"CD11c" population relative to F4/80'CD11c" cells.

ATMs from lean mice express markers of alternatively activated mac-
rophages. Given the low level of inflammatory cytokine expression
in adipose tissue from lean mice, we examined the ATMs derived
from lean mice for known markers of alternatively activated M2
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Figure 3

Increased inflammatory gene expression in F4/80+CD11c* ATMs. SVF
cells were isolated from HFD-fed male C57BL/6 mice (n = 3) and stained
for F4/80 and CD11c. F4/80+*CD11c+ and F4/80+CD11c™ cells were iso-
lated by FACS and total RNA isolated. Expression of ltgax (CD11c),
Tnfa (TNF-a), lI6 (IL-6), Nos2 (iNOS), and Apoe (apoE) was analyzed
by real-time RT-PCR in F4/80+CD11c* (white bars) and F4/80+*CD11c-
(black bars) ATMs. Data are expressed as mean + SD. *P < 0.05.

macrophages (15, 23). ATMs from lean animals showed increased
expression of M2-specific genes Il10 (IL-10), ArgI (arginase I), Mrc2
(mannose receptor, C type 2), Ym1/Chi3I3 (Ym1/chitinase 3-like 3),
and Mgl/1/2 (macrophage galactose N-acetyl-galactosamine-spe-
cific lectins 1 and 2) compared with the ATMs isolated from HFD
mice (Figure 4A). In contrast, expression of proinflammatory
genes such as Tnfa and Nos2 was considerably lower in ND ATMs
compared with ATMs from obese animals (Figure 4B).

As macrophages make up only a portion of the stromal cells in
adipose tissue, we examined expression of some of these genes in
unsorted SVF isolates. Similar patterns of gene expression were
seen in RNA prepared from SVF cells from lean and obese mice
(Figure 4, C and D), with increased Ym1 and Il10 expression in ND
mice and increased Tnfa and Nos2 expression in HFD mice.

Since inflammatory macrophage recruitment into fat tissue
appears to be partially dependent on CCR2 (10), we hypothesized
that ATMs in obese CCR2KO mice might retain properties of
M2-polarized macrophages and thus evaluated gene expression
in these cells. Indeed, ATMs isolated from obese CCR2KO mice
expressed alternatively activated macrophage markers at levels that
were similar to those seen in ATMs from lean mice. Furthermore,
these were significantly elevated compared with levels in ATMs
from obese mice (Figure 4A).

We confirmed gene expression data by examining protein lev-
els in the ATMs under study. Consistent with the RNA expression
data, Ym1 was increased in SVF samples from lean compared with
obese mice (Figure 4E). Additionally, purification of CD11b* ATMs
from SVF samples indicated that Ym1 is predominantly expressed
in ATMs compared with non-macrophage CD11b- cells.

Another characteristic of the alternative macrophage activa-
tion state is increased arginase activity (15). Arginase activity was
assessed in SVF and adipocyte samples from lean and obese mice.
While the activity of this enzyme did not differ between the iso-
lated adipocytes from lean and obese mice, arginase activity was
significantly diminished in the SVF fraction after HFD exposure
(Figure 4F). This indicates that the arginase/iNOS balance in
ATMs from lean animals is skewed toward an immunosuppres-
sive state that changes to a proinflammatory state with obesity
(elevated iNOS and repressed arginase activity).
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IL-10 protects adipocytes from the deleterious effects of TNF-o.. The
observation that the expression of 1/10 is higher in the SVF and
ATMs from lean compared with obese mice led us to examine the
effects of the cytokine on adipocyte function. To explore the cellu-
lar effects of IL-10, we first examined the expression of its receptor.
The IL-10 receptor a (IL-10Ra) was detected in adipose tissue by
immunoblotting (Figure SA). Separation of the SVF from adipo-
cytes in lean and obese animals indicated that the IL-10 receptor
was expressed primarily in adipocytes, with minimal expression
in the SVF (Figure 5B). No significant differences were seen in
IL-10Ra expression between lean and obese mice.

We next examined IL-10 signaling in differentiated 3T3-L1 adi-
pocytes. STAT3 phosphorylation by the IL-10 receptor has been
shown to be required for its antiinflammatory effects (24). Treat-
ment of adipocytes with IL-10 led to the tyrosine phosphorylation
of STAT3 within 5 minutes. This effect peaked at 10 minutes and
declined thereafter (Figure SC). As IL-10 as been shown to activate
the PI3K pathway via insulin receptor substrate (IRS) proteins (25),
we examined phosphorylation of Akt in response to IL-10. IL-10
treatment of adipocytes produced the rapid serine phosphoryla-
tion of Akt (Figure 5C).

IL-10 has a variety of antiinflammatory effects in macrophages
and other cell types that includes the antagonism of the actions of
TNF-a (26). To examine this in adipocytes, we first analyzed the
effect of IL-10 on the secretion of the chemokine MCP-1, thought
to be a major attractant for macrophages in states of obesity (9,
11, 27). IL-10 treatment for 16 hours decreased MCP-1 secretion
from adipocytes (Figure 6A). As reports suggest that IL-10 may
mediate its antiinflammatory effects by antagonizing activation
of NF-kB-mediated gene transcription (28), we examined the
effects of IL-10 on TNF-a-stimulated NF-kB activity using an
NF-kB-responsive luciferase reporter gene. While TNF-a induced
reporter gene expression, IL-10 had no effect upon this activation
(data not shown). This is consistent with other reports that show
thatIL-10 can alter the transcriptional rate of inflammatory genes
independent of NF-kB activation (29).

We next examined the effects of IL-10 on insulin signal
transduction in adipocytes in concert with TNF-o. Treatment
of cells with TNF-a for 6 hours dramatically reduced the levels
of glucose transporter 4 (GLUT4) protein, with a smaller reduc-
tion in the level of insulin receptor expression, similar to what has
been reported previously (30). IL-10 pretreatment prevented the
TNF-o-induced downregulation of both proteins (Figure 6B).
Additionally, insulin-stimulated IRS1 tyrosine phosphorylation
was decreased with TNF-a treatment. This inhibitory effect was
prevented by pretreatment with IL-10 (Figure 6C). IL-10 treat-
ment produced no significant changes in TNF-a-stimulated IRS1
phosphorylation at Ser307, suggesting that the antagonism of
TNF-o action by IL-10 occurs either downstream of or in parallel
to reduced tyrosine phosphorylation of IRS1.

To determine whether IL-10 protects adipocytes from the physi-
ological effects of TNF-a, we examined insulin-stimulated glucose
uptake in 3T3-L1 adipocytes with and without IL-10 pretreatment.
Treatment of cells with TNF-a for 3 hours produced a significant,
30%-40% inhibition of insulin-stimulated glucose uptake. Pre-
treatment of the cells with IL-10 for 24 hours blocked these acute
inhibitory effects of TNF-o (Figure 7A). Prolonged (72-hour), low-
dose TNF-a treatment increased basal glucose uptake but had no
effect on insulin-stimulated levels, consistent with a dramatic
upregulation of the glucose transporter GLUT1 under these con-
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Figure 4

Increased expression of markers of alternatively activated (M2) macrophages in ATMs from lean ND-fed mice. (A and B) Gene expression in
ATMs from ND and HFD mice. F4/80+*CD11b* ATMs were isolated from ND C57BL/6 (white bars), HFD C57BL/6 (black bars), and HFD CCR2KO
mice (gray bars) (n = 3 pools of mice for each) and analyzed by real-time RT-PCR for expression of M2 macrophage—specific genes (A) and
proinflammatory genes (B). Data are expressed as mean + SD. *P < 0.05. (C and D) SVF was isolated from ND (white bars) and HFD (black
bars) mice (n = 2—3 mice per condition) and analyzed by real-time RT-PCR for expression of M2 macrophage markers (C) and proinflamma-
tory genes (D). (E) Ym1 protein expression in the SVF. Lysates from SVF isolated from ND and HFD mice were immunoblotted for Ym1 (left).
CD11b* ATMs were separated from CD11b- cells in the SVF and lysates prepared for immunoblotting, which demonstrated Ym1 expression in
the macrophage fraction (right). Macrophage marker CD68 controlled for the purification protocol. Similar results were obtained in a duplicate
experiment. (F) Arginase activity in adipose tissue from ND and HFD mice. Epididymal fat pads from ND- (white bars) and HFD-fed (black bars)
mice were separated into adipocyte and SVF fractions and lysates prepared. Arginase activity was assessed by an assay of urea production
from arginine substrate and was normalized to protein concentration. Reactions were performed in triplicate. Data are expressed as mean + SD.

*P < 0.05. Similar results were obtained for 3 separate sets of mice.

ditions (31). IL-10 blocked these effects of TNF-o and maintained
cells in an insulin-sensitive state (Figure 7B). Moreover, insulin-
stimulated glucose uptake was dramatically enhanced in cells
chronically treated with IL-10 compared with untreated cells.

Discussion

Recent data suggest that obesity may represent a state of chron-
ic, low-grade inflammation and that overnutrition is associated
with the infiltration of adipose tissue by inflammatory cells (2).
Although the precise cell types involved in this process remain
uncertain, evidence is mounting that implicates ATMs as a sig-
nificant contributor to inflammation in obesity and a mediator
of insulin resistance (3, 9, 32). Because the properties of ATMs are
not well characterized, we performed a detailed examination of
ATM subtypes and their gene expression in obese and lean mice.
Based on the wide range of functions that macrophages display in
normal and inflamed tissues (33), we hypothesized that ATMs are
differentially activated depending on the degree of adiposity and,
furcher, that in addition to quantitative differences, qualitative
differences exist between ATMs in lean and obese animals.

We report here that ATMs isolated from white adipose tissue
from lean animals express hallmarks of polarization toward an
alternatively activated state (M2), suggesting a potentially ben-
eficial function of these cells. M2 polarization has been described
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in tumor-associated macrophages and parasitic infections and is
believed to regulate tissue repair and prevent excess inflammation
(15, 34). The markers of M2-polarized macrophages are still being
described but include expression of the chitinase family member
Ym1, the antiinflammatory cytokine IL-10, arginase, and surface
lectins Mgl1 and Mgl2 (15, 23). The genes encoding all of these pro-
teins were overexpressed in ATMs from lean compared with obese
mice. Moreover, ATMs from obese CCR2KO mice, which display
significantly lower inflammatory gene expression compared with
their wild-type counterparts, express M2 markers at levels compa-
rable to those in lean mice. This observation is consistent with the
evidence that resident tissue macrophages in normal conditions
are derived from CCR2- monocytes, while macrophages recruited
to sites of inflammation are derived from CCR2* monocytes (20).

In the current paradigm of macrophage polarization, the prop-
erties of M2 macrophages contrast with the proinflammatory
activities of classically activated M1 macrophages. One important
difference between these polarization states involves the balance
between arginase and iNOS activities. Arginase and iNOS both uti-
lize L-arginine as a substrate. However, while iNOS generates reac-
tive NO species with microbicidal and proinflammatory effects
important in immune responses, arginase competes with iNOS for
arginine as a substrate and generates L-ornithine, an important
precursor for proline that enhances collagen biosynthesis (16).
Volume 117 Number 1
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Figure 5

IL-10 signaling in adipocytes. (A) Expression of IL-10 receptor in adipose tissue.
Immunoblots of lysates from adipose tissue (Ad), lung (Lu), and spleen (Sp) from mice
probed with IL-10 receptor a (IL-10Ra) antibodies. (B) Expression of IL-10 receptor
in adipocytes and not the SVF from adipose tissue. Epididymal fat pads from ND- and
HFD-fed mice were collected and separated into SVF and adipocyte fractions. Lysates
were prepared and immunoblotted with anti—IL-10 receptor antibodies and loading
controls. (C) IL-10 treatment of adipocytes activates STAT3 and Akt. Differentiated
3T3-L1 adipocytes were stimulated with IL-10 (20 ng/ml) for the indicated times and
lysates prepared. Immunoblots were probed with antibodies against phosphoY705-
STAT3 and phosphoS#73-Akt and STAT3 and Akt as loading controls. Experiments
were repeated twice, and results of a representative experiment are shown.

exists between proinflammatory and antiinflamma-
tory factors that governs adipocyte function.

In vitro studies described here show that IL-10
protects against TNF-a-dependent insulin resis-
tance in adipocytes. The mechanism underlying
this effect remains uncertain. In macrophages,
IL-10 attenuates TNF-o inflammatory signals via
activation of STAT3 (24) and modulation of inflam-
matory gene transcription rates (29). We have not
observed changes in TNF-o-stimulated NF-kB acti-
vation with IL-10 in adipocytes, although we did
observe increased PI3K signaling with the cytokine.
This observation agrees with previous reports that
IL-10 can activate PI3K pathways via IRS (25) and
suggests a possible mechanism by which IL-10 can
antagonize the deleterious effects of TNF-o on
insulin signaling in adipocytes.

Obesity leads to a shift in ATM phenotype exem-
plified by increased Tnfa and Nos2 expression,

Based both on gene expression analysis and direct measurement
of activity, ATMs from lean mice exhibit enhanced arginase activ-
ity compared with obese mice. This balance in favor of arginase
may play a critical role in repressing the generation of NO and
other reactive oxygen species by iNOS and thus maintain adipo-
cyte function and promote tissue repair and remodeling.

The dramatic differences in IL-10 expression in lean compared
with obese ATMs imply an important role for this cytokine as a
homeostatic regulator in insulin sensitivity. Acute IL-10 infusion
was shown to improve insulin sensitivity in whole animals (35),
suggesting that this molecule may balance the effects of proin-
flammatory cytokines such as TNF-o. In humans, circulating IL-10
levels correlate with markers of improved insulin sensitivity (36),
and IL-10 levels increase along with insulin sensitivity after exer-
cise (37). Polymorphisms in the IL-10 promoter associated with low
IL-10 expression are correlated with increased obesity and insulin
resistance (38). Additionally, adiponectin has been shown to induce
IL-10 expression in human leukocytes (39). Studies have also shown
that in obese humans and rodents, both adipocyte and SVF com-
partments from adipose tissue are significant sources of IL-10 (40).
As levels of proinflammatory cytokines are increased in obesity,
this observation is consistent with the hypothesis that a balance

Figure 6

IL-10 prevents the effects of TNF-a on adipocytes. (A) IL-10 decreas-
es MCP-1 secretion by adipocytes. 3T3-L1 adipocytes were treated
with media with or without IL-10 (20 ng/ml) for 16 hours. Conditioned
media was then removed and assayed for MCP-1 levels by ELISA.
n = 5 independent samples per condition. Data are expressed as
mean + SD. (B) IL-10 protects adipocytes from TNF-a—induced
downregulation of insulin receptor and glucose transporter 4
(GLUT4) expression. 3T3-L1 cells were treated with or without
IL-10 for 24 hours prior to treatment with or without TNF-o. (17 ng/ml
for 6 hours). Lysates were prepared and immunoblots probed with
antibodies against the insulin receptor (IR) and GLUT4. (C) IL-10
maintains IRS levels despite treatment with TNF-a.. Adipocytes were
treated as described for B and lysates examined for IRS1 tyrosine
phosphorylation induced by insulin (INS; 100 nM for 5 minutes) after
immunoprecipitation of IRS1. IRS serine phosphorylation at Ser307
was evaluated using specific antibodies.
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both characteristically activated in classically acti-

vated M1 macrophages (4-6). We have identified a
unique subset of ATMs present only in obese animals that express
F4/80*CD11b*CD11c*. These cells overexpress inflammatory
genes compared with F4/80°*CD11b*CD11c¢- ATMs and are the
major ATM population that accumulates in fat with diet-induced
obesity. These studies indicate a previously uncharacterized diver-
sity within the ATM population in obese mice that may have
important functional consequences.

CDl1l1c is a marker for DCs, which primarily function in
phagocytosis, immune surveillance, and antigen presentation.
F4/80*CD11c* DCs have been termed interstitial dendritic cells;
they were recently described in a kidney network that is believed
to participate in immune surveillance (41). How these DCs par-
ticipate in inflammatory signals in adipose tissue is unknown.
It is possible that DC activation is critical to the coordination of
inflammatory events within fat tissue. An important role for DCs
in obese adipose tissue is supported by the decreased expression of
MHC classII genes in CCR2KO mice relative to controls (10). More-
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over, we have observed an increased expression of MHC class II
genes in ATMs specifically recruited to adipose tissue with HFD
(42). These data suggest that DC-coordinated immunity may be
crucial to the inflammatory events in adipose tissue that occur
with obesity. Why such DCs are activated and what antigens they
respond to is currently unknown.

Examining ATM infiltration into adipose tissue in the context
of monocyte and macrophage heterogeneity leads us to propose
a model for ATM biology that incorporates the diversity of these
cells (Figure 8). In lean animals, resident macrophages are polar-
ized toward an M2 state (high IL-10 and arginase levels) derived
from CCR2- monocytes that help maintain normal adipocyte
function, perhaps by promoting tissue repair and angiogenesis in
adipose tissue. Nutrient excess leads to adipocyte expansion, with
increased secretion of monocyte chemoattractants that recruit
inflammatory type CCR2" monocytes to fat, where they differen-
tiate into M1-polarized activated macrophages and CD11¢* DCs.
Alternatively activated M2 macrophages may be able to partially
prevent the activation and accumulation of these classically acti-
vated M1 macrophages (43, 44), and the secretion of IL-10 helps
protect adipocytes against the deleterious effects of TNF-a and
related cytokines. However, with increasing adiposity, increased
proinflammatory signals, continued recruitment of M1-polarized
CCR2* monocytes, and accumulation of CD11c¢* ATMs all con-
tribute to overwhelm the protective effects of M2 macrophages,
leading to a dominant role for M1-polarized, classically activated
macrophages that generate high TNF-a, IL-6, and NO production.
This model explains observations in obese CCR2KO and Mcp1/
Ccl2-KO mice that retain a population of ATMs with decreased
inflammatory capacity (9, 10). We suspect that these KOs are
deficient in the recruitment of CCR2* monocytes during inflam-
mation in fat tissue, while the trafficking of CCR2- monocytes
with M2 polarization remains intact. Studies aimed at determin-
ing whether enhancing M2 polarization in ATMs can block diet-
induced insulin resistance will be required in order to test this
model. One limitation of the data leading to this model is that
they are largely based on flow cytometric analysis of isolated SVF

The Journal of Clinical Investigation

htep://www.jci.org

populations after collagenase digestion. This method of separa-
tion is an efficient one but may not fully capture all stromal cells
from adipose tissue (5).

How diet-induced obesity leads to a change from M2 to M1
polarization is currently unknown, but the mechanism is likely
multifactorial. Our data suggest that the MCP-1/CCR2 axis con-
tributes to this polarization. We propose 2 potential models for
this qualitative change in ATM activation: (a) Obesity may lead
to an increase in the level of Ly-6CMCCR2" circulating monocytes
that are primed for activation along an M1 polarization pattern.
Factors such as MCP-1, TNF-a, and free fatty acids that activate
TLR4 (45) may combine to influence this activation pattern as
these monocytes enter adipose tissue. This model is supported
by observations that obesity is associated with changes in acti-
vation state of circulating monocytes toward a more proinflam-
matory phenotype (46, 47). (b) Alternatively, obesity may change
ATMs in adipose tissue from an M2 toward an M1 phenotype.
Macrophages are reported to have the potential to switch from
one polarization state to another depending upon environmental
stimuli (48). However, this model depends upon a slow turnover
of ATMs. Studies involving pulse labeling macrophages in vivo
indicated that ATMs are largely replaced by 8 weeks in HFD-fed
mice (42). Additionally, we have observed that the ATMs recruit-
ed to adipose tissue in HFD-fed mice overexpress Ccr2 and other
proinflammatory mediators. These observations are consistent
with the first hypothesis, according to which obesity leads to the
recruitment of M1-polarized macrophages that gradually replace
M2-polarized cells, which represents the default pathway of acti-
vation under lean conditions.

Our study frames ATM biology within the context of other
known models of inflammation and macrophage recruitment. It
may be possible to decrease inflammatory signals in adipose tis-
sue by modifying ATMs to retain an M2 polarization or by con-
verting M1 polarized macrophages to M2. Increasing IL-10 levels
may represent one mechanism through which this could occur,
since chronic IL-10 secretion can suppress classically activated M1
macrophages (49). Future investigations will focus on identifying
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Proposed model for ATM polarization and its function in adipose tissue with progressive obesity. In lean, insulin-sensitive states, ATMs are polar-
ized toward an M2 state with IL-10 and arginase expression. Early during HFD treatment, adipocytes undergo hypertrophy, releasing chemokines
that induce recruitment of M1-polarized ATMs with low IL-10 expression and increased iNOS and TNF-a production. In these early stages of mild
obesity with retained insulin sensitivity, M2-polarized resident ATMs are able to partially protect adipocytes from these inflammatory factors and
may block M1 polarization. With increased adiposity, recruited CCR2+ ATMs form crownlike structures (CLS) and overwhelm the protective effects
of M2 macrophages, leading to a dominant role for TNF-a and iNOS. These factors generate insulin resistance in adipocytes, activate JNK and
NF-kB, alter adipokine secretion, and lead to excess circulating levels of free fatty acids due to adipocyte lipolysis and impaired lipogenesis.

factors that trigger the phenotypic switch of macrophage polariza-
tion in fat and whether these changes in polarization state are lim-
ited to fat or are generalizable to macrophages in other tissues.

Methods

Materials and reagents. For immunoblots, anti-phosphotyrosine (4G10) and
IRS1 antibodies were purchased from Upstate USA Inc. f-Actin monoclo-
nal antibody was obtained from Sigma-Aldrich. GLUT4 antibodies were
obtained from Alpha Diagnostics International. STAT3, phosphotyrosine-
STAT3, Akt, and phospho-Akt antibodies were purchased from Cell Signal-
ing Technology. Mouse recombinant TNF-o and IL-10 were obtained from
Sigma-Aldrich. Anti-CD68, anti-IL-10 receptor o antibodies, and MCP-1
ELISA kits were purchased from R&D Systems. Anti-F4/80 antibodies
were from Abcam. Alexa Fluor 488-conjugated CD11b and unconjugated
CD11c and CD11b antibodies were from AbD Serotec. PE-conjugated
anti-Mac-3, PE/CyS-conjugated anti-F4/80, APC-conjugated anti-CD11c,
and isotype antibodies were purchased from eBioscience. Anti-Ym1 anti-
bodies were purchased from StemCell Technologies.

Animals and animal care. Male C57BL/6 mice were rendered insulin resis-
tant by feeding an HFD consisting of 45% of calories from fat (D12451;
Research Diets Inc.) starting at 8 weeks of age for 20 weeks or indicated
times. Control mice were fed a standard diet consisting of 4.5% fat (5002;
LabDiet). ob/ob/ mice were obtained from The Jackson Laboratory.
CCR2KO mice on a C57BL/6 background were kindly provided by S. Kun-
kel (University of Michigan). Animals were housed in a specific pathogen-
free facility with a 12-hour light/12-hour dark cycle and given free access
to food and water. All animal use was in compliance with the Institute of
Laboratory Animal Research Guide for the Care and Use of Laboratory
Animals and approved by the University Committee on Use and Care of
Animals at the University of Michigan.

Cell culture. 3T3-L1 fibroblasts were propagated and differentiated into
adipocytes as described previously (50). Adipocytes were used in experi-
ments 8-10 days after differentiation. Adherent SVF cells were cultured on
plastic or glass coverslips in DMEM supplemented with 10% endotoxin-
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free FBS. For signaling experiments, the cells were starved overnight in
0.5% serum media prior to stimulation with IL-10. For chronic treatment
with IL-10 (20 ng/ml) and TNF-a (3 ng/mL), adipocyte media was replaced
with fresh media every 24 hours.

SVF isolation and ATM purification. Epididymal fat pads from male
C57BL/6 mice fed an ND or HFD were excised and minced in PBS with
calcium chloride and 0.5% BSA. Tissue suspensions were centrifuged
at 500 g for S minutes to remove erythrocytes and free leukocytes. Col-
lagenase (Sigma-Aldrich) was added to 1 mg/ml and incubated at 37°C
for 20 minutes with shaking. The cell suspension was filtered through a
100-um filter and then spun at 300 g for 5 minutes to separate floating
adipocytes from the SVF pellet. To ensure proper isolation, adipocyte frac-
tions were examined by microscopy before and after plating on plastic to
detect adherent cells. Samples were digested until adipocyte fractions were
free of adherent cells by these 2 quality-control methods to ensure recovery
of the majority of the SVF population.

For cell culture, the pellet containing the SVF cells was resuspended in
growth media for further experiments. For flow cytometry, the SVF pellet
was resuspended in 0.5 ml RBC Lysis Buffer (eBioscience) and incubated
for 5 minutes prior to resuspension in sorting buffer (PBS with 0.5% endo-
toxin-free FBS, 2 mM EDTA, and 25 mM HEPES) at a concentration of
107 cells/ml. Cells were incubated with Fc Block (BD Biosciences) prior to
staining with conjugated antibodies for 15 minutes at 4°C followed by 2
washes in 10x excess of sorting buffer. Cells were resuspended in sorting
buffer supplemented with DAPI and then analyzed by FACS (FACSAria; BD
Biosciences). Viable cells were sorted directly into RNA lysis buffer for RNA
extraction. ATMs were identified by coexpression of F4/80 and CD11b.

Isolation of CD11b* cells from SVF isolates was performed by magnetic
immunoaffinity isolation with anti-CD11b antibodies conjugated to
magnetic beads (MACS; Miltenyi Biotec). Cells were isolated using positive
selection columns prior to preparation of whole-cell lysates.

Immunofluorescence staining. For immunofluorescence, SVF cells were plat-
ed onto glass coverslips for 2 hours, and nonadherent cells were removed by
3 washes with PBS. After 24 hours, the cells were fixed by incubation with
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10% formalin for 20 minutes at room temperature. Cells were blocked in
2% BSA in PBS and incubated with primary antibodies diluted in blocking
buffer. Alexa Fluor 488-conjugated secondary antibodies were incubated
at a concentration of 2 mg/ml. Coverslips were mounted on slides with
VECTASHIELD (Vector Laboratories) and imaged on a confocal fluores-
cence microscope (Olympus FV300).

Real-time RT-PCR. RNA extraction was performed with an RNeasy kit
(QIAGEN). RT reactions were performed using standard methods (Strat-
agene) and real-time PCR analysis was performed using SYBR Green
normalized to GAPDH (ABI Prism 7200 Sequence Detection System;
Applied Biosystems). PCR primers used were: Apoe For, 5'-CTGACAG-
GATGCCTAGCCG-3'"; Apoe Rev, 5'-CGCAGGTAATCCCAGAAGC-3'; Argl
For, 5'-CTCCAAGCCAAAGTCCTTAGAG-3'; Argl Rev, 5'-AGGAGCTGT-
CATTAGGGACATC-3'; Chi3l3 For, 5'-AGAAGGGAGTTTCAAACCT-
GGT-3'; Chi3l3 Rev, 5'-GTCTTGCTCATGTGTGTAAGTGA-3'; Gapdh
For, 5'-TGAAGCAGGCATCTGAGGG-3'; Gapdh Rev, 5'-CGAAGGT-
GGAAGAGTGGGAG-3'; 1110 For, S'-GCTCTTACTGACTGGCAT-
GAG-3'; Il10 Rev, 5'-CGCAGCTCTAGGAGCATGTG-3'; Itgax For,
5'-CTGGATAGCCTTTCTTCTGCTG-3'; Itgax Rev, 5'-GCACACTGTGTCC-
GAACTC-3"; Mgl1 For, 5'-TGAGAAAGGCTTTAAGAACTGGG-3'; Mgl1
Rev, 5'-GACCACCTGTAGTGATGTGGG-3'; Mrc2 For, 5S'-TACAGCTC-
CACGCTATGGATT-3'; Mrc2 Rev, 5'-CACTCTCCCAGTTGAGGTACT-3';
Mgl2 For, 5'-TTAGCCAATGTGCTTAGCTGG-3"; Mgl2 Rev, 5'-GGCCTC-
CAATTCTTGAAACCT-3'; Nos2 For, 5'-CCAAGCCCTCACCTACTTCC-3;
Nos2 Rev, 5'-CTCTGAGGGCTGACACAAGG-3'; Pparg For, 5'-GGAAGAC-
CACTCGCATTCCTT-3"; Pparg Rev, S'-TCGCACTTTGGTATTCTT-
GGAG-3'; Tnfa For, 5'-ACGGCATGGATCTCAAAGAC-3'; Tnfa Rev,
5'-AGATAGCAAATCGGCTGACG-3'. Relative expression was assessed by
the comparative Cr method correcting for amplification efficiency of the
primers and performed in triplicate.

Immunoblotting and immunoprecipitation. Cell lysates were prepared
by the addition of lysis buffer (150 mM sodium chloride, 50 mM Tris
pH 8, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA,
10 mM sodium fluoride, I mM sodium pyrophosphate, 1 mM sodium
orthovanadate, and protease inhibitors [complete Mini tablets; Roche
Applied Science]). Cells were lysed at 4°C for 30 minutes and clarified by
centrifugation. For immunoprecipitations, lysates were incubated with
1 ug of anti-IRS1 antibodies overnight at 4°C and immune complexes
precipitated with Protein A/G-conjugated beads (Santa Cruz Biotechnol-
ogy Inc.). Beads were washed with lysis buffer and resuspended in sample
buffer. Lysates and immune complexes were separated by SDS-PAGE,
transferred to nitrocellulose, and immunoblotted with primary antibod-
ies followed by species-specific HRP-conjugated secondary antibodies.
HRP activity was detected by chemiluminescence.

Immunobistochemistry. Formalin-fixed paraffin-embedded adipose tissue
sections were deparaffinized and rehydrated prior to antigen unmasking
by boiling in 10 mM sodium citrate, pH 6.0, with 0.05% Tween-20 for 30

minutes. Sections were blocked in normal serum and incubated with pri-
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mary antibodies for durations of 1 hour to overnight. Endogenous HRP
activity was quenched with incubation with 3% hydrogen peroxide for 10
minutes. Secondary antibody staining was performed using the VECTA-
STAIN ABC kit (Vector Laboratories) and detected with 3,3'-diaminoben-
zidine (DAB). Sections were counterstained with hematoxylin prior to
dehydration and coverslip placement.

2-Deoxyglucose uptake assay. Adipocytes were starved in low-glucose
DMEM with 0.5% serum for 3 hours prior to insulin stimulation. 2-Deoxy-
glucose uptake assays were performed as previously described (51).

Arginase assay. Arginase activity assays were performed as previously
described (52). Briefly, cells were lysed in 0.1% Triton X-100. Tris-HCI was
added to 12.5-mM and MnCl, added to 1-mM final concentration. Argi-
nase was activated by heating for 10 minutes at 56°C, and L-arginine sub-
strate was added to 250-mM final concentration. Reactions were incubated
at 37°C for 30 minutes and stopped by the addition of H,SO./H3PO..
After addition of a-isonitrosopropiophenone and heating for 30 minutes
at 95°C, urea production was measured by absorbance at 540 nm and nor-
malized to total protein content.

NF-B activation assay. 3T3-L1 adipocytes were transfected with lucifer-
ase reporter plasmid pBIIX-luc (containing 2 tandemly repeated NF-kB
binding sites) along with Renilla luciferase control (100:1; Promega) as
previously described (51). Twenty-four hours after transfection, cells were
treated with vehicle or TNF-a (1 nM) with or without IL-10 (20 ng/ml) for
16 hours prior to lysis and analysis using the Dual-Luciferase Reporter
Assay System (Promega). Values were normalized to Renilla activities.

Statistics. Results are presented as the mean + 1 SD. Statistical analyses
were conducted using an unpaired 2-tailed Student’s ¢ test, with signifi-
cance set at a P value of less than 0.05.
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