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Local proliferation initiates macrophage accumulation
in adipose tissue during obesity

C Zheng1, Q Yang1, J Cao1, N Xie1,2, K Liu3, P Shou1, F Qian1, Y Wang*,1 and Y Shi*,1,4,5

Obesity-associated chronic inflammation is characterized by an accumulation of adipose tissue macrophages (ATMs). It is
generally believed that those macrophages are derived from peripheral blood monocytes. However, recent studies suggest that
local proliferation of macrophages is responsible for ATM accumulation. In the present study, we revealed that both migration and
proliferation contribute to ATM accumulation during obesity development. We show that there is a significant increase in ATMs at
the early stage of obesity, which is largely due to an enhanced in situ macrophage proliferation. This result was obtained by
employing fat-shielded irradiation and bone marrow reconstitution. Additionally, the production of CCL2, a pivotal chemoattractant
of monocytes, was not found to be increased at this stage, corroborating with a critical role of proliferation. Nonetheless, as
obesity proceeds, the role of monocyte migration into adipose tissue becomes more significant and those new immigrants further
proliferate locally. These proliferating ATMs mainly reside in crown-like structures formed by macrophages surrounding dead
adipocytes. We further showed that IL-4/STAT6 is a driving force for ATM proliferation. Therefore, we demonstrated that local
proliferation of resident macrophages contributes to ATM accumulation during obesity development and has a key role in obesity-
associated inflammation.
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The accumulation of adipose tissue macrophages (ATMs) is a
significant characteristic of obesity-associated chronic inflam-
mation. It is also critical in regulating obesity development.
In lean animals, there is a low cellularity of resident ATMs
interspersing among adipocytes, which are considered as M2
macrophages. During obesity, significantly increased macro-
phages accumulate in adipose tissue and form the so-called
‘crown-like structures’ (CLSs) around the dead adipocytes.1,2

Those macrophages exhibit M1 phenotype and produce
various types of inflammatory cytokines, such as TNF-α,
resulting in the propagation of obesity-related inflammation
and the development of metabolic disorders, such as insulin
resistance.3–5

Traditionally, the accumulated ATMs are considered as a
consequence of peripheral monocyte migration under inflam-
matory conditions. Recently, increasing evidences have
shown that the maintenance of tissue macrophages is
probably independent of the replenishment of circulating
monocytes and even independent of precursors from bone
marrow.6 Indeed, several kinds of tissue macrophages are
capable of self-renewal and proliferate locally in naive state,
such as microglia,7,8 Kupffer cells,9 and Langerhans cells.10

In acute inflammation status, for instance, during parasitic
infection, local proliferation of macrophages is boosted

and these macrophages exhibit phenotypes of alternatively
activated macrophages, a process driven by Th2 cytokines.11

In chronic inflammation conditions, such as atherosclerosis,
local proliferation of macrophages also occurs and contributes
to macrophage accumulation in arterial walls.12 Most recently,
it has been reported that local proliferation of macrophages
could contribute to the ATM accumulation in obesity.13,14

Given the potential contributions of monocyte migration and
macrophage proliferation to ATM accumulation, an important
question about the respective role of each event in ATM
accumulation during obesity is raising. To address it, we first
focus on the initiation of ATM accumulation in obesity. We
found that, although there is no significant change in the level
of chemokine (C-C motif) ligand 2 (CCL2) either in adipose
tissue or in circulation, the cellularity of ATMs is dramatically
elevated at the early stage of obesity. Interestingly, the
increase of ATMs was accompanied with vigorous ATM
proliferation. By inducing obesity in chimeric mice that were
generated by fat-shielded irradiation and bone marrow
transplantation, we demonstrated that in situ proliferation of
resident macrophages dominates the initiation of ATM
accumulation at early stage of obesity, and the recruited
monocytes make contribution to ATM accumulation at a
relatively late stage of obesity. This study sheds light on the
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dynamic process of ATMaccumulation and provides insight on
the initiation of obesity-associated inflammation.

Results

ATM accumulation at the early stage of obesity is related
to macrophage proliferation. Macrophage accumulation in
adipose tissue is a significant characteristic of obesity and
promotes the chronic inflammation. It has been demonstrated
that macrophage accumulation in inflamed tissue can be
caused by both monocyte recruitment and macrophage
local proliferation. However, the contributions of these two
processes on macrophage accumulation in adipose tissue
during obesity remain unclear. To address this question, we
performed diet-induced obesity model by feeding C57BL/6
mice with high-fat diet (HFD) (Figure 1a). Eight weeks later,

a relatively early stage of obesity, epididymal adipose tissue
(eAT) and inguinal adipose tissue (iAT) were isolated and
analyzed histologically and flow cytometrically. Significant
leukocyte accumulation was observed in adipose tissue,
forming CLSs (Figure 1b). We further analyzed immune cell
populations in adipose tissue and found that the percentage
of ATMs (CD45+Siglec-F−CD11b+F4/80+) is dramatically
increased in both eAT and iAT from mice fed with HFD for
8 weeks, comparing with that from normal diet (ND)-treated
mice (Figure 1c). Next we examine whether in situ macro-
phage proliferation is related to ATM accumulation at the early
stage of obesity. We performed EdU (5-ethynyl-2´-deoxyur-
idine) incorporation assay, which specifically identifies the
proliferating cells in S phase of cell cycle. Mice fed with an
ND or a HFD for 8 weeks were pulsed with EdU for 3 h,
and then eAT and iAT were isolated and analyzed for
macrophages with EdU incorporation by flow cytometry.

Figure 1 Macrophage accumulation in adipose tissue is associated with in situ proliferation at the early stage of obesity. (a) Body weight of mice fed with ND and HFD (n= 10
mice in each group). Error bars represent means± S.E.M. ***Po0.001. (b) Hematoxylin and eosin staining showing leukocyte infiltration in eAT and iAT. Scale bars, 100 μM.
(c) Flow cytometric analysis of ATM accumulation in eAT and iAT from ND- or HFD-treated mice. Representative dot plots are shown. Numbers on the graphs indicate the
percentage of gated events in total events recorded. (d) Flow cytometric analysis of EdU incorporation in ATMs from eAT and iAT of mice on ND or HFD. Mice were pulsed
with 10 μg EdU/g body weight for 3 h. (e) Summarizing of the data in panel (d) are shown as means± S.E.M. n= 3–4 mice in each group, *Po0.05, **Po0.01.
(f) Immunofluorescence staining for EdU-incorporated ATMs in eATof mice on ND or HFD. Scale bars, 100 μm. (g) Flow cytometric analysis of Ki67 expression in ATMs from eAT
and iATof mice on ND or HFD. (h) Summarizing of the data in panel (g) are shown as means± S.E.M. n= 3–4 mice in each group, *Po0.05, **Po0.01. (i) Immunofluorescence
staining for Ki67+ ATMs in eAT of mice on ND or HFD. Scale bars, 100 μm
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Notably, the EdU-incorporated ATMs in both eAT and iAT of
HFD-treated mice were greatly increased than that of
ND-treated mice (Figures 1d and e and Supplementary
Figure S1a). It is worth noting that there was no detectable
EdU-incorporated monocyte in blood (data not shown),
excluding the possibility that EdU-incorporated macro-
phages in adipose tissue were from circulation. To verify
whether the ATMs indeed proliferate in situ, we performed
whole-mount staining on eAT and found a significant increase
in EdU-incorporated macrophages in adipose tissue of
obese mice but not in that of lean mice. Interestingly, these
EdU-incorporated macrophages primarily resided in the CLSs
formed by the accumulated ATMs (Figure 1f). Consistently, the
Ki67-positive ATMs in eAT and iAT derived from HFD mice
were significantly increased as compared with that of
ND-treated mice (Figures 1g and h). Interestingly, we found
that, even in the ND-treated mice, there was a basal level of
Ki67-expressing ATMs, indicating that proliferation is also
involved in the maintenance of the population of ATMs under
lean status. Additionally, consistent with a much higher level of
ATM accumulation in eAT than in iAT, the Ki67+ ATMs in eATwas
significantly higher than that of iAT in HFD-treated mice
(Figures 1c, g and h). By detecting in situ Ki67 expression in
ATMs, we found that the Ki67+ ATMs are dramatically

increased in eAT of HFD-treated mice than that of ND-
treated mice, preferentially localizing in the CLSs (Figure 1i).
These results demonstrate that in situ proliferation of
macrophages occurs at the early stage of obesity and
contributes to ATM accumulation.

The early stage of genetic obesity is accompanied with
ATM proliferation. Obesity is a consequence of complex
gene–environment interactions. In addition to diet-induced
obesity, we also investigated whether in situ proliferation of
macrophages is involved in ATM accumulation in one model
of the genetically inherited obesity, the leptin receptor-
deficient mice (Leprdb/db mice, commonly referred to as
db/db mice). We found that the ATM accumulation in adipose
tissue (eAT and iAT) of Leprdb/db mice is dramatically
increased at the initial stage of obesity (7-week old) as
compared with that of their heterozygous littermates
(Figure 2a). Meanwhile, Ki67+ macrophages were greatly
increased in adipose tissue of 7-week-old Leprdb/db mice
(Figure 2b). We further performed EdU incorporation assay
and found that, at the early stage of genetic obesity (10-week
old), significantly more EdU-incorporated macrophages were
observed in adipose tissue of Leprdb/dbmice (Figures 2c and d).
The percentage of EdU-incorporated ATMs from mice in

Figure 2 Proliferation of ATMs at the early stage of genetic obesity. (a) Flow cytometric analysis of ATM accumulation in eATand iAT from 7-week-old leptin receptor-deficient
mice (Leprdb/db) and their heterozygous littermates (Leprdb/+). Representative dot plots are shown. Numbers on the graphs indicate the percentage of gated events in total events
recorded. (b) Flow cytometric analysis of Ki67 expression in ATMs from eAT and iAT of 7-week-old leptin receptor-deficient mice (Leprdb/db) and heterozygous littermates
(Leprdb/+). (c) Flow cytometric analysis of EdU incorporation in ATMs from eATand iATof Leprdb/db mice and their heterozygous siblings. (d) Summarizing of the data in panel (c)
are shown as means± S.E.M. n= 3–4 mice in each group, *Po0.05, **Po0.01
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advanced genetic obesity (30-week old) was also significantly
higher than that of lean littermates. Thus macrophage
proliferation contributes to ATM accumulation in genetic
obesity.

ATM accumulation in obesity is dominated by in situ
proliferation. To determine the respective contributions of
macrophage local proliferation and monocyte migration to
ATM accumulation, we generated bone marrow chimeric
mice with a modified strategy. In this experiment, the lower
abdomens of C57BL/6 mice (with CD45.2 allotype) were
shielded during lethal irradiation to protect the resident
ATMs in eAT from genotoxic insult. These mice were then
transplanted with bone marrow cells from CD45.1 congenic
mice. Seven weeks later, these mice were fed with HFD
(Figure 3a). To examine whether the chimeric mice were
successfully generated, we analyzed blood monocytes of
recipient mice under different treatments and found that the
percentage of CD45.1+ blood monocytes in periphery blood
was around 30% (Figure 3b), indicating an efficient engraft-
ment of donor bone marrow cells. We then examined the
chimeric level of donor-derived ATMs in adipose tissue. After
feeding mice with HFD for 8 weeks, despite an increase in
total macrophages in eAT, the percentage of donor-derived
(CD45.1+) ATMs remained at an extremely low level (2%),
similar to those in ND-treated mice (3.6%) (Figure 3c). These
data indicate that proliferation of resident macrophages rather
than migration of blood monocytes dominates the initiation of
ATM accumulation. It is of interest that, with HFD feeding
for 12 weeks, an obvious increase in the percentage of
donor-derived (CD45.1+) macrophages in adipose tissue of

recipient mice was observed, suggesting that the monocytes
migration makes contribution to accumulation of ATMs at late
stage of obesity (Figure 3c).
As a comparison, we further analyzed the chimeric level of

eosinophils in adipose tissue. Eosinophils are another
subset of myeloid cells that have been shown to migrate
from peripheral blood to adipose tissue and have an
important role in sustaining the glucose homeostasis,15 which
do not proliferate either in obese mice or in lean mice
(Supplementary Figures S1a and b). Different from ATMs,
obvious donor-derived (CD45.1+) eosinophils were observed
in adipose tissue of obese mice, at both the early stage (8-
week HFD) and the late stage of obesity (12-week HFD)
(Figure 3d). Therefore, we verified that ATM accumulation is
initiated by resident macrophage proliferation at the early
stage of obesity and further promoted by monocyte migration
at the late stage of obesity.
We further raised an intriguing question: is the proliferation

potency of macrophages restricted to the resident ATMs or
could it also be observed in recruited macrophages? To
address it, we performed EdU incorporation assay on the
chimeric mice fed with HFD for 12 weeks. Interestingly, both
CD45.2+ and CD45.1+ EdU-incorporated ATMswere detected
in adipose tissue (Figure 3e), indicating that proliferation of
macrophage occurs regardless of their origins. Thus local
proliferation of both resident and recruited macrophages
contributes to ATM accumulation.

CCL2 is dispensable for macrophage accumulation at the
early stage of obesity. To reinforce the conclusion that
proliferation rather than monocyte migration plays critical role

Figure 3 In situ proliferation dominates the initiation of ATM accumulation during obesity. (a) Schematic representation of fat-shielded irradiation and bone marrow
transplantation. CD45.2 mice were shielded with lead above the abdomen before lethal irradiation, transplanted with CD45.1 bone marrow, left for reconstitution for 7 weeks, and
subjected to diet treatment for 8–12 weeks. Chimerism analysis was performed on leukocytes in blood and eAT. (b) Percentage of chimerism in blood monocytes
(CD11b+CD115+) from chimeric mice subjected to ND or HFD for either 8 or 12 weeks. (c) Contribution of CD45.1 donor-derived macrophages to ATM accumulation was
analyzed on chimeric mice fed with ND or HFD for 8 or 12 weeks. (d) Contribution of CD45.1 donor-derived eosinophils to adipose tissue eosinophils was analyzed on chimeric
mice subjected to ND or HFD for 8 or 12 weeks. The representative results shown in panels (b, c, and d) were from the same group of chimeric mice. (e) Flow cytometric analysis
of EdU incorporation in ATMs from chimeric mice on HFD for 12 weeks
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in ATM accumulation at the early stage of obesity, we
analyzed the local expression of CCL2 (MCP-1) in adipose
tissue, which is the pivotal chemoattractant for monocyte
migration.16 Interestingly, employing intracellular staining, we
found that CCL2 was mainly expressed by CD45−CD31−

stromal cells in adipose tissue rather than CD45+ leukocytes
or CD31+ endothelial cells. In fact, no enhanced CCL2
expression was observed in any of the three populations of
cells derived from adipose tissue of obese mice as compared
with that of lean mice (Figure 4a). Consistently, the level of
CCL2 in serum was not changed at the early stage of obesity
(Figure 4b). However, at a later stage of obesity (HFD for
412 weeks), a significant higher level of CCL2 in the serum
was found (Figure 4c). These results indicate that CCL2-
induced monocyte migration is not the determinant factor for
ATM accumulation at the early stage of obesity, whereas it
may regulate ATM accumulation at a relatively later stage of
obesity.

ATMs with mitogenic activity are localized in CLSs. We
noticed that the majority of proliferating ATMs resided in the
CLSs in adipose tissue of mice at the early stage of obesity
(Figures 1f and i). In these structures, adipocytes rimmed by
immune cells are regarded to be necrotic or apoptotic.17,18

We further found that Ki67+ ATMs were preferentially
localized in the CLSs of obese mice at the advanced stage,
and ATMs outside of these structures scarcely expressed
Ki67 (Figure 5a). By statistically analyzing Ki67-expressing
ATMs in mice at different stages of obesity, we found that the
percentage of Ki67+ ATMs in CLSs was dramatically higher

than that outside CLSs (Figure 5b). Of note, the percentage
of Ki67+ ATMs outside CLSs (about 10%) in obese mice was
comparable to that of lean mice (Figures 1g and h), indicating
that these ‘free’ ATMs only maintain a basal level of self-
renewal as ATMs do in lean mice. Thus proliferating ATMs
preferentially localize in the CLSs, suggesting that the
mitogenic stimuli for ATM proliferation in obesity could relate
to these structures.
Macrophages are important regulators of inflammation in

adipose tissue by producing various types of cytokines.
Among them, TNF-α is a major proinflammatory cytokine of
classically activated macrophages, and Resistin-like molecule
alpha (RELM-α) is a typical cytokine produced by alternatively
activated macrophages. To verify the expression of these
cytokines by proliferating ATMs, we performed intracellular
staining. We found that the percentage of RELM-α+ ATMs was
gradually decreased along with the progression of obesity.
Detailed analysis showed that the expression of RELM-α is
much lower in the Ki67+ ATMs as compared with that in the
Ki67− ATMs (Supplementary Figure S2). TNF-α+ ATMs were
increased at first and then decreased during the progression
of obesity. The percentage of Ki67+TNF-α+ ATMs are
comparable to that of Ki67−TNF-α+ ATMs (Supplementary
Figure S3).

IL-4/STAT6 signaling is the major driving force for ATM
proliferation. We further investigated the mitogenic stimuli
for ATM proliferation. It has been shown that IL-4,11 M-CSF,12

and CCL213 could drive the local proliferation of macro-
phages. However, when we examined the effects of these

Figure 4 The level of CCL2 in adipose tissue and serum. (a) Flow cytometric analysis of CCL2 expression in leukocytes, endothelial cells, and stromal cells in eATand iAT
from ND- or HFD-treated mice. Representative dot plots are shown. CD45+ cells (R1) represent leukocytes, CD31+ cells (R2) represent endothelial cells, and CD45− CD31− cells
(R3) represent stromal cells. (b and c) CCL2 expression level in serum of mice at early-stage (treated with diet for 8 weeks) (b) or relatively late-stage (treated with diet for
412 weeks) of obesity (c). Means± S.E.M. are shown. n= 5–8 mice in each group, *Po0.05
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cytokines on ATM proliferation, we found that only the
administration of IL-4 could boost the ATM proliferation in
lean mice.19 When lean mice were intraperitoneally injected
with IL-4, a dramatic increase of Ki67+ ATMs was observed
(Figure 6a). After binding to its receptor, IL-4 activates JAK1
and JAK3 and subsequently results in the phosphorylation
of STAT6, a central transcription factor for IL-4-mediated
biological responses.20 We found that the proliferation of
ATMs induced by IL-4 was greatly impaired in STAT6-

deficient mice (Figure 6a), suggesting a critical role of IL-4/
STAT6 signaling in the IL-4-driven ATM proliferation. More
importantly, when mice were on HFD, the percentage of Ki67+

ATMs in STAT6-deficient mice was significantly lower than
that of WT mice (Figure 6b). Thus the IL-4/STAT6 signaling is
the driving force for ATM proliferation in obesity.

Discussion

Obesity is associated with accumulation of ATMs, which
propagates chronic inflammation and promotes insulin resis-
tance. Previous reports have showed that the migration of
blood monocytes contributes to macrophage infiltration in
inflamed sites.1,16,21 Recent evidences indicate that local
proliferation is also involved in regulating ATM accumulation in
obesity.13,14 However, the respective contributions of these
two events to ATM accumulation during obesity progression
have not been addressed. In this study, we demonstrated that
in situ proliferation of resident macrophages determines ATM
accumulation at the early stage of obesity, whereas immi-
grated monocytes contribute to ATM accumulation at a
relatively late stage of obesity. Furthermore, both resident
and recruited macrophages proliferate in the adipose tissue of
obese mice (summarized in Figure 7).
Previously, it has been reported that the infiltration of

peripheral monocytes exerts an important role in ATM
accumulation in obesity.1 As one of the most pivotal chemo-
kines in mediating monocyte recruitment, CCL2 (MCP-1) has
been suggested to mediate the accumulation of ATMs during
obesity.16 However, other report shows that, in the absence of
CCL2, no reduction in macrophage accumulation in adipose
tissuewas observed.22 These controversial results suggest that
migration of monocytes could not be the unique pathway in
regulating macrophage accumulation in adipose tissue during
obesity development.

Figure 5 Proliferating ATMs preferentially reside in CLSs. (a) Immunofluorescence showing the localization of Ki67+ ATMs in HFD-induced obese mice. Arrowheads indicate
the ATMs outside CLSs. Scale bars, 100 μm. (b) Percentage of Ki67+ ATMs in CLSs and outside CLSs, summarizing 225 ATMs from 7 immunofluorescence pictures.
***Po0.001, Fisher’s exact test

Figure 6 IL-4/STAT6 drives the proliferation of ATMs. (a) Ki67 expression in ATMs
from eATof WTand STAT6− /− mice treated with a complex of IL-4 and IL-4 antibody
(to prolong the bioavailability of IL-4 in vivo) or PBS for 48 h. (b) Ki67 expression in
ATMs from eAT of WT and STAT6− /− mice on HFD (n= 10 in each group).
Means± S.E.M. are shown
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In fact, resident macrophages in various types of tissues,
such as lung, splenic red pulp, peritoneum, and bone marrow,
could maintain their population by local proliferation in the
quiescent state, with little replenishment from circulating
monocytes and hematopoietic progenitors.23 In addition to
quiescent state, during parasite infection, IL-4-induced local
proliferation determines the accumulation of macrophages in
pleural cavity.11 Furthermore, during chronic inflammatory
response, such as in atherosclerosis, macrophage accumula-
tion in lesion is mainly dominated by local proliferation driven
by M-CSF.12 Consistently, we found that, even in lean mice, a
low level of ATM proliferation can be observed, representing a
basal self-renewal of resident ATMs under naive status.
Strikingly, the proliferation rate of ATMs was greatly enhanced
after mice were fed with HFD for 8 weeks. However, this was
not related to the enhanced levels of CCL2 in serum and
adipose tissue of obese mice. We further hypothesize that
in situ proliferation of resident macrophages could be the
driving force for the initiation of ATM accumulation. We tested
this hypothesis by generating chimeric mice with protection on
their adipose tissue during lethal irradiation and with bone
marrow transplantation. Feeding these mice with HFD, we
found that the increased ATMs at the early stage of obesity are
mainly derived from recipients, rather than donors. However,
at the late stage of obesity, a significant increase of the donor-
derived ATMswas found, accompanying with enhanced CCL2
level in the serum. Thereby, ATM accumulation in obesity is
mainly resulting from local proliferation of resident macro-
phages at the early stage and contributed by monocyte
replenishment at the late stage. These findings have important
clinical implications for intervention of obesity-related insulin
resistance. Strategies to suppress the CCL2/CCR2 signal
may only partially inhibit ATM accumulation and insulin
resistance at the late stage of obesity. However, targeting

the stimuli or its related signaling pathway for ATM proliferation
could guide the development of promising intervention for
obesity-related inflammation and insulin resistance.
Our findings show that resident macrophages are enriched

in adipose tissue of mice during the lean and early obesity
phases. By analyzing the phenotype of ATMs during the
progression of obesity, we found that, during the lean and early
obesity phases, there is a substantial number of alternatively
activated macrophages; however, at the late obesity stage,
this type of macrophages is dramatically reduced. Interest-
ingly, it has been reported that alternatively activated macro-
phages have enhanced capacity of lipid catabolism.24–26 Thus
alternatively activated macrophages at the early stages of
obesity are the major population of resident macrophages,
with more specialized lipid catabolism than that of immigrant
macrophages.
We found that ATMs in cell cycle progression mainly reside

in CLSs in adipose tissue, whereas ATMs outside these
structures exhibit much less proliferation capacity, similar to
that of ATMs in lean mice. These results suggest that the
potential molecules in CLSmicroenvironment may provide the
mitogenic stimuli for obesity-related ATM proliferation. These
stimuli could be produced by the apoptotic or necrotic
adipocytes in the core of CLSs or provided by the nearby
immune cells, such as ATMs and eosinophils. Recently, it has
been reported that CCL2 is associated with the local
proliferation of ATMs.13 Also, M-CSF is regarded as a
possible candidate for regulating the mitogenic activity of
macrophages.23 We found that neither CCL2 nor M-CSF
administration promoted the ATM proliferation in lean mice.
However, IL-4 administration greatly enhanced the prolifera-
tion of ATMs in lean mice. Importantly, a significant reduction
in the in situ proliferation of ATMs was observed in the
HFD-treated STAT6-deficient mice as compared with that of

Figure 7 Schematic depiction of contribution of macrophage proliferation and monocyte recruitment to ATM accumulation in obesity. In lean mice, resident macrophages in
adipose tissue are in quiescent status, maintaining a basal level of cellularity by self-renewal. At the early stage of obesity, these resident macrophages proliferate and lead to ATM
accumulation, which is driven by stimuli released from adipocytes or/and other immune cells. At the late stage of obesity, ATM accumulation is further augmented by monocyte-
derived macrophages, which also exhibit the proliferative capability. These proliferating macrophages always localize in the CLSs and surround the apoptotic adipocyte. Red
nuclei indicate that the macrophages are proliferating
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wild-type mice, demonstrating an important role of IL-4 in
driving the local proliferation of ATMs in obesity.
In conclusion, we found that macrophage accumulation in

adipose tissue during obesity is initiated by in situ proliferation
of resident ATMs and further promoted by a concerted
activation of monocyte migration and macrophage prolifera-
tion. Our observations provide insight on the development of
obesity-related inflammation and could guide the designing of
therapeutic strategies for obesity-associated disorders.

Materials and Methods
Animal experiments. C57BL/6 mice were purchased from the Shanghai
Laboratory Animal Center of Chinese Academy of Sciences (Shanghai, China).
CD45.1 mice in C57BL/6 background were kindly provided by Dr. Yanyun
Zhang of the Institute of Health Sciences of the Chinese Academy of Sciences.
Heterozygous leptin receptor-deficient mice (Leprdb/+) in C57BL/6 background were
purchased from Model Animal Research Center of Nanjing University (Nanjing,
China) and were inbred in our laboratory. STAT6− /− (C.129S2-Stat6tm1Gru/J) mice
were from Jackson Laboratory (Bar Harbor, ME, USA). All experiments were
approved by the Institutional Animal Care and Use Committee of the Institute of
Health Sciences, Shanghai Institutes for Biological Sciences of Chinese Academy of
Sciences.
Diet-induced obesity was performed by feeding 5-week-old mice with a HFD

containing 60 kcal% fat (D12492, Research Diets, New Brunswick, NJ, USA). The
control group was fed with a ND. EdU incorporation assay was performed with the
Click-iT EdU Assay Kits (Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instruction. Mice were i.p. injected with 10 μg EdU/g body weight 3 h
prior to killing. The Click-iT reaction was carried out on adipose tissue and analyzed
flow cytometrically and immunohistologically. To assess the contribution of resident
macrophages to ATMs accumulation, the lower abdomen of anesthetized CD45.2
mice was shielded with a 6-cm-thick lead block. Those mice were exposed to a dose
of 9.5 Gy γ irradiation and i.v. injected with 107 CD45.1 bone marrow cells. Chimeric
mice were left for 7 weeks for reconstitution prior to diet treatment. To examine the
role of IL-4 in ATM proliferation, every mouse was i.p. injected with a combination of
5 μg IL-4 (Peprotech, Rocky Hill, NJ, USA) and 25 μg IL-4 antibody (clone 11B11,
Harlan Bioproducts for Science, Indianapolis, IN, USA), or PBS, and ATM analysis
was performed 48 h later.

Flow cytometry. The eATand iATwere collected from killed mice, cut into small
pieces, and rinsed with PBS before digestion with 2 mg/ml collagenase I (Sigma-
Aldrich, St. Louis, MO, USA) for 1.5 h. Floating adipocytes were separated by
centrifuging the cell suspension at 600 × g for 10 min. The pallets were re-
suspended, filtered through 70-μm sieves, and subjected to erythrocyte lysis. The
cell suspension was preincubated with anti-CD16/CD32 (eBioscience, San Diego,
CA, USA) to block Fc receptors before surface molecule staining. Intracellular
staining was performed with fixation and permeabilization kits according to the
manufacturer’s instructions (eBioscience). The rat monoclonal antibodies, including
F4/80, CD45, CD11b, CD45.1, CD45.2, Ki67, and TNF-α, were from eBioscience;
CD115 and Siglec-F were from Biolegend (San Diego, CA, USA).
For intracellular staining of RELM-α and TNF-α in ATMs, 1 : 1000 GolgiPlug (BD

Biosciences, San Jose, CA, USA) were added to collagenase during tissue digestion.
Following surface molecules staining, intracellular staining was performed using a
fixation kit and a permeabilization kit according to the manufacturer’s instructions
(eBioscience). Rabbit anti-RELM-α (Abcam, Cambridge, MA, USA), and Alexa Fluor
488-conjugated goat anti-rabbit IgG (Life Technologies) were used.

Immunohistochemistry. The adipose tissue was cut into small pieces and
fixed with 4% paraformaldehyde for 24 h at 4 °C. Whole-mount staining was then
performed. Briefly, the specimens were permeabilized with 1% Triton X-100, blocked
with 1% BSA and 3% FBS in PBS, and then incubated with respective antibodies for
the surface or nuclear molecules. The adipocytes were counterstained with BODIPY
558/568 C12 (Invitrogen) in some experiments.

Statistical analysis. Data are presented as means± S.E.M., and the
significance was assessed by unpaired two-tailed t-test unless otherwise indicated.
We considered Po0.05 as statistically significant.
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