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Obesity is characterized by an accumulation of macrophages in
adipose, some of which form distinct crown-like structures (CLS)
around fat cells. While multiple discrete adipose tissue macro-
phage (ATM) subsets are thought to exist, their respective effects
on adipose tissue, and the transcriptional mechanisms that underlie
the functional differences between ATM subsets, are not well un-
derstood. We report that obese fat tissue of mice and humans
contain multiple distinct populations of ATMs with unique tissue
distributions, transcriptomes, chromatin landscapes, and functions.
Mouse Ly6c ATMs reside outside of CLS and are adipogenic, while
CD9 ATMs reside within CLS, are lipid-laden, and are proinflamma-
tory. Adoptive transfer of Ly6c ATMs into lean mice activates gene
programs typical of normal adipocyte physiology. By contrast,
adoptive transfer of CD9 ATMs drives gene expression that is char-
acteristic of obesity. Importantly, human adipose tissue contains
similar ATM populations, including lipid-laden CD9 ATMs that in-
crease with body mass. These results provide a higher resolution of
the cellular and functional heterogeneity within ATMs and provide
a framework within which to develop new immune-directed ther-
apies for the treatment of obesity and related sequela.
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There is currently a worldwide pandemic of obesity that
threatens population health by predisposing to diabetes,

cardiovascular disease, and cancer (1). Our limited understanding
of the mechanisms that direct adipose homeostasis in response to
high fat diet (HFD) exposure has hindered the development of
new therapies. There is a growing body of literature to suggest that
the immune system is a critical regulator of normal adipose
physiology and the response to fatty foods (2). This observation
has led to the prospect of immune-directed therapies for the
treatment of obesity and related inflammatory sequela.
Macrophages are the predominant immune cell in adipose

tissue, and they accumulate in obese mice and humans (3, 4).
The increased number of adipose tissue macrophages (ATMs) in
obese adipose tissue is in part due to recruitment of peripheral
cells (5–7), but local proliferation also plays a role as a subset of
ATMs express Ki67 and markers of S phase (8–11). Proliferation
seems to occur predominantly at sites known as crown-like
structures (CLSs), characterized by collections of ATMs that
form around dead adipocytes (12). There is evidence that ac-
cumulation of ATMs contributes to obesity-induced insulin re-
sistance (13, 14). For example, deletion of chemokine (C-C
motif) ligand 2 (CCL2) reduces ATM accumulation and im-
proves insulin sensitivity in some but not all cases (5, 6, 15, 16),
while overexpression of CCL2 promotes insulin resistance (7).
Moreover, chemical or genetic disruption of macrophages or
their functions improves insulin sensitivity (17–21).
Despite these advances, the identity of the macrophages that

accumulate in obese adipose tissue is uncertain. Soon after the

initial description of ATM infiltration in obesity, it was suggested
that this was associated with a switch from an antiinflammatory
(M2) phenotype to an inflammatory (M1) activation state (22,
23). However, an alternative view is that ATMs accumulate in
obesity as a homeostatic mechanism that evolved to protect the
metabolic health of the organism. Indeed, recent studies suggest
that obesity-associated ATMs can adopt a metabolic activation
state (24, 25) that facilitates clearance of dead adipocytes (26). It
has also been shown that more than one population of ATMs
exist (27), although the exact number and functions of ATM
subsets in obese adipose, and the transcriptional mechanisms
that define their unique activation states, are not known.
Building on prior work, we hypothesized that the dissimilar

properties attributed to ATMs in different studies could be due
to functional heterogeneity. To address this hypothesis in a
comprehensive and unbiased manner, we examined macro-
phages from adipose tissue of obese mice by flow cytometry and
single-cell transcriptomics. This led to the detection of multiple
distinct ATM populations with unique morphology, tissue lo-
calization, and transcriptomes. Ly6c ATMs reside outside of
CLSs and are adipogenic, while CD9 ATMs reside within CLSs,
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are lipid-laden, and are proinflammatory. We detect similar
ATM subsets in human adipose tissue, including a CD9+, lipid-
laden group, which is directly associated with obesity. Thus,
functional heterogeneity is a conserved feature of ATM biology
between mice and humans and directs inflammatory as well as
physiologic changes during obesity. This observation has impli-
cations for the development of new, immune-directed therapies
for the treatment of obesity and related inflammatory sequela.

Results
CD9 and Ly6c Define Unique Populations of ATMs in Obese Adipose.
To evaluate the number and functions of ATM populations in
adipose in a comprehensive and unbiased manner, cohorts of
B6 mice were subjected to HFD or control low-fat diet (LFD)
for 12 wk, resulting in a time-dependent weight gain (SI Ap-
pendix, Fig. S1A). We used flow cytometry to characterize ATM
populations in epididymal white adipose tissue (eWAT), based
on established cell markers and conventions (28). A population
of CD11b+ Ly6c+ cells, likely representing monocyte-derived cells,
accumulated with obesity (Fig. 1 A and B) (29). There was also an
increase in CD11b+ Ly6c− cells that coexpressed the macrophage
markers F4/80 and CD64 (Fig. 1 C and D), therefore fitting the
classic description of ATMs that accumulate with obesity (3).
To test for heterogeneity among CD11b+ Ly6c− ATMs, cells

were pooled from eWAT of five mice, sort-purified, and single-cell
RNA-sequencing (RNA-seq) was performed. Two transcriptionally
distinct populations of Ly6c− ATMs were observed upon unbiased
hierarchical clustering (Fig. 1E, HFD1 vs. HFD2). Examination
of the most differentially expressed genes between these groups
revealed that the HFD2 group of ATMs expressed high levels of
the tetraspanin family member Cd9 (Fig. 1F) (30), as well as a
number of genes related to lipid metabolism (Lpl, Plin2) and
intracellular vesicle function (Cd63, Lamp2), consistent with
known ATM characteristics (24, 25).
Subsequent flow-cytometric analysis revealed that two pop-

ulations of Ly6c− ATMs could be identified based on their dif-
ferential surface expression of CD9 (Fig. 1G). CD9+ ATMs
accumulated with HFD, while CD9− ATMs did not (Fig. 1G and
H), indicating that CD9+ ATMs are the predominant Ly6c−

ATM type that increases with obesity. While Ly6c and CD9
clearly distinguished the three ATM populations in question,
expression of other canonical macrophage markers was more
similar among the various ATM groups (SI Appendix, Fig. S1B).
Together, these results indicate that three populations of ATMs
exist in adipose and identify CD9+ and Ly6c+ ATMs (hereafter
referred to as CD9 and Ly6c, respectively) as the predominant
populations associated with obesity.

CD9 and Ly6c ATMs Are Bone Marrow-Derived. Accumulation of
ATMs in obese adipose is thought to be due in part to recruitment
of bone marrow-derived monocytes (5–7). To determine whether
CD9 and Ly6c ATMs are hematopoietically derived, we created
bone marrow chimeras by irradiating B6 CD45.1+ recipients and
reconstituting their hematopoietic compartment with bone
marrow of B6 CD45.2+ donors (SI Appendix, Fig. S2A). After
reconstitution, CD45.1+ recipients were fed HFD for 12 wk, and
systemic and adipose chimerism was determined. Recipients
showed a high degree of systemic chimerism as 94% of splenic
lymphocytes expressed the donor congenic marker CD45.2 (SI
Appendix, Fig. S2B). A similar proportion of CD9 and Ly6c
ATMs expressed the donor congenic marker CD45.2 (SI Ap-
pendix, Fig. S2C), indicating that both CD9 and Ly6c ATMs are
hematopoietically derived.

CD9 ATMs Localize to CLSs, Are Filled with Lipids, and Secrete
Exosomes. It is known that obesity is associated with ATM ac-
cumulation around dead adipocytes, although the identity of
these CLS-associated ATMs is uncertain (24, 25). Therefore, we
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Fig. 1. CD9 and Ly6c define unique populations of ATMs in obese adipose.
(A) Flow-cytometric analysis of ATMs from eWAT of mice fed LFD or HFD for
12 wk. Gated on CD45+, CD3−, CD4−, CD8−, CD19−, Ly6g−, and SiglecF−.
Numbers indicate percentage of parent gate with mean ± SEM displayed
(n = 4–5 per group, statistical comparison by Student’s t test). (B) Number of
CD11b+, Ly6c+ (Ly6c+) ATMs in eWAT of LFD or HFD mice. (C) Flow-
cytometric analysis of CD11b+, Ly6c− ATMs from eWAT of LFD or HFD
mice. (D) Number of CD11b+, Ly6c−, CD64+, F4/80+ (Ly6c−) ATMs in eWAT of
LFD or HFD mice. (E) Heatmap of differentially expressed genes in CD11b+,
Ly6c−, CD64+, F4/80+ ATMs of HFD mice (n = 37 cells). (F) Examples of dif-
ferentially expressed genes in HFD2 compared with HFD1 ATMs, calculated
as log2 fold change (FC)(HFD2/HFD1). (G) Flow-cytometric analysis of
CD11b+, Ly6c−, CD64+, F4/80+ ATMs from eWAT of LFD or HFD mice.
(H) Number of CD11b+, Ly6c−, CD64+, F4/80+, CD9− (CD9−) or CD11b+, Ly6c−,
CD64+, F4/80+, CD9+ (CD9+) ATMs in eWAT of LFD or HFD mice. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant. Representative
of three or more independent experiments.

Hill et al. PNAS | vol. 115 | no. 22 | E5097

M
ED

IC
A
L
SC

IE
N
CE

S
PN

A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
30

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802611115/-/DCSupplemental


www.manaraa.com

examined the tissue localization of CD9 and Ly6c ATMs via im-
munohistochemistry. Those CD9 and Ly6c ATMs that were pre-
sent in lean eWAT were equally dispersed among adipocytes (Fig.
2A). However, the distribution of ATMs in eWAT changed upon
exposure of mice to HFD diet, with CD9 ATMs predominating in
CLSs (Fig. 2B) (12). It has been proposed that ATMs can exist in
a metabolic activation state that is characterized by intracellular
lipid accumulation and lysosomal-dependent lipid metabolism
(24–26). We therefore examined intracellular lipid levels in
CD9 and Ly6c ATMs using flow cytometry, and the hydrophobic
lipid dye BODIPY. Compared with Ly6c ATMs, CD9 ATMs
contained high levels of intracellular lipid (Fig. 2C) within vacu-
olar structures, which likely represent lysosomes based on prior
studies (Fig. 2D) (25). As CD9 is relevant to exosome function
(30), we examined whether CD9 ATMs secrete exosomes. CD9
ATMs secreted exosome-sized vesicles (Fig. 2E) as measured by
nanoparticle detector analysis, consistent with recent reports of a
role for these structures in mediating ATM functions (31). To-
gether, these findings indicate that CD9 and Ly6c ATMs display
distinct cellular characteristics and tissue locations and identify
CD9 ATMs as the predominant CLS-associated ATM subtype.

CD9 ATMs Express Proinflammatory Transcriptomes. Having identi-
fied subgroups of ATMs with distinct tissue localizations, we
sought to interrogate their function in adipose. CD9 and Ly6c

ATMs were sort-purified and bulk RNA-seq analysis was per-
formed, which confirmed the identity of the HFD2 ATM cluster
identified with single-cell RNA-seq as CD9 cells, and revealed 1,311
CD9-specific genes and 2,014 Ly6c-specific genes (Fig. 3A). Notably,
neither obesity-associated ATM subtype shared predominant fea-
tures of classical M1 or M2 activation by comparative transcriptome
analysis (Fig. 3B and SI Appendix, Fig. S3 A and B). Rather, un-
biased clustering and gene ontology analysis indicated that genes
more highly expressed in CD9 ATMs were enriched for lysosomal
pathways and proinflammatory mediators (Fig. 3C and SI Appendix,
Fig. S3C). Among the notable genes more highly expressed in CD9
ATMs were Ccl2, Il1a, Il18, and Tnf (Fig. 3D) as well as Acp5, Ctss,
Lamp2, and Lipa (Fig. 3E), suggesting they share features of
both inflammatory and metabolic activation (25). Conversely,
Ly6c ATMs expressed factors that support vascular development
and organization (Fig. 3C). These results indicate that CD9 and
Ly6c ATMs are activating distinct transcriptional networks, likely
mediated by cell type-specific regulatory elements (32).

CD9 ATMs Have an Inflammatory Chromatin Landscape. To investi-
gate cell type-specific chromatin regulatory elements and tran-
scription factors driving the functionally divergent transcriptomes
of CD9 or Ly6c ATMs, we performed Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-seq). Differential
peak analysis revealed 13,110 CD9-specific and 9,139 Ly6c-specific
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Fig. 2. CD9 ATMs localize to CLSs and are filled with lipids. (A and B) Immunohistochemistry of eWAT from LFD (A) or HFD (B) mice. Sections were stained for
CD11b, CD9, and Ly6c. (C) Comparison of intracellular lipid levels in HFD eWAT CD9 or Ly6c ATMs by mean fluorescence intensity (normalized to mode, n =
5 per group, statistical comparison by Student’s t test, ***P < 0.001). (D) Representative imaging cytometry of HFD eWAT CD9 or Ly6c ATMs. (Scale bars: A and
B, 100 μm; D, 10 μm.) (E) Nanoparticle detector analysis of CD9-derived exosomes secreted into culture media (SEM of technical replicates in gray). Repre-
sentative of two or more independent experiments.
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ATAC-seq peaks (Fig. 4A). To enhance the specificity of our
analysis for unique gene regulation programs, we next associated
cell type-specific peaks with the closest corresponding cell type-
specific gene (Fig. 4B). CD9 or Ly6c-specific peaks were enriched
nearby corresponding CD9 or Ly6c-specific genes, respectively,
suggesting that these regions of open chromatin are functioning as
enhancers (Fig. 4C). Interrogation of cell type-specific genes asso-
ciated with respective cell type-specific peaks by gene ontology
analysis confirmed the proinflammatory versus tissue-homeostatic
gene programs of CD9 and Ly6c ATMs, respectively (Fig. 4D).
We next performed de novo motif search within peaks associated

with cell type-specific genes to elucidate the transcription factors
(TFs) responsible for driving CD9 and Ly6c-specific gene programs.
Areas of open chromatin shared by both ATM subsets were
enriched for the macrophage lineage-determining factor PU.1 motif
(SI Appendix, Fig. S4A). However, the chromatin architecture of
CD9 and Ly6c ATMs was otherwise distinct, with CD9-specific

peaks enriched for proinflammatory TF motifs including AP-1 and
NF-κB, and Ly6c-specific peaks enriched for the architectural factor
CTCF (Fig. 4 E and F) (33). Integrative analysis of macrophage
cistromes in the public domain revealed that binding of AP-1 sub-
unit JunB, and NFκB subunit p65, were enriched at CD9-specific
peaks, while CTCF binding was enriched at Ly6c-specific peaks (Fig.
4G), indicating a high degree of correlation between TF binding
sites and ATM-specific enhancers across the genome. This corre-
lation was confirmed at the individual gene level (Fig. 4H and I and
SI Appendix, Fig. S4 B and C). Together, these results indicate that
CD9 and Ly6c ATMs have distinct transcriptomes driven by unique
chromatin landscapes activated by distinct combinations of TFs, with
CD9 ATMs manifesting primarily proinflammatory characteristics.

CD9 ATMs Confer an Inflammatory Response to Lean Adipose Tissue.
To better understand the functions of CD9 and Ly6c ATMs in
adipose, we next utilized adoptive cell transfer. CD9 and Ly6c
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ATMs were sort-purified from eWAT of obese, CD45.2+

B6 donor mice and transferred into the peritoneal cavity of lean,
CD45.1+ B6 recipients (Fig. 5A). Transferred ATMs were
identifiable in the eWAT of CD45.1+ recipients, as confirmed via
expression of CD9 or Ly6c, and the congenic marker CD45.2 (SI
Appendix, Fig. S5A). Bulk RNA-seq of recipient eWAT was
performed, and transcriptional changes were compared with
PBS-injected controls. Principal component analysis revealed
distinct clustering for each of the experimental arms (Fig. 5B),
indicating that CD9 and Ly6c ATMs induce robust and unique
changes in the adipose transcriptome. This conclusion was sup-
ported by collective examination of differentially expressed
genes. In hierarchical clustering (SI Appendix, Fig. S5B), we
identified three distinct groups of genes, two of which repre-
sented genes uniquely induced by either CD9 or Ly6c ATM
transfer (Fig. 5C). Genes induced by CD9 ATM transfer were
proinflammatory in nature, while those induced by Ly6c ATM
transfer were characteristic of normal adipocyte physiology. To
determine whether CD9 ATMs were the origin of the proin-
flammatory gene signature observed in obese adipose tissue, we
compared genes induced by CD9 ATM transfer identified from
the clustering analysis to the transcriptional changes induced by
HFD exposure (34). Remarkably, CD9 ATMs induced a gene
expression profile in lean adipose tissue that was highly similar to
that of adipose tissue from obese mice (Fig. 5 D and E). To-
gether, these results indicate that CD9 and Ly6c ATMs exert
different effects on adipose tissue and that CD9 ATMs are
predominantly responsible for the inflammatory changes observed
with obesity.

CD9 ATMs Are Present in Human Adipose and Correlate with Body
Mass Index. Accumulation of ATMs in adipose is a feature of
obesity in humans (3, 24). To determine whether similarities
exist between mouse and human ATMs, visceral adipose tissue
(VAT) samples were obtained from obese patients undergoing
bariatric surgery (Table 1). ATMs were readily identified by flow
cytometry in VATs of obese individuals (SI Appendix, Fig. S6A).
As Ly6c is not present in humans, we utilized several common
human myeloid surface markers to identify and characterize
ATMs including CD11b and CD14, which are expressed on
monocyte-derived cells, and CD16 and CD206, which are more
characteristic of tissue-resident cells (24, 28, 35). We found that
CD9 defined two populations of human ATMs (Fig. 6A).
Compared with CD9− ATMs, CD9+ATMs of obese patients
expressed higher levels of CD16 and CD206 and had higher
intracellular lipid content (Fig. 6B). To further assess for fea-
tures of ATM biology that are conserved between mice and
humans, we examined tissue localization of ATMs in obese ad-
ipose tissue by immunohistochemistry. Consistent with prior
studies, VAT of obese individuals displayed abundant CLSs (3).
Notably, CD9+ ATMs localized prominently to CLSs (Fig. 6C).
Like their murine counterparts, human CD9+ ATMs contained
lipid in lysosome-like structures, while CD9− ATMs did not (Fig.
6D). Remarkably, the number of CD9+ ATMs in VAT was
positively correlated with body mass index (BMI) (Fig. 6E),
whereas CD9− ATMs were not (SI Appendix, Fig. S6B), sug-
gesting a similar pathophysiologic role to that of murine CD9
ATMs. Thus, similar to mice, CD9 defines a subset of ATMs in
humans that are lipid-laden, predominate in CLSs, and positively
correlate with body mass.

Discussion
The accumulation of macrophages in adipose was initially thought
to accompany a pathogenic transition from an antiinflammatory
(M2) to a proinflammatory (M1) activation state. However, this
model is evolving as a result of the identification of a distinct,
metabolic activation state for obesity-associated ATMs (24–26,
36). Here, we identify three discrete populations of ATMs in mice,
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two of which (CD9 and Ly6c) are characteristic of obesity.
Neither obesity-associated ATM subtype shares predominant
features of classical M1 or M2 activation by comprehensive
transcriptome analysis, consistent with an evolving view that the
M1/M2 paradigm is not directly applicable to in vivo ATM
populations (24–26).
The three ATM populations identified here express similar

levels of several canonical macrophage surface markers including
F4/80 and CD11b. As such, prior studies that utilized one or both
of these markers for identification or isolation of ATMs likely
studied average characteristics of some or all of these pop-
ulations. Additionally, ATMs have been previously subdivided
based on expression of CD11c, although the functional signifi-
cance of this distinction is still under investigation (22, 27). It
is difficult to integrate the identities of previously identified
CD11c-low and CD11c-high populations with those identified
here, as the three ATM populations (CD9+, CD9−, and Ly6c+)
express CD11c at different levels. However, based on other
cellular characteristics (namely the presence of intracellular lipid
and characteristics of metabolic activation), we suspect that
CD9+ ATMs are most similar to the CD11c-high population
identified in prior studies (25, 27).
As prior studies of ATMs were limited by utilization of simi-

larly expressed canonical macrophage markers, localization of
distinct ATM subsets within adipose tissue has not been pre-
viously possible. Through the utilization of CD9 and Ly6c, we
show that these two populations have distinct tissue localization,
with CD9 ATMs predominating in CLSs. CD9 ATMs were also
found to contain high amounts of intracellular lipid in lysosome-
like structures, and express genes related to lysosomal-dependent
lipid metabolism, consistent with features noted in bulk analyses
of obese ATMs (24–26). This observation could indicate a role for
these cells in homeostatic handling of lipid. Further, CD9 ATMs
secrete exosome-size vesicles, implicating CD9 ATMs as one
potential source of these important signaling structures that may
influence mammalian metabolism (31). Importantly, adoptive
transfer of CD9 ATMs revealed that they are sufficient to pro-
mulgate obesity-associated adipose inflammation.
In contrast to CD9 ATMs, Ly6c ATMs are uniformly dis-

tributed in obese adipose and do not contain large amounts of
intracellular lipid. The fact that they express high levels of Ly6c
suggest that they are monocyte-derived cells and may be recent
immigrants to the adipose (29). Rather than genes related to
metabolic activation, Ly6c ATMs express genes related to an-
giogenesis and tissue organization. This observation provides
additional insights into the role of angiogenesis in adipose ho-
meostasis and insulin resistance (37, 38). Furthermore, Ly6c ATMs
appear to support normal adipose physiology upon adoptive
transfer by inducing genes related to cholesterol and lipid bio-

synthesis. This observation is consistent with prior studies that
have reported an angiogenic and adipogenic role for ATMs (39,
40) and suggests a higher degree of complexity dictating the role
of the immune system adipose homeostasis (41). In sum, these
findings reveal distinct obesity-associated ATM subtypes with
potentially synergistic functions whereby metabolically activated
CD9 ATMs respond to tissue injury, express immune modulatory
factors including CCL2 (5–7), and facilitate the recruitment of
tissue-regulatory Ly6c ATMs (SI Appendix, Fig. S7).
Given the unique activation states of CD9 and Ly6c ATMs, we

took an in-depth systems approach to understanding the regulation
of their transcriptional programs. Open chromatin of both
CD9 and Ly6c ATMs is enriched for the macrophage lineage-
defining PU.1 motif. Remarkably however, the chromatin land-
scapes of these two populations are otherwise quite distinct. CD9
ATM chromatin is enriched for the proinflammatory AP-1 and NF-
κB motifs, consistent with known roles for these TFs in ATM ac-
tivation and survival (42, 43), and the proposed role of CD9 ATMs
in mediating the inflammatory changes observed with obesity.
Conversely, the motif most enriched in open Ly6c chromatin is for
the genome-organizing factor CTCF (33). Classically thought of as
a genomic insulator, CTCF is known to play critical roles in de-
velopment and gene regulation by spatially orienting cis-acting
regulatory elements to specific promoters within topologically as-
sociating domains (44). Consistent with this role, CTCF binding has
been shown to be dynamically controlled during normal develop-
ment, as well as pathologic states, by various mechanisms including
DNA methylation, which inhibits its binding. It has also been
specifically implicated in regulation of expression of proangiogenic
growth factors (45, 46). It is therefore plausible that CTCF acts to
dynamically define Ly6c ATM transcriptional programs and func-
tional responses, which are tailored to the cell’s microenvironment.
Finally, we find that CD9 expression distinguishes two pop-

ulations of ATMs in human adipose. Human CD9 ATMs share
many features of CD9 ATMs in mice, including being lipid-laden
and localizing to CLSs. Notably, human CD9+ ATMs express
higher levels of CD16 and CD206 compared with CD9− ATMs
suggesting that, akin to our model in mice, CD9− ATMs are
recent tissue immigrants and CD9+ ATMs have a tissue-resident
phenotype. Perhaps most dramatically, human CD9+ ATMs
positively correlate with body mass. Together, these findings
indicate that cellular and functional heterogeneity is a conserved
feature of ATM biology and identify CLS-associated CD9 ATMs
as the predominant ATM group responsible for the inflamma-
tory signature of obese adipose tissue.
Our study is limited by the examination of a relatively small

number of mouse ATMs by single-cell RNA-seq. However, the
fact that clear transcriptional heterogeneity was detected with a
limited number of cells strengthens the reliability of our conclusion

Table 1. Demographic and clinical characteristics of the patient cohort

Patient Sex Ethnicity BMI T2DM A1C T. Chol. LDL HDL Tri.

1 Female Black, non-Hispanic 44 Yes 9.4 144 82 41 103
2 Female Black, non-Hispanic 51 Pre 6.2 162 94 54 69
3 Female Black, non-Hispanic 36 Yes 7.0 145 59 50 178
4 Male Black, non-Hispanic 48 Yes 6.8 134 62 28 220
5 Female White, non-Hispanic 50 Pre 5.7 127 57 49 103
6 Female White, non-Hispanic 52 Yes 8.9 166 70 46 250
7 Male White, Hispanic 50 Yes 6.7 178 111 36 156
8 Female White, non-Hispanic 41 Yes 8.7 215 139 41 174
9 Female Black, non-Hispanic 49 No 4.8 141 83 43 74
10 Female White, non-Hispanic 42 No 5.7 226 132 68 128
11 Male White, Hispanic 46 Pre 5.8 171 109 50 60
12 Female Black, non-Hispanic 39 Yes 9.6 178 90 67 106

T2DM, type 2 diabetes mellitus; T. Chol., total cholesterol; Tri., triglycerides.
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that expression of CD9 distinguishes the two predominant Ly6c−

ATM groups in murine adipose. Further, our subsequent flow-
cytometric identification and use of bulk RNA-seq and ATAC-
seq analyses ensure that our genomic studies are of adequate
depth and breadth to provide a truly comprehensive analysis of
the transcriptional networks active in each ATM subtype. Nev-
ertheless, it is possible that additional transcriptional and cellular
heterogeneity exists within ATMs and will be revealed with the
analysis of more cell numbers. Additionally, in our bone marrow
transplant studies, we utilized total body irradiation that may
damage tissue-resident immune cells (10). It is therefore possible
that bone marrow-derived macrophages can reconstitute local
ATMs after total body irradiation, but ATMs may also be de-
rived locally as a result of proliferation or other resident pro-
genitor during normal physiology (8).
Together, our results reveal a heightened degree of complexity

within ATMs of mice and humans and provide a framework for
understanding the inflammatory and homoeostatic roles of these
important cells. Notable similarities were observed between our
animal models and human subjects, indicating that this paradigm

is applicable to our understanding of human physiology and
pathophysiology. The functional heterogeneity described herein
should be closely considered in the development of novel,
immune-directed therapeutics for the treatment or prevention of
obesity, as well as related inflammatory sequela, as approaches
that target ATMs en masse may have seemingly paradoxical and
undesirable consequences.

Materials and Methods
Statistics. Data are presented as mean ± SEM unless otherwise stated. GraphPad
Prism software was used for graphing and statistical analysis. All statistical tests
are fully described in the figure legends. For comparison between groups, a
Student’s t test, ratio-paired Student’s t test, Fisher’s exact test, binomial test, or
Wilcoxon test were used. For determining associations between a scalar-
dependent variable and an independent variable, linear regression was used.

Animal Studies. All experiments used male age-matched C57BL/6J mice
housed at four or five animals per cage. HFD studies were conducted by
feeding mice a purified-ingredient diet composed of 60:20:20 kcal percent-
age of fat:carbohydrate:protein (Research Diets, D12492) or control diet
(Research Diets, D12450B) from 6 to 18 wk of age.
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Primary Adipose Stromal-Fraction Isolation. eWAT depots were isolated from
mice and VAT were obtained from obese individuals. Adipose samples
were placed in 1 mL of DMEM, and individual depots were finely minced
under sterile conditions with a razorblade before digestion in 5 mL of
DMEM with 6 mg/1 mL collagenase D (Roche) or 3 mg/1 mL collagenase IV
(Gibco) at 37 °C in a shaking incubator for 30 min. Cells were pelleted at
700 × g and adipocyte fraction removed. After resuspension of the
stromal fraction in 5 mL of FACS buffer (1× PBS, 2% calf serum, 1 mM
EDTA, 0.1% sodium azide) for flow-cytometric analysis, or MACS buffer
(1× PBS, 2% calf serum, 25 mM Hepes, 2 mM EDTA) for cell sorting, cells
were purified through a 100-μm filter (Falcon), pelleted at 700 × g, and
resuspended in 1 mL of RBC lysis buffer (0.15 M NH4Cl, 0.01 M NaHCO3,
0.0013 M EDTA) for 5 min at room temperature. Cells were washed again
in FACS or MACS buffer before staining for flow cytometry or sorting,
respectively.

Flow Cytometry and Cell Sorting. Murine single-cell suspensions were Fc-
receptor blocked with CD16/32 (2.4G2, 1:50, BD) and Rat IgG (1:50, Fisher
Scientific) before staining with anti-mouse fluorochrome-conjugated mono-
clonal antibodies (BD Bioscience, BioLegend, eBioscience; clone and concen-
tration shown) specific for CD3e (145-2C11, 1:500), CD4 (GK1.5, 1:500), CD8
(53-6.7, 1:500), CD9 (MZ3, 1:500), CD11b (M1/70, 1:500), CD11c (N418, 1:500),
CD19 (6D5, 1:500), CD45.1 (A20, 1:100), CD45.2 (104, 1:100), CD64 (X54-5/7.1,
1:500), CD68 (FA-11, 1:500), F4/80 (BM8, 1:250), Ly6c (HK1.4, 1:500), Ly6g (1A8,
1:500), or SiglecF (E50-2440, 1:500), or BODIPY FL (0.5 μg/mL, Thermo Fisher
Scientific).

Human single-cell suspensions were treated with human Fc-receptor block
(BD Pharmingen) before staining with anti-human fluorochrome-conjugated
monoclonal antibodies (BioLegend; clone and concentration shown) specific
for CD1c (L161, 1:500), CD3e (HIT3a, 1:500), CD9 (HI9a, 1:500), CD11b (M1/70,
1:500), CD11c (3.9, 1:500), CD14 (M5E2, 1:500), CD15 (W6D3, 1:500), CD16
(3G8, 1:500), CD20 (HIB19, 1:500), CD45 (HI30, 1:500), or CD206 (15-2, 1:500).
Cells were also stained with DAPI (2 ng/mL), Hoechst (10 μM, Thermo Fisher
Scientific), or BODIPY FL (0.5 μg/mL, Thermo Fisher Scientific). Compensation
was performed with cells or OneComp eBeads beads (Thermo Fisher Scien-
tific). Cells were analyzed or sorted with a BD LSR II, Amnis ImageStream, or
BD FACS Aria II with 100-μm nozzle and running DiVa software (BD Bio-
science) and analyzed with FlowJo software (version 10.4; Tree Star).

Histology. Adipose tissue was fixed in 4% paraformaldehyde/1× PBS
overnight at 4 °C and dehydrated through sequential ethanol washes.
Tissue was embedded in paraffin before sectioning and staining with
antibodies against CD11b (Abcam ab133357), Ly6c (Abcam ab15627), or
CD9 (Abcam ab92726) with species-specific secondary antibodies conju-
gated to Alexa 488, TSA tetramethylrhodamine, or streptavidin-635. Sec-
tions were visualized and photographed with a Leica confocal fluorescence
microscope.

Nanoparticle Detector Analysis. CD9 ATMs were sort-purified from HFD-fed
B6 mice and cultured at a density of 100,000 cells per mL in serum-free
media (Gibco) for 48 h, after which culture supernatant was removed and
filtered through a 0.8-μm filter (Millipore). Exosomes were isolated using the
ExoQuick-TC PLUS kit (Systems Biosciences) and analyzed with a NanoSight
NS300 nanoparticle detector (Malvern Panalytical) in the light scatter mode
for quantitation and size distribution.

Bone Marrow-Derived Macrophage Generation and Cell Culture. Bone marrow
cells were isolated under sterile conditions and cultured in the presence of
mCSF at a density of 5 × 106 cells per 10 mL of complete media for 6 d. On day
six of culture, cells were replated at a density of 3 × 106 cells and cultured for
24 h in the presence of BSA (control), LPS (5 ng/mL), or IL-4 (10 ng/mL).

RNA Isolation and Single-Cell and Bulk RNA-Seq Library Preparation. For single-
cell RNA-seq, libraries were prepared from sort-purified cell populations
pooled from five HFD-fed B6 mice via a C1 platform (Fluidigm) and barcoded
via Nextera XT DNA Library Preparation Kit (Illumina). For bulk RNA-seq of
sort-purified cell populations, libraries were prepared using the SMARTer
Stranded RNA-seq kit (Clontech) and TruSeq RNA library prep kit (Illumina).
For bulk RNA-seq of adipose tissue, total RNA was isolated from snap-frozen
tissue samples. Tissues were mechanically homogenized in 500 μL of TRIzol
(Life Technologies) in a TissueLyser (Qiagen) for 4 min, at a frequency of
22 s−1. After homogenization, samples were centrifuged at 4 °C and ho-
mogenates transferred to a fresh tube for RNA extraction with chloroform.
Aqueous chloroform fractions were mixed with equal volumes of 70%
ethanol/30% water and RNA further purified with RNeasy Mini spin columns

(Qiagen) and oncolumn DNase-digestion (Qiagen). One microgram of puri-
fied DNase-treated total RNA from biological replicates was processed with
a Ribo-Zero Magnetic rRNA removal kit (Epicentre, MRZH11124). Bulk adi-
pose RNA libraries were prepared using a TruSeq Stranded Total RNA Library
Prep Gold (Illumina, 200020599) and standard Illumina protocol. RNA-seq
libraries were sequenced at single or paired-end, 75- to 100-bp read length
on an Illumina HiSeq 2000.

ATAC-Seq Library Preparation. ATAC-seq was performed using a modified
protocol based on the technique published by Buenrostro et al (47). Briefly,
sort-purified cell populations were washed in PBS and lysed with lysis buffer
(1 M Tris·Cl, pH 7.4, 5 M NaCl, 1 M MgCl2; 10% Nonidet P-40 in nuclease-free
H2O) and gentle agitation before treatment with Tn5 transposase. DNA was
purified (Qiagen MinElute Reaction Cleanup Kit) and amplified with NEB-
Next High-Fidelity 2× PCR Master Mix (New England Biolabs) using barcoded
primers. DNA library was purified with AMPure XP beads, and library quality
was assayed via Qubit and Agilent High Sensitivity DNA Bioanalysis chip.
Libraries were sequenced via 40-bp paired-end sequencing using the Illu-
mina NextSeq 500 platform.

Single-Cell RNA-Seq Analysis. Sequencing reads were aligned to UCSC mm9
genome using default options in STAR aligner (48). After filtering chrM
reads, poor quality libraries were eliminated (<1 million aligned reads
or <30% of reads aligned to exonic regions). Gene expression levels were
quantified and normalized using cuffquant and cuffnorm (49). First,
genes expressed >1 fragments per kilobase of transcript per million
mapped reads (FPKM) in at least 10 cells were selected for downstream
analysis. Two distinct subpopulations of ATMs in eWAT of HFD mice were
identified by hierarchical clustering of cells. Differentially expressed
genes between the two subpopulations were defined by Wilcoxon test as
having a P value <0.05, and >1 FPKM in more than 30% of cells per
subpopulation. Hierarchical clustering of genes was performed using
Spearman correlation coefficient as a similarity measure under the Ward’s
criterion.

Bulk RNA-Seq and ATAC-Seq Analyses. Bulk RNA-seq and ATAC-seq reads were
aligned to UCSC mm9 genome using STAR aligner and analyzed as described
in the SI Appendix, SI Materials and Methods.

Bone Marrow Chimera Generation and Adoptive Transfer. For bone marrow
chimera generation, lean CD45.1+ recipients were treated with 12 Gy of total
body irradiation, split into two 6-Gy treatments with a 12-h interval between
doses. Recipients were injected i.v. with 5 million Thy1.2-T cell depleted bone
marrow cells from lean CD45.2+ donors. Mice were allowed to reconstitute
after transplant for 6 wk, at which time mice were placed on HFD for 12 wk
before sacrifice for subsequent analyses. For adoptive transfer, 75,000–
125,000 cells were sort-purified from obese, CD45.2+ donors and transferred
via i.p. injection three times over the course of 1 wk into lean, CD45.1+ re-
cipients. Recipient mice were allowed to rest 24–48 h before sacrifice for
subsequent analyses.

Study Approval and Data Availability. Animal experiments were performed in
accordance with ethical regulations and protocols approved by the In-
stitutional Animal Care and Use Committee of the Perelman School of
Medicine at the University of Pennsylvania and the Children’s Hospital of
Philadelphia. VAT samples were obtained from obese individuals with par-
ticipant informed consent obtained after the nature and possible conse-
quences of the studies were explained under protocols approved by the
Institutional Review Boards of the Perelman School of Medicine at the
University of Pennsylvania and the Children’s Hospital of Philadelphia. Ge-
nomic data are available in the Gene Expression Omnibus (GSE113595).
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