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Chronic inflammation is evident in the adipose tissue and periphery of patients with obesity, as well as mouse models of obesity.
T cell subsets in obese adipose tissue are skewed towards Th1- and Th17-associated phenotypes and their secreted cytokines
contribute to obesity-associated inflammation. Our lab recently identified a novel, myeloid-derived CD45+DDR2+ cell subset
that modulates T cell activity. The current study sought to determine how these myeloid-derived CD45+DDR2+ cells are altered
in the adipose tissue and peripheral blood of preobese mice and how this population modulates T cell activity. C57BL/6 mice
were fed with a diet high in milkfat (60%·kcal, HFD) ad libitum until a 20% increase in total body weight was reached, and
myeloid-derived CD45+DDR2+ cells and CD4+ T cells in visceral adipose tissue (VAT), mammary gland-associated adipose
tissue (MGAT), and peripheral blood (PB) were phenotypically analyzed. Also analyzed was whether mediators from
MGAT-primed myeloid-derived CD45+DDR2+ cells stimulate normal CD4+ T cell cytokine production. A higher percentage of
myeloid-derived CD45+DDR2+ cells expressed the activation markers MHC II and CD80 in both VAT and MGAT of preobese
mice. CD4+ T cells were preferentially skewed towards Th1- and Th17-associated phenotypes in the adipose tissue and
periphery of preobese mice. In vitro, MGAT from HFD-fed mice triggered myeloid-derived CD45+DDR2+ cells to induce CD4+

T cell IFN-γ and TNF-α production. Taken together, this study shows that myeloid-derived CD45+DDR2+ cells express markers
of immune activation and suggests that they play an immune modulatory role in the adipose tissue of preobese mice.

1. Introduction

Obesity is a complex disease that contributes to the devel-
opment of type 2 diabetes (T2D), cardiovascular disease,
and various cancers [1–6]. An increase of 5 kg/m2 in body
mass index is associated with a 30% increase in all-cause
mortality [4]. The pathology of obesity is multifold and
includes aberrant insulin growth factor/insulin signaling,
altered steroid production, and chronic systemic and local
inflammation [4, 6]. However, the full view of immune dys-
function in obesity is unclear.

Mouse models of high-fat diet- (HFD-) induced obesity are
typically characterized by at least a 30% increase in total body
weight and closely mimic human disease [7–9]. C57BL/6 mice
fed with a HFD ad libitum for 16-20 weeks exhibit adipocyte
hyperplasia, increased fat mass, hypertension, and impaired

glucose sensitivity leading to T2D [7, 10, 11]. Overall, less is
known about the molecular and immune changes that occur
before obesity is fully established. There is some evidence to
suggest that short-term HFD feeding in mice results in
hyperglycemia and changes in NK T cell and macrophage
populations [12, 13]. The current study is focused on the
inflammatory changes that occur in the adipose tissue of
HFD-fed preobese mice, which are characterized by a 20%
increase in total body weight and more closely represent an
overweight, or preobese condition vs. obese condition [14].

In obesity, hypertrophied adipose tissue is comprised
of a myriad of cell types, including adipocytes, preadipo-
cytes, fibroblasts, and infiltrating immune cells. Previous
studies have shown that monocyte-derived macrophages
comprise a significant population in obese adipose tissue,
where they become classically activated and skewed towards
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a proinflammatory, “M1” phenotype [15, 16]. Obese adipose
tissue-associated F4/80+CD11c+ “M1”macrophages produce
inflammatory cytokines such as interleukin- (IL-) 12 and
tumor necrosis factor- (TNF-) α and elicit the abnormal pro-
duction of adipokines/cytokines such as leptin and IL-6
from surrounding adipocytes [15, 17–23]. This cycle of
inflammation becomes self-sustaining and, over time, con-
tributes to the reduced insulin sensitivity and metabolic
dysfunction observed in patients with obesity and mouse
models of obesity [24–27]. In addition to classically activated
“M1” macrophages, populations of F4/80+CD11c-CD206-

“M0” macrophages and alternatively activated F4/80-
+CD11c-CD206+ “M2”macrophages have also been observed
in obese adipose tissue, suggesting that the macrophage
phenotype is highly heterogeneous [22, 28, 29]. Interest-
ingly, in patients with obesity, adipose tissue is character-
ized by a large population of CD11c+CD206+ “M2”-like
macrophages, which retain their remodeling capacity but
also secrete proinflammatory cytokines and have been asso-
ciated with insulin resistance [30]. Accumulating evidence
suggests that the skewing of monocyte-derived macro-
phages in obese adipose tissue is a highly complex and
diverse process that depends on a number of factors, includ-
ing the stroma and metabolic signature (i.e., fatty acid
accumulation) of the specific adipose depot, as well as the
severity of obesity [22, 31, 32].

There is a growing appreciation for the role of T cells in
the obese adipose tissue environment. Adipocytes and other
stromal cell subsets in obese adipose tissue secrete proinflam-
matory mediators (e.g., IL-6, MCP-1) that directly activate
and skew T cells, even before a dramatic increase in mature
tissue macrophages is observed [17, 33–36]. Resultant pro-
duction of interferon- (IFN-) γ, IL-17A, and IL-6 by adipose
tissue-activated T cells impacts adipocytes, muscle cells, and
hepatocytes by disrupting glucose and lipid homeostasis
and contributing to insulin resistance [37–43]. In mice with
HFD-induced obesity, increased T cells are evident in the
adipose tissue and have been linked to abnormal glucose
homeostasis [8, 37, 44, 45]. However, there remains a critical
gap in knowledge of how CD4+ T cells become skewed
towards Th1 vs. Th17 subsets in adipose tissue and how this
changes as obesity is established.

Our lab has previously identified a novel population of
hematopoietic stem cell- (HSC-) derived discoidin domain
receptor 2- (DDR2-) expressing cells called circulating fibro-
blast precursors (CFPs), defined by their expression of CD45
and DDR2. DDR2, a tyrosine kinase receptor that binds col-
lagens I and III, is known for its role in cell migration and
extracellular matrix sensing [46]. There is some evidence
to suggest that DDR2 may also play a role in immune cell
activation; its expression on a subset of myeloid-derived
immune cells was shown to mediate activation and cytokine
production [47]. Previous studies in our lab have shown that
CD45+DDR2+ cells are a circulating progenitor popula-
tion that home to normal tissue as well as pathological
environments, including inflammatory tissue and tumor
microenvironments [48–50]. Depending on the local milieu,
CD45+DDR2+ cells can differentiate into a spectrum of cell
types, including fibroblasts and immune cells [48–50]. While

the fibroblastic phenotype of these cells has been studied,
considerably less is known about the immunogenic potential
of these cells. Recently, we showed that myeloid-derived
CD45+DDR2+ cells isolated from lung tissue of mice with
pulmonary fibrosis expressed high levels of CD80 and
MHC II and were capable of stimulating an inflammatory
T cell cytokine response [49]. This suggests that a subset of
myeloid-derived CD45+DDR2+ cells may play a role in regu-
lating the immune response in inflammatory tissue.

Given that myeloid-derived CD45+DDR2+ cells home to
sites of inflammation and contribute to both myeloid and
stromal populations, the present study sought to determine
how HFD impacts on the contribution of myeloid-derived
CD45+DDR2+ cells to adipose tissue and their role as
immune modulators in the adipose tissue environment of
HFD-fed mice. Specifically, we sought to determine how this
cell population may be modulating adipose tissue-associated
inflammation in a preobese setting, when immune-based
therapies may be more effective. To model preobesity,
C57BL/6 mice were fed with a milkfat-based HFD or nor-
mal diet (ND) ad libitum for 8-10 weeks, until HFD-fed
mice reached a 20% increase in total body weight com-
pared to ND-fed mice. Myeloid-derived CD45+DDR2+

cells and CD4+ T cells from peripheral blood (PB), mam-
mary gland-associated adipose tissue (MGAT), and visceral
adipose tissue (VAT) were analyzed by flow cytometric anal-
ysis. We discovered that myeloid-derived CD45+DDR2+ cells
were more activated in the adipose tissue of HFD-fed preob-
ese mice, characterized by increased expression of MHC II
and CD80. CD4+ T cells in the adipose tissue of HFD-fed
mice were preferentially skewed towards proinflammatory
Th1- and Th17-type T cells. CD45+DDR2+ cells cultured in
media conditioned by adipose tissue from HFD-fed mice
elicited increased production of IFN-γ and TNF-α by CD4+

T cells, suggesting that HSC-derived CD45+DDR2+ cells play
a role in modulating T cell skewing in the adipose tissue envi-
ronment of HFD-fed mice.

2. Materials and Methods

2.1. Mouse Model of HFD-Induced Preobesity. Six-wee-
k-old female C57BL/6 mice (B6.SJL-PtprcaPepcb/BoyJ, Jack-
son Laboratories, Bar Harbor, ME) were fed with a HFD
(60.3%·kcal from milkfat) or normal diet (ND, 18%·kcal
from fat) for 8-10 weeks, until HFD-fed mice exhibited a
20% increase in total body weight and were characterized as
preobese (Envigo Teklad Diets, Madison, WI; Table S1).
Body weight was recorded weekly. At endpoint, mice were
euthanized and peripheral blood (PB) and mammary gland-
associated adipose tissue (MGAT) and visceral adipose tissue
(VAT) were collected. MGAT consisted of the subcutaneous
adipose tissue surrounding the 4th mammary glands. Visceral
adipose tissue (VAT) consisted of the adipose tissue in the
gonadal region [51]. Mice were maintained at the Animal
Research Facility of the Veterans Affairs Medical Center.
The study was carried out in accordance with the principles
of the Basel Declaration and was reviewed and approved by
the Institutional Animal Care and Use Committee at the
Ralph H. Johnson VA Medical Center.
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2.2. Cell and Tissue Culture Medium. For adipose cell and tis-
sue culture, Dulbecco’s modified Eagle’s medium nutrient
mixture F-12 (DMEM-F12, Life Technologies, Grand Island,
NY) containing 10% fetal bovine serum (FBS, Atlanta Bio-
logicals, Flowery Branch, GA) was used. For CFP and CD4+

T cell coculture, DMEM containing 10% FBS was used.

2.3. Spleen Processing and Isolation of CD4+ T Cells. The
spleens were harvested from 12-16-week-old control female
C57BL/6 mice and homogenized in Hank’s buffered saline
solution (HBSS). Cells were passed through a 70μm cell
strainer and rinsed with HBSS and red blood cells were lysed
(ACK Lysing Buffer; Lonza, Walkersville, MD, USA; 3min).
Splenocytes were washed twice with HBSS. CD4+ T cells were
isolated using a magnetic-based negative selection kit per
manufacturer’s instructions (Miltenyi Biotec Inc., Auburn,
CA). Isolation purity of CD4+ T cells based on flow cytomet-
ric analysis was 97 37%+0 24.

2.4. Blood and Adipose Tissue Processing for Flow Cytometric
Analysis. Blood was incubated with PharmLyse (15min,
room temperature) and remaining white blood cells were
washed 3X in phosphate-buffered saline (PBS). VAT and
MGAT were dissected, finely minced into 1mm pieces, and
digested in PBS containing 1% bovine serum albumin (BSA)
with 2mg/ml type I collagenase (Sigma, St. Louis, Missouri)
on a rotary shaker (100 rpm, 1h, 37°C). Cells were filtered
(40μm), washed (10% FBS/DMEM-F12), and centrifuged
(10,000 rpm, 5min). The upper layer was decanted and the
remaining stromal vascular fraction was washed in PBS, incu-
bated with PharmLyse (10min, room temperature), and
washed in PBS before analysis.

2.5. Adipose Tissue Explant Culture. Dissected, minced VAT
and MGAT were cultured in 10% FBS/DMEM-F12 media in
inverted 25mm2 cell culture flasks using a modified organ
culture method (37°C, 5% CO2, 48 h) [52]. After 48 h of cul-
ture, fresh media was added and cells were cultured an addi-
tional 48 h. Supernatants were then collected for cytokine
analysis and coculture experiments.

2.6. Flow Cytometric Analysis of CD45+DDR2+ Cells and
T Cells. Antibodies and reagents used for flow cytometric
analysis were from BD Biosciences, unless noted. Cells
(1 × 106cells/tube) were washed, resuspended in 1ml PBS
with near-IR dead cell stain (1 : 1000, Invitrogen), and
incubated (30min, 4°C). After washing, cells were resus-
pended in 10μl Fc block, containing anti-CD16/CD32
antibody in PBS (1 : 100, 10min, 4°C). For CD45+DDR2+ cell
analysis, cells were incubated (20 minutes, 4°C) with equal
concentrations of the following antibodies or isotype con-
trols: PE-CD45 (Clone 30-F11), APC-DDR2 (N-20, Santa
Cruz Biotechnology, Dallas, TX), FITC-CD11b (M1/70),
BV421-F4/80 (T45-2342), BV711-CD80 (16-10A1), and
PE-Cy7-MHC II (M5/114.15.2, eBioscience, San Diego,
CA). Cells were washed and resuspended in 250μl stain
buffer for analysis. For T cell analysis, cells were incubated
with 1X cell stimulation cocktail (eBioscience, 5 h, 37°C).
Golgi stop was added at the recommended dilution after 1 h
of stimulation. Cells were processed as above and stained

with equal concentrations of the following antibodies or
isotype controls: FITC-CD3e (145-2C11) and APC-CD4
(RM4-5). After washing, cells were resuspended in 1ml cold
Cytofix and incubated (20min, 4°C). Cells were washed,
resuspended in 50μl Perm/Wash Buffer, and incubated
(30min, room temperature) with equal concentrations of
the following antibodies or isotype controls: BV421-IL-17A
(TC11-18H10) and PE-Cy7-IFN-γ (XMG1.2). Cells were
washed in Perm/Wash Buffer and resuspended in 400μl
stain buffer for analysis. Analysis was conducted using a BD
Fortessa X-20 flow cytometer.

2.7. Coculture of CD45+DDR2+ Cells and CD4+ T Cells.
CD45+DDR2+ cells sorted from the peripheral blood of
control mice were cultured at 1 × 104 cells/well in 96-well
tissue culture plates precoated with anti-CD3ε (1 : 100,
Clone 145-2C11, R&D Systems, Minneapolis, MN, USA)
in media conditioned by MGAT from HFD- or ND-fed mice
(1 : 4, 48 h, 37°C). After 48 h, adipose tissue-conditioned
media was replaced with fresh 10% FBS/DMEM. Isolated
CD4+ T cells from control C57BL/6 mice were added at
1 × 105 cells/well for coculture (72 h, 37°C). Controls con-
sisted of CD4+ T cells or CD45+DDR2+ cells cultured alone
in conditioned or fresh media. After 72 h of coculture,
selected wells were stimulated with 1X cell stimulation cock-
tail (eBioscience, 5 h, 37°C). Supernatants were collected for
cytokine analysis.

2.8. Cytometric Bead Array. The levels of IL-2, IL-4, IL-6,
IFN-γ, TNF-α, IL-17A, and IL-10 were determined using a
mouse Th1/Th2/Th17 cytometric bead array kit (BD Biosci-
ences). Levels of MCP-1, GM-CSF, G-CSF, MIP-1α, MIP-1β,
MIG, and RANTES were determined using cytometric bead
array flex sets. Relative amounts of each cytokine/chemokine
were analyzed using a FACSCanto (BD Biosciences) flow cyt-
ometer and FCAP Array Software (Soft Flow Hungary Ltd.
for BD Biosciences, St. Louis Park, MN, USA).

2.9. Statistical Analyses. Data were reported using the
mean as a measure of central tendency± standard error
of the mean. To compare one variable condition between 2
groups, a 2-tailed Student t-test was used. To compare one
variable condition between 3 or more groups, a one-way
ANOVA with Bonferroni correction was used (GraphPad
Prism version 5.03). Significance was reported in the 95%
confidence interval.

3. Results and Discussion

3.1. Increased Total Body Weight and Expansion of MGAT
and VAT in Female C57BL/6 Mice Fed with a HFD or ND
for 8-10 Weeks. A diet high in milkfat (60%·kcal) results in
consistent weight gain and increased adipose tissue in
C57BL/6 mice [8, 11]. Most previous studies have focused
on the long-termmetabolic and inflammatory impacts of this
diet, at 12-16 weeks and beyond, when mice were defined as
obese and exhibited at least a 30% increase in total body
weight compared to control mice [7–9]. To determine the
more immediate impacts of HFD, our study focused on a
shorter time point, 8-10 weeks, when mice exhibited a 20%
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increase in total body weight compared to control mice,
to reflect a preobese condition. As shown in Figure 1(a),
HFD-fed mice gained more weight than ND-fed mice over
9 weeks. This difference remained statistically significant 5
weeks of postinitiation of diet. At 9 weeks of postinitiation
of diet, the mean total body weight of HFD-fed mice was
21.2% greater than that of ND-fed mice (Figure 1(b)), indi-
cating that the preobese condition (20% increase in total
body weight) had been met and signifying study endpoint.
Examination of adipose tissue showed that HFD-fed, preob-
ese mice were characterized by increasedMGAT and VAT by
weight at study endpoint (Figures 1(c) and 1(d)).

3.2. Increased Percentage of Myeloid-Derived CD45+DDR2+

Cells Express MHC II and CD80 in MGAT and VAT of
Preobese Mice Compared to Lean Mice. Previous studies in
our lab have shown that myeloid-derived CD45+DDR2+ cells
home to pathological environments, where they differentiate

into fibroblasts and other stromal subsets [48, 50]. Recently,
myeloid-derived CD45+DDR2+ cells were also shown to
express markers of immune activation, including CD80
and MHC II, in an inflammatory lung model [49]. These
findings led us to examine if a subset of CD45+DDR2+ cells
contributes to inflammation in the adipose tissue of preob-
ese mice. This was accomplished by isolating and pheno-
typing myeloid-derived CD45+DDR2+cells from MGAT,
VAT, and PB of HFD- vs. ND-fed mice. Both MGAT and
VAT were analyzed to provide a more complete view of
the phenotype and activation status of CD45+DDR2+ cells
in a local, subcutaneous adipose tissue environment (MGAT)
as well as a central, gonadal adipose tissue environment
(VAT) [51, 53].

Myeloid-derived CD45+DDR2+ cells were present in
both MGAT and VAT, although there was no difference in
overall percentage in MGAT (Figures 2(a) and 2(d)), VAT
(Figures 2(b) and 2(d)), or PB (Figures 2(c) and 2(d))
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Figure 1: Increased overall body weight and adipose tissue in mice fed with a high-fat diet for 9 weeks compared to lean mice. (a) Total body
weight of female C57BL/6 mice fed with a high-fat diet (HFD, 60%·kcal from milkfat) or normal diet (ND) over 9 weeks. (b) Graphical
representation of total body weight of HFD- or ND-fed mice at endpoint, when HFD-fed mice reached a ~20% increase in total body
weight compared to ND-fed mice. (c, d) Total weight of mammary gland-associated adipose tissue (MGAT) or visceral adipose tissue
(VAT) isolated from HFD- or ND-fed mice at endpoint. Data are presented as mean ± SEM of 10 mice per group. ∗p < 0 05, ∗∗p < 0 01,
and ∗∗∗p < 0 001.
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between HFD- and ND-fed mice. However, because total
fat pad size was increased in HFD-fed mice, we observed
an increase in total CD45+DDR2+ cells in MGAT of HFD-
fed mice compared to ND-fed mice (Figure S2). In both
MGAT and VAT, a large subset of CD45+DDR2+ cells
expressed CD11b, suggesting that these cells are of the
myeloid lineage. The percentage of CD11b-expressing
CD45+DDR2+ cells in MGAT, VAT, or PB was not altered
by HFD (Figure 2(d)). However, the total number of
CD45+DDR2+ cells expressing CD11b was increased in
MGAT of HFD-fed vs. ND-fed mice (Figure S2). Of note,
in PB of both HFD- and ND-fed mice, the majority of
CD45+DDR2+ cells expressed CD11b (Figures 2(c) and
2(d)), suggesting that they represent a progenitor population
close to the monocyte lineage.

A higher percentage of myeloid-derived CD45+DDR2+

cells expressed markers of immune activation in the adipose
tissue of HFD-fed mice. In both MGAT and VAT, an
increased percentage of myeloid-derived CD45+DDR2+ cells
expressed MHC II and CD80 compared to levels in adi-
pose tissue of ND-fed mice (37.0% vs. 21.6%, ∗p = 0 0375
and 41.0% vs. 24.2%, ∗∗∗p = 0 0002, Figure 2(d)). The total
number of myeloid-derived CD45+DDR2+ cells expressing
MHC II and CD80 in MGAT of HFD-fed was also
increased compared to what was observed in ND-fed mice
(Figure S2). Analysis of the mean fluorescence intensity
(MFI) of activation marker expression showed that MHC II
expression on myeloid-derived CD45+DDR2+ cells was
increased in both MGAT and VAT of HFD-fed mice
compared to ND-fed mice (∗p = 0 0169 and ∗∗∗p < 0 001,
Figure 2(d)), indicating that MHC II was more highly
expressed on this population in the adipose tissue of
HFD-fed mice. The MFI of CD80 expression on myeloid-
derived CD45+DDR2+ cells was also increased in MGAT
and VAT of HFD-fed mice compared to ND-fed mice,
although not statistically significant in MGAT (p = 0 0923
and ∗∗p = 0 0048, respectively). Overall, these data suggest
that the myeloid-derived CD45+DDR2+ cell population
may be skewed towards an activated immune cell phenotype
in the adipose tissue of HFD-fed mice, characterized by
increased expression of markers of antigen presentation
and activation.

There was no statistically significant difference in the per-
centage of myeloid-derived CD45+DDR2+ cells expressing
MHC II or CD80 in PB of HFD- vs. ND-fed mice, which
was not surprising given that CD45+DDR2+ cells are a cir-
culating progenitor population. However, the MFI of
CD80 expression on myeloid-derived CD45+DDR2+ cells in
PB of HFD-fed mice was increased compared to myeloid-
derived CD45+DDR2+ cells in ND-fed mice (∗p = 0 0184,
Figure 2(d)), suggesting that a subset of these cells may
become activated even before reaching adipose tissue.

Analysis of myeloid-derived CD45+DDR2- cells in
MGAT of HFD-fed mice showed that these cells were not
as activated as the DDR2+ subset, characterized by signifi-
cantly lower levels of expression of both MHC II and
CD80. In MGAT of HFD-fed mice, the MFI of MHC II
expression on myeloid-derived CD45+DDR2- cells was sig-
nificantly lower than that of DDR2+ cells (1124 vs. 6279,

∗∗∗p = 0 0002) and was not significantly different than what
was observed in ND-fed mice (p = 0 7766, Figure S3). The
MFI of CD80 expression of myeloid-derived CD45+DDR2-

cells in MGAT of HFD-fed mice was also significantly
lower than that of DDR2+ cells (382.2 vs. 667.2, ∗∗∗p =
0 0005, Figure S3).

As was seen in MGAT, CD45+DDR2- cells in VAT and
PB of HFD-fed mice were not as highly activated as CD45+-

DDR2+ cells. In VAT of HFD-fed mice, the expression of
both MHC II and CD80 on CD45+DDR2- cells was signif-
icantly lower than that of DDR2+ cells (1290 vs. 8040,
∗∗∗p < 0 0001 and 376.4 vs. 718.4, ∗∗∗p < 0 0001). As was
observed in MGAT, the levels of MHC II and CD80 expres-
sion on CD45+DDR2- cells in HFD-fed mice were not signif-
icantly different than the levels observed on CD45+DDR2-

cells in ND-fed mice (p = 0 1508 and p = 0 2586, Figure S3).
In PB of HFD-fed mice, the MFI of both MHC II and
CD80 expression on CD45+DDR2- cells was lower than
what was observed on CD45+DDR2+ cells (169.4 vs. 280.8,
p = 0 0653 and 182.8 vs. 254.0, ∗∗∗p < 0 0001, Figure S3).
Overall, myeloid-derived CD45+DDR2- cells were not as
highly activated as the CD45+DDR2+ subset in the adipose
tissue or PB, and more importantly, do not exhibit
increased activation in the adipose tissue of HFD-fed mice.

Taken together, these data show that myeloid-derived
CD45+DDR2+ cells are a component of adipose tissue that
become highly activated in HFD-fed, preobese mice and
suggest that this cell subset contributes to the inflammatory
adipose tissue environment.

3.3. Increased Percentage of T Cells Produce IL-17A in MGAT
and PB of Preobese Mice Compared to Lean Mice. Adipose
tissue of obese mice is inflammatory and marked by the infil-
tration of activated immune cells, including macrophages
and Th1-type cells [15, 44]. The contribution of other proin-
flammatory T cell subsets, including Th17 cells, to adipose
tissue in obese or preobese mice has not been well defined.
To determine how CD4+ T cells are skewed in the adipose tis-
sue and periphery of preobese mice, IL-17A and IFN-γ
expression in T cells isolated from MGAT, VAT, and PB of
HFD- vs. ND-fed mice was analyzed.

The percentage of CD3e+ T cells in VAT of HFD-fed
mice was increased compared to levels in ND-fed mice
(39.6% vs. 28.3%, ∗∗p = 0 0049, Figure 3(b)), but this
difference was not seen in MGAT or peripheral blood.
An increased percentage of total CD3e+CD4+ T cells was also
observed in VAT of HFD-fed mice (∗p = 0 0126, Figure 3(c),
Figure S4). No difference in the percentage of total
CD3e+CD4+ T cells was observed in MGAT or peripheral
blood of HFD-fed vs. ND-fed mice.

Analysis of T cell subsets showed an increased percentage
of CD4+ T cells expressing IL-17A in MGAT of HFD-fed
mice compared to CD4+ T cells in MGAT of ND-fed mice
(18.3% vs. 5.5%, ∗∗p = 0 0023, Figure 3(d)). Although a large
percentage of CD4+ T cells expressed IFN-γ in MGAT, no
difference was observed between HFD- and ND-fed mice
(Figure 3(e)). A small population of CD4+ T cells in MGAT
expressed both IL-17A and IFN-γ, but no difference was
observed between groups (Figure 3(f)).
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Figure 2: Increased percentage of myeloid-derived CD45+DDR2+ cells express MHC II and CD80 in mammary gland-associated adipose
tissue (MGAT) and visceral adipose tissue (VAT) of preobese mice compared to myeloid-derived CD45+DDR2+ cells in MGAT and VAT
of lean control mice. (a–c) Flow cytometric analysis of a representative mouse from each group, showing MHC II and CD80 expression in
CD11b-expressing CD45+DDR2+ cells from MGAT, VAT, and peripheral blood (PB) of HFD- and ND-fed C57BL/6 mice at endpoint
(9 weeks of postinitiation of diet). For flow cytometric analysis, cells were first gated on single, live cell populations. (d) Graphical
representation of flow cytometric analysis, showing the percentage of total CD45+DDR2+ cells, CD11b-expressing CD45+DDR2+ cells, and
MHC II and CD80 expression on CD11b-expressing CD45+DDR2+ cells in MGAT, VAT, and PB of HFD- vs. ND-fed C57BL/6 mice.
Data are presented as mean ± SEM of 5 mice per group. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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In VAT of HFD-fed mice, an increased although not sta-
tistically significant percentage of CD4+ T cells expressed
IL-17A compared to ND-fed mice, and the total population
of IL-17A-expressing cells was lower compared to levels in
MGAT (p = 0 0605, Figure 3(d)). VAT of HFD-fed mice
was characterized by an increased percentage of IFN-γ-ex-
pressing CD4+ T cells compared to ND-fed mice (62.0% vs.
48.6%, ∗p = 0 0483, Figures 3(a) and 3(e)). A small popula-
tion of CD4+ T cells expressed both IL-17A and IFN-γ in

VAT, but no difference was observed between HFD- and
ND-fed mice (Figure 3(f)). In PB, an increased percentage
of CD4+ T cells expressed IL-17A in HFD- vs. ND-fed mice
(∗∗∗p < 0 0004, Figure 3(d)). A large proportion of CD4+ T
cells also expressed Th1-associated IFN-γ, although no stas-
tically significant difference between HFD- and ND-fed mice
was observed (p = 0 0788, Figure 3(e)).

Together, these data show that a greater percentage of
CD4+ T cells is stimulated in the adipose tissue and PB of
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Figure 3: Increased percentage of CD4+ T cells express IL-17A in MGAT and blood of preobese mice compared to CD4+ T cells in MGAT
and blood of lean control mice. (a) Flow cytometric analysis of a representative mouse from each group, showing IL-17A and IFN-γ cytokine
expression in CD3e+CD4+ T cell populations from MGAT, visceral adipose tissue (VAT), and peripheral blood (PB) of HFD- and ND-fed
C57BL/6 mice at endpoint (9 weeks of postinitiation of diet). Cells were stimulated with PMA/ionomycin cocktail + protein transport
inhibitor for 5 h at 37°C prior to fixation, permeabilization, and staining. For flow cytometric analysis of cytokine expression, cells were
first gated on single, live, CD3e+, and CD4+ T cell populations (Figure S4). (b–f) Graphical representation of the percentage of total
CD3e+ T cells, total CD3e+CD4+ T cells, IL-17A+CD4+ T cells, IFN-γ+CD4+ T cells, and IL-17A+IFN-γ+CD4+ T cells in MGAT, VAT,
and PB of HFD- vs. ND-fed mice. Data are presented as mean ± SEM of 5 mice per group. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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HFD-fed preobese mice. In MGAT and PB, the increase in
levels of CD4+ T cells expressing IL-17A suggests that they
are skewed towards a Th17 phenotype. In VAT, the increase
in levels of CD4+ T cells expressing IFN-γ suggests that they
are skewed towards a Th1 phenotype.

3.4. MGAT from HFD-Fed Mice Triggers CD45+DDR2+ Cells
to Activate T Cell Production of IFN-γ and TNF-α. Previ-
ously, we showed that a subset of activated CD45+DDR2+ cell
shaves the capacity to skew CD4+ T cells towards a Th17 phe-
notype [49]. To determine if adipose tissue from HFD-fed
mice triggers CD45+DDR2+ cells to stimulate T cell cytokine
production, sorted CD45+DDR2+ cells from peripheral blood
of control, ND-fed mice were primed in media conditioned
by MGAT from HFD- or ND-fed mice and then cultured
with CD4+ T cells from control, ND-fed mice. Following
coculture, Th1, Th2, and Th17 cell-associated cytokines pro-
duced by CD4+ T cells were analyzed.

CD45+DDR2+ cells cultured in media conditioned by
MGAT from HFD-fed mice (CD45+DDR2+HFD/MGAT)
stimulated increased production of the Th1-associated cyto-
kine IFN-γ from CD4+ T cells compared to CD45+DDR2+

cells cultured in media conditioned by adipose tissue from
ND-fed mice (CD45+DDR2+ND/MGAT, ∗∗p < 0 01) or media
alone (CD45+DDR2+media, ∗∗∗p < 0 001, Figure 4). CD45+-

DDR2+HFD/MGAT also stimulated increased production
of the proinflammatory mediator TNF-α from CD4+ T
cells compared to CD45+DDR2+ND/MGAT(∗∗p < 0 01) or
CFPmedia (∗∗∗p < 0 001). These data suggest that CD45+-

DDR2+HFD/MGAT skew T cell cytokine production and pro-
mote a Th1-type, inflammatory response.

In contrast, CD45+DDR2+ND/MGAT stimulated increased
production of the Th17-associated cytokine IL-17A from
CD4+ T cells compared to CD45+DDR2+HFD/MGAT (∗∗p <
0 01, Figure 4). However, it is important to note that both
CD45+DDR2+HFD/MGAT and CD45+DDR2+media stimulated
increased IL-17A production from CD4+ T cells compared
to CD4+ T cells cultured in the absence of CD45+DDR2+

cells (∗∗∗p < 0 001). Taken together, this data shows that
CD45+DDR2+ cells alone elicit production of inflamma-
tory IL-17A from CD4+ T cells, although to a lesser degree
than IFN-γ in vitro.

Since IL-10 is a known immune inhibitory mediator, its
expression was also measured to more completely assess the
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Figure 4: MGAT from HFD-fed mice triggers CD45+DDR2+ cells to elicit increased production of IFN-γ and TNF-α from CD4+ T cells.
(a) Experimental overview: sorted CD45+DDR2+cells from peripheral blood of control, ND-fed C57BL/6 mice were cultured in media
conditioned by MGAT from HFD- or ND-fed mice at 1 × 104 cells/well for 48 h at 37°C. For T cell coculture, media was replaced and
splenic CD4+ T cells from control, ND-fed C57BL/6 mice were added to CD45+DDR2+ cell cultures at 1 × 105 cells/well for 72 h.
Supernatants were collected and levels of Th1-, Th2-, and Th17-associated cytokines were analyzed by cytometric bead array. (b)
Graphical representation of levels of IFN-γ, TNF-α, IL-17A, and IL-10 detected in supernatants. Data are presented as mean ± SEM of
triplicate wells analyzed in duplicate. ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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immune regulatory capacity of CD45+DDR2+ cells. There
were no statistically significant differences in the produc-
tion of Th2 cell-associated cytokine IL-10 by CD4+ T
cells cultured with CD45+DDR2+HFD/MGAT vs. CD45+-

DDR2+ND/MGAT, although CD45+DDR2+HFD/MGAT elicited
more IL-10 production from CD4+ T cells compared to
T cells cultured in the absence of CD45+DDR2+ cells
(∗p < 0 05). Overall, the levels of IL-10 produced by T cells
were significantly lower than the levels of IFN-γ and TNF-α.
Taken together, the data show that CD45+DDR2+ cells pre-
conditioned in the HFD MGAT environment preferentially
skew T cells towards a proinflammatory phenotype.

As a negative control, CD45+DDR2+ cells were cultured
alone in fresh media or media conditioned by adipose tissue
from HFD- or ND-fed mice; there were no detectable levels
of Th1, Th2, or Th17 cell-associated cytokines in these
cultures (data not shown). We found that CD45+DDR2+ cells
primed in media conditioned by VAT from HFD mice stim-
ulated T cell cytokine production of IFN-γ and TNF-α, but to
a lesser degree (~8- and ~2-fold less, respectively, data not
shown), suggesting that CD45+DDR2+ cells differentially
modulate T cells in different adipose environments and that
these cells may play a more significant proinflammatory role
in MGAT of HFD-fed preobese mice. Overall, our data sug-
gest that CD45+DDR2+ cells exposed to MGAT of HFD-fed
mice preferentially skew T cells towards a proinflammatory,
Th1-type phenotype.

4. Conclusions

To our knowledge, this is the first study examining CD45+-

DDR2+ cells in the adipose tissue of HFD-fed mice at the pre-
obese stage and suggests a novel role for myeloid-derived
CD45+DDR2+ cells in modulating the inflammatory immune
response in adipose tissue.

The expression of DDR2 on immune cells and the role it
plays in immune cell function has not been well defined.
DDR2, a tyrosine receptor kinase, binds collagens I and III
and is traditionally involved in extracellular matrix sensing
and cell migration [46]. Previous studies in human vascular
smooth muscle cells and mouse fibroblasts showed that
DDR2 regulates expression and/or activation of MMP-1
andMMP-2, respectively [54, 55]. We have previously shown
that HSC-derived DDR2+ cells home to tumor via the
CCR2/MCP-1 axis and are capable of differentiating into
fibroblasts in the local tumor environment [48]. However,
the immune phenotype of CD45+DDR2+ cells has not been
extensively investigated. One previous study showed that
DDR2 is expressed on a subset of dendritic cells and that
binding of collagen I to DDR2 leads to increased expression
of the activation marker CD86 and increased production of
IL-12, a proinflammatory cytokine involved in Th1-type
skewing [47]. This suggests that DDR2 expression on a sub-
set of myeloid-derived immune cells may play a role in acti-
vation and inflammatory cytokine production in these cells.
Our previous work in a mouse model of silica-induced pul-
monary fibrosis showed that a subset of myeloid-derived
CD45+DDR2+ cells honed to lung tissue, expressed markers
of immune activation, and were capable of skewing T cell

cytokine production [49]. These prior studies suggest that
myeloid-derived CD45+DDR2+ cells play a role in modu-
lating the immune response and led us to evaluate their
role in promoting inflammation in the preobese adipose
tissue environment.

Many models of HFD-induced obesity consider 16-20
weeks of feeding as study endpoint, when mice are character-
ized as obese and exhibit at least a 30% increase in total body
weight [7–9, 11]. Our study is focused on immune changes
that are occurring much earlier in the progression to obesi-
ty—what we are characterizing as a preobese state—when
mice exhibit a 20% increase in total body weight compared
to ND-fed mice. As defined in the current study, HFD-fed
preobese mice may more closely mirror the overweight
condition in human patients [14] and may also offer an
ideal model to study immune-based therapies. In the current
study, C57BL/6 mice were fed with a diet high in milkfat
(60.3% kcal from fat, Table S1), as this diet has been shown
to induce metabolic, cardiac, and inflammatory changes in
C57BL/6 mice that closely mirror what is observed in obese
patients [56–59]. This milkfat-based diet was shown to
induce metabolic and inflammatory changes in C57BL/6
mice at earlier time points than a lard-based diet (8 weeks
vs. 20 weeks and beyond), suggesting that it is ideal for
the current preobese model [56, 60]. It is important to
note that HFD feeding has differential effects on weight
gain, metabolism, and inflammation in male vs. female
mice [61–63]. However, many of these studies utilized lard-
or soybean-based HFDs, and overall less is known about
the effects of a milkfat-based HFD. We chose to focus
on female mice in the current study to provide a baseline
for future work examining the role of myeloid-derived
CD45+DDR2+ cells in obesity-associated breast cancer. We
have previously observed changes in circulating IL-6 levels
and insulin and glucose metabolism in female C57BL/6
mice following 12 weeks of milkfat-based HFD feeding,
although to a lesser extent than what was observed in male
mice (data not published). The effects of a milkfat-based
HFD on CD45+DDR2+ cell activation and T cell skewing at
the preobese state (after ~8 weeks of feeding) have not been
previously described and are the focus of the current study.

In our preobese model, CD45+DDR2+ cells and T cells
were examined in two adipose tissue regions: VAT and
MGAT. Previous reports have shown that VAT from the
gonadal region of obese mice, which often represents the
largest and most accessible fat pad, is characterized by ele-
vated oxidative stress, altered glucose metabolism, and
increased expression of inflammatory markers [53, 64–67].
There is growing evidence to suggest that MGAT in over-
weight or obese patients is characterized by increased levels
of inflammatory immune cells and adipocytes, which have
been shown to contribute to the development and progres-
sion of breast cancer [68–72]. Given that considerably less
is known about the immune alterations that occur in subcu-
taneous MGAT in HFD-fed preobese mice, the current study
sought to address this question.

In control mice, we found that CD45+DDR2+cells are
present in both MGAT and VAT. While the overall percent-
age of myeloid-derived CD45+DDR2+ cells in adipose tissue
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was unchanged in HFD-fed preobese mice, a significantly
higher percentage of myeloid-derived CD45+DDR2+ cells
expressed MHC II and CD80 in both MGAT and VAT.
Increased expression of MHC II, which presents antigen/-
peptide to a T cell via the T cell receptor, and CD80, a costim-
ulatory molecule that binds to CD28 on an interacting T cell,
are characteristics of an activated antigen-presenting cell
[73–75]. In the adipose tissue of HFD-fed preobese mice,
myeloid-derived CD45+DDR2+ cells were characterized by
significantly increased expression of both MHC II and
CD80 compared to myeloid-derived CD45+DDR2+ cells in
the adipose tissue of ND-fed mice, indicating that these cells
were more activated in the HFD-fed adipose environment.

Changes in the activation of myeloid-derived CD45+-

DDR2+ cells were also observed in PB of HFD-fed mice,
although to a lesser extent than what was observed in adipose
tissue. Previous studies have shown that CD45+DDR2+ cells
differentiate into activated fibroblasts and immune cells in
inflammatory tissue environments (i.e., tumor, inflammatory
lung) [48–50]. In the current study, the intensity of CD80
expression was increased on myeloid-derived CD45+DDR2+

cells in the peripheral blood of HFD-fed mice, demon-
strating that a subset of this population expresses markers
of activation even before they reach the adipose tissue. Thus,
at least in a model of preobesity, the activation status of
myeloid-derived CD45+DDR2+ cells may be a useful bio-
marker for immune activation in the progression to obesity.
Further, as they are a circulating progenitor population,
CD45+DDR2+ cells may represent an important target for
therapies aimed at reducing inflammation by redirecting
their skewing away from an activated immune state.

Analysis of myeloid-derived CD45+DDR2- cells in the
adipose tissue of HFD-fed mice showed that these cells were
not as highly activated as the DDR2+ population; further-
more, the extent of activation of DDR2- cells, as defined by
the MFI of MHC II and CD80 expression, was not altered in
HFD-fed mice vs. ND-fed mice (Figure S3). Taken together,
our data show that myeloid-derived CD45+DDR2+ cells are
highly activated in HFD-fed preobese mice and suggest that
a subset of these cells may be modulating the inflammatory
immune response before obesity is established.

Future studies will focus on defining the differentiation
potential of myeloid-derived CD45+DDR2+ cells in the adi-
pose tissue of HFD-fed preobese mice, using the expression
of macrophage, dendritic cell, and fibroblast markers. It will
be important to compare the progenitor CD45+DDR2+ cells
presented herein to traditional monocyte-derived macro-
phages in the adipose tissue and blood of preobese vs. control
mice, based on expression of specific macrophage markers
such as F4/80, CD11c, CD64, CD206, and Ly6c. Previous
studies have shown that the skewing of monocyte-derived
macrophages in obese adipose tissue is a highly diverse pro-
cess and results in the differentiation of both F4/80+CD11c+

“M1”-like macrophages as well as F4/80+CD11c-CD206+

“M2”-like macrophages [15, 22, 28, 29]. Previous studies in
our lab have shown that a subset of myeloid-derived CD45+-

DDR2+ cells migrates in response to monocyte-derived che-
moattractant protein- (MCP-) 1 [48] and express CD11c in
inflammatory lung tissue [49]. It will be important to

determine if the myeloid-derived CD45+DDR2+ cells pre-
sented herein contribute to “M1” or “M2” macrophage pop-
ulations, or a unique macrophage population in adipose
tissue, and how this changes as obesity is established. Prelim-
inary analysis of F4/80 expression on myeloid-derived
CD45+DDR2+ cells in MGAT of HFD-fed, preobese mice
has shown ~61% of this population expresses F4/80 and
was not statistically different than what was observed in
ND-fed mice (data not shown). Together, these data suggest
that a subset of CD45+DDR2+ cells differentiates into macro-
phages or macrophage-like cells in tissue andmay represent a
progenitor population from which activated tissue macro-
phages arise. Further defining how CD45+DDR2+ cells differ-
entiate into immune cell subsets in inflammatory tissue will
help guide future studies aimed at targeting this circulating
progenitor population.

T cell skewing in adipose tissue contributes to inflamma-
tion and may also impact obesity-related metabolic dysfunc-
tion. In patients with obesity, adipose tissue-associated and
circulating T cells are preferentially skewed towards inflam-
matory Th1- and/or Th17-type T cells and studies have
shown that IFN-γ and IL-17A contribute to aberrant glucose
and lipid homeostasis in several cell types, including adipo-
cytes [38–40, 76]. In the current study, we show that changes
in total T cells and T cell skewing are evident in HFD-fed pre-
obese mice, which are characterized by a 20% increase in total
body weight. In both MGAT and PB of HFD-fed mice, the
increase in CD4+ T cells expressing IL-17A suggests skewing
towards a proinflammatory Th17 phenotype. In MGAT
of HFD-fed mice, we found 3.4X IL-17A-expressing CD4+

T cells compared to MGAT of ND-fed mice, paralleling what
is observed in the subcutaneous adipose tissue of patients
with obesity-associated T2D [39]. To our knowledge, this is
the first report showing increased IL-17A-expressing cells
in MGAT of HFD-fed preobese mice and suggests that our
model may be a clinically relevant tool for investigating
immune alterations associated with the overweight, or preob-
ese, state. In VAT of preobese mice, we observed an increase
in CD4+ T cells expressing IFN-γ, suggesting a skewing
towards a Th1 phenotype. This observation supports previ-
ous studies which showed a preferential skewing of CD4+

T cells towards Tbet-expressing Th1-type cells in VAT of
patients with obesity and HFD-induced mouse models of
obesity [36, 43, 77]. Of note, an IL-17A+IFN-γ+ T cell popu-
lation was observed in both MGAT and VAT and may repre-
sent a T cell in transition from a Th17 to Th1 phenotype or a
highly activated Th17 cell [78]. Future studies examining the
expression of transcription factors such as RORγt and Tbet
in adipose tissue-associated T cells may further delineate
these populations. Overall, the data show a differential skew-
ing of T cells in different adipose tissue environments and
suggest that HFD promotes both Th1- and Th17-type skew-
ing, even before obesity is established.

While our studies focused on the impact of HFD in
female animals, given the sex-specific response to HFD feed-
ing [61–63], it will be important to investigate CD45+DDR2+

and T cell populations in the peripheral blood and adipose
tissue of preobese, male C57BL/6 mice in future studies.
There is evidence to suggest that total T cells are also
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increased in the adipose tissue of HFD-fed, male mice,
although reports of how CD4+ T cells are skewed in specific
adipose depots, particularly at earlier time points, are limited.
One study showed that the percentage of total CD3e+ T cells
was increased in epididymal (i.e., visceral) adipose tissue of
HFD-fed, male C57BL/6 mice after 22 weeks of HFD feeding
[44]. Increased levels of IFN-γ were detected in epididymal
adipose tissue isolated from HFD-fed mice after 12 weeks
of HFD feeding, suggesting that T cells may be skewed
towards a Th1-type phenotype in this adipose depot at an
earlier time point [44]. We observed a similar increase in
the percentage of total CD3e+ T cells and IFN-γ-expressing
T cells in visceral adipose tissue of HFD-fed, female
C57BL/6 mice, though at an earlier time point (8-10 weeks).
A few studies in HFD-fed, male C57BL/6 mice have also
shown that IL-17A-expressing CD4+ T cells are preferentially
increased in inguinal (i.e., subcutaneous) adipose tissue com-
pared to ND-fed mice, after 8 weeks of feeding [43]. We
observed similar increases in IL-17A-expressing CD4+ T cells
in MGAT (i.e., subcutaneous) of HFD-fed, female C57BL/6
mice, suggesting that HFD may promote Th17 cell skewing
in subcutaneous adipose tissue, independent of sex.

Because we observed a ~3-fold increase in the percentage
of inflammatory IL-17A-expressing T cells in MGAT of
HFD-fed, preobese mice compared to ND-fed mice, we next
sought to hone in on the mechanism by which activated
CD45+DDR2+ cells impact immune activation in this envi-
ronment. For these studies, MGAT-conditioned media was
derived using the organ culture method, to preserve the cel-
lular composition and paracrine interactions within the adi-
pose tissue [52]. In this way, we could examine the impact
of the MGAT environment, as a whole, on CD45+DDR2+

cell-mediated T cell skewing. We found that CD45+DDR2+

cells from control C57BL/6 mice exposed to MGAT from
HFD-fed mice had a greater capacity to stimulate normal
CD4+ T cell production of IFN-γ and TNF-α. This sug-
gests that, in the adipose environment of HFD-fed mice,
CD45+DDR2+ cells promote Th1-type skewing. CD45+

DDR2+ND/MGAT and CD45+DDR2+media also induced
increased production of IFN-γ and TNF-α, although to a
lesser extent than CD45+DDR2+HFD/MGAT. These data
indicate that a CD45+DDR2+ cell alone has the capacity
to activate a T cell but becomes more activated in the
HFD-associated adipose tissue environment, resulting in
increased Th1 cell-associated cytokine production. One
mechanism by which CD45+DDR2+ cells may be stimulating
inflammatory T cell cytokine production in the HFD envi-
ronment is via production of proinflammatory mediators
such as MIG, MIP-1α, and RANTES(Figure S5). Future
studies using direct vs. indirect coculture systems will
further delineate the mechanism by which CD45+DDR2+

cells skew T cell cytokine production.
While a stark increase in the percentage of IL-17A-

producing CD4+ T cells was observed in MGAT of HFD-
fed mice compared to CD4+ T cells in ND-fed mice, we did
not observe a dramatic increase in IL-17A production by
CD4+ T cells cocultured with CD45+DDR2+ cells precondi-
tioned in the HFD- vs. ND-fed MGAT environment. These
differences could be due to the limitations of the in vitro

system; the coculture assay includes only preconditioned
CD45+DDR2+ cells and CD4+ T cells and we cannot exclude
the possibility that CD45+DDR2+ cells may rely on other cell
types in the mammary gland, including preadipocytes,
adipocytes, and stromal cells, to elicit Th17 cell skewing.
Further, while the percentage of IL-17A-expressing CD4+ T
cells was increased in MGAT of HFD-fed mice, the level of
IL-17A produced by these cells ex vivo was not assessed (pre-
cluded by intracellular staining) and therefore we cannot
directly compare the results. It is important to note that we
observed significantly higher levels of IFN-γ production by
CD4+ T cells compared to IL-17A production in vitro. One
interpretation of this result is that CD45+DDR2+ cells pre-
conditioned in the HFD-fed MGAT environment skew
CD4+ T cells more strongly towards a Th1-type phenotype.
It is also possible that a population of CD4+T cells producing
both IFN-γ and IL-17A is induced by coculture with CD45+

DDR2+HFD/MGAT in vitro. These cells may represent a popu-
lation in transition from a Th1 to Th17 phenotype or a highly
activated Th17 cell [78]. This is supported by the in vivo data,
which showed a population of CD4+ T cells expressing both
IFN-γ and IL-17A in MGAT of HFD- and ND-fed mice.

The level of the Th2 cell-associated, inhibitory
mediator IL-10 produced by T cells cultured with CD45+

DDR2+HFD/MGAT was increased compared to that produced
by T cells alone or T cells cultured with CD45+

DDR2+ND/MGAT or CD45+DDR2+media. This was a puzzling
observation in light of the concurrent Th1 cell skewing and
may indicate that CD45+DDR2+ cells in adipose tissue of
HFD-fed mice also promote a Th2-type response, although
to a lesser degree. Alternatively, the increased IL-10 pro-
duction may reflect a compensatory “toning down” of the
inflammatory response. Overall, the current study demon-
strates, for the first time, that CD45+DDR2+ cells have the
capacity to skew T cell cytokine production in the MGAT
environment of HFD-fed mice and points to a novel role
for CD45+DDR2+ cells in promoting inflammation in this
adipose depot.

The mechanism by which adipose tissue from HFD-fed
mice activates CD45+DDR2+ cells to stimulate T cell cytokine
production remains to be elucidated; one possibility is via the
production of inflammatory mediators such as IL-6, MCP-1,
G-CSF, MIP-1α, and MIP-1β which have been shown to be
upregulated in the adipose environment of HFD-fed mice
and were detected in adipose tissue explant cultures in the
current study (data not shown) [17, 33, 34, 36]. Future stud-
ies using blocking antibodies to secreted inflammatory medi-
ators will help to define this mechanism in vitro. It may also
be important to investigate how CD45+DDR2+ cells precon-
ditioned in the MGAT environment of HFD-fed mice mod-
ulate CD4+ T cells from HFD- vs. ND-fed mice, as there
may be differences in the activation and functional profile
of splenic T cells in these mice. In vivo manipulation of this
population will be an important focus of future studies.
Because specific inhibitors of activators of DDR2 are not cur-
rently commercially available, these cells are difficult to target
in vivo. Furthermore, because the CD45+DDR2+ cell popula-
tion we have identified is a progenitor population that has
the capacity to differentiate into a wide spectrum of cells,
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including fibroblasts [48, 50] and immune cells [49], the
experimental parameters of when to transfer and if/when
they home to adipose tissue, in a way that is analogous to
their homeostatic arrival, remains to be determined and will
be the focus of future studies. While the in vitro system used
in the current study is a simplified model of the in vivo adi-
pose tissue environment, it suggests that CD45+DDR2+ cells
exposed to the HFD-fed adipose environment contribute to
T cell activation and provide important insight for future
experiments in the preobese mouse model.

Our current understanding of inflammation in preobe-
sity and obesity—and the network of events leading to T cell
activation in adipose tissue—is not complete. Recent evi-
dence points to a direct link between Th1 and Th17 cells in
the adipose tissue and aberrant glucose homeostasis, sug-
gesting that T cell skewing may play a critical role not only
in obesity-related inflammation but also metabolic dysfunc-
tion [37–44]. The current study shows, for the first time, that
myeloid-derived CD45+DDR2+ cells express markers of
immune activation in the adipose tissue of HFD-fed preob-
ese mice and suggests that they promote Th1-type skewing
and the production of inflammatory cytokines. Because
myeloid-derived CD45+DDR2+ cells are a circulating pro-
genitor population, they may represent an important target
for therapies aimed at reducing inflammation in overweight
or obese patients.

Abbreviations

CCR2: Chemokine receptor 2
CFP: Circulating fibroblast precursor
DDR2: Discoidin domain receptor 2
G-CSF: Granulocyte colony-stimulating factor
GM-CSF: Granulocyte-macrophage colony-stimulating

factor
HFD: High-fat diet
IFN-γ: Interferon-gamma
IL-: Interleukin-
MCP-1: Monocyte chemoattractant protein-1
MGAT: Mammary gland-associated adipose tissue
MFI: Mean fluorescence intensity
MHC II: Major histocompatibility complex II
MIG: Monokine induced by gamma interferon
MIP-1α: Macrophage inflammatory protein-1 alpha
MIP-1β: Macrophage inflammatory protein-1 beta
ND: Normal diet
PB: Peripheral blood
RANTES: Regulated upon activation normal T cell

expressed and secreted
T2D: Type 2 diabetes
TNF-α: Tumor necrosis factor-alpha
VAT: Visceral adipose tissue.

Data Availability

The flow cytometric data used to support the findings of
this study are included within the article and supplementary
data file.

Disclosure

The contents of this publication do not represent the
views of the Department of Veterans Affairs or the United
States Government.

Conflicts of Interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Authors’ Contributions

SS, RY, and AL conceived the experiments. YX assisted in
establishing experimental methodologies. SS carried out the
experiments, analyzed the data, and wrote the manuscript.
All authors were involved in editing the manuscript and gave
final approval of the submitted and published versions.

Acknowledgments

This work was supported by the NIH/NCI (CA148772
(ACL)) and the U.S. Department of Veterans Affairs Merit
Awards BX002277 (ACL) and BX000333 (ACL). This work
was supported in part by the Cell Evaluation & Therapy
Shared Resource, Hollings Cancer Center, Medical Univer-
sity of South Carolina (P30 CA138313).

Supplementary Materials

Supplementary Table 1: comparison of high-fat diet (HFD)
and normal diet (ND). Supplementary Figure 1: flow cytomet-
ric controls (unstained cells) from MGAT, VAT, and periph-
eral blood of ND-fed, control female C57BL/6 mice.
Supplementary Figure 2: total myeloid-derived CD45+DDR2+

cells in MGAT and VAT of ND- vs. HFD-fed mice. Supple-
mentary Figure 3: flow cytometric analysis of CD45+DDR2-

cells in MGAT, VAT, and peripheral blood of ND- vs.
HFD-fed mice. Supplementary Figure 4: flow cytometric anal-
ysis of total CD3e+ T cells and CD3e+CD4+ T cells in MGAT,
VAT, and peripheral blood of ND- vs. HFD-fed mice. Supple-
mentary Figure 5: mediators produced by CD45+DDR2+ cells
cultured in media conditioned by MGAT from HFD- or
ND-fed mice. (Supplementary Materials)

References

[1] M. Ng, T. Fleming, M. Robinson et al., “Global, regional, and
national prevalence of overweight and obesity in children
and adults during 1980-2013: a systematic analysis for the
Global Burden of Disease Study 2013,” Lancet, vol. 384,
no. 9945, pp. 766–781, 2014.

[2] S. I. Grivennikov, F. R. Greten, and M. Karin, “Immunity,
inflammation, and cancer,” Cell, vol. 140, no. 6, pp. 883–899,
2010.

[3] F. Bianchini, R. Kaaks, and H. Vainio, “Overweight, obesity,
and cancer risk,” The Lancet Oncology, vol. 3, no. 9, pp. 565–
574, 2002.

12 Mediators of Inflammation

http://downloads.hindawi.com/journals/mi/2019/1648614.f1.docx


[4] K. Basen-Engquist and M. Chang, “Obesity and cancer risk:
recent review and evidence,” Current Oncology Reports,
vol. 13, no. 1, pp. 71–76, 2011.

[5] S. Djalalinia, M. Qorbani, N. Peykari, and R. Kelishadi,
“Health impacts of obesity,” Pakistan Journal of Medical Sci-
ences, vol. 31, no. 1, pp. 239–242, 2015.

[6] G. De Pergola and F. Silvestris, “Obesity as a major risk factor
for cancer,” Journal of Obesity, vol. 2013, Article ID 291546, 11
pages, 2013.

[7] R. S. Surwit, C. M. Kuhn, C. Cochrane, J. A. McCubbin, and
M. N. Feinglos, “Diet-induced type II diabetes in C57BL/6J
mice,” Diabetes, vol. 37, no. 9, pp. 1163–1167, 1988.

[8] C. Y. Wang and J. K. Liao, “A mouse model of diet-induced
obesity and insulin resistance,” Methods in Molecular Biology,
vol. 821, pp. 421–433, 2012.

[9] K. J. Nickelson, K. L. Stromsdorfer, R. T. Pickering et al., “A
comparison of inflammatory and oxidative stress markers in
adipose tissue from weight-matched obese male and female
mice,” Experimental Diabetes Research, vol. 2012, Article ID
859395, 8 pages, 2012.

[10] S. Collins, T. L. Martin, R. S. Surwit, and J. Robidoux, “Genetic
vulnerability to diet-induced obesity in the C57BL/6J mouse:
physiological and molecular characteristics,” Physiology &
Behavior, vol. 81, no. 2, pp. 243–248, 2004.

[11] J. Speakman, C. Hambly, S. Mitchell, and E. Krol, “Animal
models of obesity,” Obesity Reviews, vol. 8, Suppl 1, pp. 55–61,
2007.

[12] A. Sato, H. Kawano, T. Notsu et al., “Antiobesity effect of
eicosapentaenoic acid in high-fat/high-sucrose diet-induced
obesity: importance of hepatic lipogenesis,” Diabetes, vol. 59,
no. 10, pp. 2495–2504, 2010.

[13] Y. Ji, S. Sun, S. Xia, L. Yang, X. Li, and L. Qi, “Short term high
fat diet challenge promotes alternative macrophage polariza-
tion in adipose tissue via natural killer T cells and interleu-
kin-4,” The Journal of Biological Chemistry, vol. 287, no. 29,
pp. 24378–24386, 2012.

[14] R. J. Kuczmarski and K. M. Flegal, “Criteria for definition of
overweight in transition: background and recommendations
for the United States,” The American Journal of Clinical Nutri-
tion, vol. 72, no. 5, pp. 1074–1081, 2000.

[15] C. N. Lumeng, S. M. Deyoung, J. L. Bodzin, and A. R. Saltiel,
“Increased inflammatory properties of adipose tissue macro-
phages recruited during diet-induced obesity,” Diabetes,
vol. 56, no. 1, pp. 16–23, 2007.

[16] D. Y. Oh, H. Morinaga, S. Talukdar, E. J. Bae, and J. M.
Olefsky, “Increased macrophage migration into adipose tissue
in obese mice,” Diabetes, vol. 61, no. 2, pp. 346–354, 2012.

[17] J. M. Harkins, N. Moustaid-Moussa, Y. J. Chung et al.,
“Expression of interleukin-6 is greater in preadipocytes than
in adipocytes of 3T3-L1 cells and C57BL/6J and ob/ob
mice,” The Journal of Nutrition, vol. 134, no. 10, pp. 2673–
2677, 2004.

[18] J. Y. Huh, Y. J. Park, M. Ham, and J. B. Kim, “Crosstalk
between adipocytes and immune cells in adipose tissue inflam-
mation and metabolic dysregulation in obesity,”Molecules and
Cells, vol. 37, no. 5, pp. 365–371, 2014.

[19] D. Mathis, “Immunological goings-on in visceral adipose tis-
sue,” Cell Metabolism, vol. 17, no. 6, pp. 851–859, 2013.

[20] R. Yu, C. S. Kim, B. S. Kwon, and T. Kawada, “Mesenteric adi-
pose tissue-derived monocyte chemoattractant protein-1 plays
a crucial role in adipose tissue macrophage migration and

activation in obese mice,” Obesity, vol. 14, no. 8, pp. 1353–
1362, 2006.

[21] J. S. Orr, A. J. Kennedy, A. A. Hill, E. K. Anderson-Baucum,
M. J. Hubler, and A. H. Hasty, “CC-chemokine receptor 7
(CCR7) deficiency alters adipose tissue leukocyte populations
in mice,” Physiological Reports, vol. 4, no. 18, article e12971,
2016.

[22] C. N. Lumeng, J. B. DelProposto, D. J. Westcott, and A. R.
Saltiel, “Phenotypic switching of adipose tissue macrophages
with obesity is generated by spatiotemporal differences in
macrophage subtypes,” Diabetes, vol. 57, no. 12, pp. 3239–
3246, 2008.

[23] T. Suganami, J. Nishida, and Y. Ogawa, “A paracrine loop
between adipocytes and macrophages aggravates inflamma-
tory changes: role of free fatty acids and tumor necrosis factor
alpha,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 25, no. 10, pp. 2062–2068, 2005.

[24] D. Patsouris, P. P. Li, D. Thapar, J. Chapman, J. M. Olefsky,
and J. G. Neels, “Ablation of CD11c-positive cells normalizes
insulin sensitivity in obese insulin resistant animals,” Cell
Metabolism, vol. 8, no. 4, pp. 301–309, 2008.

[25] G. Donninelli, M. del Cornò, M. Pierdominici et al., “Distinct
blood and visceral adipose tissue regulatory T cell and innate
lymphocyte profiles characterize obesity and colorectal can-
cer,” Frontiers in Immunology, vol. 8, p. 643, 2017.

[26] A. Eljaafari, M. Robert, M. Chehimi et al., “Adipose
tissue-derived stem cells from obese subjects contribute to
inflammation and reduced insulin response in adipocytes
through differential regulation of the Th1/Th17 balance and
monocyte activation,” Diabetes, vol. 64, no. 7, pp. 2477–2488,
2015.

[27] O. Sarr, R. J. Strohm, T. L. MacDonald et al., “Subcutaneous
and visceral adipose tissue secretions from extremely obese
men and women both acutely suppress muscle insulin signal-
ing,” International Journal of Molecular Sciences, vol. 18,
no. 5, 2017.

[28] C. N. Lumeng, J. L. Bodzin, and A. R. Saltiel, “Obesity induces
a phenotypic switch in adipose tissue macrophage polariza-
tion,” The Journal of Clinical Investigation, vol. 117, no. 1,
pp. 175–184, 2007.

[29] M. Zeyda, K. Gollinger, E. Kriehuber, F. W. Kiefer,
A. Neuhofer, and T. M. Stulnig, “Newly identified adipose tis-
sue macrophage populations in obesity with distinct chemo-
kine and chemokine receptor expression,” International
Journal of Obesity, vol. 34, no. 12, pp. 1684–1694, 2010.

[30] M. Zeyda, D. Farmer, J. Todoric et al., “Human adipose tissue
macrophages are of an anti-inflammatory phenotype but capa-
ble of excessive pro-inflammatory mediator production,” Inter-
national Journal of Obesity, vol. 31, no. 9, pp. 1420–1428, 2007.

[31] M. Kratz, B. R. Coats, K. B. Hisert et al., “Metabolic dysfunc-
tion drives a mechanistically distinct proinflammatory pheno-
type in adipose tissue macrophages,” Cell Metabolism, vol. 20,
no. 4, pp. 614–625, 2014.

[32] S. Ivanov, J. Merlin, M. K. S. Lee, A. J. Murphy, and R. R.
Guinamard, “Biology and function of adipose tissue macro-
phages, dendritic cells and B cells,” Atherosclerosis, vol. 271,
pp. 102–110, 2018.

[33] M. Chehimi, M. Robert, M. E. Bechwaty et al., “Adipocytes,
like their progenitors, contribute to inflammation of adipose
tissues through promotion of Th-17 cells and activation of
monocytes, in obese subjects,” Adipocytes, vol. 5, no. 3,
pp. 275–282, 2016.

13Mediators of Inflammation



[34] J. N. Fain and A. K. Madan, “Regulation of monocyte che-
moattractant protein 1 (MCP-1) release by explants of human
visceral adipose tissue,” International Journal of Obesity,
vol. 29, no. 11, pp. 1299–1307, 2005.

[35] S. Nishimura, I. Manabe, M. Nagasaki et al., “CD8+ effector T
cells contribute to macrophage recruitment and adipose tissue
inflammation in obesity,” Nature Medicine, vol. 15, no. 8,
pp. 914–920, 2009.

[36] C. Duffaut, A. Zakaroff-Girard, V. Bourlier et al., “Interplay
between human adipocytes and T lymphocytes in obesity:
CCL20 as an adipochemokine and T lymphocytes as lipogenic
modulators,” Arteriosclerosis, Thrombosis, and Vascular Biol-
ogy, vol. 29, no. 10, pp. 1608–1614, 2009.

[37] H. Yang, Y. H. Youm, B. Vandanmagsar et al., “Obesity
increases the production of proinflammatory mediators
from adipose tissue T cells and compromises TCR reper-
toire diversity: implications for systemic inflammation and
insulin resistance,” Journal of Immunology, vol. 185, no. 3,
pp. 1836–1845, 2010.

[38] B. Ip, N. A. Cilfone, A. C. Belkina et al., “Th17 cytokines differ-
entiate obesity from obesity-associated type 2 diabetes and
promote TNFα production,” Obesity, vol. 24, no. 1, pp. 102–
112, 2016.

[39] E. Fabbrini, M. Cella, S. A. Mccartney et al., “Association
between specific adipose tissue CD4+ T-cell populations and
insulin resistance in obese individuals,” Gastroenterology,
vol. 145, no. 2, pp. 366–374.e3, 2013.

[40] R. W. O'Rourke and C. N. Lumeng, “Obesity heats up adipose
tissue lymphocytes,” Gastroenterology, vol. 145, no. 2, pp. 282–
285, 2013.

[41] M. Chehimi, H. Vidal, and A. Eljaafari, “Pathogenic role of
IL-17-producing immune cells in obesity, and related inflam-
matory diseases,” Journal of Clinical Medicine, vol. 6, no. 7,
2017.

[42] Y. Endo, K. Yokote, and T. Nakayama, “The obesity-related
pathology and Th17 cells,” Cellular and Molecular Life Sci-
ences, vol. 74, no. 7, pp. 1231–1245, 2017.

[43] S. Winer, Y. Chan, G. Paltser et al., “Normalization of
obesity-associated insulin resistance through immunother-
apy,” Nature Medicine, vol. 15, no. 8, pp. 921–929, 2009.

[44] K. J. Strissel, J. DeFuria, M. E. Shaul, G. Bennett, A. S. Green-
berg, andM. S. Obin, “T-cell recruitment and Th1 polarization
in adipose tissue during diet-induced obesity in C57BL/6
mice,” Obesity, vol. 18, no. 10, pp. 1918–1925, 2010.

[45] L. Dong, Y. Zhang, L. Yang, G. Liu, J. Ye, and H. Wang,
“Effects of a high-fat diet on adipose tissue CD8+ T cells in
young vs. adult mice,” Inflammation, vol. 40, no. 6,
pp. 1944–1958, 2017.

[46] B. Leitinger, “Discoidin domain receptor functions in physio-
logical and pathological conditions,” International Review of
Cell and Molecular Biology, vol. 310, pp. 39–87, 2014.

[47] J. E. Lee, C. S. Kang, X. Y. Guan et al., “Discoidin domain
receptor 2 is involved in the activation of bone marrow-
derived dendritic cells caused by type I collagen,” Biochemical
and Biophysical Research Communications, vol. 352, no. 1,
pp. 244–250, 2007.

[48] R. S. Abangan Jr., C. R. Williams, M. Mehrotra, J. D. Duncan,
and A. C. Larue, “MCP1 directs trafficking of hematopoietic
stem cell-derived fibroblast precursors in solid tumor,” The
American Journal of Pathology, vol. 176, no. 4, pp. 1914–
1926, 2010.

[49] L. T. McDonald, S. D. Johnson, D. L. Russell, M. R. I. Young,
and A. C. LaRue, “Role of a novel immune modulating
DDR2-expressing population in silica-induced pulmonary
fibrosis,” PLoS One, vol. 12, no. 7, article e0180724, 2017.

[50] L. T. McDonald, D. L. Russell, R. R. Kelly et al., “Hemato-
poietic stem cell-derived cancer-associated fibroblasts are
novel contributors to the pro-tumorigenic microenviron-
ment,” Neoplasia, vol. 17, no. 5, pp. 434–448, 2015.

[51] A. Mann, A. Thompson, N. Robbins, and A. L. Blomkalns,
“Localization, identification, and excision of murine adipose
depots,” Journal of Visualized Experiments, no. 94, article
e52174, 2014.

[52] S. K. Fried and N. Moustaid-Moussa, “Culture of adipose tis-
sue and isolated adipocytes,” Methods in Molecular Biology,
vol. 155, pp. 197–212, 2001.

[53] D. E. Chusyd, D. Wang, D. M. Huffman, and T. R. Nagy,
“Relationships between rodent white adipose fat pads and
human white adipose fat depots,” Frontiers in Nutrition,
vol. 3, p. 10, 2016.

[54] N. Ferri, N. O. Carragher, and E. W. Raines, “Role of discoidin
domain receptors 1 and 2 in human smooth muscle
cell-mediated collagen remodeling: potential implications in
atherosclerosis and lymphangioleiomyomatosis,” The Ameri-
can Journal of Pathology, vol. 164, no. 5, pp. 1575–1585, 2004.

[55] E. Olaso, J. P. Labrador, L. Wang et al., “Discoidin domain
receptor 2 regulates fibroblast proliferation and migration
through the extracellular matrix in association with transcrip-
tional activation of matrix metalloproteinase-2,” The Journal
of Biological Chemistry, vol. 277, no. 5, pp. 3606–3613, 2002.

[56] S. B. Russo, C. F. Baicu, A. van Laer et al., “Ceramide synthase
5 mediates lipid-induced autophagy and hypertrophy in cardi-
omyocytes,” The Journal of Clinical Investigation, vol. 122,
no. 11, pp. 3919–3930, 2012.

[57] P. J. Nestel, “Effects of dairy fats within different foods on
plasma lipids,” Journal of the American College of Nutrition,
vol. 27, no. 6, pp. 735S–740S, 2008.

[58] J. C. Lovejoy, C. M. Champagne, S. R. Smith et al., “Relation-
ship of dietary fat and serum cholesterol ester and phospho-
lipid fatty acids to markers of insulin resistance in men and
women with a range of glucose tolerance,” Metabolism,
vol. 50, no. 1, pp. 86–92, 2001.

[59] A. G. Sutter, A. P. Palanisamy, J. H. Lench et al., “Dietary sat-
urated fat promotes development of hepatic inflammation
through toll-like receptor 4 in mice,” Journal of Cellular Bio-
chemistry, vol. 117, no. 7, pp. 1613–1621, 2016.

[60] H. Bugger and E. D. Abel, “Rodent models of diabetic cardio-
myopathy,” Disease Models & Mechanisms, vol. 2, no. 9-10,
pp. 454–466, 2009.

[61] U. S. Pettersson, T. B. Walden, P. O. Carlsson, L. Jansson, and
M. Phillipson, “Female mice are protected against high-fat diet
induced metabolic syndrome and increase the regulatory T cell
population in adipose tissue,” PLoS One, vol. 7, no. 9, article
e46057, 2012.

[62] M. Rudnicki, G. Abdifarkosh, O. Rezvan, E. Nwadozi,
E. Roudier, and T. L. Haas, “Female mice have higher angio-
genesis in perigonadal adipose tissue than males in response
to high-fat diet,” Frontiers in Physiology, vol. 9, p. 1452, 2018.

[63] Y. Yang, D. L. Smith Jr., K. D. Keating, D. B. Allison, and T. R.
Nagy, “Variations in body weight, food intake and body com-
position after long-term high-fat diet feeding in C57BL/6J
mice,” Obesity, vol. 22, no. 10, pp. 2147–2155, 2014.

14 Mediators of Inflammation



[64] A. Neuhofer, M. Zeyda, D. Mascher et al., “Impaired local pro-
duction of proresolving lipid mediators in obesity and
17-HDHA as a potential treatment for obesity-associated
inflammation,” Diabetes, vol. 62, no. 6, pp. 1945–1956, 2013.

[65] P. A. Heine, J. A. Taylor, G. A. Iwamoto, D. B. Lubahn,
and P. S. Cooke, “Increased adipose tissue in male and female
estrogen receptor-α knockout mice,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 97, no. 23, pp. 12729–12734, 2000.

[66] Y. C. Chang, Y. H. Yu, J. Y. Shew et al., “Deficiency of NPGPx,
an oxidative stress sensor, leads to obesity in mice and human,”
EMBO Molecular Medicine, vol. 5, no. 8, pp. 1165–1179, 2013.

[67] M. Blüher, M. D. Michael, O. D. Peroni et al., “Adipose tissue
selective insulin receptor knockout protects against obesity
and obesity-related glucose intolerance,” Developmental Cell,
vol. 3, no. 1, pp. 25–38, 2002.

[68] C. Vaysse, J. Lømo, Ø. Garred et al., “Inflammation of mam-
mary adipose tissue occurs in overweight and obese patients
exhibiting early-stage breast cancer,” NPJ Breast Cancer,
vol. 3, no. 1, p. 19, 2017.

[69] Y. Y. Wang, C. Lehuédé, V. Laurent et al., “Adipose tissue and
breast epithelial cells: a dangerous dynamic duo in breast can-
cer,” Cancer Letters, vol. 324, no. 2, pp. 142–151, 2012.

[70] J. Park, T. S. Morley, M. Kim, D. J. Clegg, and P. E. Scherer,
“Obesity and cancer—mechanisms underlying tumour pro-
gression and recurrence,” Nature Reviews Endocrinology,
vol. 10, no. 8, pp. 455–465, 2014.

[71] L. Bochet, C. Lehuede, S. Dauvillier et al., “Adipocyte-derived
fibroblasts promote tumor progression and contribute to the
desmoplastic reaction in breast cancer,” Cancer Research,
vol. 73, no. 18, pp. 5657–5668, 2013.

[72] V. D'Esposito, D. Liguoro, M. R. Ambrosio et al., “Adipose
microenvironment promotes triple negative breast cancer cell
invasiveness and dissemination by producing CCL5,” Onco-
target, vol. 7, no. 17, pp. 24495–24509, 2016.

[73] P. M. Allen, G. R. Matsueda, R. J. Evans, J. B. Dunbar Jr., G. R.
Marshall, and E. R. Unanue, “Identification of the T-cell and Ia
contact residues of a T-cell antigenic epitope,” Nature,
vol. 327, no. 6124, pp. 713–715, 1987.

[74] S. W. Van Gool, P. Vandenberghe, M. de Boer, and J. L. Ceup-
pens, “CD80, CD86 and CD40 provide accessory signals in a
multiple-step T-cell activation model,” Immunological
Reviews, vol. 153, no. 1, pp. 47–83, 1996.

[75] R. H. Schwartz, “Costimulation of T lymphocytes: the role of
CD28, CTLA-4, and B7/BB1 in interleukin-2 production and
immunotherapy,” Cell, vol. 71, no. 7, pp. 1065–1068, 1992.

[76] M. Jagannathan-Bogdan, M. E. McDonnell, H. Shin et al.,
“Elevated proinflammatory cytokine production by a skewed
T cell compartment requires monocytes and promotes inflam-
mation in type 2 diabetes,” Journal of Immunology, vol. 186,
no. 2, pp. 1162–1172, 2011.

[77] U. Kintscher, M. Hartge, K. Hess et al., “T-lymphocyte infiltra-
tion in visceral adipose tissue: a primary event in adipose tissue
inflammation and the development of obesity-mediated insu-
lin resistance,” Arteriosclerosis, Thrombosis, and Vascular Biol-
ogy, vol. 28, no. 7, pp. 1304–1310, 2008.

[78] C. T. Weaver, C. O. Elson, L. A. Fouser, and J. K. Kolls, “The
Th17 pathway and inflammatory diseases of the intestines,
lungs, and skin,” Annual Review of Pathology, vol. 8, no. 1,
pp. 477–512, 2013.

15Mediators of Inflammation



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

