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Abstract
Obesity is one of the leading risk factors for developing renal cell carcinoma, an immuno-

genic tumor that is treated clinically with immunostimulatory therapies. Currently, however,

the mechanisms linking obesity with renal cancer incidence are unclear. Using a model of

diet-induced obesity, we found that obese BALB/c mice with orthotopic renal tumors had in-

creased total frequencies of myeloid-derived suppressor cells (MDSC) in renal tumors and

spleens by d14 post-tumor challenge, relative to lean counterparts. Renal tumors from

obese mice had elevated concentrations of the known myeloid cell chemoattractant CCL2,

which was produced locally by increased percentages of dendritic cells, macrophages,

B cells, and CD45- cells in tumors. MDSC expression of the CCL2 receptor, CCR2, was un-

altered by obesity but greater percentages of CCR2+ MDSCs were present in renal tumors

from obese mice. Of note, the intracellular arginase levels and per-cell suppressive capaci-

ties of tumor-infiltrating and splenic MDSCs were unchanged in obese mice relative to lean

controls. Thus, our findings suggest that obesity promotes renal tumor progression via de-

velopment of a robust immunosuppressive environment that is characterized by heightened

local and systemic MDSC prevalence. Targeted intervention of the CCL2/CCR2 pathway

may facilitate immune-mediated renal tumor clearance in the obese.

Introduction
In the United States nearly 35% of adults are obese, and nearly 20% of all cancers are consid-
ered to be obesity-linked [1,2]. Obese individuals (Body Mass Index or “BMI”>30) have a
50–75% increased risk for developing renal cell carcinoma (RCC), making obesity one of the
leading risk factors for developing this type of cancer [3,4]. In addition, several studies have de-
termined that obese individuals with RCC have a worse prognosis and heightened mortality
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rates relative to lean individuals, although other reports have produced contradictory findings
[5–8].

Despite the documented connections between obesity and increased RCC risk, the mecha-
nisms underlying these relationships remain unclear. One potential link is that of obesity-
associated chronic inflammation as a promoter of tumor progression. With the onset of
obesity, adipocytes and adipose-tissue macrophages produce a variety of pro-inflammatory cy-
tokines, including IL-6, IL-1β and TNFα [9,10]. The concentrations of these cytokines increase
as obesity develops, reflecting changes in adipocyte biology and altered leukocyte composition
in adipose tissues. Chronic inflammation has been implicated in the development of multiple
obesity-associated pathologies, including the elevated rates of tumorigenesis seen in obese mice
[11].

Even in the absence of obesity, solid tumors are characterized by chronic inflammation, and
this prolonged inflammatory state has been shown to diminish protective immunity [12]. One
mechanism of inflammation-mediated tumor suppression is the accumulation of Myeloid-De-
rived Suppressor Cells (MDSCs). MDSCs are immature, myeloid-lineage cells that are re-
cruited to solid tumors by local production of pro-inflammatory cytokines and chemokines
[13–15]. Numerous studies have shown that MDSC are key contributors to tumor-associated
immune suppression, and we and others have identified them in the peripheral blood and tu-
mors of human subjects with RCC [16–18].

Connections between obesity, tumor growth, and anti-tumor immunity are poorly under-
stood, and the effects of obesity on MDSC accumulation and function in tumor-bearing mice
have not been thoroughly studied. One prior report established that tumor-free, obese mice ac-
cumulate cells with an MDSC phenotype, although the suppressive capacity of these cells was
not examined [19], and a second report found that obese mice accumulated MDSC in renal tu-
mors but did not examine potential causes of MDSC accumulation [20]. We found previously
that obese mice had equivalent outgrowth of renal tumors compared to lean mice, but had de-
creased responses to immunotherapy, resulting in fatal renal tumor outgrowth [21]. Decreased
immunotherapeutic efficacy in obese mice was associated with a variety of dendritic cell and
CD8 T cell defects [21]. Here, we used the same model of diet-induced obesity (DIO) and
orthotopic renal tumor challenge to explore the hypothesis that concomitant tumor growth
and obesity promote chemokine changes in the local tumor environment that lead to increased
MDSC accumulation relative to what is seen in lean tumor-bearing animals. Our results pro-
vide an improved understanding of the immune environment that arises when obesity accom-
panies tumor growth and further contribute to our understanding of immunotherapeutic
failure in obese animals. Ultimately, our findings may be informative in the development of ef-
fective immunotherapies for obese cancer patients, as they suggest that MDSC-mediated im-
mune suppression may be more pronounced in these individuals.

Materials and Methods

Animals and Ethics Statement
Female BALB/c mice were purchased (NCI) at 7–8 weeks of age, maintained on standard chow
for one week after receipt, then randomly assigned to either standard chow or high fat diet
(HFD) (Research Diets # 12492, 60% kcal from fat) for 20 weeks. Mice were housed 5 to a cage
under pathogen-free conditions at the University of Iowa Animal Care Facility, a fully accred-
ited Association for Accreditation of Laboratory Animal Care facility. All animal procedures
were approved by the University of Iowa Institutional Animal Care and Use Committee
(License # A3021–01), and were carried out in strict accordance with recommendations con-
tained within the Guide for the Care and Use of Laboratory Animals of the National Institutes
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of Health. After 20 weeks on feed, all mice were weighed, and the mean and s.d. of the standard
chow or “normal weight” (NW) group were calculated. Mice in the HFD group were defined as
being diet-induced obese (DIO) if their body weight was>3 s.d. above the NW group mean
[21]. Representative weights for DIO and lean/NW BALB/c mice in our colony were previously
reported [21].

Tumor cell line and tumor challenge
Culture and use of the murine renal adenocarcinoma cell line Renca has been described
[22,23]. Intra-renal (IR) tumor challenge was performed as described [22]; some mice in each
experiment remained as tumor-free controls. Prior studies had established that inflammation
due to the surgical procedure itself had negligible effects on ensuing immune responses [21].
Animal surgery was performed under ketamine/xylazine anesthesia, and all efforts were made
to reduce animal suffering during and after surgery. Intra-renal tumor challenge in this model
gives rise to renal tumors in 100% of mice [21,22]. To alleviate animal suffering, all mice were
euthanized by day 21 via carbon dioxide asphyxiation followed by cervical dislocation, as the
majority of mice become moribund within days of this time point due to excessive tumor
growth. Animals were routinely euthanized for experimental use between 9–11am, to minimize
biologic variability due to light/dark animal housing cycles.

Surface and intracellular staining for flow cytometry
At 7, 14, or 21 days after tumor challenge, tumor-bearing kidneys, tumor-free contralateral kid-
neys [22], spleens, livers, and adipose stromal cells (ASC) from pooled epididymal and renal
fat pads were harvested and processed for flow cytometry [21,24]. Cells were stained and re-
sults acquired using multi-parameter flow cytometry on a BD LSR II (BD Biosciences) prior to
analysis with FlowJo software (TreeStar Inc.). For MDSC: CD11c-APC/Cy7, CD11b-PE/Cy7,
Ly6C-FITC, Ly6G-PErCP-Cy5.5, I-Ad-PE and Hoechst; in some experiments CCR2-PE or
CCL2-PE or isotype controls were used. Antibodies were from BioLegend (San Diego, CA), or
Millipore (Billerica, MA). Arginase I (PE conjugated anti-arginase I, R&D Systems, Minneapo-
lis, MN) was detected via intracellular staining following surface staining as indicated above.
Gates for arginase-positive events were based on fluorescence-minus one staining controls that
lacked anti-arginase.

MDSC enrichment and isolation
MDSC were harvested from multiple organs at the time points indicated. Briefly, organs were
processed as described [21,24]. MDSC were enriched using Miltenyi anti-CD11b microbeads
then sort-purified on a BD Aria II or Facs DiVa based on expression of the following markers
after gating on live cells via Hoechst 33258 exclusion: Monocytic MDSC: CD45+/ CD11clow/
CD11b+/ Ly6C+Ly6Glow; Granulocytic MDSC: CD45+/ CD11clow/ CD11b+/ Ly6G+/ Ly6Cdim.

T cell proliferation and inhibition assays
T cells were harvested from DUC18 TCR transgenic mice [25], incubated with CD8αmicrobe-
ads (Miltenyi) and purified over two sequential MACS columns. The percentage of live
DUC18 T cells was determined via flow cytometry based on surface co-expression of CD8α
and Vβ8.3. T cells were used in proliferation assays [24] with sort-purified tumor-infiltrating
MDSC or splenic MDSC from either NW or DIO tumor-bearing mice. MDSC inhibition of
T cell proliferation was assessed by culturing naive DUC18 T cells (5 x 104 cells per well) with
tERK peptide-pulsed spDC [24,25] from control, tumor-free BALB/c mice (5x 103 cells per
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well) and sort-purified tumor-infiltrating MDSC or splenic MDSC from tumor-bearing mice
(5x 103 cells per well). 3HThymidine was added on d3 for the final 18 hr of culture. T cell inhibi-
tion was calculated as the % decrease in T cell proliferation with renal MDSC present relative
to that seen for DUC18 T cells cultured with control, peptide-pulsed spDC alone [24].

Cytokine and Chemokine evaluation by ELISA and BioPlex
Tumor homogenate samples were obtained from NW or DIO mice and frozen at -80°C until
use. Supernatant concentrations of the following cytokines and chemokines were determined
via Multiplex analysis (Milliplex MAP kits, Millipore) on a BioRad BioPlex plate reader: IL-1β,
IL-6, IL-9, TNFα, and MCP-1.

Statistical Analyses
Statistical significance between experimental groups was determined by using paired or un-
paired Student’s t-tests, with Welch’s corrections for unequal variances, as appropriate. (Prism,
GraphPad Software Inc.). Throughout the manuscript, significance at p< .05 is indicated by
one asterisk, and p< .01 is indicated by two asterisks.

Results and Discussion

Strain-specific baseline alterations in MDSC frequency in DIO mice
MDSC are well-described suppressors of protective anti-tumor immunity and accumulate in
hosts in response to inflammation, trauma, and tumor-growth [13]. As obesity is associated
with a chronic state of systemic inflammation [10], we asked whether baseline differences in
cells with an MDSC phenotype were present in NW versus DIO mice. We analyzed tumor-free
BALB/c mice after 20 weeks on either standard chow or high fat diet (HFD). At this time, DIO
BALB/c mice exhibited several classic hallmarks of obesity: increased visceral fat as a percent-
age of total body weight, elevated serum leptin levels, and an inflammatory serum cytokine
profile [21].

Our previous research had found functionally suppressive MDSC from tumor-bearing mice
to be CD11cneg [24], thus we gated on CD11cneg/ CD11b+/ I-Ad neg/ Ly6C+ (monocytic) or
CD11cneg/ CD11b+/ I-Ad neg/ Ly6G+ (granulocytic) MDSC phenotype cells (Fig. 1A and
S1 Fig.). We found no significant differences in the relative MDSC frequency (combined
Ly6C+ and Ly6G+ subsets) or MDSC number in the kidney, spleen, liver, or epididymal/renal
fat pad adipose stromal cell fraction (ASC) (S1 Fig.). Because this finding was in contrast to a
prior report on MDSC accumulation in obese C57BL/6 mice [19], we examined MDSC fre-
quencies in NW or DIO C57BL/6 mice after 8 weeks on diet, as Xia et al. had done. In doing
so, we found increased percentages and numbers of MDSC in the spleens of these mice, in
agreement with that report (S2 Fig.). However, we found no differences in the expression of
CD115 or CD244.2, two proteins described as potential distinguishing markers of granulocytic
MDSC versus neutrophils [26], on cells from DIO or NW C57BL/6 mice (S2 Fig.). Thus, in
tumor-free mice, the onset of DIO is not universally accompanied by an accumulation of cells
possessing an MDSC phenotype, and strain-specific differences exist.

Obese mice have increased MDSCs in tumors and spleens
We next asked whether DIO led to enhanced MDSC accumulation in primary renal tumors, as
this would contribute to both the immunotherapeutic failure we had observed previously in
obese mice and the increased clinical prevalence of renal tumors in obese adults. NW or DIO
BALB/c mice were challenged intra-renally on day 0 with Renca tumor cells to give rise to
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Fig 1. DIOmice have enhancedMDSC accumulation in renal tumors and spleens. (A) Flow cytometry gating strategy for MDSCs. (B) Frequencies of
combined monocytic and granulocytic MDSC in tumor-bearing kidneys (TK) and tumor-free contralateral kidneys (CK) over time in DIO and NWmice. (C)
Frequencies of combined monocytic and granulocytic MDSC in spleens, livers, and adipose stromal cells (ASC) from tumor-bearing mice in panel B. (D)
Relative frequencies of granulocytic to monocytic MDSC are shown for the indicated organs at d14 post-tumor challenge. (B-D) For all, n = 4–8 mice/group,
combined from three experiments. Bars indicate mean +/- s.d. Boxes indicate range with mean (horizontal bar). * = p< 0.05.

doi:10.1371/journal.pone.0118784.g001
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orthotopic kidney cancer, a process that we have shown leads to detectable renal tumors by day
7 and progressive tumor outgrowth in 100% of mice in the absence of therapy [22]. In this
model, tumor outgrowth kinetics are minimally impacted by obesity [21].

The frequencies of combined Ly6C+ and Ly6G+ MDSC subsets were evaluated at days 7, 14,
and 21. Tumors were not evaluated beyond day 21 due to rapid tumor growth and declining
animal health [22]. We found increased percentages of MDSC in the tumor-bearing kidneys of
both DIO and NWmice at days 14 and 21 post-tumor challenge, relative to respective day 0
controls (Fig. 1B). DIO mice had striking and significant elevations in MDSC percentages at
these times, beyond what was observed in NW counterparts. Obesity-specific MDSC accumu-
lation was not observed in tumor-free [22] contralateral kidneys. These results are in agree-
ment with a recent report that found increased percentages of MDSC in renal tumors and
spleens of obese versus lean mice at day 12 post-tumor challenge [20].

To determine if the combination of obesity and tumor growth led to alterations in MDSC
accumulation at other sites, we examined spleens, livers, and epididymal/renal fat pad ASCs
over the course of tumor outgrowth. In spleens, DIO mice again had a significant increase in
MDSC frequency at day 14 relative to NW counterparts (Fig. 1C), in contrast to the liver, in
which greater MDSC percentages were found in NWmice. Our examination of ASCs showed
no obesity-related differences between days 0–14; a majority of mice had no detectable visceral
adipose tissue remaining at day 21 (6 of 7 in NWmice and 5 of 8 in DIO mice) (Fig. 1C and
data not shown).

As granulocytic (Ly6G+) and monocytic (Ly6C+) MDSC have been ascribed different func-
tions in vivo [13,26,27], we next determined whether obesity caused a shift in MDSC subset
composition. No statistical differences were observed in the granulocytic: monocytic MDSC ra-
tios in tumor-bearing kidneys, contralateral kidneys, or spleens of DIO versus NWmice at day
21 (Fig. 1D), although there was a trend toward increased granulocytic MDSCs in the tumor-
bearing kidneys of DIO mice. Thus, obesity was associated with elevated MDSC percentages
only in primary tumors and spleens of mice with renal tumors and was not accompanied by
significant shifts toward either the granulocytic or monocytic subtype.

Obesity is associated with increased local expression of CCL2 in renal
tumors
Previous studies have shown that site-specific MDSC accumulation is regulated by cytokines
and chemokines. In particular, CCL2 (monocyte chemoattractant protein-1, or MCP-1),
TNFα, Interleukin-1β (IL-1β), and IL-6 have been identified as positive mediators of MDSC
trafficking and accumulation [28,29]. Given the striking increase in MDSC prevalence in tu-
mors from DIO mice between days 7 and 14, we examined tumor homogenates for the pres-
ence of each of the above factors at both time points in DIO and NWmice. Of these factors,
only CCL2 showed a significant increase from DIO mice relative to NWmice at day 14
(Fig. 2A and S3 Fig.). As predicted by the lack of tumor growth [22] or MDSC accumulation in
contralateral kidneys (Fig. 1), CCL2 concentrations remained low in contralateral kidneys
from both DIO and NWmice throughout.

To determine whether obesity altered the cell types that produced CCL2 or changed the per-
centages of cells that secreted CCL2, we performed intracellular staining for CCL2 on cells
from dissociated renal tumors from obese and NWmice at day 14. We found that tumors from
obese mice had increased percentages of CD45+/CD11c+/MHC II+ DC, CD45+ /CD11b+/
MHC II+ macrophages, CD45+/B220+ B cells, and CD45neg cells (non-leukocytes) that express-
ed CCL2 (Fig. 2B). Analysis of data pooled from multiple animals revealed that these differ-
ences were statistically significant (Fig. 2C). Thus, obesity led to heightened CCL2 secretion by
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multiple leukocyte populations and non-leukocyte cells within tumor masses, resulting in a
local rise in CCL2 concentration within primary renal tumors.

Previous studies by our group and others have shown that CCL2 concentrations are elevated
in the serum of RCC patients [18,30], and that CCL2 is produced at high levels by the tumor-

Fig 2. Obesemice have elevated concentrations of the MDSC chemoattractant CCL2 in renal tumors. (A) DIO and NWmice were challenged as in
Fig. 1. Tumor-bearing kidneys (TK) or tumor-free contralateral kidneys (CK) were harvested at the times indicated. Homogenates were tested via Multiplex
array for CCL2. n = 4–8 mice per group, combined from three experiments. Bars indicate mean +/- sd. * = p< 0.05. (B) Histograms showing intracellular
CCL2 for the indicated cell populations. (C) Intracellular CCL2 from pooled DIO versus NWmice for the indicated cell populations, with n = 3–5 mice per
group. Bars indicate mean +/- sd. * = p< 0.05.

doi:10.1371/journal.pone.0118784.g002

Increased CCL2 and MDSC in Tumors from Obese Mice

PLOS ONE | DOI:10.1371/journal.pone.0118784 March 13, 2015 7 / 15



associated macrophages that infiltrate human renal tumors [31]. Our murine results agree with
these findings and suggest that additional cell populations should be examined in human renal
tumors for their production of CCL2. Recently, CCL2 was found to promote breast cancer pro-
gression and angiogenesis through its effects on tumor-associated macrophages [32]. In this
model, DIO C57BL/6 were found to express high levels of CCL2 in mammary glands, and
transplantation of lean mice with humanized adipose stromal vascular fraction cells that over-
expressed CCL2 identified novel adipocyte/ macrophage interactions mediated by CCL2/IL-
1β/CXCL12 that promoted tumor progression through enhanced angiogenesis [32]. In our
model, we found that obese mice had elevated CCL2, but not IL1β in renal tumors by day 7
after tumor transplantation (S3 Fig.). Therefore, it is possible that distinct CCL2-mediated axes
promote tumor progression and/or angiogenesis in renal versus breast tumors.

In another recent study, adipocytes from DIO mice were found to secrete elevated levels of
CCL2 and M-CSF after co-culture with melanoma cells [33]. These in vitro changes were
thought to provide a mechanism for the increased accumulation of M2-phenotype macro-
phages seen in subcutaneous melanoma lesions of obese versus lean mice [33]. Our study com-
plements these results by showing that renal tumors from obese mice also have elevated local
CCL2, which is produced by a wide variety of cell types (dendritic cells, B cells, and macro-
phages) within the tumor microenvironment, possibly due to cross-talk between leukocytes
and tumor cells. Collectively, findings from our lab and others demonstrate a link between sup-
pressive myeloid cell accumulation in obese tumor-bearing mice and CCL2 production, sug-
gesting that this is a common pathway that could be targeted therapeutically to improve
immunotherapeutic efficacy in the obese.

Even in the absence of tumor growth, human obesity is known to be accompanied by elevat-
ed concentrations of CCL2 in the peripheral blood; pancreas; and subcutaneous, visceral, and
omental adipose tissues [34–36]. High CCL2 has been shown to contribute to insulin resistance
in the obese, as blocking signals through its receptor, CCR2, decreases weight gain and insulin
resistance in DIO mice [37], and forced expression of CCL2 promotes insulin resistance
[37,38]. In addition, CCL2 has been shown to contribute to macrophage infiltration into adi-
pose tissue in genetically obese and DIO mice [37]. For these reasons, therapeutic strategies
that neutralize CCL2 via antibody administration or block CCR2 signaling via small molecule
inhibitors are being actively investigated (reviewed in [34]). At this time, however, neutraliza-
tion of CCL2 has shown limited success [34], suggesting that targeting CCR2 may produce bet-
ter therapeutic outcomes.

Tumor-infiltrating MDSCs from obese mice do not have upregulated
CCR2 expression
The increased percentages of MDSCs in renal tumors of obese mice may result from up-regula-
tion of the CCL2 receptor, CCR2, in addition to elevated local concentrations of CCL2 protein.
We therefore examined CCR2 expression on MDSCs from tumor-bearing kidneys and tumor-
free contralateral kidneys at d14 post-tumor challenge, as both CCL2 protein and MDSC accu-
mulation were elevated at this time point (Fig. 2). We again gated on Ly6C+ monocytic or
Ly6G+ granulocytic MDSC subpopulations (as in Fig. 1A) and examined surface CCR2 expres-
sion (Fig. 3). CCR2 protein was found on both subsets of MDSC from tumor-bearing kidneys
in DIO and NWmice, with no change in the intensity of CCR2 staining (Fig. 3A). Equivalent
percentages of monocytic and granulocytic MDSC expressed CCR2 in DIO and NWmice in
both tumor-bearing and contralateral kidneys (Fig. 3B). However, when percentages of CCR2+

MDSCs as a fraction of the total live cells present were calculated, we again found significant
increases in the overall frequency of both monocytic and granulocytic CCR2+ MDSC in
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Fig 3. Equivalent surface expression of CCR2 on MDSCs from DIO and NWmice. (A) DIO and NWmice
were challenged as in Fig. 1. Tumor-bearing kidneys (TK) or tumor-free contralateral kidneys (CK) were
harvested at the times indicated. Histograms show representative surface expression of CCR2 on Ly6C+ or
Ly6G+ MDSC from DIO or NWmice. Open histograms = isotype control; shaded histograms = CCR2
staining. (B) Pooled data showing the % of MDSCs that express CCR2 in tumor-bearing kidneys (TK) and
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tumor-bearing kidneys from DIO mice (Fig. 3C). Tumor-free contralateral kidneys contained
few MDSCs (note scale change), and DIO mice had reduced percentages of CCR2+ monocytic
MDSC as compared to NW counterparts (Fig. 3C). We conclude that the increased percentages
of MDSCs within renal tumors from obese mice are due primarily to elevated local production
of the myeloid chemoattractant CCL2, and not changes in expression of CCR2.

Obesity does not alter the suppressive capacity of MDSC
Finally, we asked whether MDSC from DIO mice had an altered suppressive capacity on a per
cell basis, relative to MDSC from NWmice. DIO and NWmice were again challenged intra-
renally on d0 with Renca cells, then tumors and spleens were harvested between days 21–24
when renal tumors were large and macroscopically visible. Monocytic and granulocytic MDSC
subpopulations were sort-purified from both organs and examined for suppressive capacity ex
vivo. Granulocytic tumor-infiltrating-MDSC (TI-MDSC) from DIO and NWmice showed
nearly identical suppressive capacities ex vivo (Fig. 4A, left panel). Monocytic TI-MDSC from
DIO mice showed a trend toward increased suppressive capacity, but this difference was not
statistically significant. In addition, we found no differences in the per cell suppressive capacity
of splenic Ly6C+ or Ly6G+ MDSCs from tumor-bearing DIO versus NWmice (Fig. 4A, right
panel).

We then asked if obesity altered the intracellular expression of arginase, a protein known to
mediate the suppressive functions of MDSC via depletion of L-arginine in the local tumor mi-
croenvironment [39]. L-arginine is conditionally required to support T cell proliferative bursts,
and Rodriguez et al. had previously found that MDSC from RCC human subjects had high pro-
duction of arginase that inhibited CD8 T cell expansion, CD3B chain expression, and IFNγ pro-
duction [40]. In agreement with our functional assessment of sort-purified MDSC, we found
no differences in the intracellular expression of arginase between either granulocytic or mono-
cytic TI-MDSC from obese versus lean mice (Fig. 4B). Although arginase expression was ele-
vated in TI-MDSC subpopulations compared to splenic MDSC subpopulations, intracellular
arginase expression was not altered by obesity. Thus, our results indicate that in this model of
orthotopic renal cancer, obesity is associated with more robust immunosuppression in the
tumor microenvironment, characterized by elevated CCL2 concentrations and increased per-
centages of functionally inhibitory MDSCs.

Antibody blockade of MCP-1/CCL2 is currently being tested for therapeutic efficacy in pa-
tients with metastatic prostate cancer. We and others have found that CCL2 is elevated in re-
sponse to renal tumor growth in cancer patients [18,30,31]. Our results here suggest that CCL2
blockade, perhaps through small molecule inhibition of CCR2, may be particularly beneficial
in obese patients, as it may normalize the percentages of immunosuppressive MDSC and per-
mit immunostimulatory therapies to produce more robust antitumor immune responses.

Our previous work with this orthotopic murine renal tumor model demonstrated that obe-
sity was associated with multiple defects in dendritic cell function: it decreased the ability of
splenic dendritic cells to stimulate naive CD8+ T cell expansion, it led to increased frequencies
of regulatory dendritic cells [24] within renal tumors, and it decreased IL-12 and TNFα pro-
duction by dendritic cells in renal tumors [21]. These factors culminated in a decreased fre-
quency of IFNγ+ effector CD8+ T cells within renal tumors from obese mice, and an inability of

contralateral kidneys (CK). Gating on Ly6C+ or Ly6G+ MDSC shows strong and equivalent expression of
CCR2 on MDSC subpopulations from DIO and NWmice. (C) Increased overall frequencies of CCR2+ MDSC
from both Ly6C+ and Ly6G+ subsets when calculated as a percentage of total live cells within tumor-bearing
kidneys. For B and C, n = 4–6 mice per group from two experiments. Bars indicate mean +/- sd. * = p< 0.05.

doi:10.1371/journal.pone.0118784.g003
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Fig 4. Obesity does not alter the suppressive capacity of MDSC. Tumor-bearing kidneys and spleens from the samemice were harvested between days
21–23. (A) Monocytic (Ly6C+) and granulocytic MDSC (Ly6G+) were sort-purified from each organ, then placed into culture with naive DUC18 T cells and
stimulatory splenic DC from tumor-free NWmice. MDSC and stimulatory DC were pulsed with the DUC18 cognate peptide tERK. n = 6–8 mice per group,
combined from three experiments. Bars indicate mean +/- sd. * = p< 0.05. TI = tumor-infiltrating: sp = splenic. (B) Bulk tumor and spleen homogenates were
surface stained as described in Methods to distinguish monocytic versus granulocytic MDSC subpopulations, then stained intracellularly for arginase-1
expression. Dots indicate results from individual mice. No statistical differences were present in the percentages of arginase+ MDSC subpopulations from like
organs in obese versus NWmice.

doi:10.1371/journal.pone.0118784.g004
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a T cell-dependent immunotherapy to induce tumor clearance, leading to fatal tumor out-
growth in obese mice. In contrast, following administration of the same immunotherapy, near-
ly 80% of lean mice cleared their renal tumors and experienced long-term survival [21].

Our results here add to the complex picture of immunologic changes that occur when obesity
and tumor growth are present simultaneously. As no differences in the frequency of MDSC-pheno-
type cells were present prior to tumor challenge in any organ in obese versus lean BALB/c mice, we
conclude that tumor-induced production of CCL2 is the main factor driving MDSC accumulation
in obese tumor-bearing mice, rather than baseline, systemic inflammation present as a result of
obesity. Although prior studies have demonstrated that CCL2 is elevated with obesity even in the
absence of tumor growth [34,37], our results in both tumor-free DIO BALB/c and C57BL/6 mice
suggest that these changes are insufficient to produce MDSC accumulation in healthy kidneys. In
tumor-bearing mice, a high local concentration of CCL2, produced by a variety of cell types within
the renal tumor microenvironment, appears to be needed for renal MDSC accumulation.

We determined here that obesity promotes MDSC accumulation within murine renal tu-
mors and systemically in the spleen. Our cumulative results from this pre-clinical murine
model suggest that obese renal tumor patients may have diminished responses to immune-
stimulatory therapies. Given the fact that obesity is a major risk factor for RCC development
and mortality [3,4,6,41], this possibility has clinical implications. Numerous prior studies have
shown that human RCC is accompanied by increased local and systemic percentages of
MDSCs [18,39,40,42], and that these changes are associated with worse clinical outcomes (re-
viewed in [42]). As granulocytic MDSCs are phenotypically similar to neutrophils, it is possible
that prior human subject studies that found an increased neutrophil to leukocyte ratio as being
an indicator of poor prognosis in RCC [43,44] were actually detecting increased frequencies of
granulocytic MDSCs. In our current study, we found a trend toward increased granulocytic to
monocytic MDSC frequency in renal tumors from obese mice, although this change did not
reach statistical significance. We further found no change in the per-cell suppressive capacity
or intracellular arginase expression in granulocytic MDSCs within renal tumors from obese
versus lean mice (Fig. 4). However, as the overall percentages of total MDSC were increased in
renal tumors and spleens from obese mice, the net result is stronger tumor-
derived immunosuppression.

Based on our findings in this model of combined obesity and renal tumor growth, it is possi-
ble that blockade of CCL2/CCR2 or administration of known MDSC-depleting agents such as
5-fluorouracil [45] may prove beneficial as part of a combinatorial approach to immunothera-
py in obese individuals with renal tumors. Although important biological differences exist be-
tween aggressively growing, transplanted murine renal tumors and human tumors that can
take years to develop, our results are supported by a growing number of murine studies that
have examined combined effects of obesity and tumor challenge on suppressive myeloid cell
accumulation and function [20,32,33]. Thus, it appears that this trend is robust and broadly ap-
plicable to a variety of different tumor types. Collectively, murine results from our lab and oth-
ers suggest a scenario in which obese cancer patients may suffer from more pronounced
tumor-induced immune suppression, which could reduce the efficacy of administered anti-
tumor immunotherapies. If true, this might necessitate tailoring immunotherapeutic ap-
proaches to cancer patients based upon their BMI status, a possibility that will need to be exam-
ined in future human subject studies.

Supporting Information
S1 Fig. Similar baseline frequencies and numbers of MDSC phenotype cells in DIO and
NW BALB/c mice. 7–8 week old BALB/c mice were placed on either HFD or standard chow

Increased CCL2 and MDSC in Tumors from Obese Mice

PLOS ONE | DOI:10.1371/journal.pone.0118784 March 13, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118784.s001


for 20 weeks. Obese mice were defined as described as in the Methods. Data are shown for cells
with an MDSC phenotype: % (upper panels) and number (lower panels) based upon the com-
bined prevalence of live CD11cneg/ CD11b+/ I-Ad neg/ Ly6C+ (monocytic) and CD11cneg/
CD11b+/ I-Ad neg/ Ly6G+ (granulocytic) cells. For all plots, n = 3–5 mice per group, combined
from two independent experiments. Bars indicate mean +/- sd. No statistical differences were
found between DIO and NWmice in any organ.
(EPS)

S2 Fig. Elevated baseline frequencies and numbers of MDSC phenotype cells in spleens of
DIO C57Bl/6 mice. 7–8 week old C57Bl/6 mice were placed on either HFD or standard chow
for 8 weeks. Obese mice were defined as described as in the Methods. (A). The frequency
(upper panels) and number (lower panels) of total cells with an MDSC phenotype are shown
by organ. For all plots, n = 4–5 mice per group. Bars indicate mean +/- sd. (B) The expression
of CD115 and CD244.2, both putative markers for differentiating granulocytic MDSC versus
neutrophils, are shown for gated monocytic and granulocytic MDSC from DIO and NW
spleens. Histograms are from one mouse, representative of 4–5 per group. � = p< 0.05.
(EPS)

S3 Fig. Multiplex analysis of renal tumor homogenates shows no differences in IL-1β,
TNFα, or IL-6 with obesity. DIO and NWmice were challenged as in Fig. 1. Tumor-bearing
kidneys (TK) or tumor-free contralateral kidneys (CK) were harvested at the times indicated.
Homogenates were tested via Multiplex array for the indicated cytokines. n = 4–8 mice per
group, combined from three experiments. Bars indicate mean +/- sd. No significant differences
were found between NW and DIO mice in TKs for any analyte tested.
(EPS)
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