




Characterization of CCR8-expressing myeloid cells
obtained from peripheral blood

We examined whether CCR8 is functional by treating
peripheral bloodmononuclear cells (PBMC)obtained from
patients with bladder cancer with CCR8 ligand CCL1 and
measuring CCL1-elicited intracellular Caþ2 influx using
Fluo-4–based assay. Results presented in Fig. 1B show that
in vitro stimulation of PBMCs from a patients with bladder
cancer (bottom) but not from a healthy donor (top) with
recombinant human CCL1 induced Caþ2 influx in gated
CD11b cells. Because CD11b cells also express variable
levels of another chemokine receptor CXCR4, we compared
the Caþ2 influx induced by CCL1 and the CXCR4 ligand
SDF-1. As shown in Supplementary Fig. S2, both chemo-
kines stimulated the Caþ2 mobilizations, albeit SDF1
elicited a stronger response. Collectively, these results
showed that CCR8-expressing cells readily respond to the

stimulation with CCL1 to induce Caþ2 influx, suggesting
that myeloid cells in patients with cancer express functional
CCR8. In addition to Caþ2 mobilization, we also examined
whether CCL1-mediated signaling could stimulate produc-
tion of reactive oxygen species (ROS) in myeloid cells.
Obtained results indicate that treatment of CD11b cells
isolated from peripheral blood of patients with cancer with
CCL1 had no effect on ROS production (data not shown).

In separate experiments, we found that expression of
CCR8 also can be induced in myeloid cells by culturing
them in thepresenceof primarybladder tumor-conditioned
medium (TCM; Fig. 1C and Supplementary Table S3A)
and the addition of CCL1 to cells pretreated with TCM
induced Caþ2 influx (Supplementary Fig. S2C). To test
whether TCM-mediated induction of CCR8 expression in
myeloid cells associates with activation of specific transcrip-
tion factors, we compared phosphorylation status of

65%6%

2%

25%8%

0.5%

67%8%

0.7%

23%10%

2%

Kidney cancer

Bladder cancer 

5%30%

0.4%

6%25%

0.5%

B

CCL 1

Baseline

CCL 1

Baseline

Bladder cancer  

Healthy donorHealthy donor  

70%2%

Control TCM C

A

Figure 1. Upregulation of CCR8 expression in circulating and tumor-infiltrating myeloid cells in patients with cancer. A, PBMCs from patients with cancer and
healthy donors were separated using Lymphoprep density gradient centrifugation. PBMCs were triple-stained with anti-CD11b-FITC, CD33-PerCp, and
CCR8-PE antibodies. Percentage of CCR8 cells was estimated by flow cytometry. B, calcium mobilization experiments were carried out in myeloid cells
isolated from PBMCs of patients with cancer or healthy donors. Freshly isolated CD11b cells were loaded with the fluorescent dye Fluo-4. Calcium
mobilizationwasmeasured after stimulationwith recombinant humanCCL1using flowcytometry asdescribed inMaterials andMethods.C,CD11bcellswere
isolated fromperipheral blood of healthy donors usingmagnetic beads and cultured in the presence or absence of bladder tumor-conditionedmedium (TCM).
After 24 hours, cells were collected and expression of CCR8 was assessed using flow cytometry. Results of 1 representative experiment of 3 are shown.
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extracellular signal–regulated kinase (ERK), Stat1, and Stat3
in TCM-treated CD11b cells that were isolated from periph-
eral blood of healthy donors. Results presented in Fig. 2A
and Supplementary Table S3B indicate that exposure of
normal myeloid cells to the TCM promoted a strong
increase in Stat3 phosphorylation, a relatively weak ERK
phosphorylation, and no effect on Stat1 phosphorylation.
Addition of Stat3 inhibitor S3I-201 completely prevented
the TCM-mediated upregulation of CCR8 in the myeloid
cells (Fig. 2B). Distinctly, the inhibition of active ERK with
U0126 or PD098059 showed no impact on the TCM-
regulated expression levels of CCR8. These data indicate
that TCM-induced CCR8 expression in myeloid cells
depends on Stat3 activity.
To evaluate the immune function of CCR8-expressing

cells, we examined effects of CCL1 on cytokine production
by myeloid cells obtained from peripheral blood of cancer
patients. To this end, CD11bþ cells were isolated from
PBMCs of healthy donors and patients with cancer and
were cultured in the presence or absence of CCL1 for 24
hours. Cell supernatantswere collected and analyzed for the
presence of 10 cytokines and chemokines, including IL-1b,
TNF-a, IL-6, IL-8, VEGF, basic fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF)-BB, CCL2,
CCL3, and CCL4 using Multiplex cytokine assay. Obtained
results indicate that treatment of peripheral myeloid cells

from patients with both bladder (Fig. 3A) and kidney (Fig.
3B) cancer exhibited enhanced IL-6 production. Further-
more, we found that CCL1 stimulates IL-6 production by
peripheral CD11bþ cells from patients with cancer in a
dose-dependent manner (Fig. 3C and Supplementary Fig.
S3). Remarkably, CCL1-induced IL-6 production appears to
be chemokine-specific and it was not observed following in
vitro treatment with, for example, SDF-1 (Fig. 3D).

CCR8þ cell subset can be found among CD11bmyeloid
cells infiltrating human cancer tissues

In addition to the peripheral blood,we alsomeasured the
levels of CCR8 expression in human tumor infiltrates (Fig. 4
and Supplementary Table S4). Analysis of freshly obtained,
surgically removed high-grade invasive urothelial carcino-
ma of bladder revealed that a large portion of tumor-
infiltrating CD11b myeloid cells co-expressed CCR8 (Fig.
4A, left). Specifically, inbladder cancer tissues, expressionof
CCR8 was associated with CD11bþCD206þ TAMs but not
with tumor-infiltrating CD3þ T lymphocytes (TIL; Fig. 4B,
left). Similarly, expression of CCR8 in human RCC tissue
was predominantly associated with CD11bþHLA-
DRþCD68þ TAMs (Fig. 4A, right) and, again, not with
CD3þ TILs (Fig. 4B, right). These results indicate that in
human cancer tissues, CCR8 expression is limited to tumor-
infiltrating CD11b myeloid cell subsets including TAMs. It

Figure 2. Tumor-induced CCR8
expression in CD11b cells is
Stat3-dependent. A, PBMCs from
healthy donorswere incubated in the
presence of TCM or culture medium
alone in ultra-low attachment plate
for 24 hours. Cells were collected,
stained for CD11b and/or CCR8, and
fixed. The CD11bþcells were gated
and further analyzed. The
intracellular flow cytometric analysis
of pStat1, pStat3, and pERK1/2 in
CD11b cells was conducted using
BD Phosflow technology. B, Stat3
inhibitor S3I-201 or ERK inhibitors
U0126 and PD98059 were added
into cell cultures and expression of
CCR8onCD11b cellswas estimated
by flow cytometry. Results of 1
representative experiment of 3 are
shown.
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has to be noted that TAMs arise from recruited blood
monocytes or MDSCs (16), suggesting that circulating
CCR8þ myelomonocytic cells in blood (Fig. 1A) might be
precursors of CCR8þ TAMs.

Characterization of tumor-infiltrating CD11bþCCR8þ

myeloid subset
We next investigated the functional characteristics of

CCR8-expressing myeloid cells infiltrating human cancer
tissue. CD11bþCCR8þ and CD11bþCCR8� myeloid cell
subsets were isolated from RCC tissues using magnetic
beads. Freshly isolated and hematoxylin and eosin
(H&E)-stained CCR8þ myeloid cells strongly resembled
tissue macrophages, whereas similarly treated CCR8� frac-
tion of tumor-infiltrating myeloid cells exhibited heteroge-
neous composition that was comprised of various types of
myeloid cells, including polymorphonuclear neutrophils
(Fig. 4C). Admittedly, we could not isolate the tumor-
infiltrating CCR8þ cells from human bladder cancer due
to the small size of available tumor tissues. CCR8þ and
CCR8� cell subsets isolated from RCC tissues were cultured
for 24hours and collected cell supernatantswere assayed for
presence of cytokines and chemokines using 10-plex cyto-
kine assay. Analysis of cytokine production by CCR8þ and

CCR8� myeloid cell subsets is shown in Fig. 5A. It appears
that tumor-infiltrating CCR8þ cells secreted significantly
more IL-6, VEGF, CCL3, and CCL4, but twice less PDGF-
BB than their CCR8� counterparts. No significant differ-
ences were observed between those cell subsets in the
production of TNF-a, IL-1b, IL-8, CCL2, and basic FGF
(data not shown).

We recently showed that macrophage-infiltrating human
RCCs exhibit potent regulatory activity (17). Specifically,
isolated TAMswere able to induce tolerogenic transcription
factor FoxP3þ in T lymphocytes as well as to enhance IL-10
production. To evaluate the effects of CCR8þ myeloid cells
on T lymphocytes, we isolated CD11bþCCR8þ, CD11bþ

CCR8� myeloid subsets as well as total CD11b cells from
RCC tissue and co-cultured themwith autologous T cells for
48 hours. Intracellular expression of FoxP3 in CD4 cells was
measured using flow cytometry. In addition, we collected
cell supernatants and measured the concentration of IL-10
using ELISA. Data presented in Fig. 5B and Supplementary
Fig. S4 clearly indicate that enriched CCR8þ myeloid cell
subset exhibits superior ability to induce FoxP3 in compar-
ison to CCR8� myeloid cells or total tumor-infiltrating
CD11b cells. However, we were not able to obtain consis-
tent data to show that CCR8þmyeloid cells have a superior
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Figure 3. CCL1 induces IL-6 production in CCR8þ myeloid cells. A and B, CD11b cells were isolated from peripheral blood of patients with bladder cancer
(n¼4) orRCCs (n¼3) usingmagnetic beads.Purifiedcellswere cultured in the absenceor presenceofCCL1 (100ng/mL) for 24hours. Concentrationof IL-6 in
cell-free culture supernatants was measured using Multiplex cytokine assay. Results from individual patients are shown. C, CD11b myeloid cells were
isolated frompatientswith cancer and cultured in the presence of various amounts of CCL1 (0–200 ng/mL) for 24 hours. Concentration of IL-6was determined
in cell-free supernatants using commercial ELISA kit. Results are shown for 1 patient. D, CD11b cells were enriched from PBMCs of a patient with
bladder cancer using magnetic beads. Isolated cells were cultured in the presence of CCL1 or SDF-1 for 24 hours. Concentration of IL-6 in cell culture
supernatants wasmeasured using IL-6 ELISA kit in triplicates. Results of 1 representative experiment of 3 are shown. For all panels, each point represents the
mean � SD. �, P < 0.05.
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ability to induce IL-10 (data not shown). Overall, these data
indicate that tumor-infiltrating CD11bþCCR8þ cell subset
may contribute to immune evasion and progression of
human cancers through enhanced secretion of proinflam-
matory (IL-6, CCL3, CCL4) and proangiogenic (VEGF)
factors as well as through induction of FoxP3 expression
in autologous T lymphocytes.

Primary human cancers secrete large amounts of CCL1
Having showed that expression of CCR8 in myeloid cells

during tumor progression is increased, we next evaluated
the levels of natural CCR8 ligand CCL1 in patients with
cancer. Established human bladder and RCC cancer cell
lines, freshly obtained primary bladder and kidney cancer
tissues and CD11b cells isolated from RCC tissues were
cultured for 24 hours. Cell-free supernatants were collected

and analyzed for CCL1 presence using commercial ELISA.
As shown in Fig. 6A, both bladder and RCC human cancer
cell lines (SW780 and A498, respectively) did not secrete
detectable levels of CCL1, whereas primary human tumors
secreted substantial amounts of the chemokine (bladder
cancer: 118 � 44 pg/mL and renal carcinoma: 30.5 � 7
pg/mL). Moreover, tumor-infiltrating myeloid CD11bþ

cells were the primary source of CCL1 among the tumor
cell suspension as CD11bþ myeloid cells isolated from
renal carcinoma tissues produced 98 � 36 pg/mL of CCL1.
In addition, we measured levels of CCL1 in peripheral
blood (plasma) obtained from patients with cancer. Results
indicate that levels of CCL1 in plasma of patients with
cancer with urothelial or renal carcinomas are very low
(<5 pg/mL) and in most cases undetectable (data not
shown). These results indicate that primary human cancers
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assessed using flow cytometry. C, cytomorphologic characterization of tumor-infiltrating CCR8þ myeloid cell subset. CCR8þ myeloid cells were
enriched from human RCC tumor tissues. Purity of isolated cell population exceeded 85%. Top left, expression of CCR8 in CCR8-enriched cell fraction.
Top right, isolatedCCR8þCD11bþ cells were cultured on chamber vessel tissue culture glass slide (BD Falcon) and then stainedwith theHema3Stat Pack Kit
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Results are shown for 1 patient. Similar results were obtained from 3 patients.
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secrete substantial amounts of CCL1 and tumor-infiltrating
myeloid cells represent a major source of the chemokine.

To elucidate what cell subset among tumor-infiltrating
CD11b cells produce CCL1, we measured CCL1 levels in
CCR8þ andCCR8�myeloid cells isolated fromhumanRCC
tissues. As can be seen in Fig. 6B, CCR8� myeloid cells
secreted significantly more CCL1 than CCR8þ subsets in 3
of 4 examined patients with cancer. Therefore, it is likely
that certain myeloid cell type among intratumoral CCR8�

CD11b cells (Fig. 4C) represents a major source of CCL1 in
RCC tissue, suggesting existence of paracrine mechanisms
involved in the regulation of CCL1-induced IL-6 produc-
tion and CCR8 expression in tumor-infiltrating myeloid
cells. A recent study showed that CCL1 expression can be
stimulated in human monocytes/macrophages by treat-
ment with another chemokine (CXCL12), implying that
CXCL12 could potentially promote elevated levels of CCL1
in tumor tissues (18). Our data, however, indicate that
primary RCC tumors secrete negligible levels of CXCL12
(data not shown).

IL-6 is known to induce Stat3 activation (19). In previous
experiments (Fig. 2), we show that CCR8 expression in

myeloid cells is dependent upon Stat3 activation. Therefore,
we next evaluated Stat3 phosphorylation status in tumor-
infiltratingCD11bþCCR8þ cell subset isolated fromhuman
RCCs. Data presented in Fig. 6C convincingly show that
phosphorylated Stat3 is predominantly and selectively pres-
ent in tumor-infiltrating CCR8þCD11bþ cell subset. In
addition, we found that levels of ERK phosphorylation are
higher in the CCR8þ than in their CCR8� counterparts (Fig.
6C). Together, these data show the CCR8-expressing mye-
loid cells have activated Stat3 and ERK pathways.

Discussion
Tumor growth is associated with abnormal myelopoiesis

and enhanced cancer inflammation as a result of secretion
by tumor cells of various bioactive substances including
growth factors, cytokines, chemokines, and lipids. These
factors stimulate mobilization of heterogeneous myeloid
cells into blood circulation, promote the accumulation of
MDSCs in tumor hosts, and provide constant recruitment
of myeloid cells to the tumor site. Increased presence of
myeloid cells within tumor tissues associates with poor
prognosis through increased tumor angiogenesis, tissue

9%

3%0.1%

T cells RCCIsotype control

A

B

15%

CD11b+ CCR8+

cells added

CD11b+ CCR8–

cells added

0

1,000

2,000

3,000

4,000

5,000

6,000

PT1791 PT1795 PT1815 PT1808

CCR8-

CCR8+

0

1,000

2,000

3,000

4,000

5,000

PT1791 PT1795 PT1815 PT1808

CCR8-

CCR8+

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

PT1791 PT1795 PT1815 PT1808

CCR8-

CCR8+

0

1,500

3,000

4,500

6,000

7,500

9,000

PT1791 PT1795 PT1815 PT1808

CCR8-

CCR8+

0

20

40

60

80

100

120

PT1791 PT1795 PT1815 PT1808

CCR8-

CCR8+

C
C

L
4

, 
p

g
/m

L

*

*

***
**

*

**

*

*

*

* *

IL
-6

, 
p

g
/m

L

V
E

G
F

, 
p

g
/m

L

C
C

L
3

, 
p

g
/m

L

P
D

G
F

-B
B

, 
p

g
/m

L

Figure 5. Functional characterization of tumor-infiltrating CCR8þ myeloid cell subset. A, cytokine/chemokine production. Tumor-infiltrating CCR8þ and
CCR8� CD11b myeloid cells were isolated from human RCC tumor tissues (n¼ 4) using magnetic beads. Purity of isolated cell populations exceeded 85%.
Cells were cultured for 24 hours and collected cell-free supernatants were assayed for presence of IL-6, VEGF, CCL3, CCL4, and PDGF-BB using
Multiplex cytokine assay. Results from 4 patients with cancer are shown. Average mean � SD are shown; �, P < 0.05. B, CCR8þ myeloid cells induce
FoxP3 expression in T lymphocytes. CCR8þ and CCR8�myeloid subsets were purified from RCC tissues using magnetic beads. Autologous T lymphocytes
were obtained using T-cell enrichment columns. A total of 1� 106 purified T cells (control) or 5� 105 of eachmyeloid subset and 1� 106 of autologous T cells
were cultured together. T cells were stimulated with CD3/CD28 antibodies. Forty-eight hours later, cells were collected. Expression of FoxP3 in CD4
cells was evaluated using flow cytometry. Results are shown for 1 patient. Similar results were obtained from 3 patients with RCCs.
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remodeling, and suppression of antitumor immune
responses (20–25). We and others have shown earlier that
MDSCs mediate immune evasion in tumor host by induc-
ing antigen-specific CD8 T-cell tolerance (26–28). Mecha-
nistically, these cells are capable of suppressing T-cell
responses through peroxynitrite production in an arginase
and/or iNOS-dependent manner (27, 29–31). Further-
more, MDSCs directly promote angiogenesis and tissue
remodeling via enhanced production of proangiogenic
mediators such as VEGF andMMP9 (21, 32). Upon recruit-
ment to tumor tissue, MDSCs frequently differentiate into
more mature myeloid cell subsets such as TAMs. The TAMs
represent an abundant and heterogeneous cell population
in the tumor microenvironment and they play a key role in
tumor development (4, 33). Several lines of evidence sug-
gest that TAMs promote tumor invasion, angiogenesis,
tissue remodeling and metastasis, and associate with poor
prognosis. TAMs also can have an inhibitory role in the
development of antitumor immunity through the produc-

tion of immunosuppressive cytokines. Despite recent
advances in our understanding of the multiple roles of
bone marrow–derived myeloid cells in tumor progression,
heterogeneity of myeloid cells in tumor tissues as well as
lack of specificmarkers for discrete cell subsets still represent
significant obstacles for further progress. Establishing such
biomarkers has the potential to enhance clinical prognosis
and provide insights into relevant pathways of immune
suppression used by the specific cancer.

In this study, we measured expression of multiple che-
mokine receptors (CCR1, CCR2, CCR3 CCR4, CCR5,
CCR6, CCR7, CCR8, CXCR2, and CXCR4) in myeloid cells
obtained from peripheral blood of patients with bladder
cancer and RCCs. We found that among screened chemo-
kine receptors only CCR8 expression was consistently and
strongly upregulated in CD11b myeloid cells from patients
with cancer as compared with healthy donors. Importantly,
both monocytic CD33highCD11b and granulocytic
CD33lowCD11b MDSCs in blood obtained from the
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patients with cancer showed increased expression of CCR8.
Upregulated expression of CCR8was also detected in tumor
tissues obtained from patients with bladder cancer and
RCCs. Furthermore, CCR8 expression in cancer tissues
appears to be limited to the tumor-infiltrating CD11b
myeloid cells and primarily to TAMs. In addition, it should
be noted that CD3 T lymphocytes infiltrating human renal
and bladder tumors did not express CCR8.

At the functional level, we showed that CD11bþCCR8þ

cell subset may contribute to immune evasion and progres-
sion of human cancers through elevated secretion of proin-
flammatory (IL-6, CCL3, CCL4) and proangiogenic (VEGF,
IL-8) factors as well as through induction of FoxP3 expres-
sion in autologous T lymphocytes. Mechanistically, we
found that tumor-derived factors promoteCCR8 expression
in myeloid cells in a Stat3 activation–dependent manner,
andCCR8þmyeloid cells isolated fromhumancancer tissue
display phosphorylated Stat3. Signaling by Stat3 is a major
intrinsic pathway for cancer inflammation because it is
frequently activated in malignant cells and is capable of
regulating the expression of a large number of genes that are
crucial for inflammation (1). Activation of Stat3, which is a
leading pathway in regulation of both cancer-related
inflammation and tumor immunity (1, 34), canbe achieved
with several proinflammatory agents including IL-6, which
is produced primarily by bone marrow–derived myeloid
cells (1). Here, we show that human renal carcinoma
tumor-infiltrating CCR8þ myeloid cells represent a major
source of IL-6 and, moreover, IL-6 production by CCR8þ

cells can be stimulated by treatment with CCL1. Important-
ly, elevated levels of these cytokines are frequently observed
in cancer and are associated with cancer-related inflamma-
tion (35). Taken together, our observations provide evi-
dence for enhanced CCL1/CCR8 signal pathway in cancer
and suggest that CCL1/CCR8 axis represents an important
regulatory component in inflammation that associates with
human cancer progression.

In addition to the infiltration with CCR8-expressing
myeloid cells, we also observed that primary human tumors
secreted substantial amounts of CCL1. We found that RCC-
infiltrating myeloid cells produced significantly higher
amounts of CCL1 than whole RCC tissue or epithelial
cancer cell lines. Previous studies showed that CCL1 exhi-
bits a unique pattern of regulation associated with a distinct
form of M2-type monocyte activation that participates in
macrophage-dependent regulatory circuits of innate and
adaptive immunity (36). CCL1 also induces regulatory T-
cell recruitment (37) and promotes TH2 immune response
(38, 39). Interestingly, in mice subjected to chronic hepatic
injury, CCR8-expressing liver macrophages were necessary
for CCL1-directed migration of inflammatory but not clas-
sically activated monocytes (11). CCR8 deficiency also
protected the liver against injury, ameliorating inflamma-
tory responses, and hepatic fibrogenesis. Furthermore,
absence of CCR8 enhances innate immunity during septic
peritonitis (40) and a recent report indicated that mouse
macrophages could upregulate CCR8 in an autocrine man-
ner upon CCL1 binding (41).

However, information available on the role of CCL1 and
CCR8 in the progression of tumors particularly of human
cancers is very limited. A recent study, on the basis of
measurement of gene expression and single-nucleotide
polymorphism analyses, evidenced a link between CCL1
expression and development of breast cancer in women
(42). Antibody-mediated neutralization of CCL1 in mice
harboring mammary carcinomas significantly reduced the
rate of CD4 T-cell conversion into regulatory T cells (43),
suggesting a role for CCL1 (presumably through cognate
receptor CCR8) in tumor-associated immunosuppression.
Other studies showed that CCL1 exhibits proangiogenic
activity through stimulation of chemotaxis of endothelial
and vascular smooth muscle cells (12, 13, 44), reinforcing
the possible involvement in cancer progression.

On the basis of our results, we propose a working model
for the contribution of CCR8-expressing myeloid cells to
immune evasion in cancer (Fig. 6D). CCL1 is produced
primarily by CCR8� tumor-infiltrating myeloid cells. Upon
binding to the CCR8 on CCR8þ myeloid cells, CCL1 pro-
motes production of IL-6 that, in turn, activates Stat3 in
target cells. Activation of Stat3 promotes expression of a
whole range of proinflammatory, proangiogenic, and
immunosuppressive genes. In addition, CCR8þ myeloid
cells are highly effective in induction of FoxP3 expression
in T lymphocytes. The emerging picture suggests that
CD11bþCCR8þ myeloid cell subset could exert a marked
tumor-promoting effect.

Overall, we conclude that enhanced production of CCL1
by primary human cancers and increased numbers of
CCR8þmyeloid cells represent a common feature of human
bladder and renal carcinomas, thereby suggesting the con-
tribution of CCR8/CCL1 axis to cancer inflammation,
immune evasion, and tumor angiogenesis via stimulation
of pro-inflammatory and pro-angiogenic cytokines/chemo-
kines and induction of tolerogenic transcription factor
Foxp3 in CD4 T lymphocytes. Further studies are needed
to evaluate possible correlation of CCR8 expression with
clinical parameters and overall contribution of CCR8-
expressing cells and its ligand CCL1 to the development
and progression of cancers. Finally, our data also suggest
that blockade of CCR8 signaling may provide a novel
strategy for therapeutic intervention in human cancers.
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