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Abstract
Ron receptor kinase (MST1R) is important in promoting epithelial tumorigenesis, but the potential contribu-

tions of its specific expression in stromal cells have not been examined. Herein, we show that the Ron receptor is
expressed inmouse and human stromal cells of the prostate tumormicroenvironment. To test the significance of
stromal Ron expression, prostate cancer cells were orthotopically implanted into the prostates of either wild-type
or Ron tyrosine kinase deficient (TK�/�; Mst1r�/�) hosts. In TK�/� hosts, prostate cancer cell growth was
significantly reduced as compared with tumor growth in TKþ/þ hosts. Prostate tumors in TK�/� hosts exhibited
an increase in tumor cell apoptosis, macrophage infiltration and altered cytokine expression. Reciprocal bone
marrow transplantation studies and myeloid cell–specific ablation of Ron showed that loss of Ron in myeloid
cells is sufficient to inhibit prostate cancer cell growth. Interestingly, depletion of CD8þ T cells, but not CD4þ

T cells, was able to restore prostate tumor growth in hosts devoid of myeloid-specific Ron expression. These
studies show a critical role for the Ron receptor in the tumor microenvironment, whereby Ron loss in tumor-
associatedmacrophages inhibits prostate cancer cell growth, at least in part, by derepressing the activity of CD8þ

T cells. Cancer Res; 73(6); 1752–63. �2012 AACR.

Introduction
Coordinated signaling between different cell types of the

stroma is required for the development andmaintenance of an
adult prostate secretory epithelium. The stroma also supports
prostate tumor initiation and progression (1, 2). Inflammatory
infiltrates are major cellular components of tumor stroma and
include adaptive and innate immune cell types (3, 4). Tumor-
associated immune cells support tumor growth by producing
an immunosuppressivemicroenvironment capable of blocking
productive antitumor immunity. Tumor-associated macro-
phages (TAM) play pivotal roles in tumor progression and can
promote or inhibit tumor growth depending on their activa-
tion state (5, 6).

The Ron receptor tyrosine kinase is expressed on several
tissue-resident macrophage populations (7–11). Ron activa-
tion in peritoneal macrophages suppresses inflammation and
promotes alternative macrophage activation (12, 13). Follow-
ing lipopolysaccharide (LPS) stimulation in macrophages, Ron
activation inhibits the expression of inducible nitric oxide

synthase (iNOS) while promoting expression of arginase-1, an
enzyme that competes with iNOS (14, 15). iNOS-mediated
nitric oxide production is cytotoxic and tumor suppressive,
whereas products of arginase-1 promote tissue repair and
tumorigenesis (16).

Studies fromour laboratory have shownRon to be a negative
regulator of inflammation in lung injury and bacterial perito-
nitis models (17, 18). Usingmice withmyeloid cell-specific Ron
deletion, macrophages were identified as the major cell type
regulating inflammatory responses in lung and liver injury
models (19, 20). Ron signaling in peritoneal macrophages
increases the phosphorylation of STAT3, suggesting an inter-
action between these two pathways (17, 21). Moreover,
STAT3�/� mice show similar phenotypic responses as that of
Ron-deficient mice (22). Phosphorylation of STAT3 in TAMs is
important for attenuating antitumor immunity by suppressing
macrophage-mediated antigen presentation to cytotoxic CD8þ

T lymphocytes (23, 24). Given that Ron regulates macrophage
activation and inflammation, Ron signaling in TAMs may
be important for maintenance of an immunosuppressive
microenvironment.

Ron is overexpressed in more than 90% of human prostate
cancers (25–27). Ron activation in tumor cells elicits a range of
cellular responses including growth, differentiation, migration,
and survival through various signaling pathways (27, 28). Gain-
and loss-of-function studies in tumor epithelial cells, including
human prostate cells, have shown that Ron expression is
important for promoting tumor growth in vivo (29–32). More-
over, data from our laboratory have shown that mice contain-
ing a germline deletion of the Ron tyrosine kinase–signaling
domain exhibit significant reduction in tumormass when bred
to mice predisposed to develop prostate cancer (32). While
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numerous studies have outlined the importance of epithelial-
expressed Ron in supporting tumorigenesis, the importance of
Ron expression in the tumor stroma has not been extensively
investigated. Although a recently published study outlined the
importance of Ron expression in the tumormicroenvironment,
the Ron-expressing stromal cell lineage that supported tumor
growth was not identified (13).
This study identifies Ron expression in the stroma, partic-

ularly in TAMs, to be a critical factor that supports tumor
growth through the regulation of apoptosis in tumor epithelial
cells. In addition, we show that Ron expression in TAMs
suppresses tumor immune surveillance through CD8þ T-cell
regulation and that Ron-expressing TAMs have increased
activation of STAT3. Our findings indicate that in addition to
the well-established tumor-cell autonomous role, Ron plays a
novel role in TAMs by promoting tumor cell survival through
cytotoxic CD8þ T-cell regulation.

Materials and Methods
Mice
Wild-type (TKþ/þ), Ron tyrosine kinase–deficient mice

(TK�/�), homozygous Ron-floxed mice (TKf/f), and LysMcre
(TKf/fLysMcreþ) mice were generated and maintained in a
C57BL/6 background as described (20, 33). All experiments
used 8- to 12-week-old male mice. For bone marrow trans-
plantation, donor bone marrow cells from TKþ/þ and TK�/�

mice were injected into the tail vein of irradiated mice (Sup-
plementaryMethods). Allmiceweremaintained under specific
pathogen-free conditions and were treated in accordance with
protocols approved by the Institutional Animal Care and Use
Committee of the University of Cincinnati (Cincinnati, OH).

Cell lines and orthotopic injections
Murine TRAMP-C2Re3 cells were obtained from Dr. Zhon-

gyun Dong (University of Cincinnati) and grown as previously
described (34). The cells are of murine origin and were tested
through growth in syngeneic mice; no further validation was
conducted. Cells (2.5 � 105) were injected into the ventro-
lateral prostates of mice and harvested after 30 days (26).

T-cell depletion
Mice were subcutaneously injected with 5 � 105 TRAMP-

C2Re3 cells. To deplete T-cell subsets, mice were injected on
days 1, 7, 14, 21, and 24 with 1 mg/mL of rat monoclonal
antibody that depleted specific lymphocyte subsets: mAb-
GK1.5 (anti-CD4, IgG2b); mAb-2.43 (anti-CD8, IgG2b); and
Rat-IgG2b isotype control antibody (JK; Bio X Cell). Tumor
volume was recorded biweekly and tumors were harvested on
day 28.

Cell isolations
A single-cell suspension of normal or tumor-bearing pros-

tate tissue was obtained by mechanical dissociation and
enzymatic digestion. Enrichment for epithelial cells, fibro-
blasts, and immune cells was accomplished by differential
centrifugation using standard procedures (Supplementary
Methods). TAMs were enriched from the immune cell fraction
by magnetic beads coated with mouse CD11b according to

manufacturer's instructions (Miltenyi Biotech). The isolated
cells were more than 95% pure.

Flow analysis
Immune infiltrates were treated with Fc anti-CD16/CD32

antibody and stained with antibodies that detectmacrophages
(anti-mCD11b), granulocytes (anti-mGr-1), and CD8þ T cells
(anti-mCD8a; eBiosciences). Epithelial cells were stained for
Annexin V/propidium iodide (PI), as per manufacturer's
instructions (BD Biosciences). Cells were analyzed using the
fluorescence-activated cell sorting (FACS) Aria and FACS Diva
software (BD Biosciences).

Luminex array
Plasma was analyzed using the Milliplex Map Mouse Cyto-

kine/Chemokine Panel with Luminex Map detection as per
manufacturer's instructions (Millipore, #MPXMCYTO-70).

Immunohistochemistry
Formalin-fixed paraffin-embedded sections were stained for

F4/80 (eBiociences), CD-31 (Dako), and alpha smooth muscle
actin (a-SMA; Sigma-Aldrich) using standard procedures.

Human tissue array and scoring
Immunohistochemistry for Ron was conducted on human

prostate cancer tissue microarray specimens (IMH-303, Imge-
nex; TMA1202-4, Chemicon/Millipore; 75–4063, Zymed), using
the Ron-a antibody (BD-Transduction Laboratories). The per-
centage of Ron-positive stromal cells was determined and
staining intensity graded (0–3). The stromal staining index,
a factor of the staining percentage and intensity, was obtained
for each tissue section.

Quantitative real-time PCR and immunoblot analyses
Quantitative real-time PCR (qRT-PCR) was conducted using

primer pairs listed in the Supplementary Methods as previ-
ously described (20). Expression levels were normalized to
b-glucuronidase and relative gene expression reported. West-
ern blot analyses used the following antibodies: Ron-C20
(Santa Cruz Biotechnologies) STAT3 and pSTAT3-Y705 (Cell
Signaling) and arginase-1 (BD Biosciences).

Statistical analysis
Data are expressed as mean � SE. Statistical significance

was determined by t tests for pairwise comparisons or ANOVA
for comparison of multiple groups with Graph Pad Prism
software. Significance was set at P < 0.05.

Results
Ron is expressed in stromal cells of normal and tumor-
bearing prostates and is critical for promoting prostate
tumor growth

Ron mRNA expression was detected in primary cells
isolated from the prostates of TKþ/þ mice including resident
prostate macrophages, epithelial cells, and fibroblasts (Fig.
1A). Ron expression in human stromal cells was examined by
immunohistochemistry on a panel of human prostate tis-
sues. As depicted in Fig. 1B, Ron was detected in the stromal
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cells of normal human prostates, benign prostate hyperpla-
sia, and prostate adenocarcinoma samples at approximately
similar levels. Interestingly, Ron expression in stromal cells
did not parallel its expression in the prostate epithelium,
which has been previously shown to increase with disease
progression (26). While the levels of stromal Ron are not
altered with prostate tumor progression, the functional role
of this receptor may be regulated by the availability/proces-
sing of its ligand, hepatocyte growth factor-like protein,
whose expression has been reported to increase with tumor
progression (36–39).

The role of Ron expression in the tumor microenvironment
was assessed after orthotopic transplantation of TRAMP-
C2Re3 prostate cancer cells into the prostates of TKþ/þ and
TK�/� mice. TRAMP-C2Re3 cells were able to grow in TKþ/þ

and TK�/� animals; however, growth was markedly inhibited
in the TK�/� host microenvironment with an average prostate
weight of 1.10� 0.20 g in TKþ/þmice as compared with 0.27�
0.05 g in TK�/� mice (Fig. 1C). Histologic analysis of the
TRAMP-C2Re3 cells from the prostates of TKþ/þ and TK�/�

hosts revealed similarities in tissue architecture (Fig. 1D).
These findings show that Ron expression in the prostate tumor
microenvironment is a critical mediator of prostate tumor
growth.

Comparison of the stromal compartment in TKþ/þ

and TK�/� prostates following TRAMP-C2Re3 cell
implantation

To characterize the host environment following transplan-
tation of TRAMP-C2Re3 cells into the prostates of TKþ/þ and

Figure 1. Ron is expressed in stromal cells of normal and tumor-bearing prostates and is important for promoting prostate tumor growth. A, qRT-PCR analysis
of RonmRNA expression in cells isolated from TKþ/þmice. The expression of Ron in whole TKþ/þ and TK�/� prostates is shown for comparison. Expression
levels are representative of two independent isolations. B, Ron expression in human prostate tissue specimens. A representative human prostate
adenocarcinoma section depicting positive Ron staining in both epithelial (E) and stromal (S) compartments. The horizontal line in the scatter plot represents
the mean� SE. C, TRAMP-C2Re3 cells were injected into the prostates of TKþ/þ and TK�/�mice; tumor weights were determined 30 days postimplantation
(TKþ/þ, n¼ 36; TK�/�, n¼ 33; �,P < 0.0001). Red line, averageweight (0.18� 0.012 g) of normal prostates fromTKþ/þmice. D, hematoxylin and eosin–stained
TKþ/þ and TK�/� prostate tumor sections showing similar tissue architecture. Scale bar, 100 mm.
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TK�/� mice, histologic sections were stained for cellular
markers. F4/80 staining showed significantly more macro-
phage infiltration in tumors from TK�/� hosts compared with
tumors from TKþ/þ hosts (Fig. 2A). Interestingly, tumor mac-
rophage distribution was distinct within each group, with
macrophages observed around the tumor periphery in pros-
tates from TKþ/þ mice as opposed to diffuse intratumoral
macrophages in tumors from TK�/� mice. Flow analyses

confirmed increased macrophage infiltration in tumors from
TK�/� hosts compared with controls (Supplementary Fig.
S1A). To examine Ron-dependent macrophage migration in
vitro, the murine macrophage cell line, MH-S cells, without
(shNT) and with Ron knockdown (shRon) were used (11). Loss
of Ron in these cells significantly increased their migration
potential compared with the controls (Supplementary Fig.
S1B).

Figure 2. Characterization of stromal cells in TRAMP-C2Re3 tumors from TKþ/þ and TK�/� prostates. A, representative F4/80 staining of TRAMP-C2Re3
tumors from TKþ/þ and TK�/� mice. Differences in the spatial distribution of macrophages are noted with red arrows depicting tumor peripheral
infiltration, whereas green arrows depict intratumoral infiltration. Macrophages were quantitated, and the data represent the mean number of F4/80þ

macrophages per 40� field (5 fields per tumor, TKþ/þ, n¼ 5; TK�/�, n¼ 5; �, P < 0.05). Scale bar, 50 mm. B, representative images showing CD31 staining in
microvessels and quantification of themicrovessel density per tumor area (�,P < 0.01). Scale bar, 100 mm.C,a-SMA–positive fibroblasts in the tumors and the
average intensity of a-SMA expression per �40 field (�, P < 0.01). Scale bar, 50 mm.
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The impact of stromal Ron on tumor vascularization was
determined by microvessel staining, which showed a
significant increase in microvessel density in tumors from
TKþ/þ hosts compared with tumors in TK�/� mice (Fig.
2B). Immunohistochemistry for tumor-associated myofibro-
blasts showed an increase in a-SMA staining in tumors from
TK�/� prostates as compared with controls (Fig. 2C). Taken
together, our data show that Ron signaling in the host regulates
key events linked with tumor malignancy including angiogen-
esis, a-SMA expression, and macrophage infiltration.

Lack of host Ron expression promotes prostate cancer
cell apoptosis

Given the significant difference in tumor size in TKþ/þ

versus TK�/� host environments, we examined tumor cell
proliferation and death. There was no difference in prolifera-
tion of the transplanted TRAMP-C2Re3 cells (data not shown).
However, a 2-fold increase in necrosis was noted in histologic
sections of tumors from TK�/� compared with TKþ/þ hosts
(Fig. 3A). To evaluate differences in survival between groups,
tumor cells from each host genotype were isolated and exam-
ined by Annexin V/PI staining. A significant increase in the
number of apoptotic (Annexin VþPI�) and dead cells (Annexin
VþPIþ and Annexin V�PIþ) was detected in TRAMP-C2Re3
tumor cells isolated fromTK�/� hosts compared with controls
(Fig. 3B). These data are consistent with immunohistochem-

istry for cleaved caspase-3, which showed an appreciable
increase in the number of activated/cleaved caspase-3–posi-
tive tumor cells from TK�/� hosts compared with controls
(data not shown). Furthermore, Annexin V/PI staining on the
F4/80-positive macrophages showed a trend toward increased
cell death in the TK�/� macrophages compared with TKþ/þ.
However, this latter observation may be attributed to the
increased necrotic environment observed in tumors from
TK�/� hosts (Supplementary Figs. S2 and S3A).

Ron regulation of the inflammatory tumor
microenvironment is associated with STAT3 activation
in TAMs

We next examined the inflammatory milieu in tumor-bear-
ing TKþ/þ and TK�/� hosts. A 3-fold increase in iNOS mRNA
was observed in tumors isolated from TK�/� mice compared
with controls (Fig. 4A). Increased iNOS protein from tumors in
TK�/� hosts was confirmed byWestern blot analysis (data not
shown). Bloodnitrite levelswere also increased in the sera from
tumor-bearing TK�/� animals (Fig. 4B). Expression of inter-
leukin (IL)-9, monokine induced by gamma interferon (MIG/
CXCL9), and IL-17 was significantly greater in tumor-bearing
TK�/� sera, whereas macrophage colony-stimulating factor
(M-CSF) was higher in TKþ/þ sera (Fig. 4C). Intratumoral gene
expression examined by qRT-PCR showed significant increases
in MIG and TNF-a expression in tumors from TK�/� hosts as

Figure 3. Lack of Ron signaling in the host leads to increases in tumor necrosis and apoptosis. A, quantification of necrotic areas in TRAMP-C2Re3 tumor
sections from TKþ/þ and TK�/� hosts. Representative tissue sections are shown. Scale bar, 1 cm. B, flow analysis for Annexin V/PI on TRAMP-C2Re3
tumor cells isolated fromTKþ/þ andTK�/�hosts. A representative flowplot is shownwith a histogramdepicting data fromall experiments (TKþ/þ, n¼4; TK�/�,
n ¼ 3). Data are the mean percentage of cells in early apoptosis (Annexin VþPI�), late apoptosis (Annexin VþPIþ), dead cells (Annexin V�PIþ), and live/viable
cells (Annexin V�PI�) � SE.

Gurusamy et al.

Cancer Res; 73(6) March 15, 2013 Cancer Research1756

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/6/1752/2693385/1752.pdf by guest on 19 M

ay 2023



well as a significant increase in TGF-b in tumors from TKþ/þ

hosts (Supplementary Fig. S3A). Significant increases in the
intratumoral expression of STAT1, CXCR3, IL-12b, and ICOS
were observed in tumor cells from TK�/� hosts compared
with controls, whereas CD80 and IL-27 levels did not change
(Fig. 4D).
To examine signaling pathways in the TKþ/þ versus TK�/�

microenvironment that may account for altered cytokine
expression, TAMs were isolated from TKþ/þ and TK�/�

tumors. Western blot analysis of TAMs from TK�/� hosts
tumors showed a significant reduction in phosphorylated
(p)STAT3 compared with controls (Fig. 4E). TAMs were iso-
lated by CD11b coated magnetic bead pulldown assays and
cells from this isolation included both CD11bþGr1� (TAMs)
and CD11bþGr1þ [myeloid-derived–suppressor cells (MDSC)]
cells. We refer to the CD11bþ population as TAMs hereafter as
flow cytometry analysis showed a 7.3-fold higher number of
CD11bþGr1� compared with CD11bþGr1þ cells (data not
shown). qRT-PCR analysis offlow-sorted immune cells showed
Ron mRNA expression in the various myeloid cell populations
including CD11bþGr1� (TAMs), CD11bþGr1þ (MDSCs) and to
a lesser extent in CD11b�Gr1þ (granulocytes; Supplementary
Fig. S3B). Ron protein expression in TAMs isolated from
TRAMP-C2Re3 tumors from TKþ/þ mice is also depicted by
Western blot analysis (Supplementary Fig. S3B).

TK�/� bone marrow-derived cells inhibit the growth of
TRAMP-C2Re3 cells in chimeric TKþ/þ mice

Given the role of Ron in regulatingmacrophage activation as
well as the increase in proinflammatory cytokines observed in
the TK�/� microenvironment, we next determined whether
the hematopoietic compartment of TK�/�mice is sufficient to
inhibit TRAMP-C2Re3 tumor growth in vivo. Using reciprocal
bone marrow transplantation experiments, TKþ/þ and TK�/�

mice were irradiated and reconstituted with either TKþ/þ or
TK�/� donor bone marrow to generate the following groups
TKþ/þ!TKþ/þ (irradiated TKþ/þ mice transplanted with
TKþ/þ donor marrow), TK�/�!TK�/�, TKþ/þ!TK�/�, and
TK�/�!TKþ/þ. Following bone marrow reconstitution, the
chimeras were intraprostatically injected with TRAMP-C2Re3
cells and tumor weight was measured after 30 days. TRAMP-
C2Re3 cells injected into nonirradiated TKþ/þ and TK�/�mice
served as controls. qRT-PCR analysis for Ron expression on
whole bone marrow–derived cells and on CD11bþ TAMs
isolated from tumors indicated efficient reconstitution
(82%) of donor-derived bone marrow cells into recipient
animals (Fig. 5A and B). At baseline, no appreciable differences
in the number of myeloid precursor cells were noted between
genotypes (Supplementary Fig. S4).

Irradiation had no effect on the growth of TRAMP-C2Re3
cells (Fig. 5C). However, tumor growth was significantly

Figure 4. Loss of Ron leads to
changes in the inflammatory tumor
microenvironment and loss of STAT3
phosphorylation in TAMs. A, qRT-
PCR analyses for iNOS mRNA in
TRAMP-C2Re3 tumors from TKþ/þ

and TK�/� hosts. Data represented
as relative change compared with
b-glucuronidase (TKþ/þ, n ¼ 5;
TK�/�, n ¼ 5; �, P < 0.01).
B, concentration of serum nitrite from
TRAMP-C2Re3 tumor-bearing
TKþ/þ and TK�/� mice (TKþ/þ, n ¼ 5;
TK�/�, n¼ 5; �, P < 0.05). C, levels of
inflammatory cytokines in the serum
of tumor-bearing mice (TKþ/þ, n ¼ 5;
TK�/�, n ¼ 5; �, P < 0.05). D, gene
expression for T-cell regulatory
genes depicted as fold change in
TK�/� tumors over controls. E,
Western blot analysis is for
pSTAT3-Y705 and total STAT3 in
TAMs isolated from orthotopic
TRAMP-C2Re3 tumors from TKþ/þ

and TK�/�mice and is representative
of 4 independent isolations. TAMs,
tumor-associated macrophages.
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delayed in TKþ/þ!TK�/� and TK�/�!TKþ/þ chimeras rel-
ative to TKþ/þ!TKþ/þ mice. Interestingly, tumor growth in
TKþ/þ!TK�/� andTK�/�!TKþ/þmicewas not significantly
different from growth in TK�/�!TK�/� mice. These data
indicate that tumor growth in Ron-deficient animals is due
to contributions by hematopoietic and nonhematopoietic cells
in the host microenvironment, as TKþ/þ bone marrow–
derived cells were not sufficient to restore tumor growth in
TK�/� animals. In contrast, TK�/� bonemarrow–derived cells
significantly reduced tumor growth in TKþ/þ animals. Analysis
of tumor infiltrates from the chimeric mice showed a signif-
icant infiltration of TK�/� donor-derived macrophages com-
pared with TKþ/þ donor macrophages (Fig. 5D) similar to that
observed with TK�/� macrophages from tumors of TK�/�

mice (Fig. 2A and Supplementary Fig. S1).

Myeloid-specific Ron loss is sufficient to decrease
prostate tumor cell growth

To delineate the Ron-expressing hematopoietic cell type
that influences tumor growth, we crossed LysMcreþmice with
TKf/f to generate TKf/fLysMcreþ mice. LysMcreþ mice specif-
ically express Cre recombinase in myeloid cells and efficiently

delete Ron in this cell population (19, 20). To test the efficiency
of Ron deletion in TAMs, TRAMP-C2Re3 cells were intrapros-
tatically injected into TKf/f control and TKf/fLysMcreþ mice
and TAMs were isolated 30 days posttransplantation. A dra-
matic loss of Ron mRNA expression (>90%) was observed in
TAMs isolated from TKf/fLysMcreþ tumors compared with
TAMs from TKf/f tumors (Fig. 6A). To test the functional
importance of Ron-expressing myeloid cells, prostate tumor
weight was compared across genotypes. Growth of TRAMP-
C2Re3 cells was significantly reduced in TKf/fLysMcreþ ani-
mals compared with controls (Fig. 6B). Flow analysis for
Annexin V/PI on tumors from TKf/fLysMcreþ mice showed
a significant increase in total apoptotic and dead cells com-
pared with controls, signifying that lack of Ron inmyeloid cells
is sufficient to inhibit tumor growth through amechanism that
induces tumor-cell apoptosis (Fig. 6C). Immunohistochemistry
for macrophages on tumors from TKf/f and TKf/fLysMcreþ

mice indicated a significant increase in macrophage numbers
in TKf/fLysMcreþ tumors compared with controls, thus reaf-
firming studies, whereby Ron-deficient macrophages localize
to the tumors in greater numbers (Fig. 6D). Moreover, iNOS
expression was increased in tumors from TKf/fLysMcreþ mice

Figure5. TK�/�bonemarrow–derived cells decrease the growth of TRAMP-C2Re3 tumors in TKþ/þ chimeras. A, RonmRNA inbonemarrowcells isolated from
tumor-bearing TKþ/þ, TK�/�, or chimericmice.B,RonmRNAexpression in TAMs isolated fromTRAMP-C2Re3 tumors fromTKþ/þ!TK�/�andTK�/�!TKþ/þ

chimericmice.C, tumorweights determined at day30after intraprostatic injectionof TRAMP-C2Re3cells into TKþ/þ, TK�/�, andbonemarrow transplantation
mice. Tumor progression in both chimeras was delayed compared with TKþ/þ!TKþ/þmice (�, P < 0.05). Data are pooled from two independent experiments
(TKþ/þ, n¼ 7; TK�/�, n¼ 6; TKþ/þ!TKþ/þ, n¼ 5; TK�/�!TK�/�, n¼ 5; TKþ/þ!TK�/�, n¼ 24; TK�/�!TKþ/þ, n¼ 24; �,P < 0.05). D, FACS analysis for tumor
immune infiltrates in TRAMP-C2Re3 tumors from TKþ/þ!TK�/� and TK�/�!TKþ/þ chimeric mice. Tumors from TKþ/þ!TK�/� chimeric mice had
significantly more macrophages (CD11bþGr1�cells) compared with tumors from TK�/�!TKþ/þ chimeric mice. Data are mean percentage of cells � SE
(TKþ/þ!TK�/�, n ¼ 2; TK�/�!TKþ/þ, n ¼ 2; �, P < 0.01).
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(Fig. 6E). Western blot analysis on TAMs isolated from TKf/f

LysMcreþ tumors showed significantly less pSTAT3 and
arginase-1 expression than TKf/f TAMs (Fig. 6F and G).
Despite the similarities in tumor growth, no differences
were observed in microvessel density of tumors transplanted
into TKf/fLysMcreþ mice and TKf/f compared with tumors
from TK�/� mice, suggesting that myeloid-specific Ron
deletion does not replicate a complete Ron deficiency (Sup-
plementary Fig. S5). Combined, these studies show that Ron
signaling in macrophages/myeloid cells promotes tumor
growth and is associated with STAT3 activation, increased
arginase-1, and decreased iNOS.

CD8þ T cells are essential for the antitumor immune
response in TK�/� animals
Flow cytometry and qRT-PCR analyses of tumors for T cells

showed an increase in CD8þ T cells in tumors from TK�/�

hosts compared with the controls, although this number was
not significant (Supplementary Fig. S6A and S6B). To deter-
mine if macrophage-mediated education of CD4þ and CD8þ T
cells was important for reduced tumor burden in TK�/� mice,

mice were depleted of CD4þ, CD8þ, or both T-cell subsets by
injection of cytotoxic monoclonal antibodies. To allow for
accurate measurement of tumor growth, TRAMP-C2Re3 cells
were injected subcutaneously and tumor growth was assessed
biweekly. The efficiency with which T-cell subsets were deplet-
ed was determined by flow analysis (>99%) for T-cell subset
markers on splenocytes obtained at the time of sacrifice
(Supplementary Fig. S6C). As shown in Fig. 7A, TRAMP-C2Re3
cells grew similarly in the TKþ/þ and TK�/� mice in the
subcutaneous environment compared with the prostate
microenvironment (Fig. 1C), wherein a 3-fold increase in tumor
growth was observed in the TKþ/þ mice as compared with
TK�/� mice; however, TRAMP-C2Re3 cells implanted ortho-
topically grew approximately 2-fold faster than cells implanted
subcutaneously, despite the reduced inoculum cell numbers
(40).

Depletion of CD4þ T cells had a limited effect on tumor
growth in both genotypes, as tumor growth in TKþ/þ versus
TK�/�micewas similar to that of isotype-treated controls (Fig.
7A and B). In contrast, depletion of CD8þ T cells restored
tumor growth in TK�/� animals to that of controls. Depletion

Figure 6. Loss of Ron signaling in
myeloid cells is sufficient to abrogate
TRAMP-C2Re3 tumor growth. A,
Ron mRNA in TAMs isolated from
TRAMP-C2Re3 tumors from TKf/f

and TKf/fLysMcreþ mice. Data
represented as relative change from
two independent TAM isolations. B,
TRAMP-C2Re3 cells were injected
into the prostates of TKf/f and TKf/f

LysMcreþ mice and tumor weight
determined after 30 days (TKf/f,
n ¼ 15; TKf/fLysMcreþ, n ¼ 13;
�, P < 0.001). Data represent two
independent experiments. C, FACS
analysis for Annexin V/PI on epithelial
cells isolated from TKf/f and TKf/f

LysMcreþ mice 23 days post–tumor
cell implantation (TKf/f, n ¼ 4;
TKf/fLysMcreþ, n ¼ 4; �, P < 0.01). D,
quantification for F4/80 on TRAMP-
C2Re3 tumor sections from TKf/f and
TKf/fLysMcreþ. Data represented as
mean F4/80þ cells per 40� field
(TKf/f, n ¼ 5; TKf/fLysMcreþ, n ¼ 5;
�, P < 0.05). E, qRT-PCR for iNOS
expression in TRAMP-C2Re3 tumors
from TKf/f and TKf/fLysMcreþ mice.
F, Western blot analysis of pSTAT3-
Y705 and total STAT3 in TAMs
isolated from TRAMP-C2Re3 tumors
from TKf/f and TKf/fLysMcreþ mice.
G, Western blot analysis of arginase-
1 expression in TAMs isolated from
TRAMP-C2Re3 tumors from TKf/f

and TKf/fLysMcreþmice. F and G are
representative of four independent
TAM isolations. TAMs, tumor-
associated macrophages.
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of CD4þ and CD8þ T-cell subsets resulted in similar growth
rates in TKþ/þ and TK�/� mice; however, a dramatic increase
in tumor growth was observed in both genotypes.

Depletion of CD8þ T cells in TKf/fLysMcreþmice restores
TRAMP-C2Re3 tumor growth

To determine if Ron loss in macrophages was sufficient to
engage an antitumor immune response, CD8þ T-cell depletion
studies were conducted in TKf/f and TKf/fLysMcreþ tumor-
bearing mice. Depletion of CD8þ T cells in TKf/fLysMcre mice
abolished the antitumor immune response (Fig. 7C and D).
Taken together, our results indicate that Ron expression in the
tumor microenvironment, specifically in macrophages, aids in
evasion of tumor immune surveillance by impacting CD8þ T-
cell function.

Discussion
Tumors are regulated by complex signaling networks involv-

ing interactions between malignant epithelial cells and the
adjacent stroma. While many publications have reported the
importance of tumor–stromal interactions for supporting
tumor growth, further investigations are required for the
identification of the stromal cellular mediators and their
associated signaling networks that promote tumorigenesis. In
this report, we provide compelling evidence supporting the
novel role for the Ron receptor in regulating tumor growth by
virtue of its signaling in host bone marrow–derived cells,
particularly myeloid cells, of the tumor microenvironment.

Myeloid cells and bone marrow–derived precursors are
recruited to tumors and promote tumor growth, neovascular-
ization, and aid in antitumor immune suppression (3, 41). Our

Figure 7. Depletion of CD8þ T cells restores TRAMP-C2Re3 tumor growth in Ron-deficient mice. A, growth curve of subcutaneously injected TRAMP-C2Re3
cells in TKþ/þ and TK�/� mice administered with cytotoxic monoclonal antibodies against CD4þ T cells, CD8þ T cells, both T-cell subsets, or an
isotype control (n ¼ 3 per genotype/group). B, final tumor volume of TRAMP-C2Re3 cells from TKþ/þ and TK�/� mice at 28 days postinjection. C, growth
of TRAMP-C2Re3 cells in control and TKf/fLysMcreþmice treated with cytotoxic monoclonal antibodies against CD8þ T cells or an isotype control (n¼ 3 per
genotype/group). D, final tumor volumes from control and TKf/fLysMcreþ mice at 28 days.
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experiments indicate that Ron loss in macrophages increases
their localization to tumors and is associated with decreased
tumor growth. Interestingly, this influx of macrophages into
tumors was only observed in the presence of TK�/� bone
marrow–derived cells, even in the context of bone marrow
transplantation experiments (Figs. 2A, 5D, and 6D). Further-
more, TK�/� mice were on par with wild-types as they exhib-
ited similar numbers of bone marrow–derived cells and hema-
tologic values (Supplementary Fig. S4 and ref. 33). These results
suggest that Ron deficiency does not affect the number and
development of the hematopoietic cell lineages, but instead
improves localization of macrophages to tumors. Loss of Ron
expression in the host environment also resulted in an increase
in the expression of inflammatory cytokines including IL-9,
MIG, IL-17, and TNF-a, which are known to promote macro-
phage infiltration and inhibit tumor growth through mechan-
isms that regulate phagocytic activity or support the activation
of effector cells of the innate and adaptive immune responses.
Alternatively, the increase in TK�/� TAMs in either host
genotype may be due to the need to clear cellular debris. The
underlying mechanism that leads to the increased localization
of macrophages to tumors in the presence of TK�/� bone
marrow–derived cells as well as the functional significances of
increased macrophage numbers on tumor growth warrants
further investigation.
In addition to the increased influx of Ron-deficient macro-

phages to tumors, our data show that a conditional loss of Ron
in myeloid cells is sufficient to inhibit tumor growth in vivo.
These studies are analogous to several previous studies, which
showed decreased tumor growth in mice harboring myeloid-
specific deletions of inhibitor of IkB kinase-b (IKK-b; ref. 42),
STAT3 (43, 44), hypoxia-inducible factor-1a (HIF-1a; ref. 45),
and HIF-2a (46). A previous study on IKK-b has shown that
deletion of this gene in either epithelial cells (enterocytes) or
myeloid cells reduces colitis-associated cancer. In this study,
enterocyte IKK-b expression promoted tumorigenesis by sup-
pressing apoptosis, whereas myeloid expression enhanced
tumor growth by controlling the production of inflammatory
mediators, showing distinct roles for the protein in different
cell types (42). The cell-type specific regulation of tumor
growth by Ron is similar to that observed for IKK-b. Published
studies have shown that loss of Ron in prostate cancer epi-
thelial cells leads to a reduction in tumor growth by promoting
epithelial cell apoptosis and limiting tumor vascularization
(26, 32). In myeloid cells, Ron loss leads to increased tumor cell
apoptosis associated with alterations in the inflammatory
microenvironment and is independent of an effect on blood
vessel formation. Of note, our data using bone marrow trans-
plantation in chimeric mice suggested that in addition to
hematopoietic cells, other nonhematopoietic Ron-expressing
stromal cell types contribute to tumor progression. These data
reinforce the notion of multiple cell-type specific roles for Ron
in promoting tumor growth.
Previous studies from our laboratory in peritoneal macro-

phages have shown that Ron activation enhances macrophage
STAT3 phosphorylation, whereas macrophages from TK�/�

mice exhibit decreased STAT3 activation (17). Consistent with
this data, our current study shows that Ron loss is associated

with lower STAT3 activity in TAMs. STAT3 signaling in macro-
phages attenuates antitumor immunity in a variety of in vivo
tumor models (23, 47). Similar to the studies in this report,
disruption of STAT3 in myeloid cells through the use of
LysMcre mice enhanced the ability of macrophages to stim-
ulate CD8þ T-cell activity in response to tumor antigens (23).
Ron signaling may also regulate T-cell activity through the
induction of T-cell anergy by downregulating the expression of
costimulatory molecules or regulating cytokine/chemokine
production. A significant induction in costimulatorymolecules
CXCR3 and ICOS as well as an induction of IL-9, iNOS, andMIG
were observed in tumors taken from TK�/� compared with
wild-type hosts, suggesting multiple components downstream
of Ron that may regulate T-cell activity. While further studies
are needed to determine the mechanism(s) by which myeloid-
specific Ron signaling regulates tumor growth, our experi-
ments with depletion of CD8þ T cells in TKf/fLysMcreþ mice
suggest that Ron loss in myeloid cells leads to enhanced tumor
cell death through amechanism that may depend upon STAT3
signaling and the activation of the immune response. More-
over, given the lack of current technologies to effectively target
transcription factors such as STAT3, targeting Ron may serve
as an important surrogate to activate the immune response for
cancer therapy.

In addition to alterations in the immune response, Ron
signaling has been shown to regulate key metabolites that
support an immunosuppressive tumor microenvironment.
Ron activation in macrophages results in the inhibition of
iNOS and increased arginase-1 expression (15, 33). iNOS
expression in tumor tissues has been shown to be either pro-
or antitumorigenic, depending on the level of expression and
the duration of NO (48). Consistent with published observa-
tions, Ron loss in the tumor microenvironment increased local
expression of iNOS. This increase in iNOS expression may be
partly attributed to the expression of Ron in myeloid cells, as
tumors from TKf/fLysMcreþ mice also displayed increases in
iNOS levels compared with controls. Taken together, our data
suggest that Ron expression in myeloid cells is important for
regulating the fine balance of iNOS expression, which may
skew the microenvironment toward a tumor-promoting state.
Conversely, expression of arginase-1 has been reported to
protect tissue from damage. Consistently, our data show that
Ron-deficient TAMs exhibited significant decreases in argi-
nase-1 levels. The downregulation of arginase-1 in Ron-defi-
cient TAMsmay be significant, as arginase-1 and arginine have
been shown to be important in regulating a variety of T-cell
activities including proliferation, differentiation, and activa-
tion (49, 50).

In summary, our data suggest a new role for Ron in regu-
lating tumor intrinsic and extrinsic circuits within the tumor
microenvironment. In light of immune impairment in indivi-
duals with cancer, short-term blockade of Ron in a controlled
manner, such as the infusion of Ron-inhibited macrophages,
may reverse the immunosuppressive microenvironment and
activate antitumor immune responses. Further research in
dissecting bidirectional signaling and the context-dependent
role of Ron in cancer may provide a novel therapeutic strategy
to improve the efficacy of cancer therapy.
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