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Statement of translational relevance

Tumor microenvironment contains several types of cells including cancer cells and

normal host cells. The use of various mouse models has shown that bone

marrow-derived myeloid cells, such as tumor-associated macrophages (TAMs),

myeloid-derived suppressor cells (MDSCs) and tumor-associated neutrophils (TANSs),

have important roles in tumor progression. However, it remains to be determined

whether similar mechanisms are involved in humans. We have recently reported loss of

SMAD4 stimulates expression of chemokine CCL15 from colorectal cancer (CRC) to

recruit CCR1* MDSCs, which promotes tumor invasion of primary CRC. This is the first

clinical study showing that loss of SMAD4 promotes lung metastasis of CRC by

accumulation of CCR1" TANs through the CCL15-CCR1 axis, and that CCL15

expression of lung metastatic lesions is an independent predictor of worse prognosis in

CRC patients. These results may justify the treatment with CCR1 inhibitors to prevent

lung metastasis of CRC after pulmonary resection of metastatic CRC.



Abstract

Purpose: We have reported loss of SMAD4 promotes expression of CCL15 from

colorectal cancer (CRC) to recruit CCR1" myeloid cells through the CCL15-CCR1 axis,

which contributes to invasion and liver metastasis. However, the molecular mechanism

of lung metastasis is yet to be elucidated. Our purpose is to determine whether similar

mechanism is involved in the lung metastasis of CRC.

Experimental Design: In a mouse model, we examined whether SMAD4 could affect

the metastatic activity of CRC cells to the lung through the CCL15-CCR1 axis. We

immunohistochemically analyzed expression of SMAD4, CCL15 and CCR1 with 107

clinical specimens of CRC lung metastases. We also characterized the CCR1" myeloid

cells using several cell-type specific markers.

Results: In a mouse model, CCL15 secreted from SMAD4-deficient CRC cells recruited

CCR1" cells, promoting their metastatic activities to the lung. Immunohistochemical

analysis of lung metastases from CRC patients revealed that CCL15 expression was



significantly correlated with loss of SMAD4, and that CCL15-positive metastases

recruited ~1.9 times more numbers of CCR1" cells than CCL15-negative metastases.

Importantly, patients with CCL15-positive metastases showed a significantly shorter

relapse-free survival (RFS) than those with CCL15-negative metastases, and

multivariate analysis indicated that CCL15 expression was an independent predictor of

shorter RFS. Immunofluorescent staining showed that most CCR1" cells around lung

metastases were tumor-associated neutrophil (TAN), although a minor fraction was

granulocytic myeloid-derived suppressor cell (granulocytic-MDSC).

Conclusion: CCL15-CCR1 axis may be a therapeutic target to prevent CRC lung

metastasis. CCL15 can be a biomarker indicating poor prognosis of CRC patients with

lung metastases.



Introduction

Colorectal cancer (CRC), one of the most common cancers worldwide, frequently

metastasizes to the liver and lung. The lung is one of the most frequent sites of

metastases from CRC, with an incidence of approximately 5-15% (1, 2, 3). Although the

development of chemotherapy for metastatic CRC has been reported, surgical resection

of lung metastases appears the most optimal treatment, if possible (4). It was reported

that complete pulmonary resection can improve the 5-year survival rate up to more than

45% (5-9). However, there are few unified criteria for surgical resection for lung

metastases.

To achieve comprehensive therapeutic effects, it is imperative to understand the

molecular mechanisms behind individual cancers. Studies in various mouse models

have shown that bone marrow-derived myeloid cells, such as tumor-associated

macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and tumor-associated

neutrophils (TANs), play important roles in tumor progression (10-14). For example,

Lyden and colleagues reported that hematopoietic progenitor cells expressing myeloid

cell marker (CD11b) and vascular endothelial growth factor receptor 1 (VEGFR1)



accumulate at the premetastatic niche in the lung to form cellular clusters and promote

tumor metastasis through the VEGF/VEGFR1 and CXCL12/CXCR4 pathways (10).

Moses and colleagues reported that a mutant form of transforming growth factor-f3

(TGF-B) receptor recruits MDSCs (CD11b* Gr-1*) at the tumor invasion front via

CXCL12/CXCR4 and CXCL5/CXCR2 axes, contributing to lung metastasis of breast

cancer (11). However, most of these findings were obtained from mouse models, and it

remains to be determined whether such mechanisms are actually involved in humans.

SMAD4 is a key mediator of the TGF-B3 superfamily signaling, and acts as a tumor

suppressor in CRC. Loss of SMAD4 protein expression is found in 20-40% of CRC

cases, and strongly correlated with the prognosis of CRC patients (15-18). We previously

showed that in cis-Apc+4716 Smad4+- (Apc/Smad4) mice that develop invasive intestinal

adenocarcinomas, mouse CCL9 (mCCLD9) is secreted from the cancer epithelium, which

recruits myeloid cells expressing its receptor CCR1 (19, 20). Using a mouse model of

CRC liver metastasis, we also demonstrated that mCCL9-expressing CRC cell lines

recruit CCR1" myeloid cells to expand metastatic foci in the liver (21), and that four

distinct types of myeloid cells are recruited to the metastatic foci; CCR1" neutrophils,



eosinophils, monocytes and fibrocytes (22). In addition to these mouse models, we

recently reported that SMAD4 binds directly to the promoter region of human CCL15

gene (a human ortholog of mouse CCL9) and negatively regulates its expression (23).

Using human clinical specimens, we also showed that loss of SMAD4 promotes CCL15

expression to recruit CCR1" myeloid cells and facilitates primary tumor invasion and liver

metastasis of CRC (23, 24). Most CCR1" cells accumulating at the invasion front of

primary CRC were of the MDSC phenotype (CD11b*, CD33", and HLA-DR’) (24).

Importantly, patients with CCL15-expressing liver metastases showed significantly

shorter relapse-free survival (RFS) than those with CCL15-negative ones (P = 0.04) (23).

Stage II/1ll patients with CCL15-positive primary CRC tended to have shorter RFS than

those with CCL15-negative CRC (P = 0.15), although not a significant difference (24).

However, it has not been investigated whether the CCL15-CCR1 chemokine axis is

involved in lung metastasis of CRC.

Here we report that in human clinical specimens, SMAD4-deficient lung metastases

of CRC showed a significant correlation with CCL15 expression, which was associated

with CCR1" cell accumulation. Most of the CCR1" cells accumulating around the lung



metastases were of the TAN phenotype (CD11b", CD33", HLA-DR", CD15" and CD16"),
although some were of the granulocytic-MDSC phenotype (CD11b*, CD33", HLA-DR
and CD15%). Importantly, CRC patients with CCL15-positive lung metastases exhibited a
significantly shorter RFS than those with CCL15-negative ones (P = 0.022). We also
found that CCL15 expression of lung metastases could be a significant predictor of
shorter RFS, as determined by multivariate Cox proportional hazards model analysis. In
a mouse model of lung metastasis, SMAD4-deficient CRC cells showed high capacity of
metastasis to the lung, which was suppressed by the treatment of CCR1 inhibitor. These
results suggest that blocking the CCL15-CCR1 axis may provide a novel therapeutic
strategy for lung metastases of CRC, and that CCL15 expression may be a novel

predictive biomarker of CRC patients with lung metastases.
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Materials and Methods

Patients’ population

A total of 107 lung metastases were obtained from 81 CRC patients undergoing

pulmonary resection at Kyoto University Hospital between 2006 and 2013, and their

tissue samples were retrospectively analyzed. The diagnosis of CRC was confirmed by

pathological examination. The study protocol was approved by the institutional review

board of Kyoto University, and the patients provided their consents for data analysis.

Cell lines and reagents

HT29 and HCT116 cells were supplied from American Type Culture Collection

(ATCC) in the year 2011 during study initiation and were maintained in low glucose

DMEM with 10% fetal bovine serum and 1% penicillin/streptomycin mixture. All cell lines

were authenticated by TAKARA Bio Inc (Shiga, Japan) using DNA profiling of short

tandem repeat markers and further verified by morphology and/or flow cytometry on July,

2014. They were routinely tested negative for mycoplasma. Stable transductants of

HT29 cells for firefly luciferase and cMyc-tagged human SMAD4 were established, as
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previously described (23, 24). Stable transductants of HCT116 cells for firefly luciferase

and shRNA against SMAD4 (shSMAD4) were established, as previously described

(23). A detailed list of the antibodies used was reported previously (23, 24). Anti-CD16

mouse antibody was obtained from Leica Biosystems (Wetzlar, Germany) and

anti-Luciferase goat antibody from Promega (Fitchburg, WI).

Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA was extracted using RNeasy Mini kit (Qiagen, Hilden, Germany) according

to the manufacturer’s protocol. Complementary DNA generated by reverse transcription

was quantified using ABI PRISM 7700 (Applied Biosystems, Carlsbad, CA). The

primer-probe sets for CCL15 and ACTB were from TagMan Gene Expression assays

(assay ID, Hs00361122_m1 and Hs99999903_m1, respectively). The mRNA level for

CCL15 was normalized to that for ACTB by a ACt method.

Western blotting

Cells were lysed in NP-40 lysis buffer (20 mM Tris- HCI [pH 7.5], 150 mM NacCl, 10%
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glycerol, 1% NP-40, 10 mM sodium fluoride, 1 mM sodium pyrophosphate, 1 mM sodium
orthovanadate and protease inhibitors). Cell lysates were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis, then immunoblotted with the respective
primary antibodies followed by horseradish peroxidase-conjugated secondary antibodies,

and analyzed. A detalil list of the antibodies used was reported previously (23).

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were stained with the respective
antibodies by an avidin-biotin immunoperoxidase method. Expression of SMAD4 was
evaluated as a nuclear staining, and the percentage of positively stained cells was
scored as previously described (15, 24). Expression of CCL15 was interpreted as
positive when > 10% of the tumor cells were stained, as previously described (23, 24).
We quantified the densities of CCR1" cells at the margin of lung metastases (5-9 fields
(0.1mm?) analyzed per one sample), as previously described (23, 24). Three
researchers (TY, Yl and Sl) independently evaluated all immunohistochemistry samples
without prior knowledge of other data. The slides with different evaluations among them
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were reinterpreted at a conference to reach the consensus.

Immunofluorescence analysis

After deparaffinization of 4 um-sliced sections, heat induced antigen retrieval was
performed. The 1st antibody was applied and incubated overnight at 4 °C. After
fluorescence-labeled 2nd antibody was applied (Alexa Fluor 488 anti-mouse/goat or 594
anti-rabbit), slides were mounted with a mounting medium including DAPI.

Representative photos were taken by a fluorescence microscope.

Cell proliferation assay
Cells were incubated in 6-well plates (1 x 10° cells/well) and then cell numbers were
counted at 1, 3 and 5 days later using a Countess™ Automated Cell Counter (Invitrogen,

Carlsbad, CA).

In vivo xenograft studies
For experimental lung metastasis model, cancer cells (1.5 x 10° cells for HT29 or 3 x
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10° cells for HCT116) were injected via tail veins of 8-week old female nude mice. For in
vivo bioluminescence imaging, 3 mg of D-luciferin (VivoGlo luciferin, Promega) was
injected intraperitoneally into anesthetized tumor-bearing mice 10 min before imaging.
Bioluminescence from the luciferase-expressing tumor cells was monitored at days 7, 14,
21, 28 and 35 post-injection, using a Xenogen IVIS system (Xenogen Corporation,
Alameda, CA). In the CCR1 antagonist-treated metastasis experiment, 3 x 10° cancer
cells (Luc-HT29 cMyc-tag cells) were injected via tail veins of 8-week old female SCID
mice. As a CCR1 antagonist, J-113863 (10 mg/kg) (TOCRIS Bioscience, Bristol, United
Kingdom) was intraperitoneally administered from 1 day before tumor injection to the end
of analyses (25). The animal experiment was approved by the Animal Care and Use

Committee of Kyoto University.

Statistical analysis

Analyzed values are expressed as means + standard deviation (SD). Categorical
data were determined with Fisher’s exact test. Continuous variables were determined
with Student’s ttest or Mann-Whitney U test. For factors associated with CCL15
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expression, multivariate logistic regression analysis was used and factors with a P value

of < 0.15 were included in the model. Probability of survival was analyzed by the

Kaplan-Meier method using the date of pulmonary resection as the starting point. The

significance of differences between subgroups was calculated using the log-rank test.

Multivariate analysis of the prognostic factors was carried out using the Cox’s

proportional hazard regression model. Relationships between variables were determined

by Pearson’s correlation coefficients. All analyses were two-sided, and a P value with <

0.05 was considered as statistically significant. Statistical analyses were performed with

the JMP Pro software, version 11.0.0 (SAS Institute Inc, NC).
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Results

Loss of SMAD4 in CRC lung metastases accumulates CCR1" cells through

CCL15-CCR1 chemokine axis in a mouse model

We previously reported that loss of SMAD4 causes recruitment of CCR1" myeloid

cells through CCL15-CCR1 axis to promote tumor invasion and liver metastasis of CRC

(23, 24). Therefore, we hypothesized that CCL15 expression may also promote lung

metastasis of CRC through the CCL15-CCR1 axis.

To test this hypothesis, we first examined the role of SMAD4 in lung metastasis of

CRC using a mouse model. We injected luciferase (Luc)-expressing human CRC cells

into the tail veins of nude mice, and then monitored the metastasized tumor cells within

the lungs by bioluminescence. A SMAD4-deficient CRC cell line, HT29, endogenously

expressed high levels of CCL15, whereas over-expression of cMyc-tagged SMAD4 in

these cells (Luc-HT29 cMyc-SMAD4) dramatically reduced CCL15 expression without

affecting cell viability (Supplementary Fig. S1A and B) (23, 24). When Luc-HT29

cMyc-SMAD4 cells were injected into nude mice through the tail veins, their lung

luciferase activities were reduced compared with the controls (Fig. 1A). We dissected
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lungs 35 days after injection and examined metastatic foci by bioluminescence. Although

the SMAD4-deficient cells (Luc-HT29 cMyc-tag) formed foci in 38.9% of their lungs (14 of

36 lungs), the SMAD4-expressing cells (Luc-HT29 cMyc-SMAD4) metastasized to lungs

in only 13.2% (5 of 38 lungs) (Fig. 1B; P = 0.02). We histologically examined the mouse

lungs containing metastatic CRC cells. As anticipated, lung tumors of Luc-HT29

cMyc-tag cells expressed CCL15, whereas those with Luc-HT29 cMyc-SMAD4 cells did

not (Fig. 1C). Consistently, CCR1" cells were accumulated around the lung metastases

of Luc-HT29 cMyc-tag cells, whereas few CCR1" cells accumulated around those of

Luc-HT29 cMyc-SMAD4 cells (Fig. 1C). Next, we used another CRC cell line, HCT116,

in which SMAD4 was endogenously expressed (Supplementary Fig. S1C-E). In HCT116

cells engineered with stable SMAD4 knockdown (Luc-HCT116 shSMAD4), shSMAD4

construct decreased SMAD4 expression and increased CCL15 expression, as

previously reported (23). When injected into nude mice through the tail veins,

Luc-HCT116 shSMAD4 cells formed foci in 50% of their lungs (9 of 18 lungs), while the

control cells (Luc-HCT116 scramble) metastasized to lungs in only 25% (6 of 24 lungs)

(Fig. 1D and E; P =0.12). Histological analysis indicated that lung tumors of Luc-HCT116

18



shSMADA4 cells expressed CCL15, whereas those with Luc-HCT116 scramble cells did

not (Fig. 1F). Consistently, CCR1" cells were accumulated around the lung metastases

of Luc-HCT116 shSMAD4 cells, whereas few CCR1" cells accumulated around those of

Luc-HCT116 scramble cells (Fig. 1F). Finally, we evaluated a CCR1 antagonist

(J-113863) for its suppressive effect in the mouse lung metastasis model. J-113863 did

not affect the proliferation rate of Luc-HT29 cMyc-tag cells in vitro (Supplementary Fig.

S1F). We administered J-113863 (25) or the vehicle to SCID mice that were injected with

Luc-HT29 cMyc-tag cells (Supplementary Fig. S1G). Luc-HT29 cMyc-tag cells do not

necessarily metastasize to the lungs in nude mice (Fig. 1B), but we found they could

inevitably metastasize to the lungs in SCID mice (Fig. 1G). Treatment of the host mice

with 10 mg/kg of J-113863 tended to reduce the luminescence levels compared with

vehicle-treated mice at day 21 (17.11 + 18.54 vs. 5.54 + 6.71, respectively; P = 0.12),

although there was no apparent difference in the luminescence levels between the two

groups at day 14 (Fig. 1H and Supplementary Fig. S1H). As anticipated, we verified by

IHC analysis that J-113863 reduced the accumulation of CCR1" cells around the lung

metastases of Luc-HT29 cMyc-tag cells (Fig. 11). These results indicate that loss of
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SMAD4 in CRC cells promotes CCL15 expression to recruit CCR1" cells, which causes

metastatic colonization of tumor cells disseminated to the lungs in this mouse model.

Loss of SMAD4 is associated with CCL15 expression and CCR1" cell accumulation,

which can result in lung metastasis.

In order to confirm the clinical relevance of the results from the mouse model, we next

investigated expressions of SMAD4, CCL15 and CCR1 using clinical specimens of CRC

lung metastases resected between 2006 and 2013 (Table 1). Of 107 lung metastases

obtained from 81 patients, we found that 58% (62 of 107) was negative for SMAD4

expression, whereas 42% (45 of 107) was positive (Table 1). Immunohistochemistry

indicated that CCL15 was expressed mainly at the marginal parts rather than the center

of the lung metastases (Fig. 2A), and that CCL15 expression was positive in 76% (81 of

107) (Table 1), which is similar to the frequencies in primary tumors and liver metastases

of CRC (23, 24). Especially, CCL15 expression was positive in 85% (53 of 62) of the

SMAD4-negative metastases, whereas it was found in 62% (28 of 45) of the

SMAD4-positive metastases, with a significant inverse correlation between SMAD4 and
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CCL15 (odds ratio = 0.22; P < 0.01, Table 1).

Univariate analysis of each clinicopathological factor indicated that CCL15

expression was significantly correlated with SMAD4 expression (P = 0.02), and tended to

be correlated with tumor location of the primary CRC (P = 0.13) and T factor of the

primary CRC (P = 0.14) (Table 2). In the multivariate analysis including factors with a P

value of < 0.15, only SMAD4 expression remained significantly correlated with CCL15

expression (Table 2; P = 0.043), showing a significant inverse correlation between

CCL15 and SMADA4.

Regarding the relationship between CCL15 expression and CCR1" cell accumulation,

we found that numerous CCR1" cells accumulated around the CCL15-positive CRC cells

in the lung, but few around the CCL15-negative ones (Fig. 2A). We quantified the density

of CCR1" cells at the periphery of lung metastases, and found that ~1.9 times more

CCR1" cells around the CCL15-positive metastases than around CCL15-negative ones

(12.0 £ 6.8 vs. 22.6 + 16.0; P < 0.01, Table 1; Fig. 2B). These results are consistent with

the CRC data for the primary tumors and liver metastases (23, 24). We also determined

whether CCR1" cell density was correlated with the metastatic tumor size, and found

21



little correlation between them (P = 0.249; Pearson’s correlation coefficients; Fig. 2C),

which is different from the data of the liver metastases of CRC (23).

Expression of CCL15 in lung metastases predicts poor survival after pulmonary

resection of metastatic CRC.

To evaluate the clinical outcome of CCL15 expression, we analyzed RFS of 67 CRC

patients who underwent curative resection of lung metastases. The median follow-up

was 32 months, and the estimated RFS rate at 3- and 5-year was 38.8% and 33.1%,

respectively (Supplementary Fig. S2A-D). Statistical analyses showed that the CRC

patients with CCL15-positive metastases exhibited a significantly shorter RFS than those

with CCL15-negative metastases (P = 0.02, Fig. 2D). The cumulative 3-year RFS rate

of CRC patients with CCL15-positive metastases was 33.0%, whereas that of those with

CCL15-negative metastases was 66.0%. We previously reported that CCL15 expression

on primary tumors or liver metastases of CRC is correlated with patients’ RFS (23, 24).

The present results are consistent with our previous studies, supporting that

SMAD4-deficient CRC can worsen patients’ survival through the CCL15-CCR1
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chemokine axis to accumulate CCR1" cells in the tumor microenvironment. We also

analyzed overall survival (OS) of 81 patients who underwent pulmonary resection

(Supplementary Fig. S3A), and found that CCL15 expression tended to correlate with

shorter OS although without a significant difference (P = 0.14, Supplementary Fig. S3B).

In CRC patients who underwent complete pulmonary resection in a large-scale

retrospective analysis, it has been recently reported that the number of pulmonary

metastatic lesions, their distribution, the tumor size, the serum carcinoembryonic antigen

(CEA) level prior to pulmonary resection, the disease-free interval, and the lymph node

metastases of primary CRC are independent prognostic factors for prognosis (5-8).

Therefore, we also analyzed the effect of CCL15 expression in conjunction with these

factors in this study. According to a univariate analysis, T stage of primary CRC, N stage

of primary CRC, CEA level prior to pulmonary resection, and CCL15 expression in lung

metastases were significant predictors of shorter RFS (Table 3; Supplementary Fig.

S2B-D). In the multivariate analysis including these variables, CCL15 expression in lung

metastases was the only parameter that remained significant for predicting shorter RFS

(Table 3; hazard ratio [HR], 2.53; 95% confidence interval [Cl], 1.11-6.67; P = 0.026).
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Characterization of CCR1" cells accumulated around lung metastases of CRC

We previously reported that CCR1" cells accumulating around the invasion front of

primary CRC were of the MDSC phenotype, and that most of these CCR1" MDSCs were

of the granulocytic-MDSC lineage (24). In order to determine whether the CCR1" cells

accumulating around lung metastases of CRC were of the same phenotype as those in

the primary CRC, we performed double immunofluorescence staining with several

cell-type specific markers. The majority of these CCR1" cells were positive for MPO,

CD11b, CD15 and CD16, while they were negative for HLA-DR, CD33, CD3, CD8, CD14,

CD68 and o-SMA (Fig. 3A-F and Supplementary Fig. S4A-E), suggesting that they were

of the TAN phenotype (CD11b", CD33", HLA-DR", CD15" and CD16"). TANs are

characterized by having immunosuppressive (by producing ARG1) and angiogenic (by

producing MMP) functions (12, 13, 14). Consistently, we confirmed that these CCR1"

cells expressed ARG1 in addition to MMP9 (Fig. 3G and H), and that a subpopulation of

these CCR1" cells was positive for CXCR2 (Supplementary Fig. S4F), a major

chemokine receptor expressed on TAN (12). Moreover, we also observed that only a
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minor fraction of CCR1" cells were positive for CD11b, CD33 and CD15 with negative

HLA-DR (Supplementary Fig. S5A-D), suggesting that they were of the

granulocytic-MDSC lineage.
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Discussion

It has been shown that various types of myeloid cells promote tumor progression by

immune suppression as well as by facilitating cell growth, migration and angiogenesis.

These cells include TAMs, MDSCs and more recently TANs (12, 13, 14). TAMs, the

best-characterized among them, are divided into two populations: M2 macrophages that

promote tumorigenesis and M1 macrophages that are antitumorigenic. MDSCs

constitute a heterogeneous population of immature myeloid cells that are increased in

cancer, inflammation and infection (26). Human MDSCs comprise two subpopulations;

monocytic-MDSCs (HLA-DR’, CD11b", CD33" and CD14") and granulocytic-MDSCs

HLA-DR", CD11b*, CD33" and CD15"). On the other hand, the presence and functional

characteristics of TANs may have been underestimated and therefore need reappraisal.

As defined with M1 and M2 TAMs, TANs also have differential states of

activation/differentiation: N1 neutrophils are antitumorigenic, whereas N2 neutrophils

display protumorigenic properties (27, 28). It has been reported that, in a mouse lung

cancer model, TGF-B is a major cytokine within tumors that defines the TAN phenotype

and skews differentiation toward the N2 phenotype (27). We previously reported that
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CCL15 expression by loss of SMAD4 in cancer cells helps recruitment of CCR1* MDSCs
(CD11b", CD33", and HLA-DR) at the invasion front of primary CRC (24). In this study of
the lung metastases of CRC, we have verified that CCL15 expression was significantly
correlated with loss of SMADA4 (Table 1), and that CCL15-positive metastases recruited
more numbers of CCR1" cells than CCL15-negative metastases did (Table 1; Fig. 2B).
CCR1" cells accumulating around lung metastases were positive for MPO, CD11b, CD15
and CD16 (Fig. 3A, B, E, and F), while they were negative for HLA-DR, CD3, CD8 and
o-SMA (Fig. 3D, and Supplementary Fig S4A, B and D), suggesting their myeloid origin
rather than lymphoid or fibroblastic origins. Contrary to our anticipation, most of these
CCR1" cells expressed mature myeloid cell markers (positive MPO and negative CD33)
(Fig. 3A and C), and granulocyte-lineage markers (MPO, CD15 and CD16) (Fig. 3A, E
and F), while they lacked monocyte-lineage markers (CD68 and CD14) (Supplementary
Fig. S4C and E). These cells may contribute to the development of tumor
microenvironment through production of MMP9 and ARG1 (Fig. 3G and H). We also
found that only a minor fraction of CCR1" cells were positive for CD11b, CD33 and CD15
with negative HLA-DR (Supplementary Fig. S5A-D). Taken together, these results
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indicate that CCR1" cells accumulating around lung metastases of CRC are composed
mainly of the TAN and only partially of the granulocytic-MDSC, which may suggest these
myeloid cell subsets are specific to the tumor and organ. Regarding the CCR1" cells
accumulating around CRC liver metastases, we previously reported that these CCR1”
cells were positive for both CD11b and MPO (23). In this study, we further characterized
these CCR1" cells using double immunofluorescence staining, and found that most of
CCR1" cells were positive for MPO, CD11b, CD15, CD16, ARG1 and MMP9 while they
were negative for HLA-DR and CD33 (Supplementary Fig. S6A-H), which suggests that
they are composed mainly of TAN. Regarding the relationship between TANs and
MDSCs, it has been suggested that MDSCs can enter tumors and differentiate to mature
TAMs or TANs (29). It remains to be determined whether the neutrophils within the
tumors are derived from granulocytic-MDSCs or whether they are blood-derived
neutrophils converted to the N2 phenotype by the tumor environment (e.g., high local
concentration of TGF-). To further characterize the cell lineage and the functions of
these myeloid cells, our next step would be to isolate viable tumor-associated CCR1*

myeloid cells from the tumor tissues by fluorescence activated cell sorting. Several
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studies show that an elevated neutrophil count in the peripheral blood (i.e., a high

neutrophil-to-lymphocyte ratio (NLR)) is associated with poor clinical outcomes in

several types of cancer including CRC (30), emphasizing the importance and relevance

of neutrophils in cancer biology.

Chemokine CCL15, a member of the CC chemokine family and constitutively

expressed in the gut and liver, was cloned and partially characterized (31). CCL15 plays

an important role in the development of inflammation and allergic diseases (32, 33, 34),

and binds mainly to CCR1 as a chemoattractant for monocytes, neutrophils,

lymphocytes and dendritic cells (35). Accumulating evidence has suggested that CCL15

has a crucial role in the progression of several types of cancer including CRC,

hepatocellular carcinoma (HCC), and lung cancer (23, 24, 36-39). We previously showed

that SMAD4 binds directly to the promoter region of human CCL 15 gene to negatively

regulate its expression, and that CCL15 expression is inversely correlated with SMAD4

expression in clinical specimens of human primary CRC and its liver metastasis (23, 24).

In the lung metastases of CRC, we have determined here that there is a significant
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inverse correlation between CCL15 and SMAD4 levels by immunohistochemical analysis

of 107 clinical samples (Table 1 and 2). Expression of SMAD4 was lost in 58% (62 of

107), whereas that of CCL15 was found in 76% (81 of 107). The difference of ~20%

between these frequencies suggests that factors other than SMAD4 can also contribute

to CCL15 expression. In fact, the promoter of CCL 15 contains multiple potential binding

sites for transcription factors involved in the immune system and inflammation, although

the functionality of these regions are yet to be investigated experimentally (35). It has

been reported that CCL15 is the most significant serum markers associated with short

survival in early-stage (i.e., Stage I/ll) lung cancer (38). In HCC, CCL15 is one of the

independent predictors of shorter OS as well as TNM stage (39). Our previous reports

show that CCL15 is associated with a shorter RFS in liver metastasis and Stage /Il

primary CRC (23, 24). In this study, we have also demonstrated that patients with

CCL15-positive lung metastases show a significantly shorter RFS than those with

CCL15-negative ones (P = 0.02, Fig. 2D). It is worth noting that a multivariate analysis

has indicated that CCL15 expression is an independent predictor of shorter RFS (P =

0.026, Table 3), although further studies with a large multi-institutional cohort are
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required. Taken together, CCL15 expression within tumors may be associated with poor

clinical outcomes in several types of cancer.

Chemokines have overlapping actions, and their activities can be altered by

proteolytic degradation. Therefore, effective targeting of chemokine pathways can

require high levels of receptor occupancy throughout treatment. In mouse models, tumor

invasion and metastasis of CRC were suppressed by inhibiting CCL15-CCR1 signaling

with a CCR1 inhibitor, genetic knockdown of CCL15 gene, or CCR1 knockout mice (20,

21, 23, 24, 40). In addition, it has been reported recently that activation of CCL2/CCR2

axis prompts TAMs to secrete another chemokine CCL3, which in turn activates its

receptor CCR1 in TAMs and promotes lung metastatic seeding of breast cancer in a

mouse model (41). These results suggest that inhibition of CCR1 may have a therapeutic

impact on metastatic progression of certain types of cancer, including CRC and breast

cancer. A number of CCR1 inhibitors have already been used in phase I/l clinical trials

for rheumatoid arthritis, chronic obstructive pulmonary disease and multiple sclerosis (42,

43). Thus, it would be worthwhile to test CCR1 inhibitors to prevent cancer metastasis,
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because they have been already cleared for safety concerns.
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Table1 : Univariate analysis of factors associated with CCL15expression

Factors CCL15 negative CCL15 positive P-value
(n=26) (n=281)
tumor size (mm) 174 £15.2 145+ 10.7 0.68
SMAD4 expression
negative 9 53
positive 17 28 <0.01
CCR1-positive cell count 12.0+6.8 226 +16.0 <0.01
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Table2 : Univariate analysis of clinico-pathological factors for CCL15 expression

Univariate analysis

Multivariate analysis

CCL15 CCL15
Variables negative positive  P-value OR 95%ClI P-value

Age

<60 8 15

60 < 12 46 0.25
Sex

Male 12 36

Female 8 25 1.00
Location

Colon 7 34

Rectum 13 27 0.13 1.73 0.56-556 0.34
Histology

tub1 / tub2 14 42

por / sig / muci 1 5 1.00
T factor

1/2 3 3

3/4 15 56 0.14 0.47 0.07-3.09 042
N factor

Negative 7 22

Positive 12 38 1.00
M factor

Negative 12 40

Positive 7 20 0.79
H factor

Negative 15 49

Positive 4 11 0.75
venous invasion

Negative 5 11

Positive 9 39 0.31
lymphatic invasion

Negative 6 29

Positive 9 22 0.38
Prior chemotherapy

Negative 9 34

Positive 11 27 0.45
Neoadjuvant treatment

Negative 13 43

Positive 7 18 0.78
Timing

Synchronous 3 10

Metachronous 17 51 1.00
Other metastases

Negative 9 25
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Positive 11
Tumor size

< 20mm 15

20mms 5
Number of metastases

1/2 19

3< 1
Hilar / Mediastinal LN

Negative 20

Positive 0
Disease free interval

< 2years 8

2years < 12
CEA (ng/mL)

<50 15

50< 5
CA19-9 (U/mL)

<37 8

37< 1
NLR

<3.0 16

3.0= 4
SMAD4 expression

Negative 7

Positive 13

35

41
17

21
40

45
15

43
18

40
21

0.80

0.78

1.00

0.57

0.79

1.00

1.00

0.56

0.02

3.26

1.04 -10.97

0.043
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Table3 : Univariate and multivariate analysis of clinico-pathological factors for relapse

free survival

Univariate analysis

Multivariate analysis

variables N HR 95%CI P-value HR  95%CI P-value
Age

<60 20

60 < 47 1.03 0.54-210 0.93
Sex

Male 37

Female 30 0.66 0.34-124 0.20
Location

Colon 34

Rectum 33 0.82 0.44-152 0.52
Histology

tub1 / tub2 46

por / sig / muci 5 0.71 0.11-235 0.62
T factor

1/2 6

3/4 58 3.30 1.00-20.3 0.049 218 0.59-14.36 0.27
N factor

Negative 23

Positive 43 203 1.04-4.25 0.038 0.81 0.26 - 3.52 0.75
M factor

Negative 44

Positive 22 1.83 0.96-343 0.07
H factor

Negative 52

Positive 14 1.54 0.73-3.01 0.24
venous invasion

Negative 11

Positive 43 098 0.45-245 0.96
lymphatic invasion

Negative 28

Positive 27 1.31 0.67-259 044
Prior chemotherapy

Negative 37

Positive 30 098 052-1.81 0.95
Neoadjuvant treatment

Negative 50

Positive 17 149 0.73-2.85 0.26
Timing

Synchronous 12

Metachronous 55 0.70 0.35-1.50 0.34
Other metastases

Negative 31

Positive 36 1.53 0.83-291 0.18
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Tumor size
<20mm
20mm <

Number of metastases

1/2
3<
Distribution
unilateral
bilateral
Hilar/Mediastinal LN
Negative
Positive
Disease free interval
< 2years
2years <
CEA (ng/mL)
<50
50<
CA19-9 (U/mL)
<37
37 <
NLR
<3.0
3.0=<
CCL15
Negative
Positive
SMAD4
Negative
Positive

48
17

63
4

57
10

63
4

25
42

50
16

32
5

48
19

15
52

37
30

0.95

0.83

0.94

1.77

0.94

2.07

3.17

1.08

2.58

0.63

0.44 -1.89

0.14-2.72

0.32-2.20

0.43 - 4.91

0.51-1.78

1.03 -3.94

0.87 -9.47

0.53-2.08

1.19 -6.47

0.33-1.17

0.90

0.79

0.90

0.38

0.84

0.041 197 090-4.14 0.09

0.08

0.82

0.015 254 1.11-6.67 0.026

0.15
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Figure legends

Figure 1. Mouse xenograft model of CRC lung metastasis.

A, In vivo bioluminescence images of nude mice injected with Luc-HT29 cells (left) and

their lungs at 35 days post-injection (right). B, Metastasis frequencies of HT29 clones to

lungs at 35 days post-injection. Metastasis frequencies based on the numbers of lungs

or the number of mice were shown (Fisher’s exact test; P=0.02 and 0.09, respectively).

Note that each mouse has right and left lungs. C, Immunohistochemistry analyses of

mouse lung with metastatic foci. Note that SMAD4 of cMyc-SMAD4 cells is expressed as

a nuclear staining. Scale bar, 100 um. D, Histological analyses of mouse lung with

metastatic foci. Scale bar, 100 um. E, Metastasis frequencies of HCT116 clones to lungs

at 28 days post-injection. Metastasis frequencies based on the numbers of lungs or the

number of mice were shown (Fisher’s exact test; P=0.12 and 0.39, respectively). F,

Immunohistochemistry analyses of mouse lung with metastatic foci. Note that SMAD4 of

scramble cells is expressed as a nuclear staining. Scale bar, 100 um. G, In vivo

bioluminescence images of SCID mice injected with Luc-HT29 cells (left) and their lungs

at 21 days post-injection (right). H, Relative quantification of the lung metastatic lesions
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(photon counts) in SCID mice treated with vehicle or J113863 at 10 mg/kg. Each triangle

represents an individual mouse. Each photon count at day 14 and 21 was normalized to

that at day 7. Horizontal lines show the means of representative groups (Student t test; P

=0.12 at day 21). n = 6-8 mice in each group. |, Immunohistochemistry analyses of lung

metastases of mice treated with vehicle or J-113863. T, Tumor, Scale bar, 100 um.

Figure 2. Correlation of SMAD4 loss and expression of CCL15 and CCR1 in clinical

specimens of CRC lung metastases.

A, Haematoxylin and eosin staining (H&E) and immunohistochemical detection of

SMAD4, CCL15 and CCR1 in lung metastases. Upper and lower panels show serial

sections of representative SMAD4-deficient and SMAD4-expressing CRC, respectively.

Note that SMAD4 of cancer cells is expressed as a nuclear staining. Scale bar, 100 um.

B, Quantification of the CCR1" cell density in CRC lung metastases with and without

CCL15 expression (n = 26 and 81, respectively). *, P< 0.01; Mann-Whitney U test;

horizontal bands show the means. C, Scatter plot of metastatic tumor size and CCR1*

cell accumulation. The relationship was evaluated by the Pearson’s correlation
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coefficient (r; correlation coefficient). D, Effects of CCL15 expression on RFS in CRC

patients who underwent curative pulmonary resection (Kaplan-Meier estimates).

Figure 3. Characterization of CCR1" cells in the tumor microenvironment of CRC

lung metastases.

Simultaneous immunofluorescence staining for CCR1 (red) and MPO (A), CD11b (B),

CD33 (C), HLA-DR (D), CD15 (E), CD16 (F), ARG1 (G), or MMP9 (H) (green). Scale bar,

20 um.
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Supplementary Figure legends

Supplementary Figure S1.

A and B, Western blot analysis of SMAD4 (A) and quantitative RT-PCR analysis of

CCL15 mRNA (B) in luciferase-expressing HT29 cells where SMAD4 was stably

overexpressed (Luc-HT29 cMyc-SMAD4). *, P < 0.05. C and D, Western blot analysis of

SMAD proteins (SMAD4, SMAD5, SMAD2/3 and SMAD1) (C) and quantitative RT-PCR

analysis of CCL15 mRNA (D) in HT29 and HCT116 cells. E, Immunohistochemistry

analyses of mouse lung with metastatic foci of HT29 and HCT116 cells. Scale bar,

100pm. F, Cell proliferation in vitro of Luc-HT29 cMyc-tag cells treated with DMSO

(control) or J-113863 (0.01uM, 0.1uM, 1uM, and 10uM). G, Experimental schedule of

treatment with vehicle or J-113863. H, Relative quantification of the lung metastatic

lesions (photon counts) in SCID mice treated with vehicle or J-113863 at 10 mg/kg. Each

photon count at day 14 and 21 was normalized to that at day 7.

Supplementary Figure S2.

A, Kaplan-Meier curves of RFS in CRC patients after curative pulmonary resection

(Kaplan-Meier estimates). B, Effect of T factor of primary CRC on RFS after curative



pulmonary resection (Kaplan-Meier estimates). C, Effect of N factor of primary CRC on

RFS after curative pulmonary resection (Kaplan-Meier estimates). D, Effect of

preoperative CEA level on RFS after curative pulmonary resection (Kaplan-Meier

estimates).

Supplementary Figure S3.

A, Kaplan-Meier curves of OS in CRC patients after pulmonary resection (Kaplan-Meier

estimates). B, Effects of CCL15 expression on OS in CRC patients after pulmonary

resection with lung metastases (Kaplan-Meier estimates).

Supplementary Figure S4.

Simultaneous immunofluorescence staining for CCR1 (red) and CD3 (A), CD8 (B), CD68

(C), a-SMA (D), CD14 (E), or CXCR2 (F) (green). Scale bar, 20 um.

Supplementary Figure S5.

Simultaneous immunofluorescence staining for CCR1 (red) and CD11b (A), CD33 (B),



HLA-DR (C), or CD15 (D) (green). Scale bar, 20 um.

Supplementary Figure S6.

Characterization of CCR1™ cells in the tumor microenvironment of CRC liver metastases.

Simultaneous immunofluorescence staining for CCR1 (red) and MPO (A), CD11b (B),

CD33 (C), HLA-DR (D), CD15 (E), CD16 (F), ARG1 (G) or MMP9 (H) (green). Scale bar,

20 um.
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Supplementary Figure S2
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Supplementary Figure S3
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Supplementary Figure S4
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Supplementary Figure S5
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Supplementary Figure S6
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