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Statement of translational relevance

Recent studies have revealed that bone marrow-derived myeloid cells play critical roles
in cancer invasion and metastasis. However, most these findings were obtained from
mouse models, and it has remained to be investigated whether similar mechanisms are
actually involved in humans. This is the first clinical study showing that loss of the tumor
suppressor SMAD4 promotes primary CRC progression by accumulation of CCR1”
myeloid cells to the invasion front through CCL15-CCR1 axis. This study has
demonstrated that most of CCR1" cells were of the granulocytic-myeloid derived
suppressor cells (G-MDSCs) phenotype, and that serum CCL15 levels in CRC patients
were significantly higher than in controls. These results may give a convincing
justification for CCR1 inhibitors to prevent CRC metastasis as an adjuvant therapy after
surgical resection of the primary CRC.
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Abstract

Purpose: We previously reported loss of SMAD4 promotes chemokine CCL15
expression to recruit CCR1" myeloid cells via the CCL15-CCR1 axis, which facilitates
metastasis of colorectal cancer (CRC) to the liver. The purposes of this study are to
investigate whether essentially the same mechanism works in tumor invasion of the
primary CRC and to evaluate the clinical importance of CCL15 expression and CCR1*

cell accumulation.

Experimental Design: Using human CRC cell lines with reduced expression of SMAD4
or CCL15, we investigated tumor growth activities in vivo. We used
immunohistochemistry (IHC) to investigate expression of SMAD4, CCL15 and CCR1
with 333 clinical specimens of primary CRC. We next characterized the CCR1" cells
using double immunofluorescence staining with several specific cell-type markers.
Finally, we determined the serum CCL15 levels in 132 CRC patients.

Results: In an orthotopic xenograft model, CCL15 secreted from SMAD4-deficient CRC
cells recruited CCR1" cells, resulting in aggressive tumor growth. IHC indicated loss of
SMAD4 was significantly associated with CCL15 expression, and that CCL15-positive
primary CRCs recruited ~2.2 times more numbers of CCR1" cells at their invasion front
than CCL15-negative CRCs. Importantly, these CCR1" cells were of the myeloid derived
suppressor cell (MDSC) phenotype (CD11b*, CD33", and HLA-DR"). Most CCR1" cells
showed the granulocytic-MDSC phenotype (CD15"), although some did the
monocytic-MDSC phenotype (CD14"). Serum CCL15 levels in CRC patients were
significantly higher than in controls.

Conclusion: Blocking the recruitment of CCR1* MDSCs may represent a novel
molecular targeted therapy, and serum CCL15 concentration can be a novel biomarker
for CRC.
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Introduction

Colorectal cancer (CRC) develops progressively through accumulation of genetic
alterations in genes including APC, KRAS, p53 (TP53), SMAD4, and transforming
growth factor-B (TGF-B) receptor type Il (TGFBR2), etc (1). SMAD4 is a pivotal
transcription factor involved in TGF-B superfamily signaling (e.g., TGF-, bone
morphogenetic proteins (BMPs) and activins) and is an established tumor suppressor in
CRC. Loss of SMAD4 is found in 20-40% of CRC, and is strongly correlated with the
prognosis of CRC patients (2-4). As a model for invasive colon cancer, we previously
constructed cis-Apc+4716 Smad4+- (Apc/Smad4) mice by inducing loss of Apc and
Smad4 in the epithelium (5, 6). In the Apc/Smad4 tumors, a C-C chemokine CCL9 is
secreted from tumor cells and attracts CCR1" myeloid cells from the bone marrow to the
invasion front where CCR1" myeloid cells promote tumor invasion by secreting matrix
metalloproteinase 9 (MMP9) and MMP2 (6). Using a mouse model of CRC liver
metastasis, we also demonstrated that CCL9-expressing CRC cell lines recruit CCR1*
myeloid cells to expand metastatic foci in the liver (7), and that four distinct types of
myeloid cells are recruited to the metastatic foci; CCR1" neutrophils, eosinophils
monocytes and fibrocytes (8). In addition to these mouse models, we recently reported
that SMAD4 binds directly to the promoter region of human CCL15 (a human ortholog of
mouse CCL9) and negatively regulates its expression in vitro (9). In addition, with human
specimens of liver metastasis of CRC, we also showed that loss of SMAD4 in CRC cells
promotes CCL15 expression, recruits CCR1* myeloid cells, and facilitates liver
metastasis (9). However, it has not been investigated whether CCL15-CCR1 chemokine
axis is correlated with progression of primary CRC. Likewise, these CCR1" myeloid cells
remain to be characterized further.

Tumor cells often acquire the capability of survival and invasion by activating
oncogenic pathways or inactivating tumor suppressor pathways. In addition to these
cell-autonomous changes in the epithelial compartment, the stromal compartment plays

key roles in cancer progression. In particular, bone marrow-derived (i.e., myeloid) cells

5

Downloaded from clincancerres.aacrjournals.org on September 27, 2015. © 2015 American Association for Cancer
Research.



Author Manuscript Published OnlineFirst on September 4, 2015; DOI: 10.1158/1078-0432.CCR-15-0726
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

constitute the major components of the tumor microenvironment, and attract rising
attention as key players for malignant progression (10, 11). Namely, tumor-associated
macrophages, neutrophils, and myeloid-derived suppressor cells (MDSCs) can enhance
tumor progression by facilitating the growth and migration of tumor cells, angiogenesis,
and/or suppression of immune response. MDSCs constitute a heterogeneous population
of immature myeloid cells that are increased in cancer, inflammation and infection. In
mice, MDSCs express myeloid markers (Gr1* and CD11b"). In humans, the Gr1 antigen
is absent, and human MDSCs are defined as cells expressing myeloid cell markers such
as CD11b and CD33 but lacking HLA-DR (12, 13). Human MDSCs comprise two subtype
populations; monocytic MDSCs and granulocytic MDSCs. Human monocytic-MDSCs
are usually characterized as HLA-DR", CD11b*, CD33" and CD14", whereas
granulocytic-MDSCs are as HLA-DR’, CD11b*, CD33" and CD15" (12, 13). Because the
phenotype and action mechanisms of MDSCs appear to be tumor type-dependent, it is
important to characterize all MDSC subsets with clinical relevance.

Here we report that in human primary CRC, loss of SMAD4 is correlated with CCL15
expression and concomitant accumulation of CCR1 cells at the invasion front. These
CCR1" cells are of the MDSC phenotype, and most of them show the
granulocytic-MDSC phenotype, although some have the monocytic-MDSC phenotype.
They express MMP2, MMP9, inducible nitric oxide synthase (iNOS), Arginase-1 (ARG1)
and indoleamine 2,3- dioxygenase (IDO). Importantly, Stage Il/11l patients with
CCL15-positive primary CRC tend to have a shorter relapse-free survival (RFS) than
those with CCL15-negative CRC (P = 0.15), although not a significant difference. We
also find that the serum CCL15 concentration of preoperative CRC patients is higher
than that of controls, and that the level increases significantly already in relatively early
stages. In a mouse orthotopic xenograft model, we demonstrate that CCL15 secreted
from SMAD4-deficient CRC cells recruits CCR1" cells and promotes tumor growth,
whereas overexpression of SMAD4 or knockdown of CCL15 diminishes CCR1” cell

accumulation and suppresses tumor growth. Taken together, these results suggest that
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blocking the CCL15-CCR1 axis may be an efficacious therapeutic strategy for CRC
patients, and that the serum CCL15 concentration may be a novel molecular biomarker

for CRC.
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Materials and Methods
Patients population

A total of 333 CRC patients underwent primary resection at Kyoto University Hospital
between June 2005 and December 2008, and their tissue samples were retrospectively
analyzed. For the analysis of serum CCL15 level, preoperative serum samples were
collected from 132 CRC patients and 20 healthy controls between November 2011 and
February 2014. The diagnosis of CRC was confirmed by pathological examination.
These study protocols were approved by the institutional review board of Kyoto

University, and patients provided their consents for data analysis.

Cell lines and reagents

HT29 and Colo205 cells were supplied from American Type Culture Collection (ATCC)
in the year 2011 during study initiation and were maintained in low glucose DMEM or
RPMI with 10% FBS 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.

Immunohistochemistry (IHC) analysis

Formalin-fixed, paraffin-embedded sections were stained with respective antibodies
(Supplementary Table S1) by the avidin-biotin immunoperoxidase method. The
expression of SMAD4 was evaluated as a nuclear staining, and the percentage of
positively stained cells was scored as follows: —, < 5%; +, 5-9%; ++, 10-34%; +++, = 35%,
as previously described (2). The presence of CCL15 protein was interpreted as positive
when > 10% of the tumor cells at the invasion front were stained. We quantified the
densities of CCR1" cells and CCR3" cells at the invasion front of primary CRC (5-9 fields
(0.1mm?) analyzed per one sample), as previously described (9). We adopted IHC

analysis of MLH1 and MSH2, and then interpreted as mismatch repair intact (MMR-I)
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when both proteins were positive, while as MMR deficient (MMR-D) when either protein
was negative (14). One experienced pathologist (SM) and two researchers (Sl and TY)
independently evaluated all IHC samples without prior knowledge of other data. The

slides with different evaluations among them were interpreted once again followed by a

conclusive judgment.

Immunofluorescence analysis

For Immunofluorescence analyses of a-SMA, CCR1, CCR2, CXCR2, CD3, CD8, CD14,
CD15, CD31, CD33, CD68, MPO, HLA-DR, iNOS, ARG1, IDO, MMP2, and MMP9, we
prepared archival formalin-fixed, paraffin-embedded CCR1" cells-accumulated primary
CRC tissue samples, which sliced in 4um. After deparaffinization, heat induced antigen
retrieval was performed. 1st antibodies (Supplementary Table S1) was applied and
incubated overnight at 4°C. After fluorescent labeling 2nd antibodies were applied (Alexa
Fluor 488 anti-mouse or anti-goat and 594 anti-rabbit), slides were mounted with
Mounting Medium including DAPI. Representative figures were taken by fluorescence

microscope.

Statistical analysis

All values are expressed as means * standard deviation (SD). Categorical data were
determined using Fisher’s exact test. Continuous variables were determined using
Student’s t-test or Mann-Whitney U test. Dunnett’s test was also used for multiple
comparisons. To determine factors associated with CCL15 expression, multivariate
logistic regression analysis was used and factors with a P value of < 0.10 were included
in the model. Survival curves were calculated according to the method of Kaplan and
Meier, and analyzed using the log-rank test. All analyses were two-sided, and a P value
of < 0.05 was considered statistically significant. Statistical analyses were performed

using the JMP Pro software, version11.0.0 (SAS Institute Inc, NC, USA).

Downloaded from clincancerres.aacrjournals.org on September 27, 2015. © 2015 American Association for Cancer
Research.



Author Manuscript Published OnlineFirst on September 4, 2015; DOI: 10.1158/1078-0432.CCR-15-0726
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Results
Loss of SMAD4 causes recruitment of CCR1" cells through CCL15-CCR1 signaling
to promote tumor growth in a mouse model

Loss of SMAD4 expression is associated with malignant progression of CRC (2-5).
We previously reported that colon tumors of Apc/Smad4-deficient mice, a mouse model
of invasive CRC, express chemokine CCL9 to recruit CCR1" myeloid cells, which
promotes tumor invasion (6). Therefore, we hypothesized that expression of its human
ortholog CCL15 also promotes tumor invasion through CCL15-CCR1 signaling in human
primary CRC.

To test the hypothesis, we first examined the role of CCL15 in vivo using an
orthotopic xenograft model. We inoculated luciferase (Luc)-expressing human CRC cells
into the rectal submucosa of nude mice and monitored the tumor growth by
bioluminescence, which enabled quantification of the tumor cells by photon counting. A
SMAD4-deficient CRC cell line, HT29, constitutively expressed high levels of CCL15 (9).
When cMyc-tagged SMAD4 was stably over-expressed in HT29 cells (Luc-HT29
cMyc-SMADA4) by lentiviral transduction, CCL15 secretion was significantly decreased to
~1/5 of that from the control cells (Fig. 1A) without affecting cell viability (9). We also
confirmed that CCL15 secretion was significantly decreased by over-expressing SMAD4
in another SMAD4-deficient CRC cell line Colo205 cells, although to a less extent than in
HT29 cells (Supplementary Fig. S1A). When Luc-HT29 cMyc-SMAD4 cells were
inoculated into nude mice, their luciferase activity significantly decreased compared with
those of control cells (Fig. 1B). Upon histological examination, we verified that Luc-HT29
cMyc-tag control cells expressed CCL15 and accumulated CCR1" cells around the
primary tumors, whereas Luc-HT29 cMyc-SMAD4 cells did not (Fig. 1C). To investigate
the role of CCL15 in vivo, we established HT29 cells engineered with stable CCL15
knockdown (Luc-HT29 shCCL15). Two independent shCCL 15 constructs (shCCL15 #1
and #2) decreased CCL15 expression significantly (Fig. 1D) without affecting cell viability
(Supplementary Fig. S1B). When Luc-HT29 shCCL 15 cells were inoculated into nude
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mice, their luciferase activity markedly decreased compared with that of control cells (Fig.
1E). As anticipated, we verified by IHC analysis that Luc-HT29 shCCL 15 cells lacked
CCL15 expression and accumulated few CCR1" cells around the primary tumors (Fig.
1F). Taken together, loss of SMAD4 and expression of CCL15 promote CRC progression

in an orthotopic xenograft model.

CCL15 expression is associated with loss of SMAD4 and the accumulation of
CCR1" cells, which results in tumor invasion and poorer prognosis

To confirm the clinical relevance of the above results, we investigated expression of
SMAD4, CCL15 and CCR1 with 333 clinical specimens of primary CRC obtained
between 2005 and 2008 (Stage 0, n = 10; Stage |, n=59; Stage Il, n=117; Stage lll, n =
91; Stage IV, n = 56) (Supplementary Fig. 2A left). IHC analysis indicated that CCL15
was expressed in tumor cells mainly at the invasion front, not at the center of the whole
tumor (Fig. 2A), and that CCL15 expression was positive in 71% (238 of 333), which is
quite similar to the frequency in liver metastases of CRC (9). Univariate analysis of each
clinicopathological factor indicated that CCL15 expression was correlated with histology
(P =0.05), vascular invasion (P = 0.05) and SMAD4 expression (P < 0.01) (Table 1). In
the multivariate analysis including factors with a P value of < 0.10, only SMAD4
expression remained significantly correlated with CCL15 expression (Table 2; odds ratio,
1.94; 95% confidence interval, 1.16-3.31; P=0.01), which indicated a significant inverse
correlation between CCL15 and SMAD4. Regarding the Stage-based and T factor-based
classifications, CCL15 was highly expressed in Stage Il/lll (73.5% and 79.1 %,
respectively) and T2/T3 (76.9 % and 75.7 %, respectively) (Supplementary Table S2),
although CCL15 tended to decrease in Stage IV and T4. To evaluate the clinical outcome
of CCL15 expression in primary CRC, we analyzed RFS of 299 patients who underwent
curative resection (Supplementary Fig. 2A right). Statistical analyses showed that Stage
[I/11l patients with CCL15-positive CRC tended to exhibit a shorter RFS than those with
CCL15-negative CRC (P = 0.15), although not a significant difference. Similar tendency
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was not found in the analysis for patients of Stages 0-1V combined (Fig. 2B). It was
recently reported that microsatellite instability (MSI)-high and SMAD4 expression were
identified as independent prognostic factors for better prognosis in Stage II/1ll colon
cancer patients from a large randomized phase Il trial (3). Therefore, we also analyzed
the effect of MSI/MMR status and SMAD4 expression in Stage Il/11l patients of this study,
and found that neither MSI/MMR status nor SMAD4 expression was significantly
correlated with RFS (Supplementary Fig. S2B and S2C).

Next, we investigated the relationship between CCL15 expression and CCR1" cell
accumulation, and found that significant numbers of CCR1" cells accumulated at the
invasion front of CCL15-positive CRC, but few around CCL15-negative CRC (Fig. 2A).
Quantification of the density of CCR1" cells indicated that the number of CCR1" cells
around CCL15-positive CRC was ~2.2 times higher than that around CCL15-negative
ones (22.4 + 24.7 vs.49.7 + 30.9; P< 0.01; Fig. 2C), which is in agreement with the data
observed in liver metastases of CRC (9). We also found that the accumulation of CCR1*
cells was especially high in Stage I/ll and T2/T3, but it diminished in Stage IIl/IV and T4
(Fig. 2D), which was similar to the expression pattern of CCL15 (Supplementary Table
S2). Taken together, these results suggest that CCL15 expression is associated with loss
of SMAD4 and the accumulation of CCR1" cells, which may result in tumor invasion of

T2/T3 CRC and poorer prognosis of Stage II/lll CRC.

Characterization of CCR1" cells accumulated around primary CRC

We previously reported that CCR1" cells accumulating around liver metastases of
CRC expressed the myeloid cell markers CD11b and myeloperoxidase (MPO), and also
produced MMP9 (9). Therefore, we next characterized the CCR1" cells accumulating
around the primary CRC using double immunofluorescence staining with several specific
cell-type markers. We found that these CCR1" cells were positive for CD11b, CD33,
MPO and CD68, while they were negative for HLA-DR, CD3, CD8, CD31 and a-SMA
(Fig. 3A-D and Supplementary Fig. S3A-E), which suggests that they are so-called
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“myeloid-derived suppressor cells” (MDSCs; CD33", CD11b", HLA-DR' populations) (12,
13). MDSCs constitute a heterogeneous population of myeloid cells, and comprise two
subtype populations; CD15" granulocytic-MDSCs and CD14" monocytic-MDSCs (12,
13). Importantly, majority of these CCR1" cells were also positive for CD15 (Fig. 3E), and
only a minor fraction (~ 10%) were positive for CD14 (Fig. 3F), which suggests that these
CCR1" cells constitute two subpopulations; granulocytic-MDSCs and
monocytic-MDSCs.

In the tumor microenvironment, MDSCs are characterized by immunosuppressive
function (by producing ARG1, iNOS, and IDO) and angiogenic function (by producing
MMP) (12, 13). We further confirmed that these CCR1" cells expressed ARG, iNOS, and
IDO in addition to MMP2 and MMP9 (Fig. 3G, H and Supplementary Fig. S3F-H).
Moreover, a subpopulation of these CCR1" cells was positive for CCR2 and CXCR2
(Supplementary Fig. S31 and J) that are major chemokine receptors expressed on
MDSCs (15, 23). These results suggest that CCR1" cells accumulating around the
primary CRC are composed of mainly granulocytic-MDSCs and partially
monocytic-MDSCs.

Serum CCL15 concentration is a novel biomarker of CRC

It was recently reported that serum CCL15 was identified as a specific biomarker for
hepatocellular carcinoma (16) and lung cancer (17). Therefore, we investigated whether
the serum CCL15 level could also be a biomarker for CRC progression. We
prospectively collected preoperative serum samples from another cohort of 132 CRC
patients and 20 healthy controls between 2011 and 2014 (Supplementary Table S3), and
then measured the CCL15 concentration by ELISA. The serum CCL15 concentration
was significantly higher in CRC patients than in controls (17.8 = 7.9 vs 9.4 + 3.0 ng/ml,
respectively; P<0.01; Fig. 4A). Regarding the threshold for differentiation, the sensitivity
and specificity were 78.8 % (104 of 132) and 70.0 % (14 of 20), respectively, with a cutoff
value of 10.5 ng/ml. We then investigated the Stage-based and TNM-based
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classifications of the serum CCL15 concentration, and found that the concentration was
significantly increased from a relatively early stage (Fig. 4B and C), which was similar to
the expression pattern in the primary CRC (Fig. 2D). Taken together, serum CCL15 may
be a prognostic biomarker as well as a therapeutic biomarker for inhibition of

CCR1-CCL15 signaling.

14

Downloaded from clincancerres.aacrjournals.org on September 27, 2015. © 2015 American Association for Cancer
Research.



Author Manuscript Published OnlineFirst on September 4, 2015; DOI: 10.1158/1078-0432.CCR-15-0726
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Discussion

TGF-B signaling has both tumor-suppressive and pro-oncogenic effects depending
on the tumor type. The nature of the switch that determines the TGF-f functions between
a tumor suppressor and a tumor promoter has attracted intense research (18).
SMAD4-independent TGF- pathway coupled with loss of SMAD4 was reported to be
involved in the tumor-promoting effects of TGF-B such as epithelial-to-mesenchymal
transition, migration, invasion, tumorigenicity and metastasis (19, 20). In addition, it was
recently reported that loss of SMAD4 activates SMAD4-independent BMP signaling to
promote CRC metastasis via activation of Rho and ROCK (21). In addition to the
cell-autonomous changes in cancer cells, the crosstalk between cancer cells and stromal
cells plays key roles in malignant progression. For example, IL-11 secreted by
TGF-B-stimulated cancer-associated fibroblasts triggers GP130/STAT3 in CRC cells to
promote metastasis (22). We previously reported that loss of SMAD4 promotes CCL15
expression to recruit CCR1* myeloid cells and facilitate liver metastasis of CRC (9).

To our knowledge, this is the first demonstration that a genetic event (i.e., loss of
SMAD4 gene) can promote chemokine production that results in tumor metastasis. In
this study, we have shown that essentially the same mechanism takes place in the
primary CRC. Several previous studies showed that loss of SMAD4 is significantly
correlated with poorer prognosis in CRC patients (3, 4), but we did not find any
correlation in this retrospective study (Supplementary Fig. S2B). One of the reasons for
this discrepancy may be that our cohort study showed relatively better prognosis than
previous reports (Supplementary Fig. S2A; 5-year overall survival and RFS were ~80%
and ~70%, respectively, even in Stage lll), resulting the smaller difference between the
SMADA4-positive and SMAD4-negative ones. Therefore, it may be notable that Stage II/111
patients with CCL15-positive CRC tended to exhibit a shorter RFS than those with
CCL15-negative CRC (Fig. 2B).

Tumor microenvironment contains several types of cells including cancer epithelial
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cells and normal host cells. The MDSC population is one of the important stromal
constituents that play key roles in malignant progression (12, 13). Here we have shown
that CCL15 expression caused by loss of SMAD4 in tumor cells helps recruitment of
CCR1" cells at the invasion front of primary CRC (Fig. 4D). These CCR1" cells were
positive for CD33, CD11b and MPO (Fig. 3A, B and D), and negative for CD3, CD8,
HLA-DR, a-SMA and CD31 (Fig. 3C, Supplementary Fig. S3A, B, C and D), suggesting
that they are of the myeloid origin, but not derived from lymphocytes, fibroblasts or
endothelial cells. Moreover, they expressed both immature myeloid cell marker (positive
for CD33) and mature myeloid cell markers (positive for MPO and CD68)
(Supplementary Fig. S3E). Importantly, they expressed not only granulocyte-lineage
markers (MPO and CD15) (Fig. 3E), known for granulocytic-MDSCs, but also
monocyte-lineage markers (CD68 and CD14) (Fig. 3F), for monocytic-MDSCs, indicating
that these CCR1" cells constitute a heterogeneous population composed of
granulocytic-MDSCs and monocytic-MDSCs, although further analysis is needed to
identify the functions of each subpopulation. These cells may contribute the development
of tumor microenvironment through production of MMP2, MMP9, iNOS, ARG1, and IDO
(Fig. 3G and H, Supplementary Fig. S3F, G, and H). We observed that more numbers of
CCR1" cells were accumulated at T2/T3 stage, suggesting that CRC cells use
CCL15-CCR1 signaling to invade through tightly connected tissue, muscularis propria
(MP) layer. It has been reported that MDSCs express some chemokine receptors such
as CCR2 and CXCRz2 in several types of cancers (15, 23). We observed that a certain
proportion of these CCR1" cells were also positive for CCR2 and CXCR2
(Supplementary Fig. S3l and J), which may suggest that the phenotype and function of
MDSC subsets are tumor type- and organ-dependent.

Chemokine CCL15 shows a strong chemotactic activity for myeloid-lineage cells,
including monocytes, neutrophils, and dendritic cells but also for some T lymphocytes to
bind CCR1 and/or CCR3 (24). CCL15 is highly expressed in certain leukocytes and

macrophages (24), and is converted into potent chemoattractants by MMPs and other

16

Downloaded from clincancerres.aacrjournals.org on September 27, 2015. © 2015 American Association for Cancer
Research.



Author Manuscript Published OnlineFirst on September 4, 2015; DOI: 10.1158/1078-0432.CCR-15-0726
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

serine proteases released during inflammatory responses (25). We also examined the
expression of CCR3 with the same 333 clinical specimens of primary CRC, and found
that CCR3" cell accumulation was rarely observed around the primary CRCs
(Supplementary Fig. S4A). Quantification of the density of CCR3" cells indicated that the
number of CCR3" cells around CCL15-positive CRCs was 11.4 + 7.2, while that around
CCL15-negative ones was 12.1 £ 8.3 (P = 0.80), suggesting there was no significant
correlation between CCL15 and CCR3 (Supplementary Fig. S4B). CCR3" cell
accumulation was not correlated with SMAD4 expression (P = 0.63; Supplementary Fig.
S4C), and CCR1" cell accumulation (P = 0.57; Pearson’s correlation coefficients;
Supplementary Fig. S4D). Although CCL15 is an agonist of CCR1 and CCR3, CCL15 is
reported to have a higher affinity for the CCR1 compared with CCR3 (24, 26, 27). Taken
together with our results, we propose that CCR1 can be the major receptor for CCL15 in
vivo. Regarding the molecular mechanism of CCL15 expression, we previously showed
that SMAD4 binds directly to the promoter region of human CCL 15 gene to negatively
regulate its expression through TGF-f family signaling (9). We also observed that CCL15
expression is inversely correlated with SMAD4 expression in clinical specimens of
human CRC liver metastases (9). In this study, we have verified in the primary CRC that
there is a significant inverse correlation between CCL15 and SMAD4 levels by IHC
analysis of 333 clinical (Table 1 and 2). Loss of SMAD4 was found in 41% (136 of 333),
whereas CCL15 expression was positive in 71% (238 of 333). Because the difference
between these frequencies was about 30%, we speculate that SMAD4 is the central
regulator of CCL15 expression, although factors other than SMAD4 can also contribute
to CCL15 expression. It is noteworthy that CCL15 was identified in the serum samples of
hepatocellular carcinoma patients as a specific proteomic biomarker using
SELDI-TOF-MS system (16). In addition, CCL15 was recently reported to be the most
significant serum marker associated with short survival in early-stage (i.e., Stage 1/ll)
lung cancer (17). In our cohort study, we have also observed that Stage Il/lll patients with

CCL15-positive CRC tend to exhibit a shorter RFS than those with CCL15-negative CRC
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(P=0.15) (Fig. 2B), which suggests that CCL15 expression within tumors may be
associated with the clinical prognosis of several types of cancer. We previously reported
in mouse models that tumor invasion and metastasis are suppressed by inhibiting
CCL15-CCR1 signaling with a CCR1 inhibitor, genetic knockdown of CCL15 gene, or
introduction of CCR1 knockout mutation (6, 7, 9). Some CCR1 inhibitors have already
been used in phase I/ll clinical trials for the patients with rheumatoid arthritis, chronic
obstructive pulmonary disease and multiple sclerosis (28), although they have not yet
been employed for anti-cancer treatment. Selectively targeting CCR1* MDSCs, perhaps
in combination with conventional chemotherapy regimens, can be a novel molecular
targeted strategy, and the serum CCL15 concentration may serve as a novel biomarker
for CRC patients. In particular, patients with a high CCL15 concentration could benefit
from CCR1 inhibition therapy.
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Table 1. Univariate analysis of clinicopathological factors (n = 333)

CCL15 expression
Variables
- (n=95) + (n = 238) P-value
Age, years 0.48
Mean = SD 66.9+11.5 68.1+ 10.4
Sex 0.32
Male 55 153
Female 40 85
Location 0.49
Colon 67 177
Rectum 28 61
Histology 0.05
tub1 / tub2 84 226
others 11 12
T factor 0.33
Tis/T1/T2 28 57
T3/ T4 67 181
N factor 0.39
Negative 61 140
Positive 34 98
M factor 0.20
Negative 75 202
Positive 20 36
UICC-TNM Stage 0.54
o, 11 56 130
[, v 39 108
Lymphatic invasion 0.71
Negative 55 143
Positive 40 95
Venous invasion 0.05
Negative 50 96
Positive 45 142
Microsatellite status 0.16
MMR-D 13 20
MMR-I 82 218
Neutrophil / lymphocyte ratio 0.28
<5 84 220
25 11 18
CEA, ng/mL 0.22
<5 51 146
25 44 92
CA19-9, U/mL 0.31
<37 84 198
=37 11 40
SMAD4 expression <0.01
Negative (-) 27 109
Positive (+, ++, +++) 68 129
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Table 2. Multivariate analysis of factors associated with CCL15 expression

Variables OR 95% CI P-value
Histology (tub1 / tub2) 219 0.90t05.25 0.08
Venous invasion (Positive) 1.52 0.93t02.49 0.09
SMAD4 expression (Negative) 1.94 1.161t0 3.31 0.01

Abbreviations: OR, odds ratio; Cl, confidence interval
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Figure legends

Figure 1. Mouse orthotopic xenograft model for primary CRC.

A, ELISA showing CCL15 levels in the conditioned media when SMAD4 was
overexpressed in Luc-HT29 cells. Mean; bars, £ SD. (Student’s t-test; *, P<0.01). B, In
vivo bioluminescence images of mice inoculated with Luc-HT29 cells into rectal
submucosa (left). Quantification of the orthotopic xenografts (photon counts) (right).
Mean; bars, = SD. (Student’s t-test and Dunnett’s test; *, P< 0.01). n=4-10 for each
group. C, IHC analysis of mouse rectums with orthotopic xenografts. Scale bar, 100 um.
D, ELISA showing CCL15 concentration of conditioned medium when CCL15 was stably
knockdown in Luc-HT29 cells. Mean; bars, + SD. (Student’s t-test; *, P< 0.01). E, In vivo
bioluminescence images of mice inoculated with Luc-HT29 cells into rectal submucosa
(left). Quantification of the orthotopic xenografts (photon counts) (right). Mean; bars, +
SD. (Student’s ttest and Dunnett’s test; *, P< 0.01). n = 4-10 for each group. F, IHC

analysis of mouse rectums with orthotopic xenograft. Scale bar, 100 um.

Figure 2. Correlation of SMAD4, CCL15, and CCR1" cell accumulation in primary
CRC.

A, Haematoxylin and eosin staining (H&E) and IHC staining for SMAD4, CCL15 and
CCR1 of primary CRC specimens. Upper and lower panels show serial sections of
representative SMADA4-deficient and SMAD4-expressing CRC, respectively. Scale bar,
100 um. B, Effect of CCL15 expression on RFS in CRC patients who underwent curative
resection of Stage 0-1V (left) and Stage Il/lll CRC (right) (Kaplan-Meier estimates). C,
Quantification of the CCR1" cell density in primary CRC with and without CCL15
expression (n = 238 and 95, respectively). *, P< 0.01; Mann-Whitney U test; horizontal
bands show the means. D, Quantification of the CCR1" cell density in primary CRC
according to the Stage-based (left) and T factor-based (right) classifications. **, P < 0.05;

Mann-Whitney U test and Dunnett’s test; horizontal bands show the means.
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Figure 3. Characterization of CCR1" cells in the tumor microenvironment of
primary CRC.

Clinical specimens from 8 CRC patients (Stage |, n = 2; Stage Il, n = 5; Stage lll, n = 1)
were analyzed. Immunofluorescence staining for CCR1 and A, CD33, B, CD11b, C,
HLA-DR, D, MPO, E, CD15, F, CD14, G, MMP9, and H, ARG1. Scale bar, 20 um.

Figure 4. Serum CCL15 concentration of preoperative CRC patients.

A, ELISA for serum CCL15 concentration of preoperative CRC patients and healthy
controls (n =132 and 20, respectively). *, P< 0.01; Mann-Whitney U test; horizontal
bands show the means. B, ELISA for serum CCL15 concentration of preoperative CRC
patients according to the Stage-based classifications. *, P < 0.01; Mann-Whitney U test
and Dunnett’s test; horizontal bands show the means. C, ELISA for serum CCL15
concentration of preoperative CRC patients according to the T factor-, N factor- and M
factor-based classifications. *, P < 0.01; Mann-Whitney U test and Dunnett’s test;
horizontal bands show the means. D, Schematic representation of the CCL15-CCR1
chemokine axis in primary CRCs. In SMAD4-positive primary CRCs, only a few MDSCs
accumulate around their invasion front (left). In SMAD4-negative primary CRCs, CCL15
secreted from CRC cells recruits CCR1" MDSCs, mainly G-MDSCs, around their
invasion front. Accumulated CCR1" MDSCs facilitate tumor invasion through
immunosuppressive function (by producing ARG1, iNOS, and IDO) and
tissue-destructive and angiogenic function (by producing MMP2 and MMP9) (right).
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Supplementary Table1. List of antibodies used for IHC, IF and western blotting.

Antibody Host Company dilution ratio
anti-SMAD4 mouse Santa Cruz 1:100
anti- CCL15 Guinea pig made in our lab 1:100
anti-hCCR1 rabbit Genway Biotech 1:100
anti-mCCR1 rabbit made in our lab 1:500
anti-nMLH1 mouse BD Pharmingen 1:50
anti-hMSH2 mouse Calbiochem 1:100
anti-CD3 mouse Lica 1:100
anti-CD8 mouse Lica 1:100
anti-o-SMA mouse Sigma Aldrich 1:400
anti-CD68 mouse Dako 1:100
anti-CD11b goat Santa Cruz 1:100
anti-CD14 mouse Lica 1:50
anti-CD15 mouse Lica 1:20
anti-MPO mouse Lica 1:100
anti-CD31 mouse Dako 1:40
anti-CD33 mouse Lica 1:100
anti-HLADR mouse Lica 1:50
anti-MMP2 mouse Abcam 1:100
anti-MMP9 mouse Santa Cruz 1:100
anti-CCR2 mouse Abcam 1:500
anti-CCRS3 goat Abcam 1:200
anti-CXCR2 mouse Abcam 1:100
anti-iNOS mouse R&D Systems 1:50
anti-ARG1 mouse R&D Systems 1:50

anti-IDO mouse Abcam 1:100




Supplementary Table2. CCL15 expression of primary CRC according to the Stage- and

T factor-based classifications.

CCL15 expression Positive
Characteristics proportion
- (n=95) + (n =238) (%)

UICC-TNM Stage

0 6 4 40.0

I 19 40 67.8

Il 31 86 73.5

i 19 72 79.1

v 20 36 64.3
T factor

Tis 7 4 36.4

T1 9 13 59.1

T2 12 40 76.9

T3 42 131 75.7

T4 25 50 66.7




Supplementary Table3. Tumor characteristics. Preoperative serum samples from

another cohort of 132 patients.

Characteristics No. of Patients
Age, years
Mean + SD 66.6 +12.8
Sex
Male 70

Female 62
Location

Colon 89

Rectum 43
Histology

tub1 / tub2 116

others 16
T factor

Tis/T1/T2 39

T3/T4 93
N factor

Negative 89

Positive 43
M factor

Negative 115

Positive 17
UICC-TNM Stage

o, 1,1l 80

", 1v 52
CEA, ng/mL

<5 85

=5 47
CA19-9, U/mL

<37 111

=37 21




Supplementary Figure legends

Supplementary Figure S1.

A, ELISA showing CCL15 concentration of conditioned medium when SMAD4 was
overexpressed in Colo205 cells. Mean; bars, + SD. (Student’s ttest; *, P <0.05). B,
Quantification of the cell proliferation rates of HT29 (left) and Colo205 cells (right).

Results are presented as mean + SD of triplicate cultures.

Supplementary Figure S2.

A, Kaplan-Meier curves of overall survival (left) and RFS (right) in CRC patients. B, Effect
of SMAD4 on RFS in CRC patients who underwent curative resection of Stage 0-1V (left)
and Stage II/lll CRC (right) (Kaplan-Meier estimates). C, Effect of MMR status on RFS in
CRC patients who underwent curative resection of Stage 0-1V (left) and Stage 1l/lll CRC

(right) (Kaplan-Meier estimates).

Supplementary Figure S3.

Clinical specimens from 8 CRC patients (Stage |, n = 2; Stage Il, n = 5; Stage lll, n=1)
were analyzed. Immunofluorescence staining for CCR1 and A, CD3, B, CD8, C, a-SMA,
D, CD31, E, CD68, F, MMP2, G, iNOS, H, IDO, |, CCR2, and J, CXCR2. Scale bar, 20

um.

Supplementary Figure S4.

A, Haematoxylin and eosin staining (H&E) and IHC staining for SMAD4, CCL15, CCR1
and CCRS of primary CRC specimens. Scale bar, 100 um. B, Quantification of the
CCR3* cell density in primary CRC with and without CCL15 expression (n = 238 and 95,
respectively). Mann-Whitney U test; horizontal bands show the means. C, Quantification
of the CCR3" cell density in primary CRC with and without SMAD4 expression (n = 197
and 136, respectively). Mann-Whitney U test; horizontal bands show the means. D,

Scatter plot of CCR1" cell density and CCR3* cell density. The relationship between



variables was determined by Pearson’s correlation coefficient (r = 0.031, P= 0.57).



Supplementary Materials and Methods
In vivo xenograft studies

We injected 1.0 x 10° of cancer cells into the rectum of eight-week old female nude mice.
For in vivo bioluminescence imaging, we injected 3 mg of D-luciferin (VivoGlo luciferin,
Promega, Madison, WI) intraperitoneally into anesthetized tumor-bearing mice 10 min
before imaging. Bioluminescence from the luciferase-expressing tumor cells was scored
at days 7, 14, 21, 28 and 35 post-injection, using a Xenogen IVIS system (Xenogen
Corporation, Alameda, CA). All animal experiments were approved by the Animal Care

and Use Committee of Kyoto University.

Lentiviral transduction

The specific oligonucleotides were used to knockdown CCL15, as previously described
(7, 9). Each set of oligonucleotides were annealed and cloned into the Agel/EcoRI sites
of pLKO.1 (Addgene, Cambridge, MA). For the control knockdown sequence, we
employed pLKO.1-scrabmle plasmid (Addgene #1864). Firefly luciferase and
cMyc-tagged human SMAD4 were cloned into lentivirus plasmid pLEX-MCS (Addgene)
as previously described (9). These plasmids were transfected with virus particle vectors
(psPAX2 and pMD2.G (Addgene)) to produce recombinant lentiviruses. After cloning of
stable transductants of HT29 cells for firefly luciferase (Luc-HT29 cells), recombinant
lentiviruses were introduced into them, followed by hygromycin selection (500 ug/ml) as

a pool to minimize clonal variation.

Cell viability assay
Tumor cells (1.0 x 10° cells) were incubated in triplicate for 24, 72 and 120 h in 10%
fetal bovine serum. Viable cells were counted by the trypan blue dye exclusion method.

Three sets of experiments were performed for each set.

Enzyme-linked immunosorbent assay (ELISA)



Preoperative serums were diluted 50 times, and then serum CCL15 levels were
measured using ELISA Human CCL15 DuoSet (R&D Systems, Miinneapolis, MN)
according to the manufacturer’s protocol. CRC cell lines were incubated for 72 h, and
then secreted CCL15 into conditioned medium was measured by the same method. In
some cases, we examined serum CCL15 levels in both fresh and frozen samples from

the same patients, and found similar levels of CCL15 expression.



Supplementary Figure S1
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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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