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Abstract  
Tumor-stromal interaction is implicated in tumor progression. Although CCR1 expression 
in myeloid cells could be associated with pro-tumor activity, it remains elusive whether 
disruption of CCR1-mediated myeloid cell accumulation can suppress tumor progression. 
Here, we investigated the role of CCR1 depletion in myeloid cells in two syngeneic 
colorectal cancer mouse models: MC38, a transplanted tumor model and CMT93, a liver 
metastasis model. Both cells induced tumor accumulation of CCR1+ myeloid cells that 
express MMP2, MMP9, iNOS, and VEGF. Lack of the Ccr1 gene in host mice 
dramatically reduced MC38 tumor growth as well as CMT93 liver metastasis. To 
delineate the contribution of CCR1+ myeloid cells, we performed bone marrow (BM) 
transfer experiments in which sub-lethally irradiated wild-type mice were reconstituted 
with BM from either wild-type or Ccr1-/- mice. Mice reconstituted with Ccr1-/- BM exhibited 
marked suppression of MC38 tumor growth and CMT93 liver metastasis, compared with 
control mice. Consistent with these results, administration of a neutralizing anti-CCR1 
monoclonal antibody, KM5908, significantly suppressed MC38 tumor growth and CMT93 
liver metastases. Our findings highlight the importance of the application of CCR1 
blockade as a therapeutic strategy. 
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Abbreviations: CRC, colorectal cancer; TME, tumor microenvironment; TAN, 
tumor-associated neutrophil; TAM, tumor-associated macrophage; MDSC, 
myeloid-derived suppressor cell; HCC, hepatocellular carcinoma; mAb, monoclonal 
antibody; CMT93-luc, CMT93 with luciferase; BM, bone marrow; IHC, 
immunohistochemistry; MMP, matrix metalloproteinase; iNOS, inducible nitric oxide 
synthase; VEGF, vascular endothelial growth factor; Treg, regulatory T cell; PDCA, 
pancreatic ductal cell carcinoma. 
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1. Introduction  
   Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths 
globally. Further understanding of the CRC biology can help establish new therapeutic 
modalities. Recently, the tumor-stromal interaction within the tumor microenvironment 
(TME) has emerged as a potential therapeutic target. For example, infiltration of CD3+ 
and CD8+ T cells into the CRC tissues results in a favorable prognosis of Stage I–III 
patients [1]. Immune checkpoint blockade therapy has provided clinical benefit to 
microsatellite instability-high CRC patients [2]. Recent data have shown that several 
types of myeloid cells, including tumor-associated neutrophils (TANs), tumor-associated 
macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs), play critical roles 
in tumor progression by releasing a number of cytokines and chemokines [3, 4]. Unlike 
cancer cells, host cells are genetically stable and represent promising therapeutic targets, 
since they are less likely to develop drug resistance [5].  
  Chemokines are a family of chemoattractant polypeptides cytokines that regulate the 
migration and positioning of immune cells through interaction with cognate G 
protein-coupled receptors, and are involved in multiple TME-related processes [6, 7]. We 
and others have shown that loss of SMAD4 from CRC cells promotes expression of 
mouse CCL9 or human CCL15 (the human orthologue of mouse CCL9), which causes 
the recruitment of C-C motif chemokine receptor 1 (CCR1)-expressing myeloid cells to 
facilitate tumor invasion and metastasis [8–13]. In human CRC samples, most CCR1+ 
myeloid cells recruited to CRCs were neutrophils and MDSCs [11–13]. Recently, other 
groups have also reported that recruitment of CCR1+ myeloid cells can promote distant 
metastasis to the liver and lungs in hepatocellular carcinoma (HCC), breast cancer, and 
thymoma [14–16]. 
   Local microenvironmental conditions can affect the polarization of myeloid cells 
toward a pro- or anti-tumor state [17–19]. The clinical significance of myeloid cell 
infiltration into CRC tissues remains to be elucidated. Therefore, in the present study, we 
investigated the possibility of CCR1 signaling blockade as a therapeutic strategy for 
CRC using two syngeneic mouse models (MC38 and CMT93). Here we present the 
results of the antitumor effects of CCR1 depletion by the genetic deficiency of CCR1 or 
by pharmacologically blocking CCR1 with a neutralizing anti-CCR1 monoclonal antibody 
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(mAb), which provides a rationale for preventing the accumulation of CCR1+ myeloid 
cells in cancer therapy.  
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2. Materials and Methods 
2.1 Mice and tumor cell lines 
In in vivo experiments, C57BL/6 wild-type mice or C57BL/6 Ccr1-/- mice [8–10] were 
used at 8 to 10-week-old. Mouse colon cancer cell lines with C57BL/6 background, 
MC38 and CMT93 with luciferase (CMT93-luc) [9, 10], were cultured at 37 ℃ in DMEM 
with 10% fetal calf serum under 5% CO2. The sample size of in vivo experiments was 
determined on the basis of prior experience with similar studies [9–13]. A statistical 
analysis was performed with a two-tailed, two-sample t test or Mann-Whitney U test with 
an a of 0.05 and a power of 0.8 to detect differences between groups. All groups were 
randomized, and primary endpoints were tumor size of MC38 transplanted tumors or 
IVIS score of CMT93 liver metastases. All procedures were performed in accordance 
with institutional protocols approved by the Animal Care and Use Committee of Kyoto 
University. 
 
2.2. Bone marrow (BM) transplantation  
Donor’s BM cells harvested from either Ccr1-/- mice or its littermate wild-type C57BL/6 
mice were injected into the tail vein of recipient wild-type C57BL/6 mice that had been 
irradiated with 8-Gy gamma-rays half a day before. 12 weeks after BM transplantation, 
the recipient mice were inoculated with tumor cells.  
 
2.3. Transplanted tumor model 
1.0 × 106 cells of MC38 suspended with 50 μl sterile PBS and 50 μl Matrigel (Corning) 
were subcutaneously injected into the dorsum of mice. The size of the transplanted 
subcutaneous tumors was measured as volume using the formula (L1 × L1 × L2)/2, where 
L1 is the shortest diameter and L2 is the longest diameter. On days 46–49 post-injection, 
transplanted subcutaneous tumors were harvested for histological analyses.  
 
2.4. Experimental liver metastasis model 
1.5 × 106 cells of CMT93-luc suspended in 100 μl sterile PBS were injected into the 
hilum of the spleen. The spleen was removed 1 min after tumor cell injection to prevent 
splenic tumor formation. For in vivo bioluminescence imaging, 3 mg of VivoGlo™ 
Luciferin (Promega) was injected intraperitoneally into anesthetized tumor-bearing mice 
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10 min before imaging. Bioluminescence from the CMT93-luc cells was monitored on 
days 1, 4, 7, 14, 21 post-injection, using a Xenogen IVIS system (Xenogen Corporation). 
On day 21 post-injection, the liver was harvested for histological analyses.  
 
2.5. RT-PCR, quantitative RT-PCR and PCR 
Total RNA was extracted using the High Pure RNA Isolation Kit (Roche Diagnostics). 
Complementary DNAs was generated using ReverTra ace qPCR RT kit (Toyobo Co. 
Ltd.,). The following sets of primers were used for RT-PCR: Ccl3 forward, 
5′-GGTCTCCACACTGCCCTT-3′; Ccl3 reverse, 5′-TCAGGCATTCAGTTCCAGGTC-3′; 
Ccl4 forward, 5′-GAAGCTCTGCGTGTCTGCCCT-3′; Ccl4 reverse, 
5′-ACTCCAAGTCACTCATGTACT-3′; Ccl5 forward, 
5′-ATGAAGATCTCTGCAGCTGCC-3′; Ccl5 reverse, 
5′-CTAGCTCATCTCCAAATAGTT-3′; Ccl6 forward, 
5′-AGGATGAGAAACTCCAAGACTG-3′; Ccl6 reverse, 
5′-TCAAGCAATGACCTTGTTCCCA-3′; Ccl7 forward, 
5′-GCTCATAGCCGCTGCTTTC-3′; Ccl7 reverse, 5′-GCTTTGGAGTTGGGGTTTTC-3′; 
Ccl9 forward, 5′-ATGAAGCCTTTTCATACTGCCCTC-3′; Ccl9 reverse, 
5′-TTATTGTTTGTAGGTCCGTGGTTG-3′; and Gapdh forward, 
5′-CCTTCATTGACCTCAACTAC-3′; Gapdh reverse, 
5′-TGGGCCCTCAGATGCCTGCT-3′. For quantitative RT-PCR, the following sets of 
primers were used: Ccr1 forward, 5′-TGGACAAAATACTCTGGAAACACA-3´; Ccr1 
reverse, 5′-TGTGAAATCTGAAATCTCCATCC-3´; and Gapdh forward, 
5′-TGTCCGTCGTGGATCTGAC-3´; Gapdh reverse, 
5′-CCTGCTTCACCACCTTCTTG-3´. For genotypic DNA analysis of Ccr1, the following 
sets of primers were used: Ccr1 forward, 5´-TCCTCAGCAAAGGATGGAGA-3´; Ccr1 
reverse, 5´-CAGACGCACGGCTTTGACCTTCTT-3´. 
 
2.6. Immunohistochemistry (IHC) and immunofluorescence analysis 
For IHC, formalin-fixed, paraffin-embedded sections were stained with the respective 
primary antibodies (Supplementary Table 1) by the avidin-biotin immunoperoxidase 
method. We quantified the densities of CCR1+, Ly6G+, CD8+, and FOXP3+ cells at the 
peritumoral region. As  the  tumoral  microvessel  density,  we  quantified  the densities of 
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CD31+ endothelial cells within the tumors. The average of 10–20 fields (0.1  mm2)  
analyzed  per  one  sample,  and  three  researchers (YK, KH, and HM) evaluated IHC 
samples without prior knowledge of other data. The slides with different evaluations 
among them were reinterpreted followed by a conclusive judgment. For 
immunofluorescence analysis, tissue sections following antigen retrieval were incubated 
with primary antibodies (Supplementary Table 1) overnight at 4℃, followed by the 2nd 
antibodies. Representative photos were taken using a fluorescence microscope 
(BZX-710; Keyence). 
 
2.7. Flow cytometric analysis 
Flow cytometric analysis and cell sorting were performed using BD FACSCanto II and 
FACSAria III (BD Biosciences), as previously described [10]. Cells were stained with 
anti-CD11b Ab (clone M1/70), anti-Ly6G Ab (clone 1A8), and anti-CD115 Ab (clone 
AFS98) (Supplementary Table 2). Anti-CCR1 Ab, KM5908, was provided from Kyowa 
Kirin Co., Ltd. Propidium iodide (PI) was used to eliminate dead cells. Data were 
analyzed with the FlowJo software (BD Biosciences). 
 
2.8. Production of novel anti-CCR1 mAb, KM5908 
cDNAs encoding human and mouse CCR1 were synthesized (GenScript) and cloned 
into Tol2 transposon vector Tn-pMug-Hygro [20]. The expression vector was 
co-transfected with Tol2 transposase expression vector TPEX-pMug [20] into CHO-S 
cells (ThermoFisher Scientific) and a rabbit cell line RM-33 (JCRB) [21]. Stable cell lines 
over expressing human CCR1 were established through hygromycin selection. Ccr1-/- 
mice (B6.129S4-Ccr1tm1Gao N10+N5, purchased from Taconic) [22] were immunized with 
the human CCR1-expressing cell lines three times. After checking serum antibody titers 
by flow cytometry, spleen cells were fused with P3-U1 myeloma cells (ATCC) by the 
PEG method and selected in the HAT-medium. The hybridomas were first screened 
based on binding activity to human and mouse CCR1, then selected by inhibitory activity 
of chemotaxis of human monocytic cell line THP-1 (ATCC) toward CCL15 gradient. As a 
result, nine hybridomas producing anti-CCR1 inhibitory Ab were established and mAbs 
were purified from the supernatants by affinity purification using Protein G Sepharose 4 
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Fast Flow (GE Healthcare). One of the mAbs established, named KM5908, was selected 
for in vivo study. 
 
2.9. THP-1 chemotaxis assay 
Chemotaxis assay was performed as follows. THP-1 cells were cultured in RPMI 
medium (Nakalai Tesque) supplemented with 10% FBS and 5 mM all-trans retinoic acid 
(Wako) for three days to enhance CCR1 expression. Then the cells were harvested and 
resuspended in RPMI with 1% FBS at 1 × 106 cells/mL. A hundred microliters of the cell 
suspension was incubated for 1 hour with the hybridoma supernatant or purified antibody 
then placed in the upper chamber of Transwell with 5.0 μm pore (Corning). In lower 
chamber 1 ng/mL of recombinant human CCL15 (R&D Systems) was added as 
chemoattractant. The cells were cultured for 4 to 6 hours for migration. Cells migrated to 
lower chamber were quantified by using Celltiter-Glo assay (Promega). 
 
2.10. Binding analysis 
Specific binding of KM5908 to human and mouse CCR1 was confirmed by 
flowcytometric analysis. CCR1-expressing CHO-S cells were stained with KM5908 or 
isotype Control (R&D Systems) and then with secondary antibody anti-mouse IgG Alexa 
Fluor 647 (ThermoFisher Scientific). Samples were analyzed by BD FACSCanto II flow 
cytometer and FlowJo software (BD Biosciences). 
 
2.11, Drug treatment 
The isotype control for KM5908 was purchased from Biolegend. Anti-PD1 mAb (clone 
RMP 1-14) and its isotype control were purchased from BioXCell. These antibodies were 
diluted in PBS at 1 mg/ml. Anti-CCR1 mAb and its isotype control were injected 
subcutaneously at a dose of 10 μg/g per injection. The PD-1 and its isotype control were 
injected intraperitoneally at the same dose. Anti-CCR1 treatment was started from 3 
days before tumor inoculation and then continued twice a week to the end of the analysis. 
As for anti-PD1 mAb treatment, mice anti-PD-1 or its isotype control was given 
intraperitoneally on days 7, 11, 14, 18. Eight-week-old C57BL/6 mice were obtained from 
Japan SLC (Hamamatsu, Japan). 
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2.12. Statistical analysis 
All results were confirmed using at least three independent experiments, and data from 
one representative experiment were presented. Statistical significance was evaluated 
with the Student’s t-test in the subcutaneous transplanted tumor model and the 
Mann-Whitney U test in the liver metastasis model. Categorical data were examined 
using the Fisher’s exact test. All statistical analyses were two-tailed and performed with 
JMP Pro 14 (SAS Institute Inc). P value < 0.05 was considered as statistically significant. 
Differences between groups were considered significant if P-values were < 0.05. 
Analyzed values were expressed as mean values ± standard error of the mean (SEM). 
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3. Results 
3.1. Accumulation of CCR1+ myeloid cells around the peritumoral stroma of CRC 
  Although we and others have demonstrated that the recruitment of CCR1+ myeloid 
cells to SMAD4-deficient CRCs promotes tumor invasion and metastasis [8–13], the role 
of CCR1+ myeloid cells in the TME remains undefined. We first investigated CCR1 
expression in murine immune cells in the peripheral blood and bone marrow (BM) by 
flow cytometric analysis and quantitative RT-PCR, and found that CCR1 was highly 
expressed on neutrophils (CD11b+/ Ly6G+) and monocytes (CD11b+/CD115+), while it 
was barely expressed on lymphocytes (CD11b-/FSClow/SSClow) (Fig. 1A, B). In this study, 
we investigated the role of CCR1 deletion in the TME of CRC using two syngeneic 
C57BL/6 mouse models: MC38 cells (a transplanted tumor model) and CMT93 cells (a 
liver metastasis model). Among several CCR1 ligands, Ccl9 mRNA was abundantly 
produced in both MC38 and CMT93 cells, while low levels of Ccl7 mRNA was found in 
MC38 cells (Fig. 1C). Immunohistochemical (IHC) analysis also confirmed that both lines 
of CRC cells expressed the Ccl9 protein in vivo, whereas the surrounding stromal cells 
did not (Fig. 1D, E). As a transplanted tumor model, we injected MC38 cells 
subcutaneously into the wild-type and Ccr1-/- mice. There were no significant differences 
in the distribution of circulating blood cells between the wild-type and Ccr1-/- mice 
(Supplementary Fig. S1A). IHC analysis indicated that CCR1+ myeloid cells accumulated 
around the MC38 tumors in wild-type, but not in Ccr1-/- mice (Fig. 1D). We further 
characterized CCR1+ myeloid cells by double immunofluorescence staining, and found 
that the majority of these CCR1+ cells expressed matrix metalloproteinase (MMP)2, 
MMP9, inducible nitric oxide synthase (iNOS), and vascular endothelial growth factor 
(VEGF) (Fig. 1F). The growth of MC38 transplanted tumors was significantly reduced in 
the Ccr1-/- mice compared with that in the wild-type mice (Fig. 2A, B). On day 49 
post-injection, the tumor size in the wild-type mice was 657 ± 98 mm3, whereas that in 
the Ccr1-/- mice was 353 ± 78 mm3 (P < 0.05). On the other hand, intrasplenic injection of 
CMT93 cells can cause efficient metastasis of tumor cells into the liver [9, 10]. As a 
model of liver metastasis, we injected luciferase (luc)-expressing CMT93 cells into the 
spleen of the wild-type and Ccr1-/- mice, and then monitored tumor metastasis to the liver 
using bioluminescence, which enabled quantification of tumor cells within the liver by 
photon counting. As anticipated, histological analysis indicated that CCR1+ myeloid cells 
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accumulated around the metastatic lesions in the liver of the wild-type mice (Fig. 1E), 
and that the majority of CCR1+ cells expressed MMP2, MMP9, iNOS, and VEGF (Fig. 
1G). Regarding the quantification of the metastasized tumor cells, liver luciferase 
intensities in the Ccr1-/- mice were significantly weaker compared with those in the 
wild-type mice (Fig. 2C, D). On days 14 and 21 post-injection, there was a significant 
reduction of the liver luminescence in the Ccr1-/- mice compared with that in the wild-type 
mice (P < 0.05), which took place only after day 7 post-injection. We dissected the liver 
on day 21 post-injection, and examined macroscopic metastatic foci. Although wild-type 
mice formed macroscopic foci in 83% (10 of 12), Ccr1-/- mice formed only in 33% (3 of 9) 
(P < 0.05) (Supplementary Fig. S1B).  
 
3.2. Lack of CCR1 in hematopoietic myeloid cells leads to suppression of CRC 
development 
  To evaluate the contribution of CCR1+ hematopoietic myeloid cells in CRC 
progression, we next performed BM transfer experiments in which sub-lethally irradiated 
wild-type mice were reconstituted with BM from either wild-type or Ccr1-/- mice of the 
C57BL/6 background (Fig. 3A), and then inoculated with CRC cells (MC38 and CMT93). 
Chimeras reconstituted with Ccr1-/- BM exhibited depletion of circulating CCR1+ myeloid 
cells (Fig. 3B). IHC analysis indicated that CCR1+ myeloid cells accumulated around 
MC38 transplanted tumors and CMT93 liver metastases in recipient mice with wild-type 
BM, whereas few CCR1+ myeloid cells accumulated there in mice reconstituted with 
Ccr1-/- BM (Fig. 3C, D). There were no significant differences in the distribution of 
circulating blood cells between recipient mice with wild-type BM and those with Ccr1-/- 
BM (Fig. 3E). We investigated the growth kinetics of MC38 transplanted tumors, and 
found that mice reconstituted with Ccr1-/- BM exhibited significantly smaller tumors 
compared with recipient mice of wild-type BM (Fig. 3F). On day 49 post-injection, the 
tumor size in the mice reconstituted with Ccr1-/- BM was 357 ± 69 mm3, whereas that in 
the recipient mice with wild-type BM was 725 ± 109 mm3 (P < 0.05).  

Next, we injected luc-expressing CMT93 cells into the spleen of the recipient mice 
reconstituted with either wild-type or Ccr1-/- BM cells, and then monitored the 
metastasized cells within the liver by in vivo bioluminescence (Fig. 3G). After day 7 
post-injection, mice reconstituted with Ccr1-/- BM exhibited significantly lower numbers of 
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metastasized cells compared with the control (P < 0.05) (Fig. 3H). We dissected the liver 
on day 21 post-injection, and found that macroscopic foci were observed in 56% (9 of 16) 
of mice reconstituted with Ccr1-/- BM, whereas observed in 100% (15 of 15) of mice with 
wild-type BM (P < 0.01: Supplementary Fig. S1C). To analyze the impact on the immune 
infiltrate composition, we quantified the density of CD8+ cytotoxic T cells, Foxp3+ 
regulatory T (Treg) cells, CD31+ endothelial cells, and Ly6G+ neutrophils around tumors. 
In the MC38 transplanted tumors, depletion of CCR1+ hematopoietic cells led to a higher 
frequency of CD8+ T cells (mean, 12.6 vs. 16.0, P < 0.05), whereas the numbers of 
Foxp3+ Treg cells, CD31+ cells, and Ly6G+ cells were decreased significantly (mean, 
28.5 vs. 14.8, P < 0.01; 28.9 vs. 19.1, P < 0.01; and 5.7 vs. 3.7, P < 0.05, respectively) 
(Fig. 4A). Similarly, in the CMT93 liver metastases, lack of CCR1+ hematopoietic cells 
led to a higher frequency of CD8+ T cells (mean, 15.2 vs. 27.0; P < 0.01), whereas the 
numbers of Foxp3+ Treg cells, CD31+ cells, and Ly6G+ cells were decreased significantly 
(mean, 30.3 vs. 17.4, P < 0.01; 20.5 vs. 17.6, P < 0.05; and 18.5 vs. 7.4, P < 0.01, 
respectively) (Fig. 4B). Thus, the concomitant increase in the number of CD8+ T cells, 
with the decrease in that of Foxp3+ Treg cells and CD31+ endothelial cells, may indicate 
immune activation and diminished angiogenesis for mediating tumor regression in mice 
reconstituted with Ccr1-/- hematopoietic cells.      
  Several studies have shown that MC38 cells are highly immunogenic with a high 
mutation load and are sensitive to anti-PD1 immune checkpoint inhibitors [23, 24]. Given 
depletion of CCR1+ hematopoietic myeloid cells suppressed tumor progression, we 
sought to test whether anti-PD1 therapy was more effective when the accumulation of 
CCR1+ cells was prohibited in subcutaneously growing MC38 tumors. As shown in 
Supplementary Fig. S2, we found that anti-PD1 mAb significantly decreased the growth 
of MC38 transplanted tumors in wild-type mice, and that the anti-tumor effect of anti-PD1 
mAb was almost similar to the effect of genetic deletion of CCR1 in hematopoietic 
myeloid cells. However, no synergistic effects were observed by the combined inhibition 
of both PD1 and CCR1 pathways.   
 
3.3. The effect of a novel anti-CCR1 mAb in CRC progression 

Although we previously used CCR1 antagonists (BL5923 and J-113863) for its 
suppressive effect in in vivo mouse models [9, 13], the dosage (10–50 mg/kg) was too 
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high to be used in a clinical setting. In search for clinically applicable CCR1 inhibitors, we 
generated a novel and selective neutralizing mAb against CCR1, KM5908, to investigate 
the contribution of CCR1 in CRC progression. Flow cytometric analysis revealed that 
KM5908 specifically bound to human CCR1 as well as mouse CCR1 (Fig. 5A). In 
addition, a chemotaxis assay using CCR1-expressing THP-1 cells, a human monocytic 
leukemia cell line, indicated that KM5908 could efficiently inhibit the migratory response 
of THP-1 cells toward CCL15 in a dose-dependent manner: KM5908 at 3 μg/mL showed 
complete inhibition of CCL15-induced migration (Fig. 5B).  

Finally, we evaluated KM5908 for its suppressive effects in the MC38 transplanted 
tumor model and CMT93 liver metastasis model to test whether targeting CCR1+ cells 
with anti-CCR1 mAb could potentially be a clinically applicable approach. We 
administered KM5908 or the isotype control mAb to wild-type mice injected with MC38 
cells or CMT93 cells. In the MC38 transplanted tumor model, treatment with 10 μg/g of 
KM5908 significantly inhibited the growth of MC38 tumors compared with the isotype 
control (Fig. 5D). On day 46 post-injection, the tumor size in the KM5908-treated mice 
was 631 ± 132 mm3, whereas that in the isotype-treated mice was 1556 ± 351 mm3 (P < 
0.05). In the CMT93 liver metastasis model, treatment with 10 μg/g of KM5908 
significantly reduced the number of metastasized cells within the liver (Fig. 5E). On days 
14 and 21 post-injection, there was a significant reduction of the liver luminescence in 
the KM5908-treated mice compared with the isotype-treated mice (P < 0.05). We 
dissected the liver on day 21 post-injection, and found that macroscopic foci were 
observed in 100% (8 of 8) of the isotype-treated mice, whereas observed in only 44% (4 
of 9) of the KM5908-treated mice (P < 0.05: Supplementary Fig. S3). As anticipated, IHC 
analysis indicated that KM5908 treatment significantly reduced the number of 
accumulated CCR1+ cells around the MC38 tumors and CMT93 liver metastases 
compared with isotype treatment (mean, 1.2 vs. 3.2, P < 0.05, and 4.8 vs. 9.0, P < 0.05, 
respectively) (Fig. 5C). Collectively, our data on preclinical models demonstrated that 
blockade of CCR1 signals by KM5908 elicited potent antitumor activity in CRC 
progression.        
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Discussion 
   Accumulating evidence has revealed that the TME contains complex and 
multidirectional interactions between tumor cells and immune/non-immune stromal cells 
during tumor progression. Although infiltration of CD3+ T cells and cytotoxic CD8+ T cells 
is usually associated with a favorable prognosis of the cancer patients [1], the value of 
host-derived myeloid cells remains to be unraveled. Recently, there has been increasing 
interest in the role of myeloid cells; e.g., TAMs, TANs, and MDSCs. In experimental 
mouse models of cancer, it has been documented that myeloid cells can polarize into 
either anti- or pro-tumorigenic functional state [17, 19]. The chemokine-chemokine 
receptor system is implicated in tumor progression by myeloid cell accumulation into the 
TME. The potential effects of CCR1+ myeloid cells have been shown in several types of 
cancer. We previously demonstrated that loss of SMAD4 from CRC cells causes 
recruitment of CCR1+ myeloid cells via the CCL15-CCR1 (human) or CCL9-CCR1 
(mouse) axis to promote CRC invasion and metastasis [8–13]. Using a mouse model of 
liver metastasis, Rodero et al. reported that CCR1 expression in hematopoietic and 
stromal cells promoted tumor metastasis by myeloid cell infiltration and angiogenesis 
[16]. Liu et al. have recently reported that CCL15 is one of the most abundantly 
expressed chemokines in HCC with prognostic value, and that CCL15 recruits CCR1+ 
monocytes to facilitate tumor growth and metastasis by inducing immune suppression 
and angiogenesis [14]. In a mouse model of breast cancer, Kitamura et al. reported that 
CCR2+ TAMs were recruited to lung metastases via CCL2-CCR2 axis, followed by 
recruitment of TAMs secreting CCL3 to enhance the retention of CCR1+ TAMs within the 
lungs via CCL3-CCR1 axis, which resulted in extravasation of cancer cells [15]. In 
addition to CCR1, several types of chemokine receptors expressed on myeloid cells can 
facilitate tumor progression. In a mouse model of colitis-associated CRC, CXCR2 
ligands were abundantly secreted from inflamed tumor cells, and accumulation of 
CXCR2+ MDSCs promoted colitis-induced tumor progression by inhibiting the cytotoxic 
activity of CD8+ T cells [25]. In a KRAS-mutant CRC mouse model, high expression of 
CXCL3 from CRC cells boosted CXCR2+ MDSC trafficking, and CXCR2 inhibition could 
overcome the resistance of anti-PD1 immunotherapy to KRAS-mutant CRC cells [26]. 
Recently, we have demonstrated that loss of SMAD4 from CRC cells upregulated 
expression of CXCL1 and CXCL8 to recruit CXCR2+ neutrophils, and that the recruited 
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neutrophils, in turn, produced CXCL1 and CXCL8, which accelerated further 
accumulation of CXCR2+ neutrophils and shaped the cytokine/chemokine milieu of the 
TME [27].  
   CCR1 is expressed on peripheral blood monocytes, neutrophils, and macrophages 
as well as on immature myeloid cells and natural killer cells [28–30]. In the present study, 
we have shown that CCR1 is involved in the recruitment of myeloid cells, chiefly 
monocytes and neutrophils (Fig. 1), and that recruited CCR1+ cells can promote tumor 
progression by facilitating tumor angiogenesis (increase of intratumoral CD31+ 
endothelial cell) and immune suppression (decrease of CD8+ T cell and increase of 
Foxp3+ Treg cell) (Fig. 3, 4). Although neutrophils express higher levels of CCR1 
compared with monocytes, the kinetics of CCR1 on cell surface recruitment in 
neutrophils may differ from that in monocytes. Expression of CCR1 in human neutrophils 
appears to be up-regulated by inflammatory cytokines, such as IFN-g and 
granulocyte-macrophage colony stimulating factor [31, 32]. Using clinical CRC samples, 
we have reported that most CCR1+ myeloid cells recruited to the primary and metastatic 
CRCs are granulocytic-MDSCs and TANs, respectively [11–13]. However, it remains to 
be determined whether MDSC and TAN are separate populations, because MDSC is a 
heterogeneous population of cells with immune suppression activity at various 
differentiation stages [33, 34]. Regarding the roles of CCR1 and CXCR2 expressed on 
neutrophils, Miyabe et al. recently reported that, in a mouse model of arthritis, CCR1 
promoted neutrophil crawling on the endothelium, whereas CXCR2 amplified neutrophil 
retention and survival in the joint [35]. In HCC, CCL15 was reported to recruit CCR1+ 
monocytes to promote tumor growth and metastasis [14]. It appears that CCR1+ 
hematopoietic myeloid cells are of diverse types, depending on the different TMEs. In 
addition to host immune cells, CCR1 is expressed in some types of tumor cells, including 
breast cancer, multiple myeloma, and hematolymphoid neoplasia [36, 37], which 
suggests that the mechanism mediating the pro-tumorigenic effects of CCR1 is a wide 
variety of mode.  
   Several lines of evidence support that CCR1 is also implicated in the pathogenesis of 
various diseases other than cancer [38–40]. For example, some CCR1 inhibitors have 
been used in phase I/II clinical trials for patients with rheumatoid arthritis, multiple 
sclerosis, and chronic obstructive pulmonary disease [41, 42]. Although clinical trials with 
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CCR1 inhibitors have not shown promising results due to lack of enough efficacy [42, 43], 
CCR1 is still considered to be a therapeutic target [44]. On the other hand, drug 
repositioning is an attractive strategy because of the safety and cost [45]. In this 
preclinical study, we have demonstrated that murine CRC cell lines, MC38 and CMT93, 
induce the recruitment of CCR1+ myeloid cells to tumors, and that genetic CCR1 
deficiency and/or pharmacological CCR1 blockade with anti-CCR1 mAb can exhibit 
robust anti-tumor effects on tumor growth and metastasis, which helps establish a 
preclinical rationale for CCR1 targeting in the treatment of CRC. To the best of our 
knowledge, the mAb described here is the first neutralizing Ab against CCR1 with high 
potency. Because there has been no clinically applicable therapeutics that block CCR1 
in cancer therapy, its clinical application may provide a novel strategy targeting TME of 
CRC.     
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Figure legends 

Fig. 1. Accumulation of CCR1+ myeloid cells around CRC tumors. 
A, Flow cytometric analysis to investigate CCR1 expression of neutrophils (left), 
monocytes (middle), and lymphocytes (right) in peripheral blood and BM. The solid lines 
show anti-CCR1, while dotted lines show isotype control. B, qRT-PCR analysis for Ccr1 
mRNA. C, Expression of mRNAs for CCR1 ligands determined by RT-PCR. p.c. 
indicates positive control (spleen for CCL3, 4, 5, 6, and 9; colon for CCL7), while n.c. 
indicates negative control (distilled water instead of RNA). D, IHC analysis of MC38 
subcutaneous transplanted tumors. Scale bar, 100 µm. E, IHC analysis of CMT93 liver 
metastatic tumors. Scale bar, 100 µm. F, Simultaneous immunofluorescence staining of 
MC38 subcutaneous transplanted tumors for CCR1 (red) and MMP2, MMP9, iNOS, or 
VEGF (green). Scale bar, 20 µm. G, Simultaneous immunofluorescence staining of 
CMT93 liver metastatic tumors for CCR1 (red) and MMP2, MMP9, iNOS, or VEGF 
(green). Scale bar, 20 µm. 
 
Fig. 2. Lack of CCR1 in host mice suppresses CRC tumor growth and metastasis. 
A, Representative macroscopic views of the MC38 subcutaneous transplanted tumors 
dissected from the wild-type mice and Ccr1-/- mice. Scale bar, 10 mm. B, Growth curves 
of the MC38 subcutaneous transplanted tumors in the wild-type mice and Ccr1-/- mice. 
Mean; bar, ± SEM, n = 8–13 mice in each group. *P < 0.05 by Student’s t-test. C, 
Representative in vivo bioluminescence images of CMT93-luc liver metastases in the 
wild-type mice and Ccr1-/- mice. D, Quantification of CMT93 liver metastatic lesions 
(photon counts) in wild-type mice and Ccr1-/- mice. Mean; bar, ± SEM, n = 9–12 mice in 
each group. *P < 0.05 by Mann-Whitney U test. 
 
Fig. 3. Lack of CCR1 in hematopoietic myeloid cells suppresses CRC tumor growth and 
metastasis. 
A, Schema of BM transfer experiments. B, PCR analysis of wild-type (733 kb) and 
mutated allele (1481 kb) of CCR1. Genotypic analysis of tail DNA derived from 
heterozygous crosses (left). Wild-type hosts were sublethally irradiated and given with 
BM from either Ccr1-/- mice (middle) or wild-type mice (right). p.c., positive control. n.c., 
negative control. C, IHC analysis of MC38 subcutaneous transplanted tumors. Scale bar, 
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100 µm. D, IHC analysis of CMT93 liver metastatic tumors. Scale bar, 100 µm. E, 
Distribution of total leukocytes in peripheral blood. n = 4–5 mice in each group. F, Growth 
curves of the MC38 subcutaneous transplanted tumors in wild-type recipient hosts 
reconstituted with wild-type BM and Ccr1-/- BM. Mean; bar, ± SEM, n = 8–11 mice in 
each group. *P < 0.05 by Student’s t-test. G, Representative in vivo bioluminescence 
images of CMT93-luc liver metastases in wild-type recipient hosts reconstituted with 
wild-type BM and Ccr1-/- BM. H, Quantification of CMT93 liver metastatic lesions (photon 
counts) in wild-type recipient hosts reconstituted with wild-type BM and Ccr1-/- BM. 
Mean; bar, ± SEM, n = 15–16 mice in each group. *P < 0.05 by Mann-Whitney U test. 
 
Fig. 4. Lack of CCR1 in hematopoietic myeloid cells changes the immune infiltrate 
composition of TME. 
A, In the MC38 subcutaneous transplanted tumors, wild-type recipient host reconstituted 
with Ccr1-/- BM exhibited higher frequency of CD8+ T cell accumulation, while Foxp3+ 
Treg cell infiltration and CD31+ microvessel density within tumors were decreased. Scale 
bar, 100 µm. Mean; bar, ± SEM, n = 4–5 mice in each group. *P < 0.05 and **P < 0.01 by 
Student’s t-test. B, In the CMT93 liver metastases, wild-type recipient host reconstituted 
with Ccr1-/- BM exhibited higher frequency of CD8+ T cell accumulation, while Foxp3+ 
Treg cell infiltration and CD31+ microvessel density within tumors were decreased. Scale 
bar, 100 µm. Mean; bar, ± SEM, n = 4–5 mice in each group. *P < 0.01 by Student’s 
t-test. 
 
Fig. 5. A novel anti-CCR1 mAb, KM5908, suppresses CRC tumor growth. 
A, Flowcytometric binding assay of KM5908 to CCR1-expressing cell lines. Tinted, 
dashed and solid lines indicate 0, 0.01 and 0.1 mg/mL of antibody respectively. KM5908 
specifically recognized both human and mouse CCR1. B, Chemotaxis assay of THP-1 
cells to CCL15. Y-axis indicates relative number of the cells migrated to the lower 
chamber. KM5908 inhibited chemotaxis of THP-1 in a dose dependent manner. C, 
Accumulation of CCR1+ cells around the MC38 subcutaneous transplanted tumors (left) 
and CMT93 liver metastatic tumors (right). Mean; bar, ± SEM, n = 3-4 mice in each group 
and n = 10–20 views in each mouse. *P < 0.05 by Student’s t-test. D, Growth curves of 
the MC38 subcutaneous transplanted tumors in wild-type mice treated with KM5908 and 
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isotype control. Mean; bar, ± SEM, n = 10 mice in each group. *P < 0.05 by Student’s 
t-test. Schema of KM5908-treated experiment was shown (top). E, Quantification of 
CMT93 liver metastatic lesions (photon counts) in wild-type mice treated with KM5908 
and isotype control. Mean; bar, ± SEM, n = 8–9 mice in each group. *P < 0.05 by 
Mann-Whitney U test. Schema of KM5908-treated experiment was shown (top).  
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Supplementary figure legends   
 
Supplementary Figure S1. Tumor progression in wild-type mice and Ccr1-/- mice. 
A, Distribution of total leukocytes in peripheral blood. n = 4–5 mice in each group. B, 
Representative macroscopic views of the liver dissected from wild-type and Ccr1-/- mice 
injected with CMT93-luc cells. Scale bar, 10 mm. C, Representative macroscopic views 
of the liver dissected from mice reconstituted with Ccr1-/- BM and wild-type BM injected 
with CMT93-luc cells. Scale bar, 10 mm. 
 
Supplementary Figure S2. Anti-tumor effect of anti-PD1 therapy in CCR1 deletion of 
hematopoietic myeloid cells. 
Twelve weeks after BM transplantation, recipient mice were subcutaneously injected 
with MC38 cells. On day 7 post-injection, tumor-bearing mice were randomly divided into 
the four groups: recipient mice of wild-type BM or Ccr1-/- BM treated with anti-PD1 mAb 
or isotype control. Anti-PD1 mAb or isotype control was injected intraperitoneally on days 
7, 11, 14, 18. A, Representative macroscopic views of the MC38 subcutaneous 
transplanted tumors dissected from recipient mice of wild-type BM or Ccr1-/- BM, treated 
with anti-PD1 mAb or isotype control. Scale bar, 10 mm. B, Growth curves of the MC38 
subcutaneous transplanted tumors in recipient mice of wild-type BM or Ccr1-/- BM, 
treated with anti-PD1 mAb or isotype control. Mean; bar, ± SEM, n = 6 mice in each 
group. *P < 0.05 by Student’s t-test. 
 
Supplementary Figure S3. Anti-tumor effect of a novel anti-CCR1 mAb, KM5908. 
Representative macroscopic views of the liver dissected from mice treated with KM5908 
and isotype control. Scale bar, 10 mm. 
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Supplementary Table S1 
List of Antibodies used for IHC and IFC. 
 
 Antibody  Host Company Dilution (IHC) Dilution (IF) 
anti-mCCR1 rabbit made in our lab13 1:500 1:500 
anti-mCCL9 goat  R&D Systems 1:50  
anti-mLy6G rat BioXcell 1:1000  
anti-mCD8 rat eBiosciene 1:100  
anti-mFOXP3 rabbit Cell Signaling 1:100  
anti-mCD31 rat Cell Signaling 1:100  
anti-mMMP2 goat R&D Systems  1:20 
anti-mMMP9 goat R&D Systems  1:20 
anti-mVEGF goat R&D Systems  1:200 
anti-miNOS rat BioLegend  1:20 
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Supplementary Table S2 
List of Antibodies used for FACS. 
 
 Antibody  Host Conjugate Company 
anti-CD11b rat PE-Cy7  BD Pharmingen 
anti-Ly6G rat FITC BD Pharmingen 
anti-CD115 rat PE BioLegend 
Anti-CCR1 mouse Alexa Fluor 647 Kyowa Kirin Co., Ltd. 
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