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Recent reports have suggested critical roles of myeloid cells in
tumor invasion and metastasis, although these findings have not
led to therapeutics. Using a mouse model for liver dissemination,
we show that mouse and human colon cancer cells secrete CC-
chemokine ligands CCL9 and CCL15, respectively, and recruit CD34+

Gr-1− immature myeloid cells (iMCs). They express CCL9/15 recep-
tor CCR1 and produce matrix metalloproteinases MMP2 and
MMP9. Lack of the Ccr1, Mmp2, or Mmp9 gene in the host dra-
matically suppresses outgrowths of disseminated tumors in the
liver. Importantly, CCR1 antagonist BL5923 blocks the iMC accumu-
lation and metastatic colonization and significantly prolongs the
survival of tumor-bearing mice. These results suggest that CCR1
antagonists can provide antimetastatic therapies for patients with
disseminated colon cancer in the liver.

chemokine | metalloproteinase | stromal cell

Colon cancer is one of the leading causes of cancer-related
deaths (1). Although most primary tumors can be resected

surgically, colorectal cancer frequently spreads to the liver, which
is responsible for the high mortality of the disease (2). For suc-
cessful metastasis, cancer cells need to invade surrounding tissues,
penetrate microvessels, survive in circulation, disseminate to dis-
tant organs, form micrometastases, and expand into macro-
metastases. To progress through these steps, tumor cells often
acquire the capability of survival and invasion by activating met-
astatic signaling pathways or inactivating metastasis suppressor
genes (2, 3). In addition to these cell autonomous changes, tumor
stromal cells, especially bone marrow-derived myeloid cells, ac-
tively participate in early steps of the metastatic cascade in some
mouse models (4). For example, tumor-associated macrophages
(TAMs) promote migration and intravasation of mammary tumor
cells (5, 6). Bone marrow-derived cells that express myeloid cell
marker CD11b and granulocyte marker Gr-1 (CD11b+ Gr-1+)
also promote metastasis of breast cancer cells, likely through
promotion of intravasation and suppression of immune responses
(7). Furthermore, CD11b+ myeloid cells that express vascular
endothelial growth factor receptor 1 (VEGFR1) accumulate at
the metastatic sites before the arrival of lung cancer and mela-
noma cells and foster the dissemination of the cancer cells (8).
These reports suggest that bone marrow-derived myeloid cells can
help cancer epithelium in early steps of metastasis. It remains to
be determined whether therapeutics targeting such myeloid cells
can prevent cancer metastasis (9).
As a model for invasive colon cancer, we previously con-

structed cis-Apc+/Δ716 Smad4+/− (Apc/Smad4) mice that develop
intestinal adenocarcinomas with marked invasions by loss of Apc
and Smad4 tumor suppressor genes in the intestinal epithelium
(10, 11). In the Apc/Smad4 tumors, we reported that the invading
cancer epithelium is associated with immature myeloid cells
(iMCs) that express myeloid progenitor cell marker CD34 and

CD11b (12). Because these iMCs do not express Gr-1 or
VEGFR1, they belong to a different subclass from the Gr-1+

iMCs in breast cancer (7) or VEGFR1+ myeloid cells in pre-
metastatic niches (8). Using the Apc/Smad4 mice, we further
showed that the CD34+ Gr-1− iMCs promote colon cancer in-
vasion into the adjacent tissues (12).
However, whether colon cancer cells in the metastasizing sites

can recruit the iMCs like those in the primary sites has not been
investigated. Because the intestinal tumors in Apc/Smad4 mice
do not metastasize to the liver or lung during their short lifespan
(11), and because no practical models are available whose en-
dogenous (i.e., nontransplant) tumors progress and metastasize
to the liver (or lung), here we have resorted to a transplantation
model to determine whether colon cancer cells can recruit the
iMCs in the metastasizing sites.

Results
Mouse Colon Cancer Cells Disseminated to the Liver Are Associated
with iMCs. To investigate possible roles of the CD34+ Gr-1− iMC
subclass in colon cancer metastasis, we injected CMT93 mouse
colon cancer cells (Table S1) into the spleen of syngeneic
C57BL/6 mice, which allowed efficient dissemination of tumor
cells to the liver. We found massive accumulations of stromal
cells that expressed CD34, CD11b, and CD45, but not Gr-1 or
VEGFR1 (Fig. 1A and Fig. S1A). We further confirmed that
they did not express CD31 (a marker for endothelial cells), CD14
(monocytes), B2.20 (B-cells), CD3ε (T cells), or αSMA (myofi-
broblasts). These characteristics fit those of the iMC subclass in
the primary colon cancer of Apc/Smad4 mice (12). Of note, some
of these stromal cells in the liver expressed macrophage marker
F4/80 and dendritic cell marker CD11c that were absent in the
Apc/Smad4 primary tumors (Fig. S1A). We also verified their
bone marrow-origin by transplanting bone marrow cells con-
taining GFP into irradiated recipients (Fig. S1 B and C). Based
on these results, we concluded that the cancer-associated stromal
myeloid cells in the liver belong to theCD34+Gr-1− iMC subclass.
Further analyses showed that the iMCs started to accumulate at
day 7 postinjection when disseminated cancer cells began to form
tumor glands. The iMCs accumulated further by day 14 with ex-
pansion of the tumor glands in the liver (Fig. 1B). By day 21, the
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iMCs disappeared from the metastatic lesions where the cancer
cells formed massive glands or carcinoma cysts, suggesting the
possibility that the iMCs contributed to an early phase of meta-
static expansion. As mentioned above, we could not find
VEGFR1+ cells in the liver lesions during 2wk after injection (Fig.
S1A), although such cells were reported in lung metastatic sites at
day 12 after s.c. injection of melanoma cells (8).

Mouse Colon Cancer Cells Secrete CCL9 and Recruit CCR1-Expressing
iMCs to the Liver.We next investigated CCR1 expression, another
important characteristic of the iMCs. Most iMCs at the meta-
static foci expressed CCR1, whereas the cancer epithelium did
not (Fig. 2A). Because specific ligands activate CCR1 (13) and
recruit the iMCs (12), we looked for such ligands that were
expressed by the cancer cells. Among them, CMT93 cells
expressed only Ccl9 mRNA but others did not (Fig. 2B). Con-
sistently, cultured CMT93 cells secreted CCL9 protein (25 ± 3
pg/105 cells) at a similar level to that by intestinal cancer cells
from Apc/Smad4 polyps (37 ± 16 pg/105 cells). Immunostaining
data also confirmed that metastasized CMT93 cells expressed
CCL9 but the surrounding stromal cells did not (Fig. 2C).
To assess the importance of CCL9 in iMC accumulation in the

liver, we prepared CMT93 derivatives that contained shRNA
against Ccl9 or control scramble RNA. Two constructs of the
shRNA, shCcl9#1 and shCcl9#2, reduced the CCL9 levels to
25% and 47% of control CMT93-scramble cells, respectively
(i.e., 7 ± 1, 14 ± 2, and 29 ± 7 pg/105 cells for CMT-shCcl9#1,
CMT-shCcl9#2, and CMT93-scramble, respectively). As expec-
ted, almost all metastatic foci formed by control cells accumu-
lated iMCs markedly. In contrast, such accumulations were not
observed in the majority of foci by the CCL9-reduced CMT93
cells (CMT93-shCcl9#1; Fig. 2D). We further injected CMT93
cells into Ccr1−/− mice and found that 7 of 10 mice formed no
visible metastatic foci in the liver, although the remaining three
developed some foci (see below). We therefore examined the
minor population of mice for liver metastases, but iMCs were
missing around most such lesions (Fig. 2E). Collectively, these
results suggest that activation of CCR1 by cancer-secreted CCL9

is critical for the iMCs to accumulate at the metastatic foci. As
an exception, we found several small metastatic lesions where
numerous iMCs accumulated despite the lack of CCR1 (Fig. S2),
suggesting a rare alternative mechanism that can recruit iMCs
independent of CCR1.

Inactivation of the Mouse CCL9-CCR1 Signaling Blocks Metastatic
Expansion of Cancer in the Liver, and Prolongs Host Survival. Because
the iMCs helped invasion of primary tumors in the intestines (12),
we hypothesized that accumulation of the iMCs could also promote
the metastatic expansion of disseminated colon cancer in the liver.
We therefore injected luciferase-expressing CMT93 cells into nu/nu
mice (nude mice), which enabled monitoring of the liver tumors by
bioluminescence over time. In mice injected with the parental
CMT93 or CMT93-scramble cells, the intensity of bioluminescence
began to increase at day 7 postinjection and increased exponentially
thereafter (Fig. 3 A and B). In contrast, such an increase in lumi-
nescence was markedly suppressed in mice injected with CMT93-
shCcl9#1 cells, although they showed essentially the same levels
of luminescence as control groups up to day 3. Another shRNA
construct (shCcl9#2) showed a similar effect, although at a weaker
level than that of shCcl9#1 (Fig. 3B). Of note, all CMT93 deriva-
tives showed essentially the same luciferase activity and pro-
liferation rate in culture. We then injected luciferase-expressing
CMT93 cells into the wild-type andCcr1−/−mice. Although all wild-
typemice showedmarked increases in the luminescence level at day
14 postinjection, such an increase was not observed in 70% (7/10) of
Ccr1−/− mice (Fig. 3C). In these hosts, we did not find any macro-
scopic foci on liver surfaces (Fig. 3D). These results indicate that
accumulation of the iMCs viaCCL9-CCR1 axis plays amajor role in
the expansion of liver metastasis foci. Although all mice injected
with the CMT93-scramble or parental cells became moribund
within 54 d, 60% (3/5) and 20% (2/10) of mice injected with
CMT93-shCcl9 #1 and CMT93-shCcl9 #2 cells, respectively,

Fig. 1. Accumulation of iMCs around disseminated cancer cells in the liver.
(A) A metastatic focus in the liver stained with H&E (Far Left). Serial sections
were immunostained for pan-cytokeratin (CK), CD45, CD31, CD34, and
CD11b. T, metastasizing tumor; L, adjacent normal liver. (Scale bars, 100 μm.)
(B) Liver metastasis foci dissected at days 3, 7, 14, and 21 postinjection. Open
arrowheads, disseminated tumor cells; filled arrowheads, a cluster of the
iMCs; asterisks, a necrotic area. T, tumor glands; L, adjacent normal liver.
(Insets) A representative carcinoma cyst. (Scale bars, 100 μm.)

Fig. 2. Inactivation of CCL9-CCR1 signaling blocks accumulation of the iMCs
in the liver. (A) A metastatic focus in the liver immunostained for CCR1 and
CD34. (Inset) A higher magnification of the boxed area. T, tumor; L, liver.
(Scale bar, 100 μm.) (B) Expression of mRNAs for CCR1 ligands determined by
RT-PCR. Total RNA was isolated from cultured CMT93 cells. Total RNA from
intestinal polyps of Apc/Smad4 mice was used as a control (p.c.). Negative
controls (n.c.) had distilled water instead of RNA. (C) A metastatic focus in
the liver immunostained for CCL9 (brown DAB staining with hematoxylin
counterstaining). (Inset) A higher magnification of the boxed area. (Scale
bar, 100 μm.) (D) Liver metastasis foci in mice injected with CMT93 cells
expressing scramble RNA (Scramble) and shRNA against Ccl9 (shCcl9#1). Se-
rial sections were immunostained for CK, CD31 and the iMC markers (CD34
and CD11b). T, tumor; L, liver. (Scale bars, 100 μm.) (E) Liver metastasis foci in
wild-type and Ccr1−/− mice injected with CMT93 cells. (Scale bars, 100 μm.)
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remained alive till the end of analysis (day 90; Fig. 3E). Likewise,
75% (9/12) of the tumor-transplanted Ccr1−/− mice survived to day
90, in contrast to the wild type that becamemoribund before day 75
(Fig. 3F). These results indicate that inactivation of the CCL9-
CCR1 signaling prolongs the survival by blocking early metastatic
expansion.

Lack of MMP2 or MMP9 in the Host Mouse Suppresses Expansion of
Metastatic Lesions in the Liver. For metastatic expansion in the
liver, disseminated cancer cells need to invade the liver paren-
chyma. We therefore hypothesized that the iMCs promote
intrahepatic invasion of disseminated cancer through secretion
of proteases. To identify such enzymes, we compared mRNA
levels in the metastatic foci between the wild-type and Ccr1−/−

mice by microarray and RT-PCR (Fig. S3A). The results showed
more than twofold increases in the levels of Mmp2, Mmp7,

Mmp9, and Mmp13 in the iMC-associated foci in wild-type mice
(Fig. S3B). In such lesions, MMP2 and MMP9 were expressed in
the stromal iMCs, but not in the cancer epithelium (Fig. 4 A and
B), whereas MMP7 and MMP13 were found primarily in the
epithelium (Fig. S3C). Consistently, MMP2 and MMP9 were
absent around the liver foci in Ccr1−/− mice where the iMCs were
missing, although MMP7 and MMP13 were present (Fig. 4A and
Fig. S3C). We then injected luciferase-expressing CMT93 cells
into Mmp2−/− mice and found significant reduction in the liver
luminescence at day 14, compared with those in Mmp2+/+ lit-
termates (Fig. 4C). Likewise, the luciferase luminescence was
much lower in Mmp9−/− mice than Mmp9+/+ littermates,
whereas such a reduction was not observed in Mmp7−/− mice
(Fig. 4C). Notably, almost all metastatic foci in the Mmp2−/− and
Mmp9−/− mice consisted of smaller cancer glands than those in
wild-type mice, although they were associated with the iMCs
(Fig. 4D). These results suggest that MMP2 and MMP9 are
critical for the iMCs to promote metastatic expansion of colon
cancer cells, but not to accumulate in the liver.

Some Human Colon Cancer Cells Express CCR1 Ligand CCL15. To test
whether human colon cancer cells could recruit iMCs, we injected
four cell lines into the spleen of nu/numice and found that HT29
cells were associated with the iMCs in the liver, whereas HCT116,
DLD-1, or SW620 cells were not (Fig. 5A and Fig. S4A). Based on
the structural similarity, human orthologs of mouse CCL9 have
been suspected to be CCL15 and/or CCL23 (14–16). Thus, we

Fig. 3. Blockade of CCL9-CCR1 signaling suppresses expansion of metastatic
lesions and prolongs host survival. (A) Representative in vivo bio-
luminescence images of mice injected with luciferase-expressing CMT93 cells
that contained scramble RNA (Upper) or shRNA against Ccl9 (Lower). Col-
ored scale bar represents intensity of bioluminescence in photons/sec. (B)
Quantification of metastatic lesions by bioluminescence (photon counts)
from luciferase-expressing CMT93 cells (Parental), or their derivatives that
contained scramble RNA (Scramble) or shRNA against Ccl9 (shCcl9#1 or
shCcl9#2). Results are given as the means ± SD *P < 0.02 and †P < 0.02
compared with Parental and Scramble, respectively (n = 8–11 mice in each
group). (C) Quantification of metastatic lesions by bioluminescence from
luciferase-expressing CMT93 cells injected into wild-type and Ccr1−/− mice.
Each circle represents an individual mouse. Horizontal lines show the means
of the respective groups. *P < 0.01. (D) Representative macroscopic views of
the liver dissected from wild-type and Ccr1−/− mice injected with CMT93 cells.
(Scale bars, 10 mm.) (E) Kaplan-Meier plot showing survival of wild-type
hosts injected with control CMT93 cells (Prnt and Scr) or those containing
shRNA constructs against Ccl9 (shCcl9#1 or shCcl9#2). *P < 0.01 and †P < 0.02
compared with Prnt and Scr, respectively (n = 5–10 mice in each group). (F)
Survival rates of wild-type and Ccr1−/− mice injected with parental CMT93
cells. *P = 0.0001(n = 12–13 mice in each group).

Fig. 4. Lack of MMP2 orMMP9 inhibits expansion of metastatic liver lesions.
(A) Liver metastasis foci fromwild-type and Ccr1−/−mice injected with CMT93
cells. Serial sections were stained for CD34, MMP2, and MMP9. T, tumor; L,
liver. (Scale bars, 100 μm.) (B) Expression of MMP mRNAs determined by RT-
PCR. Total RNA was isolated from metastatic foci in wild-type mice (Mx foci),
cultured CMT93 cells, and normal mouse liver. Expression of mRNAs for CCR1,
CD34, and CD31 were also determined. (C) Quantification of metastatic
lesions by bioluminescence from luciferase-expressing CMT93 cells. Each circle
represents an individual mouse. Horizontal lines show the means of the re-
spective groups. *P < 0.01 (n = 9–11 mice in each group). (D) Liver metastasis
foci in wild-type, Mmp2−/−, and Mmp9−/− mice injected with CMT93 cells.
(Scale bars, 100 μm.)
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determined the levels of these chemokines in 11 human colon
cancer cell lines, and found that six of them including HT29
expressed CCL15 mRNA and protein at high levels, but not
CCL23 (Fig. 5B, Fig. S4 B and C, and Table S1). We could not
detect mRNAs for any other CCR1 ligands; CCL3, 4, 5, 7, 14, or
16 (Fig. S4C). We further verified by Western blotting that 28%
(13/47) of human colon cancer specimens expressed CCL15
protein (Fig. 5C). An immunostaining analysis also showed that
29% (12/41) of primary tumors and 29% (12/41; a separate

combination) of liver metastases expressed CCL15 in the cancer
epithelium (Fig. 5D). These results demonstrate that a subset of
human colon cancer cases secretes CCL15 and suggest that it may
recruit CCR1+ human iMCs.

Human CCL15 Promotes Accumulation of the iMCs and Expansion of
Metastatic Foci in Mouse Liver. To assess the role of human CCL15
in iMC accumulation and following metastatic expansion of
cancer in the liver, we constructed derivatives of the CMT93-
shCcl9#1 cells where not only mouse CCL9 expression was
suppressed by an shRNA, but also human CCL15 was in-
troduced. These cells secreted essentially the same level of
CCL15 as those by HT29 cells (321 ± 16, 315 ± 34, and 302 ± 18
pg/105 cells for CMT-shCcl9:CCL15#1, CMT-shCcl9:CCL15#2,
and HT29, respectively), whereas CMT93-shCcl9#1 cells with
the empty vector (CMT-shCcl9:Vector) did not at any detectable
levels. As expected, iMC accumulation was blocked in the ma-
jority of metastatic foci formed by CMT93-shCcl9:Vector cells.
In contrast, numerous iMCs accumulated in most tumors of
CMT93-shCcl9:CCL15#1 cells (Fig. 5E). We further found that
mice injected with CMT93-shCcl9:CCL15#1 and CMT-shCcl9:
CCL15#2 cells showed higher luminescence levels in the liver
than those with control cells at day 14 (Fig. 5F). Of note, forced
expression of CCL15 did not affect proliferation of CMT93 cells
in culture. We next prepared HT29 cells containing shRNA
against human CCL15 (HT29-shCCL15#1 and HT29-
shCCL15#2) where expression of CCL15 was reduced to a neg-
ligible level (0.1 ± 0.2 and 4 ± 3 pg/105 cells for HT29-
shCCL15#1 and HT29-shCCL15#2, respectively). In metastatic
foci formed by HT29-shCCL15#1 cells, accumulation of the
iMCs was markedly reduced compared with those by HT29-
scramble cells (Fig. 5E). Furthermore, shRNA against CCL15
(shCCL15#1 and shCCL15#2) significantly reduced the lumi-
nescence levels in mice injected with HT29 cells (Fig. 5G). These
results indicate that CCL15 secreted from human colon cancer
cells can recruit mouse CCR1+ iMCs, and promote their
metastatic expansion.

CCR1 Antagonist BL5923 Blocks Metastatic Expansion of Cancer in the
Mouse Liver and Prolongs Host Survival. Finally, we evaluated
a CCR1 antagonist for its suppressive effects on colon cancer
metastasis in the mouse liver dissemination model. We admin-
istered BL5923 (ref. 17, and SI Methods) or the vehicle to ν/ν
mice that were injected with mouse (CMT93) or human (HT29)
colon cancer cells as described above. Treatment of the host
mice with 50 mg/kg of BL5923, but not the vehicle, markedly
reduced the accumulation of iMCs around the metastatic foci of
CMT93 as well as HT29 (Fig. 6A). In mice injected with the
luciferase-expressing CMT93 cells, BL5923 (at 50 mg/kg) sig-
nificantly reduced the luminescence levels at day 14, compared
with the markedly increased levels in the vehicle-treated mice
(Fig. 6B and Fig. S5A). A lower dose of the compound (25 mg/
kg) was ineffective to block the metastatic expansion. As antic-
ipated, BL5923 did not affect the proliferation rate of CMT93
cells in culture (Fig. S5B). Likewise, expansion of HT29 cells in
the liver was significantly blocked by treatment with 50 mg/kg of
BL5923 (Fig. 6C and Fig. S5C). In contrast, it did not suppress
the metastatic expansion of HCT116 cells that could form me-
tastases without iMC accumulation (Figs. 5A and 6C), consistent
with the mechanism that BL5923 blocks tumor metastasis
through CCR1 inhibition in the iMCs. We further found that the
BL5923 treatment prolonged the mean survival of the hosts from
37 d postinjection to 62 d and from 84 d to 113 d when CMT93
and HT29 cells were injected, respectively (Fig. 6 D and E).
These results strongly suggest that CCR1 antagonist BL5923
suppresses accumulation of the iMCs and early metastatic ex-
pansion of colon cancer, allowing the prolonged host survival.

Fig. 5. Human CCL15 recruits the iMCs andpromotes expansion ofmetastatic
lesions in mouse liver. (A) Liver metastasis foci formed by human colon cancer
cellsHT29andHCT116. T, tumor; L, liver. (Scalebars, 100μm.) (B) Levels ofCCL15
mRNA and protein determined by RT-PCR and Western blotting, respectively.
Total RNA and lysates were prepared from metastatic foci formed by the hu-
man colon cancer cell lines in mouse liver. (C) Determination of CCL15 protein
levels by Western blotting. Lysates were prepared from human colon cancer
specimens. Cases-2 and 4 expressed CCL15. β-actin was used as a loading con-
trol. (D) Human colon cancer specimens immunostained for CCL15 (hematox-
ylin counterstaining). Tumors were dissected from the primary (colon) and
metastatic (liver) sites of the same patients. (Scale bars, 100 μm.) (E) Liver me-
tastasis foci from mice with CMT93-shCcl9#1 cells containing empty vector
(Vector) or the CCL15 gene (CCL15#1) (Left), and with HT29 cells expressing
scrambleRNA(HT29-scramble)or shRNAagainstCCL15 (HT29-shCCL15) (Right).
(Scalebars, 100μm.) (F) Quantificationof themetastatic lesions inmice injected
with CMT93-shCcl9 cells (shCcl9#1), or their derivatives with empty (Vector) or
CCL15-expressing vector (CCL15#1orCCL15#2). Results are given as themeans±
SD *P < 0.04 and †P < 0.03 compared with shCcl9#1 and Vector, respectively
(n = 5–19 mice in each group). Note that the ordinate is in a logarithmic scale.
(G) Quantification of the metastatic lesions in mice injected with luciferase-
expressing HT29 cells (Parental), or their derivatives expressing scramble RNA
(Scramble)or shRNAconstructs againstCCL15 (shCCL15#1or shCCL15#2).Results
are given as the means ± SD *P < 0.04 and †P < 0.04 compared with Parental
and Scramble, respectively (n = 6–12 mice in each group).
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Discussion
In the mouse model, we have found that colon cancer cells dis-
seminated to the liver begin to form micrometastases by day 7
postinjection and rapidly expand thereafter mirroring the extent
of iMC accumulation (Figs. 1B and 3B). Because the dissemi-
nated cancer cells cannot expand when the iMC accumulation is
blocked, these results suggest that the CD34+ Gr-1− iMCs pro-
mote a late step of the metastatic cascade: expansion of dis-
seminated cancer and colonization. Because the iMCs have
disappeared by day 21 postinjection when cancer cells colonize in
the liver, they may support an early phase of metastatic expan-
sion that is rate limiting in the metastatic cascade (18). Consis-
tently, suppression of such early metastatic expansion prolongs
survival of mice with disseminated colon cancer in the liver. On
the other hand, different subclasses of myeloid cells such as
TAMs and Gr-1+ iMCs help breast cancer cells to invade
microvessels, an early step of the metastatic cascade (5–7).
However, the CD34+ Gr-1− iMCs appear to have only a minor
role, if any, in the intravasation and dissemination because the
primary colon cancer in Apc/Smad4 mice do not metastasize
despite marked accumulation of the iMCs at the invasion fronts
and strong local invasion (10–12).
Interestingly, we have found that CMT93 mouse colon cancer

cells recruit the iMCs from the bone marrow to metastatic

lesions through the same mechanism as that underlying re-
cruitment of the cells to the primary tumors, activation of CCR1
on the iMCs. Like intestinal tumor epithelium of Apc/Smad4
mice (12), CMT93 colon cancer cells secrete CCL9, a CCR1 li-
gand and strong chemoattractant for bone marrow cells (19).
Because CMT93 cells do not express other CCR1 ligands
(CCL3-CCL7), CCL9 appears to be the only ligand that plays
a critical role in recruiting the iMCs. Although human ortholog
of mouse CCL9 has not been identified, we have shown here that
one-third of human colon cancer metastases express CCL15 that
has a structural similarity with CCL9 (14–16). We have further
demonstrated that HT29 human colon cancer cells secrete
CCL15, recruit mouse iMCs, and expand in the liver, whereas
the CCL15-reduced HT29 cells fail to do so. These results sug-
gest that CCL15 secreted from human colon cancer plays a crit-
ical role in the recruitment of bone marrow-derived iMCs as
a functional homolog of mouse CCL9. Consistently, human
CCL15 can promote in vitro migration of mouse mononuclear
cells isolated from the bone marrow (20). Although we have
been unable to detect CCR1-expressing bone marrow-derived
cells in clinical specimens of colon cancer metastasis, it is likely
because access is limited only to those in late stages. The tran-
sient nature of iMC accumulation in metastasis remains to be
investigated further.
In our liver metastasis model, we have found that the iMCs

express MMP2 and MMP9, but the tumor epithelium does not.
These results are consistent with previous reports that show
stroma-restricted expression of the MMPs in human liver metas-
tases of colorectal cancer (21, 22). Abundant expression ofMMP2
or MMP9 is associated with poor prognosis and high mortality of
colon cancer patients (23–27). Although selective inhibitors of
MMP2/9 significantly blockmouse livermetastasis of colon cancer
and prolong the survival of tumor-bearing mice (28), clinical trials
for MMP inhibitors have failed because of severe side effects such
as musculoskeletal pain and inflammation (29–31). Alternatively,
we have shown here in a mouse model that reduced iMC accu-
mulation by inactivation of CCR1 can suppress metastatic ex-
pansion of colon cancer. These results provide the rationale for
application of CCR1 antagonists to colon cancer treatment that
targets the MMP-expressing myeloid cells, rather than direct and
systemic inhibition ofMMPs (32). Supporting this novel strategy of
“cellular target therapy” (12), we have demonstrated here that
CCR1 antagonist BL5923 significantly blocks liver metastasis of
mouse (CMT93) and human (HT29) colon cancer cells and pro-
longs the host survival. Because Ccr1−/− mice are healthy unless
challenged with specific pathogens (33), therapeutic inactivation
of CCR1 may exhibit few side effects. Consistently, several CCR1
antagonists were well tolerated in phase II trials for rheumatoid
arthritis and multiple sclerosis (34). It is therefore possible that
administration of CCR1 antagonists as an adjuvant therapy after
surgical resection of the primary tumors can improve the survival
of patients with colorectal cancer that expresses CCL15. Our
present results await clinical trials for such therapies.

Methods
Mice. C57BL/6, Ccr1−/− (33), Mmp2−/− (35), Mmp7−/− (36), Mmp9−/− (37), and
nu/nu mice at 7 wk of age were used as hosts of tumor injections (see be-
low). All animals were bred and maintained according to the protocol ap-
proved by the Animal Care and Use Committee of Kyoto University. Genetic
background and origin of the mice are detailed in SI Methods.

Cell Lines. CMT93 mouse colon cancer cells (derived from C57BL/6 strain),
HT29, DLD-1, SW620, and HCT116 human colon cancer cells were cultured at
37 °C under 5% CO2 in DMEM with 10% FCS. These cells were transfected
with expression vectors encoding luciferase or CCL15, or shRNA expression
vectors targeting Ccl9 and CCL15 (SI Methods).

Clinical Samples. Colon cancer samples for Western blotting were prepared
from primary tumors of 47 patients who underwent operations with in-

Fig. 6. CCR1 antagonist BL5923 blocks expansion of metastatic lesions and
prolongs host survival. (A) Liver metastasis foci from mice treated with vehicle
or BL5923 (50 mg/kg). Mice were injected with CMT93 cells (Left) or HT29 cells
(Right). (Scale bars, 100 μm.) (B) Quantification of metastatic lesions in mice
injected with CMT93 cells, and treated with the vehicle or BL5923 at 20 or
50 mg/kg (BL: 25 or BL: 50, respectively). Each circle represents an individual
mouse. Horizontal lines show the means of the respective groups. *P < 0.01
compared with Vehicle (n = 11–17 mice in each group). (C) Quantification of
the metastatic lesions in mice treated with vehicle (V) or 50 mg/kg of BL5923
(BL). Mice were injected with HT29 (Left) or HCT116 (Right) cells. Each circle
represents an individual mouse. Horizontal lines show the means of the re-
spective groups. *P < 0.04 compared with vehicle (n = 6–7 mice in each
group). (D and E) Kaplan-Meier plots showing survivals of the host mice
treated with the vehicle or BL5923 (BL: 50 mg/kg). Mice were injected with
CMT93 (D) or HT29 (E). *P = 0.004 compared with vehicle (n = 7–11 mice in
each group).

Kitamura et al. PNAS | July 20, 2010 | vol. 107 | no. 29 | 13067

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002372107/-/DCSupplemental/pnas.201002372SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002372107/-/DCSupplemental/pnas.201002372SI.pdf?targetid=nameddest=STXT


formed consents. For immunostaining, we prepared an additional 41 sets of
the primary colon cancers and liver metastases derived from the
same patients.

Experimental Metastasis Model. We injected 1.5 × 106 of CMT93 cells into the
spleens of C57BL/6 or knockout mice (C57BL/6 backgrounds) under anes-
thesia. We also injected 1 × 106 of CMT93 or 3 × 106 of human cancer cells
into ν/ν mice (SI Methods). The spleen was removed 1 min after tumor in-
jection to prevent splenic tumor formation, so that metastatic lesions de-
veloped only in the liver.

In Vivo Bioluminescence Imaging. We injected 100 μL of D-luciferin solution
(10 mg/mL in PBS, i.p.; Promega) into anesthetized tumor-bearing mice 15
min before imaging. Bioluminescence from the luciferase-expressing tumor
cells was determined at days 1, 3, 7, 14, 21, and 28 postinjection, using IVIS-
SPECTRUM in vivo photon-counting device (Caliper Life Sciences). Images
were quantified as photon counts/second using the Living Image software
(Caliper Life Sciences).

Histological Analyses. The methods used for immunostaining were based on
those previously described (12). Details are given in SI Methods.

Western Blotting. Lysates (50 μg protein each) were separated in 10–20%
gradient SDS-gels (WAKO), and Western blotting was performed as de-
scribed previously (38). CCL15 was detected with a goat polyclonal antibody
for human CCL15 (R&D) and Qentix Western Blot Signal Enhancer (Pierce).

RT-PCR. Expression of mRNAs was determined by RT-PCR as described pre-
viously (12). Primer sequences are shown in SI Methods.

Quantifications of CCL9 and CCL15 Proteins. Conditioned media were collected
from cultured CMT93 and HT29 cells, and their derivatives. The levels of CCL9
(MIP-1γ), and CCL15 (MIP-1δ) were determined using the Mouse MIP-1γ Im-
munoassay Kit, and Human CCL15/MIP-1δ DuoSet ELISA Development Kit
(R&D), respectively.

Drug Treatment. BL5923 (Novartis) was dissolved in 0.5% (wt/vol) hydroxy-
ethyl cellulose (17), and administered to mice twice daily by oral gavages at
doses of 25 or 50 mg/kg. The relevant solvent was administered to control
animals. The treatments were started at 3 d before tumor injection, and
continued to the end of analyses.

Statistical Analyses. Statistical significance was evaluated with the Student’s t
test or nonparametric Wilcoxon u test. The log-rank test was used for
analysis of Kaplan-Meier survival curves. All statistical analyses were per-
formed with JMP 7 (SAS Institute). P < 0.05 was considered as statistically
significant. Data represent the means ± SD.
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