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Tumor metastasis is the cause of most cancer deaths. Although
metastases can form in multiple end organs, the liver is recognized
as a highly permissive organ. Nevertheless, there is evidence for
immune cell-mediated mechanisms that function to suppress liver
metastasis by certain tumors, although the underlying mechanisms
for the suppression of metastasis remain elusive. Here, we show that
Dectin-2, a C-type lectin receptor (CLR) family of innate receptors, is
critical for the suppression of liver metastasis of cancer cells. We
provide evidence that Dectin-2 functions in resident macrophages in
the liver, known as Kupffer cells, to mediate the uptake and clearance
of cancer cells. Interestingly, Kupffer cells are selectively endowed
with Dectin-2-dependent phagocytotic activity, with neither bone
marrow-derived macrophages nor alveolar macrophages showing
this potential. Concordantly, subcutaneous primary tumor growth
and lung metastasis are not affected by the absence of Dectin-2. In
addition, macrophage C-type lectin, a CLR known to be complex with
Dectin-2, also contributes to the suppression of liver metastasis. Col-
lectively, these results highlight the hitherto poorly understood
mechanism of Kupffer cell-mediated control of metastasis that is me-
diated by the CLR innate receptor family, with implications for the
development of anticancer therapy targeting CLRs.
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M etastasis to distal organs is a critical pathological feature of
cancer malignancies. Among the types of metastatic disease,
liver metastasis occurs in many cancer types and is strongly cor-
related with poor prognosis (1). Colon cancer is notable, in that
~80% of metastasis is confined to the liver (2). Therefore, the
understanding on how liver metastasis is controlled is of general
interest to both basic and clinical tumor immunology.

Innate immune cells, such as Kupffer cells and natural killer
(NK) cells, are known to play critical roles in the regulation of liver
metastasis (3). Numerous highly specialized cell types are distrib-
uted within the sinusoidal structure of the liver, with hepatocytes
composing a major proportion of the total number (4). The cells of
the innate immune system, including Kupffer cells, NK cells, NKT
cells, and dendritic cells (DCs), also reside within the sinusoid,
where they play a role in immunity (5). Kupffer cells are particu-
larly critical to the maintenance of homeostasis, with their absence
resulting in pathogen invasion and/or systemic inflammation (6).
On the other hand, Kupffer cells also can contribute to pathoge-
nies, as has been reported in such conditions as nonalcoholic fatty
liver disease, in which the innate receptor Toll-like receptor (TLR)
4 plays a critical role (7). Thus, like many other components of the
innate immune system, the appropriate functional activity of
Kupffer cells is critical to the maintenance of a healthy organism.

Compared with other tissue macrophages, Kupffer cells have
some unique features, such as their high phagocytotic ability (8). It
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also has been reported that Kupffer cells can directly kill cancer
cells through the secretion of cytotoxic molecules, such as tumor
necrosis factor (TNF)-a and reactive oxygen species, and Kupffer
cells enhance antitumor responses mediated by other immune
cells, such as NK cells (9). On the other hand, several reports have
argued that Kupffer cells also have a protumorigenic effect through
the production of inflammatory cytokines and chemokines, which
contribute to extracellular matrix remodeling and angiogenesis (9).
Thus, the actual role of Kupffer cells in liver metastasis has warranted
further investigation.

Previously we showed that Dectin-1, a C-type lectin receptor
(CLR) family member, plays a critical role in the suppression of
tumor growth and metastasis by NK cells. This suppression is in-
direct, in that cancer cell recognition by Dectin-1 results in the
receptor activation in DCs and macrophages, which in turn can
enhance the tumoricidal activity of NK cells (10). That study
prompted us to study whether other CLR family receptors man-
ifest a similar or distinct antitumor function in the innate antitu-
mor responses, particularly in the context of the regulation of
metastasis. Dectin-2 was of particular interest because of its high
sequence homology to Dectin-1 (11) and because, similarly if not
identical to Dectin-1, it recognizes high-mannose carbohydrate
structures presented on bacteria and fungi (12). Also of interest
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was the fact that stimulation of Dectin-2 induces phagocytosis
through signaling by Fc receptor y chain (FcRy) (13).

Here we provide evidence for the antimetastatic function of
Dectin-2 in Kupffer cells in the liver. We first show the en-
hancement of cancer cell metastasis in the livers of mice deficient
in the Dectin-2 gene. We also report that among the liver-resident
cells, Dectin-2 is dominantly expressed in Kupffer cells, and that
the removal of these cells also results in enhanced metastasis.
Interestingly, Kupffer cells engulf cancer cells, a process that is
impaired by the absence of Dectin-2. Such Dectin-2-mediated
activity is specific to Kupffer cells, because neither bone marrow-
derived macrophages (BMDMs) nor alveolar macrophages engulf
the same cancer cells in Dectin-2-dependent manner.

Furthermore, we also present evidence that macrophage C-type
lectin (MCL; also known as Dectin-3), which is known to form a
heterodimer with Dectin-2 (14), contributes to the suppression of
liver metastasis by enhancing the phagocytotic activity of Kupffer
cells, indicating that Dectin-2 and MCL cooperatively suppress liver
metastasis. These findings shed light on the hitherto poorly un-
derstood mechanism of Kupffer cell-mediated control of liver me-
tastasis and suggest the promising prospect of the manipulation of
CLR-mediated antitumor responses for controlling liver metastasis.

Results

Selective Contribution of Dectin-2 to the Suppression of Liver
Metastasis. We first examined the contribution of Dectin-2 to
antitumor immunity by evaluating wild-type (WT) and Dectin-2—
deficient (Dectin-2 KO) mice for subcutaneous tumor growth,
lung metastasis, and liver metastasis of colon carcinoma cell line
SL4, Lewis lung carcinoma cell line 3LL, and melanoma cell line
B16F1 and B16F10, all of which have been demonstrated to un-
dergo metastasis in mice (15-18). We found that Dectin-2 KO
mice showed more metastatic nodules in the liver compared with
WT mice at 14 d after the intrasplenic inoculation with SLA4,
B16F1, or B16F10 cells, but not after inoculation with 3LL cells
(Fig. 14). Consistently, liver weight was significantly increased in
the mice inoculated with these three cell lines (Fig. 1B). In the
case of SL4 cell liver metastasis, the tumor-replaced area was
approximately 10-fold larger in Dectin-2 KO mice compared with
WT mice (Fig. S1).

Interestingly, notable differences between WT and Dectin-2
KO mice were not observed for subcutaneous tumor growth and
lung metastasis of SL4, 3LL, B16F1, or B16F10 cancer cell lines
(Fig. 1 C and D). These observations are quite different from what
we previously reported for another CLR family member, Dectin-1,
the absence of which affects the subcutaneous growth and lung
metastasis of some cancer cells (10), and indicate that Dectin-2 is
selectively involved in the suppression of liver metastasis.

Essential Role of Kupffer Cells in Dectin-2-Mediated Suppression of
Liver Metastasis. Cancer cell metastasis, which is initiated by cells
leaving the primary site and entering the circulation, proceeds in
a stepwise manner that includes, for example, cell adhesion to the
endothelial wall of the target organ, extravasation, establishment
of micrometastatic colonies, and subsequent tumor growth (1).
Previous studies have shown that when cancer cells are intra-
splenically inoculated, approximately one-half of the cells are
extravasated by around 24 h after inoculation and undergo
micrometastasis 4 d later (19, 20). To determine the stage of the
metastatic event that is suppressed by Dectin-2, we inoculated SL4
cells expressing green fluorescent protein (GFP) into mice and
monitored GFP mRNA in the liver at various time points there-
after. We found a marked increase in GFP mRNA levels in the
livers of Dectin-2 KO mice compared with the livers of WT mice
as early as 12 h after cancer cell inoculation (Fig. S24). These
results suggest that Dectin-2 mediates antitumor responses during
an early phase of liver metastasis, perhaps before or during the
extravasation step.
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Fig. 1. Selective contribution of Dectin-2 to the suppression of liver metas-
tasis. (A and B) SL4 cells (2 x 10° cells), 3LL cells (3 x 10° cells), B16F1 cells (1 x
10° cells), or B16F10 cells (2 x 10° cells) were inoculated into the spleens of WT
and Dectin-2 KO mice. Fourteen days later, the livers were observed macro-
scopically (A) and liver weights were measured (B). (Scale bar: 1 cm.) (C) SL4
cells (2 x 10° cells), 3LL cells (5 x 10° cells), B16F1 cells (5 x 10° cells), or B16F10
cells (1 x 10° cells) were inoculated s.c. into WT and Dectin-2 KO mice, and
tumor volumes were measured every 3 or 4 d. (D) SL4-GFP cells (3 x 10° cells),
3LL-GFP cells (1 x 10° cells), B16F1 cells (1 x 10° cells), or B16F10 cells (5 x 10°
cells) were inoculated i.v. into WT and Dectin-2 KO mice, and the metastatic
levels of SL4-GFP and 3LL-GFP cells were evaluated by quantifying GFP mRNA
in the lung on day 12. The numbers of B16F1 and B16F10 colonies in the lung
were counted at 14 d after inoculation. Data are shown as mean + SEM. *P <
0.05. N.S., not significant.

We next asked which cell types use Dectin-2 for the antitumor
response. To address this question, we assessed cells residing in the
liver for Dectin-2 expression by flow cytometry analysis of the
cellular populations. As shown in Fig. 24, CD11b* F4/80* cells
expressed Dectin-2 at high levels, whereas neither CD11¢* cells nor
CD11b* Grl* cells expressed Dectin-2. In addition, Dectin-2 ex-
pression was not observed on NK cells, CD4™ T cells, CD8" T cells,
or CD45™ T cells (Fig. S2B). Perhaps expectedly, hepatocytes
showed little if any expression of Dectin-2 mRNA (Fig. S2C). These
observations suggest that CD11b* F4/80* Kupffer cells are critically
involved in the Dectin-2-mediated suppression of liver metastasis.

To further address the role of Dectin-2 in Kupffer cells in the
suppression of metastasis, we treated WT and Dectin-2 KO mice
with clodronate liposomes to deplete macrophages during the
early phase of liver metastasis. We found that the administration
of clodronate liposomes markedly enhanced SLA4 metastasis in
both WT and Dectin-2 KO mice, with no significant difference in
tumor burden between them (Fig. 2 B and C and Fig. S2 D and E).
This result indicates that Kupffer cells play a central role in
Dectin-2—triggered antitumor immunity against liver metastasis.

It has been reported that gut commensal microbiota can influ-
ence tumor development in tissues distal from the intestine (21,
22). Given that Dectin-2 expression in intestinal tissues has been
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Fig. 2. Requirement of Kupffer cells for the Dectin-2-mediated antitumor
system against liver metastasis. (A) Dectin-2 expression on liver-residing cells
was analyzed with flow cytometry. Plots gated on CD45" cells are shown.
(B and C) WT and Dectin-2 KO mice were treated with control (ctrl) lipo-
somes or clodronate liposomes 2 d before and after intrasplenic inoculation
of SL4 cells (2 x 10° cells). On day 10, the livers were collected. Macroscopic
images of the liver (B) and liver weights (C) are shown. (Scale bar: 1 cm.) Data
are displayed as mean + SEM. **P < 0.01. N.S., not significant.

reported (23), and Dectin-2 is known to recognize high-mannose
carbohydrate structures present on bacteria and fungi (12), we
next examined whether commensal bacteria and fungi are involved
in the suppression of liver metastasis by Dectin-2. We treated
WT mice with antibacterial or antifungal antibiotics and then in-
oculated the mice with SL4 cells to examine liver metastasis. We
found no significant increase in SL4 cell metastatic levels in the
livers of mice treated with these antibiotics (Fig. S2 F and G),
further supporting the idea that Dectin-2 in Kupffer cells acts
directly on cancer cells.

Dectin-2-Dependent Phagocytotic Activity of Kupffer Cells Against
Cancer Cells. Flow cytometry analysis of the cell composition in
livers revealed similar proportions and numbers of Kupffer cells in
WT and Dectin-2 KO mice (Fig. S3 A-C). These data implicate
Dectin-2 in the regulation of Kupffer cell function, but not in
Kupffer cell expansion, in the suppression of liver metastasis.
How does Dectin-2 function in Kupffer cells? Because Dectin-2
can trigger the engulfment of its ligand into cells (24, 25), we first
asked whether Kupffer cells engulf cancer cells in a Dectin-2—
dependent manner. Kupffer cells sorted from WT or Dectin-2 KO
mice were cocultured with carboxyfluorescein diacetate succini-
midyl ester (CFSE)-labeled SL4 cells, and then subjected to flow
cytometry analysis. As shown in Fig. 34, this coculturing of SL4
and Kupffer cells resulted in a significant increase in CFSE in-
tensity in WT Kupffer cells, indicating engulfment of the SLA4
cancer cells by Kupffer cells. Consistent with this, we observed SLA
cells engulfed by Kupffer cells by confocal microscopy and time-
lapse imaging (Fig. 3B and Movie S1). Notably, the intensity of
CFSE was significantly lower in the Dectin-2-deficient Kupffer
cells (Fig. 34). These results indicate that Dectin-2 enhances the
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phagocytotic activity of Kupffer cells against SL4 cancer cells.
However, the fact that Dectin-2 deficiency did not completely
abrogate this phagocytic activity suggests the involvement of ad-
ditional molecule(s) in this process (Fig. 34). Interestingly, 3LL
cells, which underwent liver metastasis independently of Dectin-2
(Fig. 1 A and B), showed more marked resistance to the engulf-
ment by Kupffer cells compared with SL4 cells (Fig. S3D).

We also analyzed the phagocytotic potential of BMDMs and
alveolar macrophages, and found that neither of these cells
showed any significant dependence on Dectin-2 for phagocytotic
activity against SL4 cells (Fig. S3 E and F), even though both
exhibited substantial levels of Dectin-2 expression (Fig. S3G). This
observation is consistent with the foregoing data showing that
subcutaneous tumor growth and lung metastasis are not affected
by Dectin-2 deficiency (Fig. 1 C and D).

Interestingly, after SL4 cells were cocultured with Kupffer cells,
we found a decreased proportion of cells negative for DAPI, an
indicator of dead cells, among the unphagocytosed SL4 cells
(Fig. S3H). This finding suggests that Kupffer cells may actively
engulf living cancer cells. Indeed, the number of SL4 cells was
reduced after coculturing with Kupffer cells in vitro, which was
inhibited by the treatment of Kupffer cells with cytochalasin D,
a phagocytosis inhibitor (Fig. 3C). Furthermore, a significantly
higher number of SL4 cells was observed after cancer cells were
cocultured with Dectin-2—deficient Kupffer cells (Fig. 3D),
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Fig. 3. Dectin-2-dependent engulfment and clearance of cancer cells by
Kupffer cells. (A) Kupffer cells (1 x 10° cells) isolated from WT and Dectin-2 KO
mice were cocultured with or without CFSE-labeled SL4 cells (0.25 x 10° cells) for
2 h. The CFSE intensity in CD45" CD11b* F4/80" cells was analyzed by flow
cytometry. (Left) Representative histograms of CFSE level. The cells with a CFSE
level exceeding the red line were identified as CFSE™ cells. (Right) Proportion of
CFSE* cells. (B) Kupffer cells (1 x 10° cells) were cocultured with CFSE-labeled
SL4 cells (0.25 x 10° cells) and after 2 h, the cells were observed by confocal
microscopy. (C) CFSE-labeled SL4 cells (0.25 x 10° cells) were cultured in the
presence or absence of Kupffer cells (1 x 10° cells) pretreated with DMSO or
cytochalasin D, and the number of PI~ CD45~ CFSE* cells was determined at 24 h
after culturing. (D) CFSE-labeled SL4 cells (0.25 x 10° cells) were cultured in the
presence or absence of Kupffer cells (1 x 10° cells) derived from WT and Dectin-
2 KO mice, and the number of PI~ CD45~ CFSE* cells was determined at 24 h
after culturing. Data are shown as mean + SEM. *P < 0.05. N.S., not significant.
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further supporting the role of Dectin-2 in the phagocytosis of
cancer cells by Kupffer cells (26).

We next asked whether Dectin-2 can recognize a particular
molecular structure on cancer cells. We previously showed that
soluble Dectin-1 conjugated to human IgG1 Fc (Dectin-1-Fc) can
bind to the surface of cancer cells (10). We then generated Dectin-
2-Fc (soluble Dectin-2; sDectin-2) and evaluated its binding to SL4
cells. We were unable to detect any significant binding of sDectin-2
to SL4 cells, however (Fig. S44). This finding may indicate either
that the affinity of sDectin-2 is too low to allow detection of its
binding or that Dectin-2 does not directly bind to the cells. In
addition, because Dectin-2 recognizes carbohydrate structures on
bacteria and fungi (12), we also examined the effects of N-glyco-
sidase or O-glycosidase treatment of SL4 cells on the differential
phagocytotic activity between WT and Dectin-2—deficient Kupffer
cells. We found that the activity remained essentially unchanged
after treatment with either of these glycosidases (Fig. S4B).
Therefore, unlike the previous study showing the Dectin-1 recog-
nition of N-glycan structures on cancer cells (10), N/O-glycan
structures on SL4 cells are dispensable for the Dectin-2-mediated
engulfment by Kupffer cells. As such, the nature of the Dectin-2—
mediated recognition of cancer cells requires future investigation.

The foregoing observations raise the interesting question of whether
Dectin-2 signaling is involved in the phagocytotic activity of Kupffer
cells. Because Dectin-2 signaling is known to induce the expression of
inflammatory cytokines (24, 25), we examined whether the interaction
between Kupffer cells and cancer cells results in Dectin-2-dependent
gene expression for various cytokine mRNAs by coculturing these cells.
Although the expression levels of interleukin 6 (1/6), 1123a, chemokine
(C-X-C motif) ligand 1 (CxclI), and chemokine (C-C motif) ligand 2
(Ccl2) mRNA were up-regulated by the coculture, Dectin-2 deficiency
did not affect the mRNA expression levels (Fig. S4 C and D). We also
examined the mRNA expression profile by microarray analysis (GEO
accession no. GSE88809), and found no Dectin-2-dependent induc-
tion of any mRNA measured. These results lend support to the notion
that Dectin-2 participates in the engulfment of cancer cells by Kupffer
cells independently of gene induction.

Of final note, we also found no evidence of Dectin-2-dependent
skewing of Kupffer cell polarization toward an M1 or M2 type in this
experimental setting. In WT and Dectin-2-deficient Kupffer cells
cocultured with SL4 cells, the mRNA expression signatures for M1
polarization (116, II23a, and Tnf) and those for M2 polarization [ar-
ginases, liver (4rgl) and mannose receptor, C-type 1 (Mrcl; Cd206)]
remained unchanged (Fig. S4 D and E). Although further clarifica-
tion may be necessary, these observations suggest that Kupffer cells
exert their antimetastatic function in vivo without their polarization.

Contribution of CLR Family Member MCL (Dectin-3) to the Suppression
of Liver Metastasis. Previous studies have shown that Dectin-2’s
ability to protect the host from fungal infection requires that it
form a complex with another CLR member, MCL (or Dectin-3)
(14). MCL regulates another CLR, Mincle, by enhancing its cell
surface expression (27). Mincle signaling inhibits signal trans-
duction downstream of Dectin-1 (28). Given our finding of mRNA
expression for these three CLRs in Kupffer cells (Fig. 44), we
examined whether Dectin-1, MCL, and Mincle play roles in liver
metastasis. Intrasplenic inoculation of SI4 cells into mice deficient
in any of these CLR members revealed that a deficiency of MCL
or Dectin-1, but not of Mincle, aggravated liver metastasis, in-
dicating that MCL and Dectin-1 are also involved in the anti-
metastatic immune response in the liver (Fig. 4 B and C).
Consistent with the foregoing in vivo data, MCL-deficient
Kupffer cells showed weaker engulfing activity for SL4 cells com-
pared with WT cells (Fig. 4D). The decrease in SL4 cell uptake in
MCL-deficient Kupffer cells was not due to the down-regulation of
Dectin-2, given that Dectin-2 expression on MCL KO mouse-
derived Kupffer cells was similar to that on WT Kupffer cells (Fig.
S5A). 1t is unlikely that the impaired phagocytotic activity of
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Fig. 4. MCL-mediated uptake of cancer cells by Kupffer cells and suppres-
sion of liver metastasis. (A) Expression levels of Mcl, Dectin-1, and Mincle
mRNAs in hepatocytes and Kupffer cells were analyzed by gqRT-PCR. (B and
C) SL4 cells (2 x 10° cells) were inoculated into the spleens of WT, MCL KO,
Dectin-1 KO, and Mincle KO mice. On day 14, macroscopic images of livers
were obtained (B), and livers were weighed (C). (Scale bar: 1 cm.) (D) Kupffer
cells collected from WT and MCL KO mice were cocultured with or without
CFSE-labeled SL4 cells (0.25 x 10° cells) for 2 h. The CFSE intensity in CD45™
CD11b* F4/80™ cells was analyzed by flow cytometry. (Left) Representative
histograms of CFSE levels. Cells with a CFSE level exceeding the red line were
identified as CFSE™ cells. (Right) Proportion of CFSE™ cells. Data are displayed
as mean + SEM. *P < 0.05. N.S., not significant; N.D., not detected.

Dectin-2—deficient Kupffer cells is caused by MCL down-regula-
tion, because Mcl mRNA expression remained unaffected in
Dectin-2—deficient Kupffer cells (Fig. SSB). Taken together, these
results suggest that, similar to the antifungal innate response, MCL
contributes to the engulfment of cancer cells by Kupffer cells by
pairing with Dectin-2.

In contrast to MCL, although Kupffer cells expressed Dectin-1
mRNA at high levels (Fig. 44), the phagocytotic activity of
Kupffer cells against SL4 cells was not affected by Dectin-1 de-
ficiency (Fig. S5C). Instead, Dectin-1 induced antitumor killing
mediated by liver nonparenchymal cells (NPCs) (Fig. S5D). In-
deed, NK cells are mainly responsible for the cytotoxic activity of
liver NPCs (29), and this observation is consistent with our pre-
vious report showing that Dectin-1 signaling in DCs and macro-
phages enhances NK cell-mediated tumoricidal activity (10). Of
note, neither Dectin-2 nor MCL contributed to this cytotoxic re-
sponse of the NPCs (Fig. S5 D and E), further supporting the idea
that, unlike Dectin-1-mediated antitumor responses, Dectin-2—
and MCL-mediated antimetastatic responses are mediated by
enhanced phagocytotic activity of Kupffer cells.

Discussion

Liver metastasis is a feature of many types of malignant cancers
and is correlated with poor prognosis. Although innate immune
cells have been identified as key players in the control of liver
metastasis, innate immune receptors, such as TLRs, can promote
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tumor metastasis (30, 31). The role of CLRs in mediating anti-
metastatic responses has remained largely elusive. Here we pro-
vide evidence that Dectin-2, a CLR family member, promotes the
engulfment and clearance of cancer cells by Kupffer cells and
suppresses liver metastasis. This suppression mechanism is not
operational for all cancer cells, however; the liver metastasis level
for the 3LL cancer cell line remained unaffected in the absence of
Dectin-2 (Fig. 1 A and B). It is worth recalling that Dectin-1 plays
a critical role in controlling the metastasis of 3LL cancer cells
through activation of NK cells (10). Thus, these results indicate
the differential contribution of CLR members in the control of
metastasis; that is, Dectin-2, together with MCL, contributes to
the phagocytosis of cancer cells by Kupffer cells, whereas Dectin-1
contributes to the NK cell-mediated killing of cancer cells.

Interestingly, the Dectin-2-mediated antitumor response is se-
lective for Kupffer cells, as demonstrated by our finding that Dectin-
2 deficiency did not affect cancer cell engulfment by BMDMs and
alveolar macrophages. Nor is Dectin-2 involved in the suppression of
lung metastasis or subcutaneous tumor growth. Moreover, our re-
sults show that MCL, a heterodimeric counterpart of Dectin-2, is
also critical for the suppression of liver metastasis, consistent with the
idea that Dectin-2 and MCL function through heterodimeric com-
plex formation (14). These findings provide insights into the mech-
anism of the antimetastatic response mediated by the CLR innate
receptor family, i.e., the enhanced phagocytosis of cancer cells by
Kupffer cells.

Analysis of the mechanism of Dectin-2-mediated suppression
of metastasis revealed that Dectin-2 facilitates the engulfment of
SL4 cells by Kupffer cells, but not by BMDMs or alveolar mac-
rophages (Fig. 34 and Fig. S3 E and F). These results suggest that
Dectin-2 functions as a phagocytotic receptor against cancer cells
selectively in Kupffer cells. Kupffer cells exhibit greater phago-
cytotic ability than other types of macrophages, such as alveolar
and peritoneal macrophages (8); thus, Kupffer cells may have
some specific molecular features that enhance phagocytotic ac-
tivity, with Dectin-2 involved in their unique phagocytotic function
against cancer cells. Previous studies have shown that several CLR
family members, including CLEC4G, CD207, and CLECAF, are
more highly expressed in Kupffer cells compared with other
macrophages (32); therefore, it is possible that the Dectin-2-MCL
complex cooperates with such CLRs, leading to the selective an-
titumor function in Kupffer cells. This is an interesting issue that
will be addressed in future studies.

We further examined the antitumor potential of Kupffer cells
and found data suggesting that the ability of living cell-engulfing
Kupffer cells to eliminate cancer cells depends on Dectin-2 (Fig. 3
C and D and Fig. S3H). Previous studies have shown that mac-
rophages engulf dead cells to trigger adaptive immune responses
through antigen presentation to T cells, and regulate the tumor
microenvironment by producing immune mediators in response to
cancer (33). It was recently suggested that macrophages phago-
cytose living cancer cells and suppress tumor development (26, 34),
although the molecular mechanism for this remains largely un-
known. In view of our present study, it will be interesting to ex-
amine the contributions of CLR family members other than
Dectin-2 and MCL to these antitumor responses.

Dectin-2-mediated phagocytosis against fungi is associated with
the up-regulation of inflammatory cytokines, such as IL-6 and
CXCLI1 (24, 25). Nevertheless, our analysis of Dectin-2-dependent
gene induction in response to cancer cells revealed that Dectin-2
did not regulate the mRNA expression of any tested genes, even 116
and Cxcll (Fig. S4D). These observations suggest the interesting
idea that the Dectin-2-triggered response in Kupffer cells against
cancer cells is distinct from the responses reported previously.
Supporting this notion, CARD?Y, a signaling molecule downstream
of Dectin-2, was found to promote the liver metastasis of SL4 cells
by manipulating the tumor microenvironment (35), which is in-
consistent with our findings. Moreover, NLRP3, which is known to
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be activated dependently on Dectin-2 (13), enhances NK cell-
mediated antitumor killing to suppress liver metastasis (36),
although we found that Dectin-2 was dispensable for NK cell-
mediated cytotoxicity against SL4 cells (Fig. S5D). Therefore,
Dectin-2-triggered phagocytosis of cancer cells may be mediated
by a unique signaling pathway.

The molecular nature of how Kupffer cells recognize some, but
not all, cancer cells merits further examination. We could not
identify the binding of sDectin-2 to cancer cells, and it is possible
that, similar to the antifungal response (14), Dectin-2 may need to
associate with MCL for the recognition of structure(s) associated
with cancer cells. Alternatively, ligand recognition by the Dectin-
2-MCL complex might not be required, in that the complex may
augment the phagocytotic activity induced by other receptor mole-
cules that recognize cancer cell-associated ligands. Clearly, this is an
interesting issue for future studies.

At present, however, we cannot exclude the possibility that
conventional signal transduction mediated by FcRy downstream
of Dectin-2 contributes to the Kupffer cell-mediated phagocytosis.
FcRy activation induces endocytosis through the phosphorylation
of its own ITAM motif (37). Such posttranslational modifications
of the FcRy are also observed when an anti-Dectin-2 agonistic
antibody is taken up by macrophages (25). Previous studies have
shown that Mincle transduces FcRy-mediated signaling pathways
(13); however, our data indicate that Mincle is not involved in the
control of liver metastasis (Fig. 4 B and C). Therefore, Dectin-2
may possess some selectivity in sensing cancer cells to induce
antitumor responses.

Of note, it has been reported that treatment with an anti-CD47
antibody effectively suppresses in vivo tumor growth without co-
administration of other chemotherapeutic agents (38, 39). Given
that CDA47 is a well-known “don’t eat me” signal for inhibiting
phagocytosis (40), the uptake of cancer cells by phagocytes is a
promising target for anticancer therapy, particularly when com-
bined with a method that accelerates the cancer cell phagocytosis.
As such, our findings may reveal a way to enhance the phagocy-
totic activity of macrophages by developing an agonist for Dectin-2
and/or other CLR family members for controlling metastasis in
the liver and other organs.

Materials and Methods

Mice. C57BL/6 mice were purchased from CLEA Japan. Clec7a™’~ mice (Dectin-1
KO mice), Clec4n™" mice (Dectin-2 KO mice), Clec4e™~ mice (Mincle KO mice),
and Clec4d™"~ mice (MCL KO mice) on a C57BL/6 background were generated
as described previously (41-44). All animal experiments were approved and
performed in accordance with guidelines of The University of Tokyo's Animal
Research Committee.

/-

Cells. Mouse colon carcinoma cell line SL4 was kindly provided by Dr. T. Irimura
(The University of Tokyo). Mouse melanoma cell lines B16F1 and B16F10 and
Lewis lung carcinoma cell line 3LL were maintained as described previously (10).
GFP-transduced SL4 cells (SL4-GFP) and 3LL cells (3LL-GFP) were prepared as
described previously (10). Mouse embryonic fibroblasts (MEFs) were retrovirally
transfected with pmCherry-N1 vector (Clontech) and used as MEF-mCherry cells
after selection with puromycin.

Liver Metastasis Model. The liver metastasis model has been described pre-
viously (36). In brief, after the mouse was anesthetized, the spleen was ex-
posed from a small incision in the left flank, and 2 x 10° SL4 cells, 3 x 10° 3LL
cells, 1 x 10° B16F1 cells, or 2 x 10° B16F10 cells were inoculated into the
spleen. Five minutes later, the spleen was excised, and the incision was closed
by clip. The mouse was killed on day 14, followed by the macroscopic obser-
vation of the liver and the measurement of liver weight. For the evaluation of
tumor burden at early stage of liver metastasis, 2 x 10° SL4-GFP cells were
inoculated, and liver specimens were collected 4, 8, and 12 h later. The GFP
mRNA level in the liver was measured by quantitative RT-PCR (qRT-PCR).
Additional information is provided in S/ Materials and Methods.
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