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ORIGINAL ARTICLE
Chemerin has a protective role in hepatocellular carcinoma by

inhibiting the expression of 1L-6 and GM-CSF and MDSC
accumulation

Y Lin™, X Yang'#, W Liu?*, B Li', W Yin', Y Shi? and R He'?

Hepatocellular carcinoma (HCQ) is linked to inflammation and immunosuppression. Chemerin is highly expressed in the liver and
implicated in the regulation of inflammation. However, the role of chemerin in HCC remains unclear. In this study, we aimed to
investigate whether chemerin is able to influence HCC progression by regulating tumor-associated inflammation. Here we demon-
strated that chemerin significantly decreased in blood and tumor tissues of HCC patients, and tumor chemerin levels were inversely
associated with the prognosis. In an orthotopic mouse model of HCC, Rarres2~/~ mice exhibited aggressive tumor growth and lung
metastasis, whereas chemerin overexpression greatly inhibited tumor growth. The tumor-inhibitory effect of chemerin was
accompanied by a shift in tumor-infiltrating immune cells from myeloid-derived suppressive cells (MDSCs) to interferon-y™T cells
and decreased tumor angiogenesis. Furthermore, we demonstrated that the tumor-inhibitory effect of chemerin was partly
dependent on T cells, as chemerin overexpression could inhibit tumor growth, albeit to a lesser extent, in Rag?~'~ mice when
compared with wild-type controls. Mechanistically, chemerin inhibited nuclear factor-«B activation and the expression of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-2 (IL-6) by tumor cells and tumor-associated
endothelial cell, respectively, via its receptors, and consequently, MDSC induction was impaired, leading to restoration of antitumor
T-cell response and decreased tumor angiogenesis. Clinically, systemic and tumor levels of chemerin were found to inversely
correlate with circulating concentrations of GM-CSF or IL-6 and tumor-infiltrating myeloid cells, respectively, in HCC patients.
Moreover, neutralization of GM-CSF and IL-6 abrogated HCC progression and MDSC accumulation in Rarres2~~ mice. In conclusion,
our study reveals the tumor-inhibitory effect of chemerin by suppressing inflammatory tumor microenvironment with therapeutic
implications for inflammation-associated cancer-like HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a typical inflammation-
associated cancer.! Hepatic inflammatory responses are consid-
ered to be the major contributor to HCC development
by enhancing immunosuppression and angiogenesis, thereby
providing permissive microenvironment for tumor cell growth and
invasion.! HCC-associated inflammation is characterized by
abundant expression of various pro-inflammatory cytokines within
the tumor microenvironment, which in turn induces the genera-
tion, recruitment and activation of different immune
cells including myeloid-derived suppressor cells (MDSCs). MDSCs
are directly implicated in the promotion of tumor growth and
metastasis by their potent immunosuppressive activities, particu-

colony-stimulating factor, CXCL1/2 and CCL2 have been shown
to be responsible for the induction and the migration of MDSCs.”
Increased serum levels of these cytokines have been reported in
HCC patients,® among which elevated IL-6 levels are associated
with risk of HCC and poor prognosis.” Accumulating evidence
implicates the critical role of GM-CSF and IL-6 in tumor
development by inducing abundant MDSC accumulation.
Tumor cell-derived GM-CSF has been demonstrated to promote
tumor growth and metastasis by inducing the generation and
systemic expansion of Gr-1"CD11b" MDSCs.'”'" IL-6 is also
important for the expansion and the survival of MDSCs, which
contributes to the development of several types of inflammation-
associated cancer including HCC>'2

larly on T cells, and their abilities to promote angiogenesis.>*
MDSCs were recently reported to accumulate in the blood and
tumor tissues of HCC patients,*® and the frequency of circulating
MDSC correlates with HCC recurrence.® Several inflammatory
cytokines including interleukin-2 (IL-6), IL-1, granulocyte-
macrophage colony-stimulating factor (GM-CSF), granulocyte

Chemerin is widely distributed with particularly high levels in
the liver of both human and mouse,'*'* and is originally described
as a chemoattractant for plasmacytoid dendritic cells and natural
killer (NK) cells through its functional receptor CMKLR1.'>'>'6
CMKLR1 was recently reported to be expressed by non-leukocytes
including epithelial cells and endothelial cells (ECs)."”'® CCRL2 was
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identified as atypical chemerin receptor with wide cellular
distribution, functioning to present chemerin to CMKLR1."
Accumulating evidence from our studies and others suggest
that chemerin-CMKLR1 axis could have either pro- or anti-
inflammatory role depending on the context of tissue
inflammation.?®?' Recently, decreased chemerin was reported in
several types of solid tumor, including HCC.22"2* However, the role
of chemerin in the development of inflammation-associated
cancer such as HCC remain unclear.

In this study, we examined chemerin levels and its predictive
role in HCC patients, and further investigated the role of chemerin
in HCC growth/metastasis and tumor-associated inflammation by
taking advantage of the newly established chemerin-deficient
(Rarres2™~) mice and several mouse models of HCC.

RESULTS

HCC patients exhibit significantly decreased systemic and local
expression of chemerin, and decreased tumor chemerin
expression is associated with poor prognosis

The liver has been reported to be the most prominent source
for chemerin in both human and mouse.”*'* We found that
HCC patients had much lower serum chemerin levels compared
with healthy subjects (19.35+3.333, fold reduction, n=24,
P < 0.0001; Supplementary Table S1 and Figure 1a). Furthermore,
chemerin expression at mMRNA and protein levels was significantly
lower in tumor than para-tumor tissues from HCC patients
(Figure 1b). In addition, several human HCC cell lines secreted
significantly less chemerin than a normal liver cell line, LO2 cells
(Figure 1c). These results show that chemerin is greatly down-
regulated systemically and locally in HCC patients. To determine
whether tumor chemerin levels correlated with the clinic outcome

of HCC patients, we next assessed chemerin expression in
HCC tissue microarray (TMAs) by immunohistochemical (IHC)
staining, and correlated tumor chemerin levels with relevant
clinical information of HCC patients (Supplementary Table S2).
We found that chemerin levels were positively associated
with favorable clinical characteristics such as small tumor size,
low-grade tumor differentiation and early Barcelona Clinic Liver
Cancer stage (Supplementary Table S3). More importantly, HCC
patients with higher chemerin levels had significantly higher
survival rate of 1- and 3-year and significantly lower recurrence
rate of 1- and 3-year than those with lower chemerin levels
(Figure 1d). These data collectively indicate a potential protective
role of chemerin in HCC.

Chemerin inhibits tumor growth and lung metastasis in mouse
models of HCC

Prompted by the above clinical findings, we next investigated the
role of chemerin in HCC progression by using several mouse
models of HCC. First, we generated Rarres2™~ mice
(Supplementary Figures 1a—c) to investigate whether chemerin
deficiency influenced an orthotopic HCC model by implanting
tumor tissues derived from mouse HCC Hepal-6 cells into the
liver. Rarres2™~ mice were viable and fertile and developed
normally, and displayed normal numbers of myeloid and
lymphoid cells in peripheral blood, spleens and liver under steady
state (Supplementary Figure 1d). Furthermore, no obvious
pathological changes were observed in major organs including
liver, kidney, colon, lung, spleen of Rarres2™~ mice compared with
those of wild-type (WT) littermates (Supplementary Figure 1e).
Hepal-6 cells secreted very little, if any, chemerin, but express
CMKLR1 and CCRL2 (Supplementary Figures 2a and b). Rarres2™~
mice implanted with Hepal-6 tumor exhibited significantly
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Figure 1. Chemerin levels are downregulated in blood and tumor tissues of HCC patients, which predicts the poor clinical outcomes.

(@) Chemerin protein levels were measured by enzyme-linked immunosorbent assay (ELISA) in sera from healthy subjects and HCC patients
(n=24). (b) Freshly resected tumor and para-tumor tissues from surgical specimens of HCC patients were collected. Left: gene expression of
chemerin was determined by quantitative reverse transcriptase (qRT)-PCR; middle and right: protein levels of chemerin were measured by
ELISA and western blot. ***P < 0.001. (c) Chemerin concentrations were measured by ELISA in the culture of a normal liver cell line LO2 and
several human HCC cell lines including Huh7, HCC-97L and HCCLM3. Values are mean =+ s.e.m. of three replicate wells from a representative of
three experiments. ***P < 0.001 vs LO2. (d) Kaplan-Meier survival or recurrence analysis of human HCC TMA based on chemerin density
following IHC staining. Chemerin density was coded as low or high, using the median value as a cutoff point. n=156. OS, overall survival;

TTR, time to recurrence.
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Figure 2. Chemerin inhibits tumor progression in mouse models of HCC. (a) Kaplan-Meier plot of survival of WT and Rarres2™~ mice
implanted with Hepal-6 cells in an orthotopic HCC model. n=16-18. (b) Representative images of liver tumors and the liver weight.
(c) Left, representative images of hematoxylin and eosin (H&E)-stained lung sections. Right, numbers of metastatic nodules counted in
a 100X high-power field (HPF). Original magnification, x 100; scale bar, 100 pm. (d) Kaplan-Meier plot of survival of WT mice implanted with
Ctrl-Hepa1-6 cells or chemerin-overexpressing Hepa1-6 cells in an orthotopic HCC model. n=12-14. (e) Representative images of liver tumors
and the liver weight. Columns and error bars represent mean +s.e.m. (n=12-18 per group). **P < 0.01, ***P < 0.001. Similar results were

obtained from three independent experiments.

increased mortality rate compared with similarly treated
WT littermates (Figure 2a). All the mice were killed on day
35 because only about 30% Rarres2™~ mice survived. Rarres2™~
mice had much larger liver tumors and higher liver weight than
WT littermates (Figure 2b). As expected, no metastatic tumor
nodules were found in hematoxylin and eosin-stained lung
sections from WT littermates, as Hepal-6 is a low metastatic cell
line (Figure 2c). Intriguingly, apparent tumor nodules were found
in lung sections of Rarres2~~ mice (Figure 2c). To further confirm
the HCC-inhibitory effect of chemerin, we forced chemerin
expression in Hepal-6 cells (chemerin-Hepal-6) (Supplementary
Figure 2a), and vector-transfected Hepal-6 cells were used as
control (Ctrl-Hepa1-6). In contrast to aggravated tumor growth in
Rarres2~~ mice, chemerin overexpression significantly decreased
mortality rate, liver tumor growth and liver weight of WT mice
implanted with Hepal-6 tumors (Figures 2d and e). We
also confirmed the tumor-inhibitory effect of chemerin in
a subcutaneous tumor model of HCC (Supplementary Figure 2c).
Furthermore, Rarres2~’~ mice had significantly more metastatic
nodules than WT littermates by using a lung metastasis model
by intravenously injecting Hepal-6 cells (Supplementary
Figure 3a). In contrast, WT mice intravenously injected with
chemerin-Hepal-6 cells had significantly less metastatic nodules
than those with Ctrl-Hepa1-6 cells (Supplementary Figure 3b).
Collectively, these data demonstrate that chemerin inhibits
HCC growth and lung metastasis.

Chemerin suppresses tumor-promoting microenvironment by

shifting the infiltrating immune cells from MDSCs to IFN-y*T cells
We excluded the possibility that HCC-inhibitory effect of chemerin
was due to its ability to directly inhibit Hepal-6 cell growth, as
chemerin overexpression or addition of exogenous chemerin had
no effect on the proliferation and apoptosis of Hepal-6 cells
in vitro (Supplementary Figures 4a—c and data not shown). We

© 2017 Macmillan Publishers Limited, part of Springer Nature.

therefore speculated that chemerin could modulate the tumor
microenvironment to inhibit HCC progression. We first analyzed
immune cell composition in Hepal-6 tumor tissues from WT and
Rarres2™~ mice by flow cytometry. Significantly increased
proportions of Gr-1"CD11b* MDSCs and F4/807CD11b* tumor-
associated macrophages (TAMs) were found in Hepal-6 tumors
from Rarres2™~ mice compared with those from WT littermates
(Figure 3a). These findings were further supported by IHC staining
showing significant more Gr-1-positive or F4/80-positive cells
observed in tumor sections from Rarres2”~ mice (Figure 3b).
Consistently, the expression of genes that are closely related
to MDSCs and TAM also significantly increased in tumors from
Rarres2™~ mice (Figure 3c). In contrast, significantly decreased
tumor-infiltrating CD4* and CD8" T cells that expressed interferon
(IFN)-y were found in Rarres2”~ mice compared with
WT littermates (Figure 3d). This could be due to impaired T-cell
proliferation, as significantly decreased percentages of CD4*Ki67*
and CD8" Ki67* were found in tumors from Rarres2™~ mice
(Figure 3d). Conversely, chemerin overexpression caused
a significant shift from infiltrating MDSCs to IFN-y" T cells
in orthotopic Hepal-6 tumors (Supplementary Figures 5a
and b). MDSCs mainly consist of two subsets, PMN-MDSCs
and M-MDSCs, based on the expression level of Gr-1.>> We found
that chemerin significantly reduced inﬁltrating_Gr]H'CD11b+PMN-
MDSCs, but only slightly reduced Gr-1m“CD11b"M-MDSCs
(Supplementary Figures 6a and b). We further confirmed
the immunosuppressive ability of each subset by showing that
co-culture of Gr1""'CD11b"PMN-MDSCs or Gr1™4CD11b"M-MDSCs
significantly inhibited CD3*T-cell proliferation upon anti-CD3/28
stimulation (Supplementary Figure 6c). There was no difference
in tumor-infiltrating Tregs and plasmacytoid dendritic cells
regardless of chemerin expression (data not shown). Although
previous study showed that chemerin overexpression induces
more infiltrating NK cells, which mediates its tumor-inhibitory
effect in mouse model of melanoma,®* similar percentages
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Figure 3. Rarres2™~ mice exhibit increased MDSC infiltration and decreased antitumor T-cell infiltration in orthotopic HCC tumors.
(a) Representative flow cytometry data and averaged percentages of MDSCs and macrophages in enzymatically dissociated Hepa1-6 tumor
tissues. Gr-1"CD11b"cells gated at F4/80-negative cells were considered as MDSCs and F4/80"CD11b* cells as macrophages. (b) Left,
representative images of IHC staining of Gr-1 and F4/80 in sections from Hepa1-6 tumors of WT or Rarres2™~ mice. Original magnification,
x 400; scale bar, 50 pm. Right, numbers of Gr-1" and F4/80" cells were counted in a 200X high-power field (HPF). (c) Quantitative
reverse transcriptase (qRT)-PCR analysis of the expression of genes that are related to MDSCs and macrophages in tumor tissues from WT or
Rarres2~'~ mice. (d, e) Representative flow cytometry data and averaged percentages of IFN-y"CD8" T cells and IFN-y*CD4" T cells, as well as
Ki67*CD4" T cells and Ki67*CD8" T cells (d) and representative flow cytometry data and averaged percentages of NK cells (NK1.1*CD3)
(e) in enzymatically dissociated Hepal-6 tumor tissues from WT or Rarres2™’~ mice. (f) Chemerin density from each sample of human
HCC TMA was plotted against numbers of CD11b* myeloid cells or CD56" NK cells in tumors from the same patient. A Pearson correlation was
used to evaluate the association of chemerin density and the numbers of CD11b* or CD56" cells. n=171. Columns and error bars represent
mean + s.e.m. (n=5-8 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Similar results were obtained from three independent experiments.

of tumor-infiltrating NK cells were found in Hepal-6 tumors
of Rarres2™~mice or chemerin- Hepal-6 tumors when compared
with respective controls (Figure 3e and Supplementary Figure 5c).
Our results collectively suggest that chemerin inhibits tumor
infiltration of MDSCs and TAMs, which may in turn lead to
enhanced antitumor T-cell responses.

We next sought clinic evidence of the link between chemerin
and infiltrating myeloid cells in HCC. Given the majority of CD11b*
cells consisting of MDSCs and TAMs, we analyzed the correlation
between CD11b-expressing cells and chemerin levels by perform-
ing IHC staining of HCC TMAs. We found that tumor chemerin
levels inversely correlated with the numbers of infiltrating
CD11b-expressing cells (Figure 3f). Moreover, we confirmed that
chemerin had no effect on tumor infiltration of NK cells in human
HCC samples, as there was no correlation between chemerin
levels and CD56-expressing NK cells (Figure 3f).

The tumor-inhibitory effect of chemerin is partly reserved in
Rag1™~ mice

As we found that chemein influenced tumor-infiltrating IFN-y*
T cells, but not NK cells, we next investigated whether T cells were
required by the HCC-inhibitory effect of chemerin. Chemerin

Oncogene (2017) 3599-3608

overexpression inhibited tumor growth and volumes in Rag1™~
mice in a significantly lesser extent than that in WT mice
(Figure 4a), indicating the involvement of T-cell immunity in the
tumor-inhibitory effect of chemerin. Considering that CD4'T
cells consist of different subsets with either tumor-inhibiting or
tumor-promoting ability and CD8'T cells are the primary
antitumor effector T cells, we chose to deplete CD8'T cells to
further differentiate the roles of CD4" and CD8'T cells in
the tumor-inhibitory effect of chemerin. Similarly, depletion of
CD8'T cells partly impaired the HCC-inhibitory effect of chemerin
in similar level to those observed in RagT_/_ mice (Figure 4b).
These results show that the tumor-inhibitory effect of chemerin is
partly dependent on T cells, especially CD8'T cells. Notably,
chemerin-Hepa1-6 tumors grew much slower and smaller than
Ctrl-Hepa1-6 tumors in Rag1™~ mice or CD8*T-cell-depleted mice
(Figures 4a and b), indicating the involvement of other T-cell
independent tumor-inhibitory mechanism. As expected, chemerin
overexpression significantly reduced tumor-infiltrating MDSCs
and TAM in Ragl™~ mice (Figure 4c). In addition to their
immunosuppressive activity, MDSCs and TAMs also contribute
to tumor growth by promoting tumor angiogenesis.?®
Consistently, greatly decreased angiogenesis was observed in
chemerin-Hepa1-6 tumors of Rag1~~ mice, as evidenced by much

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 4. The tumor-inhibitory effect of chemerin is partly reserved in Rag?™~ mice. (a, b) Ctrl-Hepal-6 and chemerin-Hepal-6 cells were
injected subcutaneously into male C57BL/6 WT and Rag1~~ mice (a), and some WT mice were randomized to be intraperitoneally injected
with anti-CD8 neutralizing antibody (200 pg/mouse) every 3 days from 3 days before inoculation of tumor cells until mice were killed (b).
Tumor growth was measured at the indicated time points. (¢) Numbers of Gr-1* and F4/80" cells counted in tumor sections following
IHC staining. (d) Left, representative photomicrographs of IHC staining of CD31 in tumor sections. Right, microvessel density (MVD) was
calculated by surface quantification of CD31-positive cells. Statistical significance calculated by analysis of variance (ANOVA). Original
magnification, x 200; scale bar, 50 pm. (e) Quantitative reverse transcriptase (qRT)-PCR analysis of the expression of proangiogenic genes in
tumor tissues from Rag1~~ mice that received Ctrl-Hepal-6 and chemerin-Hepal-6 cells. Columns and error bars represent mean +s.e.m.
(h=6 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Similar results were obtained from two independent experiments.

less CD31" cells and significantly decreased expression of various
angiogenic factors when compared with Ctrl-Hepa1-6 tumors
(Figures 4d and e). These data collectively demonstrate that
the HCC-inhibitory effect of chemerin could be attributed
to decreased tumor-infiltrating MDSCs, leading to restored
T-cell immunity and reduced angiogenesis.

Chemerin reduces systemic MDSC induction and the expression of
GM-CSF and IL-6 in HCC-bearing mice

We next explored the mechanism underlying the inhibitory effect
of chemerin on MDSC accumulation. To determine whether
decreased tumor-infiltrating MDSCs was due to the impairment in
MDSC induction or migration, we examined the influence of
chemerin on systemic MDSC accumulation in the blood and the
spleens of HCC-bearing mice. Rarres2™~ mice had significantly
increased MDSC accumulation in both circulation and spleens,
whereas chemerin overexpression significantly reduced systemic
MDSC accumulation (Figure 5a). Similar results were obtained in
lung metastatic model (Supplementary Figures 7a and b). We next
examined the gene expression of a variety of soluble factors,
which have been reported to participate in the generation,
migration and activities of MDSCs, in tumor tissues. We found
that GM-CSF, IL-6 and IL-4 were mostly affected by chemerin in
Hepal-6 tumors, as lack of chemerin significantly increased,
whereas chemerin overexpression significantly decreased,
their gene expression. However, chemerin had no effect on
the expression of chemokines that are important for tumor
recruitment of MDSC, such as CCL2 and CXCL1/2 (Figure 5b).
Consistently, chemerin overexpression did not affect the MDSC
chemotactic activity of Hepa1-6 cell supernatants (Supplementary
Figure 8a).

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Although serum levels of both GM-CSF and IL-6 were
undetectable in mice of all groups, Compared with healthy
controls, HCC patients had significantly increased serum levels of
GM-CSF (5.92+0.48 vs 4.87 + 0.32 pg/ml, n=24, P < 0.05) and IL-6
(7236+18.5 vs 4.09+2.18 pg/ml, n=24, P<0.001). Moreover,
serum levels of chemerin conversely correlated with those of
GM-CSF and IL-6 in individual HCC patient, albeit only the
association between chemerin and IL-6 reaching significance
(Figure 5c¢). Considering greatly impaired systemic accumulation
of MDSCs in Rarres2™~ mice and the importance of GM-CSF and
IL-6 for MDSC induction, these data together suggest that
chemerin could indirectly interfere with MDSC induction by
inhibiting GM-CSF and IL-6 expression, consequently leading to
reduced tumor infiltration of MDSCs.

Chemerin targets tumor cells and tumor-associated ECs to inhibit
the expression of GM-CSF and IL-6 and NF-kB activation, which is
mediated by its receptors

To analyze cell-type-specific expression of each cytokine and
determine the target cells of chemerin, we purified various cell
populations from fresh Hepa1-6 tumors based on the expression
of cell-type-specific marker (Figure 6a), and assessed gene
expression of GM-CSF and IL-6 in individual populations. We
demonstrated that tumor cells themselves were the major cell
source for GM-CSF and tumor-associated ECs for IL-6 (Figure 6a).
Moreover, tumor cells and ECs derived from Hepal-6 tumors of
Rarres2™~ mice expressed much higher levels of GM-CSF and IL-6,
respectively, whereas those from chemerin-Hepal-6 tumors of
WT mice expressed much lower levels of two cytokines,
respectively, when compared with the respective controls
(Figure 6b). Both GM-CSF and IL-6 are target genes of nuclear
factor (NF)-kB that has been implicated in the initiation and the
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Figure 5. Chemerin inhibits systemic MDSC accumulation and the expression of GM-CSF and IL-6 in HCC-bearing mice. (a) Representative flow
cytometry data and averaged percentages of MDSCs in blood and spleen of HCC-bearing WT or Rarres2™~ mice (upper) and WT mice
implanted with Ctrl-Hepa1-6 cells or chemerin-Hepa1-6 cells (lower) in orthotopic HCC model. (b) Quantitative reverse transcriptase (qRT)-PCR
analysis of the expression of inflammatory genes that are responsible for MDSC biology in orthotopic HCC tissues from WT or Rarres2~~ mice
(upper) and WT mice implanted with Ctrl-Hepa1-6 cells or chemerin-Hepa1-6 cells (lower). (c) The serum concentration of chemerin in each
HCC patient was plotted against concentrations of IL-6 or GM-CSF in serum from the same patient. A Pearson correlation was used to evaluate
the association of chemerin and of IL-6 or GM-CSF. Columns and error bars represent mean + s.e.m. (n = 5-8 per group). *P < 0.05, **P < 0.01,
***p < 0,001. Similar results were obtained from three independent experiments in a and b.

promotion of HCC.?”*® We found that tumor cells and ECs isolated ~ that expressed both CMKLR1 and CCRL2,"” with Hepal-6 cell
from Hepal-6 tumors of Rarres2”~ mice had higher levels supernatants. Very little IL-6 was secreted by bEND.3 cells,
of p-p65 than those from WT littermates, whereas chemerin and supernatants from Ctrl-Hepal-6 cells induced much more

overexpression caused lower p-p65 levels in tumor cells and IL-6 secretion than those from chemerin-Hepa1-6 cells (Figure 6f).
ECs (Figure 6¢), suggesting that chemerin was able to inhibit To test whether the inhibitory effect of chemerin on cytokine
NF-kB activation. production was dependent on its receptors, we downregulated

We further examined the expression of CMKLR1 and CCRL2 on the expression of Cmkir1 or Ccrl2 in Hepa1-6 and bEND.3 cells by
individual populations derived from Hepal-6 tumors. Both small interfering RNA. Knockdown of Cmkir1 or Ccrl2 completely
were detected in tumor cells and tumor-associated ECs at higher restored the levels of GM-CSF and IL-6 in the cultures of chemerin-
levels, and MDSCs at lower levels, but undetectable in tumor- Hepa1-6 cells and bEND.3 cells stimulated with chemerin-Hepal-6
associated fibroblasts (Figure 6d). The interaction between cell supernatants, respectively (Figures 6e and f). We also
chemerin—-CMKLRT or CCRL2 was confirmed by pulldown confirmed the inhibitory effect of chemerin on NF-kB activation
assay (Supplementary Figure 8). The direct effect of chemerin on was dependent on its receptors (Figures 6e and f). GPR1 was
the proliferation and migration of MDSCs was excluded reported to be the third receptor of chemerin, although its
(Supplementary Figures 9b and c¢). These data suggested functional relevance is largely unknown.?®?° However, specific
tumor cells and tumor-associated ECs as target cells for chemerin knockdown of GPR1 did not affect GM-CSF secretion by Hepa1-6
in HCC microenvironment. This was further supported by cells and IL-6 by ECs (data not shown), indicating a dispensable
in vitro studies. Chemerin overexpression significantly reduced role of GPR1. Collectively, these data demonstrate that chemerin
GM-CSF secretion by Hepal-6 cells, with no effect on CMKLR1 has an anti-inflammatory role by targeting tumor cells and
expression (Figure 6e and Supplementary Figure 2b). To mimic tumor-associated ECs to inhibit NF-kB activation and expression of
tumor-associated ECs, we stimulated bEND.3 cells, a mouse EC line GM-CSF and IL-6 in HCC microenvironment.
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Role of chemerin in HCC
Y Lin et al

3605

GM-CSF IL-6
010 8

0,08

0.06

0.04

Gene Expression
Gene Expression
S

0.02

0.00 0
Fbs ECs Leukos TCs Fbs

ECs Leukos TCs

b owr = Ctrl-Hepal-6 d CMKLRA e f
= Rarres2" = Chemerin-Hepal-6 IL-6
GM-CSF IL-6 500 -
223 R
10 P 5 S
{ 406 —
o A o4 & s PrT——
£ § N _ _ p
. 300
R L ¥ \ E £
2 E i s Isotypes 2 2
3 4 = 2 R J\ e 200 o
g 2 TCs
2 i 1 - — Fbs 100 4
4 i — MDSCs
0
TCs ECs
* i
12 o 16 q wew  wwe ww
c CCRL2
E
TCs 5 oo 5 12
-
i : 3 3
= 06 = 08
3 R . = & 0 2 04
S . =9 [
§ o 8 / P e 0.0 -
- : Fi 5ko [N S| --vos 654D | e | 65
65kD - o P
——— 0 | 0" e
p————
2 Chemerin N _ - _ _
& S ox PP P e o+ 4 Ctrl-Hepa'-6 Sup +
@e é{D K = v L e Scramble Scramble Crkird Corl2 Chemerin-Hepal-6 Sup - - + + +
q@i \zﬁ\ QSSX‘ SIRMA  siRNA SIRNA siRNA Cmkirt SRNA - - - " =
© Coi2siRNA = = = =+
<) Hepai-6Cell Lines bEND.3 Cell Lines

Figure 6. Chemerin inhibits the production of GM-CSF and IL-6 and NF-kB activation in tumor cells and tumor-associated ECs, respectively,
which is mediated by its receptors. (a) Left, the gating strategy and the lineage marker used for isolation of individual cell populations from
Hepa1l-6 tumor tissue. Epithelial tumor cells (EpCAM™), leukocytes (CD45%), ECs (CD31*PGDFR1a") and fibroblasts (Fb) (CD31 PGDFR1a").
Right, quantitative reverse transcriptase (qRT)-PCR analysis of gene expression of GM-CSF and IL-6 in individual cell populations sorted from
Hepa1l-6 tumor tissues. To quantitate the absolute gene expression of GM-CSF or IL-6 by individual cell populations in tumors, the values
of 2°Cy, of each gene multiply the percentage of individual cell populations in tumors. n=3. (b, ) qRT-PCR analysis of gene expression of
GM-CSF and IL-6 (b) and representative western blots showing phosphorylated p65 (p-p65) (c) in tumor cells and tumor-associated
ECs, respectively. Tumor cells and tumor-associated ECs were isolated from Hepal-6 tumors of WT and Rarres2~~ mice, as well as from
Ctrl-Hepa1-6 tumors and chemerin- Hepa1-6 tumors of WT mice. n=3. (d) Representative flow cytometry data of the expression of CMKLR1
and CCRL2 in individual cell populations sorted from Hepa1-6 tumor tissues in WT mice. (e) GM-CSF concentrations (upper) and p-p65 levels
(lower) in Ctri-Hepa1-6 cells and chemerin-overexpressing Hepa1-6 cells, which were transfected with scramble small interfering RNA (siRNA)
or Cmkir1 siRNA or Ccrl2 siRNA. (f) IL-6 concentrations (upper) and p-p65 levels (lower) in bEND.3 EC cells. bEND.3 cells were stimulated with or
without supernatants from Ctrl-Hepal-6 cells or chemerin-overexpressing Hepa1-6 cells, which were transfected with scramble siRNA or
Cmkir1 siRNA or Ccrl2 siRNA. Columns and error bars represent of three replicate wells from a representative of three independent
experiments. ***P < 0.001.

Neutralization of GM-CSF and IL-6 reverses aggravated orthotopic
HCC progression and MDSC accumulation in Rarres2™~ mice

To further investigate whether GM-CSF and IL-6 mediate inhibitory
effects of chemerin on HCC growth and MDSC accumulation
in vivo, we neutralized GM-CSF and IL-6 in Rarres2”~ mice
following orthotopically implanted Hepa1-6 tumors. Neutralization
of GM-CSF and IL-6 markedly improved the survival of tumor-
bearing Rarres2~~ mice and significantly reduced the increases in
Heap1-6 tumor volumes and liver weight, as well as lung
metastatic nodules (Figures 7a and b). Consistently, neutralization
of GM-CSF and IL-6 significantly reduced tumor-infiltrating MDSCs
and TAMs and systemic MDSC accumulation, enhanced tumor-

tumor angiogenesis in a subcutaneous model of HCC (Supple-
mentary Figures 10a-f). These data collectively demonstrate that
HCC-inhibitory effect of chemerin is dependent on its ability to
inhibit the production of GM-CSF and IL-6.

DISCUSSION

We here identify chemerin as a negative regulator of
HCC-associated inflammation and immunosuppression, which
provides protection against HCC development. Mechanistically,
chemerin could inhibit NF-kB activation and the production
of GM-CSF and IL-6 by directly acting on tumor cells and
tumor-associated ECs, respectively, which leads to impaired MDSC

infiltrating IFN-y" T cells and reduced tumor angiogenesis in
Hepa1-6 tumors of Rarres2~'~ mice (Figures 7c-e). In addition, we
also demonstrated that the administration of murine GM-CSF and
IL-6 recombinant proteins abrogated the inhibitory effects of
chemerin on tumor growth and MDSC accumulation, which was
accompanied by reduced antitumor T-cell response and increased

© 2017 Macmillan Publishers Limited, part of Springer Nature.

accumulation, thereby providing a better tumor-suppressing
microenvironment characterized by restored antitumor T-cell
immunity and reduced tumor angiogenesis (Figure 7f).

We reported that systemic and local chemerin protein levels are
downregulated in HCC patients, and decreased tumor chemerin
levels are associated with the poor clinic outcome. Moreover, we
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Figure 7. Neutralization of GM-CSF and IL-6 reverses aggravated orthotopic HCC progression and MDSC accumulation in Rarres2™~ mice.
(a) Kaplan-Meier plot of survival and representative images of liver tumors and the liver weight. of WT mice and Rarres2~~ mice received

isotype antibodies or neutralizing antibodies for GM-CSF and IL-6

in an orthotopic HCC model. n=16. (b) Representative images

of hematoxylin and eosin (H&E)-stained lung sections and numbers of metastatic nodules counted in a 100X high-power field (HPF).
(c) The percentages of MDSCs and macrophages in tumor tissues and MDSCs in blood and spleens, as well as IFN-y*CD8" T cells and IFN-y*
CD4" T cells in tumor tissues. (d) Representative images of IHC staining of CD31. (e) Quantitative reverse transcriptase (QRT)-PCR analysis of

the expression of proangiogneic genes in tumor tissues. Original magni

fication, x 200; scale bar, 50 pm in b and d. Columns and error bars

represent mean+s.e.m. (n=7 per group). Similar results were obtained from two independent experiments. **P < 0.01, ***P < 0.001.
(f) Schematic diagram of the cellular and molecular mechanism by which chemerin suppresses HCC progression.

demonstrated that chemerin has a protective role in
HCC growth, as Rarres2”~ mice exhibited exaggerated
orthotopic HCC growth, whereas chemerin overexpression inhib-
ited tumor growth. Notably, chemerin deficiency caused lung
metastasis of orthotopic HCC, highlighting a critical role of
chemerin in restraining HCC tumor progression. We further
revealed that HCC-inhibitory effect of chemerin is mediated by
its ability to suppress tumor-promoting inflammation. First,
chemerin did not affect the survival and proliferation of Hepal-6
cells. Second, Rarres2™~ mice had exaggerated tumor-associated
inflammation characterized by increased expression of GM-CSF
and IL-6, and tumor accumulation of MDSCs and TAMs, moreover,
neutralization of both cytokines almost reversed aggravated
tumor progression in Rarres2~~ mice. Third, the serum chemerin
levels was inversely associated with those of GM-CSF and IL-6 in
HCC patients, indicating a negative regulatory role of chemerin in
these two cytokines.

We further identified tumor cells and tumor-associated ECs as
target cells of chemerin in the tumor microenvironment. Although
B16 melanoma cells were reported to lack chemerin receptors,*
we found Hepal-6 cells expressed both receptors of chemerin.
Whether tumor cells express chemerin receptors could
be dependent on the tumor origin, as normal hepatocytes,
but not melanocytes, were reported to express CMKLR1.3°
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Interestingly, chemerin acted on Hepal-6 cells to selectively
inhibit GM-CSF production with no effect on their proliferation
and survival. Although previous studies suggested that IL-6
is secreted by tumor cells and infiltrating myeloid cells,'
we unexpectedly found that tumor-associated ECs are the
major cell source of IL-6 in our HCC models. This is supported
by a recent study showing that ECs orchestrate the production
of cytokines including IL-6 and infiltration of immune cells
such as neutrophils in influenza virus-infected mice.>* Thus,
our study pointed out that EC, in addition to its well-known
role in tumor angiogenesis, could serve as an active factor in
tumor-associated inflammation by secreting IL-6. Furthermore, we
demonstrated that disruption of chemerin or its receptors reduced
IL-6 production by tumor-associated ECs, which is also consistent
with a recent study showing that the act of chemerin—-CMKLR1 on
non-leukocytes, most likely ECs, is critical for the inhibition of
pro-inflammatory cytokines and leukocyte infiltration in murine
viral pneumonia.®® These results together emphasize the impor-
tance of chemerin and its receptor in controlling activated
ECs under some inflammatory conditions. NF-kB activation
in tumor cells and stromal cell is reported to be important for
GM-CSF and IL-6 expression.?”?® Consistently, we showed
that chemerin could inhibit NF-kB activation in tumor cells and
tumor-associated ECs via its receptors. However, chemerin had no

© 2017 Macmillan Publishers Limited, part of Springer Nature.



effect on the expression of other target genes of NF-kB such
as II-F18, Ccl2 and Cxcl1/2 in Hepal-6 tumors. The possible
explanation is that other transcriptional factors may be
more important for these cytokines, for example, hypoxia
inducible factor-1a and signal transducers and activators of
transcription 3, were reported to control gene expression of /I-13
and Ccl2 in some chronic inflammatory conditions, including
tumors.3*3® In addition, the inhibitory effect could be cell specific,
as IL-13 and CCL2 were found to be primarily expressed by
leukocytes and fibroblasts in tumors (unpublished data, Lin et al.).
It would be interesting to identify the critical target molecule on
which chemerin acts to interfere with NF-kB pathway in the
future study.

Our study also demonstrated that downregulation of GM-CSF
and IL-6 caused by chemerin leads to impaired MDSC induction
and consequently decreased tumor-infiltrating MDSCs, which
could contribute to HCC inhibition. In contrast to previous
study,®* we found that HCC-inhibitory effect of chemerin is
unlikely due to its chemotactic activity toward NK cells. Given that
the liver is rich in NK cells,*® the function, but not the recruitment,
of NK cells may be more important in liver diseases. Moreover,
we found that HCC-inhibitory effect of chemerin was partly
impaired in Rag1™~ or CD8+T-cell-depleted mice, suggesting
both T-cell-dependent and -independent mechanisms involved.
These results together suggest that various mechanisms are
involved in the tumor-inhibitory effect of chemerin, which may be
dependent on the tumor types. Given that HCC is highly
vascularized tumor,? T-cell-independent tumor-inhibitory effect
of chemerin could be attributed to decreased tumor angiogenesis
caused by impaired MDSC accumulation, as chemerin over-
expression markedly decreased tumor angiogenesis and the
expression of the proangiogenic factors, Bv8 and MMP9, which
are primarily secreted by MDSCs>” Although chemerin was
previously reported to endothelial angiogenesis in vitro,'® our
results suggest that the direct inducing effect of chemerin on
angiogenesis is minor and overpowered by its strong anti-
inflammatory effect in vivo.

Enhanced infiltration of TAMs was also found in tumor sites of
Rarres2~'~ mice. This could be due to increased circulating MDSCs,
which migrate into tumor sites and differentiate into macro-
phages under hypoxia.*® Recent data indicated the importance of
MDSCs and macrophages in tumor metastasis,'®*” which could
explain the occurrence of lung metastasis for a low metastatic cell
line in Rarres2™~ mice. However, it is still possible that chemerin
directly modulates the immunosuppressive function of MDSCs
and macrophages contributing to tumor suppression, as TAMs are
M2-like macrophages and we previously reported that chemerin
could inhibit M2 macrophages in a mouse model of acute colitis.>
In addition, chemerin appeared to cause a shift from Th2 to
Th1-type response, as greatly decreased IL-4, but increased IFN-y
expression, were found in the tumor microenvironment, which
could antagonize the immunosuppressive function of MDSCs
and TAMs.

In summary, our study reveals a novel tumor-inhibitory role of
chemerin in HCC by suppressing tumor-associated inflammation,
and suggests that reduced endogenous chemerin could
contribute to HCC progression. Application of chemerin, therefore,
could be a promising therapeutic strategy to potentially inhibit
the progression of HCC or other inflammation-driven cancers.

MATERIALS AND METHODS

Human samples

Blood samples and freshly resected tumor and para-tumor tissues from
HCC patients were obtained between July 2013 and April 2015, and a
cohort of human HCC specimens were randomly collected from 2005 to
2010 in Liver Cancer Institute, Zhongshan Hospital, Fudan University,
Shanghai, China. Blood samples from healthy controls were collected from
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Shanghai Public Health Clinical Center. HCC TMAs were constructed by
Shanghai Biochip Co., Ltd (Shanghai, China) as described previously.4° The
researchers who determined chemerin levels were blinded to the clinical
information for each patient. All patients and healthy donors provided
written informed consent. The study protocol was approved by the
Institute Review Board of Fudan University, Zhongshan Hospital.

Mice

Rarres2™~ mice were generated by Cyagen Company (Shanghai, China).
Targeting strategy for the disruption of the Rarres2 gene locus is depicted
in Supplementary Figure 1a. Six to 8-week male C57BL/6 WT mice were
purchased from Chinese Academy of Sciences (Shanghai, China). B6.12957-
Rag1™™°™/j (Rag1~"~) mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All mice were kept and bred in a specific pathogen-
free environment. All animal experiments were conducted in accordance
with protocols approved by the Animal Care and Use Committee at Fudan
University Shanghai Medical College.

Animal tumor model

The number of mice in each group is based on sample size estimate. For
orthotopic HCC model, Hepal-6 cells (5x10° cells in 100 ul phosphate-
buffered saline) were injected subcutaneously into the left flank region of
C57BL/6 mouse. When the tumor reached approximate 1 cm in length,
non-necrotic subcutaneous tumor tissue was removed and cut into about
1-mm? pieces and implanted into the liver of 6-week-old male Rarres2™/~
mice or WT littermates. For some experiments, the mice were randomly
selected for intravenous injection of the neutralizing antibodies of GM-CSF
and IL-6 (each 5 mg/kg) (both from eBioscience, San Diego, CA, USA) every
2 days from 2 weeks following the liver implantation until the mice were
killed. The researchers who measured tumor size were blinded to
treatment.

Histological analysis and IHC

For IHC, briefly, after antigen retrieval, mouse liver tumor sections were
incubated with the antibodies against Gr-1 (RB-8C5; 1:200, MCA2387,
AbDserotech, Oxford, UK), F4/80 (BM8; 1:200, MCA497, AbDserotech), CD31
(M-20) (1:200, sc-1506, Santa Cruz Biotechnology, Santa Cruz, CA, USA), or
sections from human HCC TMA were incubated with the antibodies against
human chemerin (1:200, AF2324, R&D Systems, Inc., Minneapolis, MN, USA),
CD56 (1:200, ab191105, Abcam, Cambridge, MA, USA); CD11b (M1/70) (1:500,
ab64347, Abcam) overnight at 4 °C, followed by the secondary antibody
incubation ABC kits (Vector Lab, Burlingame, CA, USA). For evaluation of IHC,
the staining-positive cells were counted blinded in 10 high-power fields at
400X or 200X. According to previous studies,*®*? chemerin density was
measured by Image-Pro Plus v6.2 software (Media Cybernetics Inc, Sliver
Spring, MD, USA), and CD31-positive vessels with a clearly defined lumen or
well-defined linear vessel shapes were considered to assess microvessel
density.

Flow cytometry

The following fluorochrome-labeled anti-mouse Abs were used: CD45
(30-F11), CD11b (M1/70), Gr-1 (RB6-8C5), F4/80 (BMS8), CD4 (GK1.5),
CD8 (APA5), IFN-y (AN-18), NK1.1 (PK136), CD3 (17A2), CD31 (390), PDGFRa
(53-6.7), EpCAM (1B7; all from eBioscience) CCRL2 (MAB5519,
R&D Systems, Inc.) and isotype antibodies (eBioscience). ChemR23 was
labeled by goat-anti-mChemR23 (sc-32652, Santa Cruz Biotechnology)
followed by flurochrome-labeled anti-goats secondary antibody. Samples
were acquired by Cyan instrument (Beckman Coulter, Miami, FL, USA) and
analyzed by FlowJo software (Treestar, Inc., San Carlos, CA, USA). For some
experiments, single-cell suspensions of tumor tissues were further
separated by Moflow (Beckman Coulter) into individual cell populations:
tumor cells (EpCAM*™CD45); leukocytes (CD45*CD317); fibroblasts
(CD45~ PDGFRa"CD31 ) and ECs (CD31*CD45 EpCAM ).

Statistical analysis

The comparisons between two groups were performed by two-tailed
Student's t-tests. Multiple-group comparisons were performed by analysis
of variance followed by a Bonferroni correction to compare each group.
Survival was determined by Kaplan—Meier method and survival curves
between different groups were calculated by log-rank test. The
preoperative clinical data, intraoperative and pathological findings,
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postoperative mortality, overall survival and time to recurrence were
compared between patients with high and low expression of chemerin.
The x* test or Fishers exact test was used for qualitative variables
comparison. All statistical tests were justified as appropriate and all data
meet the assumptions of the tests. The variance is similar between the
groups that were being statistically compared. The sample size was
estimated by pre-determined tables for certain values to ensure the
adequate power to detect a pre-specified effect size. The statistical analysis
was performed with SPSS 19.0 for Windows (SPSS Inc., Chicago, IL, USA).

Additional Materials and Methods can be found in the Supplementary
Information.
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