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Hepatocellular carcinoma (HCC) is a common malignant tumor in the digestive tract with limited therapeutic
choices. Although sorafenib, an orally administeredmultikinase inhibitor, has produced survival benefits for patients
with advanced HCC, favorable clinical outcomes are limited due to individual differences and resistance. The appli-
cation of immunotherapy, a promising approach for HCC is urgently needed. Macrophage infiltration, mediated by
the CCL2/CCR2 axis, is a potential immunotherapeutic target. Here, we report that a natural product from Abies
georgei, named 747 and related in structure to kaempferol, exhibits sensitivity and selectivity as a CCR2 antagonist.
The specificity of 747 on CCR2was demonstrated via calcium flux, the binding domain of CCR2 was identified in an
extracellular loop by chimera binding assay, and in vivo antagonistic activity of 747 was confirmed through a
thioglycollate-induced peritonitis model. In animals, 747 elevated the number of CD8+ T cells in tumors via
blocking tumor-infiltratingmacrophage-mediated immunosuppression and inhibited orthotopic and subcutaneous
tumor growth in a CD8+ T cell-dependentmanner. Further, 747 enhanced the therapeutic efficacy of low-dose so-
rafenibwithout obvious toxicity, through elevating the numbers of intra-tumoral CD8+T cells and increasing death
of tumor cells. Thus, we have discovered a natural CCR2 antagonist and have provided a new perspective on devel-
opment of this antagonist for treatment of HCC. Inmousemodels of HCC, 747 enhanced the tumor immunosuppres-
sive microenvironment and potentiated the therapeutic effect of sorafenib, indicating that the combination of an
immunomodulator with a chemotherapeutic drug could be a new approach for treating HCC.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hepatocellular carcinoma (HCC), the second leading cause of cancer
deathsworldwide (Torre et al., 2015), arises in peoplewith chronic liver
disorders and inflammation. Most patients are not suitable for hepatic
resection or transplantation. To treat these patients, chemotherapeutic
agents, such as cisplatin, oxaliplatin, gemcitabine, and 5-fluorouracil,
have been used, but they have low response rates. Sorafenib is the
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only agent approved for treating advanced HCC, but it has a limited ef-
fect on clinical outcome (Chen et al., 2015). Therefore, it is urgent to de-
velop new approaches to treat HCC.

Immunotherapy has been regarded as the best hope for cancer ther-
apy, but the clinical benefits vary widely (Prieto et al., 2015; Koyama et
al., 2016). Immune checkpoints, such as CTLA-4, PD-1 and TIM-3, have
been the most widely studied targets for immunotherapy. For applica-
tion to HCC, a recent phase I/II trial of a PD-1 antibody, CT-011, was
halted because of slow accrual (ClinicalTrials.gov, Identifier:
NCT00966251). A more appropriate immunotherapy for HCC needs to
be found (Prieto et al., 2015; Chen et al., 2015).

Infiltration of various immune cells leads to an immunosuppres-
sive microenvironment that is responsible for HCC initiation and
progression; macrophages are a primary component of these cells
(Sun and Karin, 2012; Li et al., 2017; Baeck et al., 2012). CCR2 is a
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2017.07.014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://ClinicalTrials.gov
http://dx.doi.org/10.1016/j.ebiom.2017.07.014
mailto:huiwang@sibs.ac.cn
http://dx.doi.org/10.1016/j.ebiom.2017.07.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/03064603
www.ebiomedicine.com


59W. Yao et al. / EBioMedicine 22 (2017) 58–67
feature of inflammatory monocytes, which are circulating precursors
of tissue macrophages. In acute or chronic inflammation, CCR2 con-
trols trafficking of bone marrow monocytes into the bloodstream
and their migration to inflammatory sites (Kurihara et al., 1997).
The CCL2/CCR2 axis and corresponding macrophage infiltration are
involved in liver pathology, including acute and chronic hepatitis,
cirrhosis, tumor progression, and metastasis (Huang et al., 2015; Li
et al., 2017; Marra and Tacke, 2014), making it a potential immuno-
therapeutic target for liver cancer.

CCR2 antagonists have been developed and evaluated in pre-clin-
ical and clinical trials mainly due to the need for eliminating
monocytes/macrophages, which would ameliorate inflammation
associated with diseases. Although various agents have been
discovered, and several have entered clinical trials, none have
proved effective due to the selectivity of other chemokine receptors,
their lack of potency in binding to rodent receptors, and poor PK/PD
profiles (Struthers and Pasternak, 2010; Zimmermann et al., 2014).

In the present study, we identified a natural product, 747, from Abies
georgei (Fig. 1A), as a CCR2 antagonist and, with murine HCC models,
evaluated it for activity in blocking CCL2/CCR2-mediated recruitment
of monocytes/macrophages and for therapy of liver cancer. Further,
we determined the effect of 747 combined with low-dose sorafenib
for treatment of HCC in mice.

2. Materials and Methods

2.1. Chemicals and Reagents

All chemicals were of analytical grade. The CCR2 antagonist
(747) with a purity of N97% was isolated from Abies georgei in the
Fig. 1. 747 is a promising CCR2 antagonist, as determined by tests in vitro and inmice. (A) The ch
effect of 747 on chemotaxis of hCCL2-induced THP-1 cells and mCCL2-induced murine periton
mCCR2 cells and binding of 125I-MIP1α in CHO-K1-hCCR5/mCCR2 cells. (E) Inhibitory effect
calcium flux in 293FT-Gcamp6-CCR5 cells. (F) 747 inhibition of thioglycollate-induced infiltrat
Natural Products Laboratory at the Second Military Medical
University (Shanghai, PR China). Sorafenib was obtained from
ChemPartner (Shanghai, China), and D-luciferin was acquired
from Xenogen Corp (Alameda, CA, USA). For daily injection,
compounds were formulated as solutions in 0.5% hydroxypropyl
methylcellulose with 0.2% Tween. 747, at 50 or 100 mg/kg of body
weight, was administered intraperitoneally. Sorafenib, at 10 or
30 mg/kg of body weight, was administered intragastrically.
Macrophage depletion was accomplished with clodronate
liposomes (FormuMax Scientific, Inc., Palo Alto, CA), and CD8 T
cell neutralization was achieved with anti-mouse CD8a antibody
(eBioscience, San Diego, CA, USA).
2.2. Homology Modeling

The structure of CCR2 was modeled according to a previously
reported method (Kim et al., 2011). The crystal structure of C-X-C
chemokine receptor-4 (CXCR4, PDBID: 3ODU) was used as a tem-
plate. Homology modeling was accomplished with the program,
MODELLER (Sali and Blundell, 1993) in the DS software package.
During the calculation, the ligand IT1t in the crystal structure of
CXCR4 was copied to maintain a cavity in the space surrounded by
the seven transmembrane helices. Ten models were generated and
sorted by PDF total energy. Three models with the lowest energy
were selected and refined by energy minimization with a fixed
backbone constraint. The CHARMM force field and conjugate gradi-
ent algorithms with the maximum of 500 iterations were applied.
The models were evaluated by PROCHECK (Morris et al., 1992).
Finally, one was selected for virtual screening.
emical structure of 747 is kaempferol 3-(2,4-di-E-p-coumaroylrhamnoside. (B) Inhibitory
eal macrophages. (C) Inhibitory effect of 747 on binding of 125I-MCP-1 in CHO-K1-hCCR2/
of 747 on CCL2-induced calcium flux in 293FT-Gcamp6-CCR2 cells and RANTES-induced
ion of peritoneal cells. *p b 0.05.



Table 1
Chemokine receptor selectivity profile of 747.

Receptor Cell type Assay format IC50 (μM)

CCR1 293FT-Gcamp6-CCR1 transf. Calcium flux N100
CCR2 293FT-Gcamp6-CCR2 transf. Calcium flux ~0.03
CCR3 293FT-Gcamp6-CCR3 transf. Calcium flux N10
CCR4 293FT-Gcamp6-CCR4 transf. Calcium flux N10
CCR5 293FT-Gcamp6-CCR5 transf. Calcium flux ~10
CCR6 293FT-Gcamp6-CCR6 transf. Calcium flux N10
CCR7 293FT-Gcamp6-CCR7 transf. Calcium flux N1
CCR8 293FT-Gcamp6-CCR8 transf. Calcium flux N1
CCR9 293FT-Gcamp6-CCR9 transf. Calcium flux N10
CXCR1 293FT-Gcamp6-CXCR1 transf. Calcium flux N1
CXCR2 293FT-Gcamp6-CXCR2 transf. Calcium flux 1–10
CXCR3 293FT-Gcamp6-CXCR3 transf. Calcium flux ~10
CXCR4 293FT-Gcamp6-CXCR4 transf. Calcium flux 1–10
CXCR5 293FT-Gcamp6-CXCR5 transf. Calcium flux N10
CXCR6 293FT-Gcamp6-CXCR6 transf. Calcium flux N100
CXCR7 293FT-Gcamp6-CXCR7 transf. Calcium flux N100

CCR, chemokine (C-C motif) receptor; CXCR, chemokine (C-X-C motif) receptor.
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2.3. Virtual Screening

Hydrogen atoms and charges were added to the modeled struc-
ture of CCR2 during a brief relaxation performed using the ‘Protein
Preparation Wizard’ workflow in Maestro 9.0. After optimizing the
hydrogen bond network, the crystal structure was minimized using
OPLS 2005 force field with the maximum RMSD value of 0.3 Å. The
grid-enclosing box was centered on the cavity generated with the li-
gand of IT1t and defined to enclose residues located within 14 Å from
the ligand, and a scaling factor of 1.0 was set to van der Waals radii
with the partial atomic charges of 0.25 to soften the nonpolar parts
of the receptor. The three-dimensional structures of compounds in
the natural product database, containing about 4000 molecules,
were generated with the Ligprep module. In the virtual screening
process, standard precision (SP) and extra precision (XP) approaches
were adopted successively, and 1000 compounds were reserved
after being screened with the SP mode. The top 200 compounds
were retrieved and ranked by GlideScore with the XP mode, and
these hits were visually inspected for their binding modes. Among
the selected compounds, 747 exhibited the most functional (chemo-
taxis) inhibition (Fig. S1).

2.4. Ca2+ Flux

Gcamp6 (Addgene), a new genetically encoded Ca2+ indicator supe-
rior to synthetic indicator dyes (Nakai et al., 2001), was stably expressed
in 293FT cells. 293FT-Gcamp6 cells were transiently transfected with
relevant chemokine receptors using Lipofectamine 2000 transfection
reagent (Invitrogen). Cells were harvested 48 h after transfection,
washed three times, and incubated in 96-well black plates with various
concentrations of 747 in Ringer's buffer at 37 °C for 3 h (Corning, cat. No.
3603) with 5 × 105 cells per well. Then 2 mM CaCl2 and corresponding
ligands were added into the wells to induce Ca2+ flux. The plates were
subsequently read and recorded for fluorescence intensity with excita-
tion at 488 nm and emission at 525 nm (EnSpire® Multimode Plate
Readers, PerkinElmer).

2.5. Construction of Chemokine Receptors and Cell Transfection

The complementary DNAs (cDNAs) encoding the C-C chemokine
receptors and CXC-receptors (R&D, Minneapolis, MN, USA) were
cloned into the expression vector pcDNA3.1/V5-His-A (Invitrogen)
at the BamHI and XholI sites. Single mutants were constructed by
PCR-based site-directed mutagenesis. CHO-K1 cells were seeded
onto 96-well, poly-D-lysine-treated cell culture plates (PerkinElmer)
at a density of 2.7 × 104 cells per well. After overnight culture, the
cells were transiently transfected with plasmid DNA using Lipofecta-
mine 2000 transfection reagent (Invitrogen).

2.6. Whole-cell Binding Assay

At 24 h after transfection, cells were harvested, washed twice, and
incubated with blocking buffer (F12 supplemented with 33 mM
HEPES (pH 7.4) and 0.1% bovine serum albumin (BSA)) for 2 h at 37
°C. For competition binding, the cells were incubated in binding buffer
with a constant concentration of 125I-MCP1 or 125I-MIP1α (40 pM)
and different concentrations of 747 at room temperature for 3 h. Cells
werewashed three timeswith ice-cold PBS and lysed by 50 μL lysis buff-
er (PBS supplemented with 20 mM Tris-HCl (pH 7.4) and 1% Triton X-
100). The plates were counted for radioactivity in a scintillation counter
(MicroBeta2 Plate Counter, PerkinElmer) using a scintillation cocktail
(OptiPhase SuperMix, PerkinElmer). Specific binding was determined
by subtracting non-specific binding observed in the presence of
100 nM unlabeled MCP1 or MIP1α.

2.7. Thioglycollate Model of Sterile Peritonitis

Mice were intraperitoneally dosed with 747 or vehicle 3 h before
an intraperitoneal injection with 1 mL of 4% thioglycollate and with
747 or vehicle once daily thereafter. At 3 days after thioglycollate
challenge, peritoneal cells were harvested by lavage with 5 mL PBS.
After lysis of red blood cells, peritoneal macrophages were counted
(Bio-Rad, TC10) and subjected to flow cytometry with antibodies
PE-CD11b (eBioscience), BV421-F4/80 (Biolegend), and APC-
mCCR2 (R&D).

2.8. Biochemical Parameters

Serum levels of blood urea nitrogen (BUN) and creatinine (Cr) and
serum activities of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), were qualified by using standard auto-analyzer
methods on chemray 240 (Rayto).

2.9. Quantitative Real-time PCR

Total RNA was extracted with the TRIzol reagent (Invitrogen) and
reverse-transcribed into cDNA. Quantitative real-time PCR was
performed on an ABI7900HI (Applied Biosystems). Target gene
expression was normalized to GAPDH and L32 as the control genes.

2.10. Cell Cultures

Mouse liver cancer cells (Hepa1-6), human monocyte cells (THP-
1), and human HCC cells (HepG2) were purchased from ATCC
(Manassas, VA); mouse liver cancer cells (LPC-H12), human immor-
talized non-tumorigenic liver cells (7702), and HCC cells (BEL-7404
and SMMC-7721) were obtained from the Cell Bank of the Shanghai
Institutes for Biological Sciences (Chinese Academy of Sciences,
Shanghai, China). The portal vein tumor thrombus 1 (PVTT-1) cell
line was a gift from Dr. Dong Xie (Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences, Shanghai, China).All cells
maintained in DMEM or 1640 media () with 25 μM glutamine,
10%FBS, 1% penicillin-streptomycin under routine atmosphere at 37
°C.

2.11. Immunohistochemistry

Immunohistochemistry was performed with primary antibodies
against CD8 (Novus) and cleaved caspase-3 (Cell Signaling Technol-
ogy). In brief, paraffin sections of tumors were deparaffinized and
rehydrated, and, after antigen retrieval, stained with primary
antibodies overnight at 4 °C and applied to HRP-conjugated



Fig. 2. Mode of binding of 747 with CCR2. (A) Sequence alignment of CCR2 and CCR5, the transmembrane regions, intracellular and extracellular loops are marked. From the docking
results, 747 bonds with CCR2 residues are marked in red. (B) Schematic diagram of CCR2, CCR5, and the chimeric receptors CCR2-CCR5 (C-term), CCR5-CCR2 (C-term), and CCR5-
CCR2 (Extracellular loops). (C) Inhibitory effect of 747 on binding of 125I-MCP-1 for CCR2, CCR5, and chimeric receptors expressed in CHO-K1 cells. (D) Inhibitory effect of 747 on
binding of 125I-MIP-1α for CCR2, CCR5, and chimeric receptors expressed in CHO-K1 cells. (E) Induced-fit docking of 747 in a homology model of CCR2 based on the C-X-C chemokine
receptor-4 crystal structure. (F) Inhibitory effect of 747 on binding of 125I-MIP-1α for CCR2 wild type and mutant receptors expressed in CHO-K1 cells.
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secondary antibodies at 37 °C for 1 h. Proteins were visualized after
diaminobenzidine staining (Glostrup, Denmark).

2.12. Flow Cytometry

Fresh mouse tumor tissues were dissociated into single-cell sus-
pensions with mouse tumor dissociation kits (Miltenyi Biotec)
following the manufacturer's instructions. After lysis of red blood
cells, the cells were centrifuged, suspended in FACS buffer, and
incubated with anti-mouse CD16/32 for 15 min to avoid non-specific
binding. Then cells were stained for 45 min at 4 °C in the dark. The
cells were washed once with PBS, suspended in 200 μL PBS, and
analyzed by BD FACS Aria II (BD Biosciences, San Jose, CA). For
detection of tumor-infiltrated cells, cell staining included the



Fig. 3. In an orthotopic liver cancer model, 747 suppresses liver cancer growth, reduces TAMs, and increases CD8 T cells. (A) The schedule for liver cancer treatment and imaging. (B)
Representative bioluminescence images of mice treated with 747 intraperitoneally (low: 50 mg/kg, high: 100 mg/kg), sorafenib intragastrically (30 mg/kg), or the vehicle (n = 6–7
mice/group). Representative photographs of liver tumors after treatment; the black dotted lines indicate the tumor regions. (C) Relative luminescence of liver tumors depicted in (B).
(D) Representative flow cytometry results showing the proportion of CD4 T cells, CD8 T cells, and TAMs (CD11b+F4/80+) in Hepa1-6 orthotopic tumor tissues of C57BL/6 mice. (E)
Quantification of immune cells by flow-cytometric analysis in tumor tissues. Data are shown as means ± SEM. *p b 0.05. (F) Body weight changes of mice during treatment. Data are
shown as means ± SEM.
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following antibodies: PE-CD11b, APC-CD4, and PE-cy7-CD8 from
eBioscience; PE-cy7-Gr1, BV421-F4/80, and APC-human CCR2 from
Biolegend (San Diego, CA, USA); and APC-conjugated mouse CCR2
from R&D (Minneapolis, MN, USA). A minimum of 10,000 events
were acquired for each sample.
2.13. Animal Studies

BALB/c athymic nudemice and C57BL/6 mice (male, 4–6weeks old)
were obtained from Shanghai Slac Laboratory Animal Co. and main-
tained in a pathogen-free vivarium under standard conditions. The
strain of the CCR2 knockout mice is B6.129S4-Ccr2tm1Ifc/J, purchased
from the Jackson Laboratory. The animal use and experimental proto-
cols were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the Institute for Nutritional Sciences. SIBS,
CAS.
2.14. Subcutaneous HCC Model

Hepa1-6 or LPC-H12 cells (1.5 × 106 in 150 μL of medium) were
injected into the right flanks of recipient mice. Tumor-bearing (about
0.5 cm in diameter) mice were randomized into control and treatment
groups. Tumor volume were determined with the formula 1/2a × b2

(where a is the long diameter, and b is the short diameter).

2.15. Luciferase-expressing Orthotopic HCC Model

Hepa1-6 cells stably expressing firefly luciferase (1.0 × 106 in 100 μL
of medium) were orthotopically injected into the livers of recipient
mice under anesthesia with tribromoethanol (240 mg/kg, Sigma). The
growth of tumors was monitored by bioluminescent imaging with the
Xenogen IVIS imaging system (Perkin-Elmer, Fremont, CA, USA). Ten
days after being implanted with tumor cells, tumor-bearing mice were
evaluated by imaging and randomized into control and treatment



Fig. 4. Depletion of CD8 T cells eliminates the anti-tumor effect of 747. (A) The schedule of 747 treatment and depletion ofmacrophages and CD8 T cells in Hepa1-6 subcutaneous tumors
(n = 5 mice/group). (B) Representative photographs of subcutaneous liver tumors after treatment with either 747. macrophage/CD8 T cell depletion, or both. (C) The tumors were
measured and the proportion of TAMs, CD4 T cells, and CD8 T cells were quantified by FACS (D, E). Data are presented as means ± SEM. *p b 0.05.
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groups. Mice were imaged once every 6 days during the course of the
treatment.

2.16. Statistical Analyses

All values were recorded as themeans± SEM from at least 2 or 3 in-
dependent experiments. The data were analyzed using GraphPad Prism
version 5.01 (GraphPad Software, Inc.). Statistical significance was de-
termined through two-tailed Student's t-tests. P values b 0.05were con-
sidered statistically significant.

3. Results

3.1. Characterization of 747 as a CCR2 Antagonist

After homologymodeling and virtual screening, 43 natural products
were chosen. Among the selected compounds, 747 exhibited the stron-
gest inhibition of hCCL2-THP1 chemotaxis (Fig. S1). In a concentration-
dependent manner, it inhibited migration of hCCL2/THP-1 cells and
mCCL2/thioglycollate-stimulated mouse primary peritoneal macro-
phages (Fig. 1B). Whole-cell radio ligand binding assays were per-
formed to evaluate the capacity of 747 to compete with 125I-MCP1 and
125I-MIP1α binding to CCR2 and CCR5 (mouse and human, due to
high sequence homology). 747 inhibited the binding of 125I-MCP1 to
hCCR2 andmCCR2 with IC50 values of 82 nM and 414 nM, respectively
(Fig. 1C). However, 747 inhibited the binding of 125I-MIP1α to hCCR5
with an IC50 value of 16 μM and showed no inhibition of 125I-MIP1α
binding to mCCR5 (Fig. 1D).

Calciumflux is a feature of activation of G-protein-coupled receptors
(GPCRs). The 293FT-Gcamp6 system transfected with chemokine re-
ceptors was employed to measure calcium mobilization. 747 inhibited
CCL2-induced calcium flux with an IC50 of 30 nM, but showed no
substantial inhibition of RANTES-induced calcium flux (Fig. 1E). For
CCR2-dependent macrophage recruitment in mice by thioglycollate,
747, at doses of 50, 100, 150mg/kg, suppressed infiltration by peritone-
al macrophages by 75.7%, 87.0%, and 92.8%, respectively (Fig. 1F). In
CCR2−/− mice, 747 failed to reduce macrophage infiltration (data not
shown). A panel of C-C chemokine and C-X-C chemokine receptors
was evaluated in Ca2+ flux assays. Relative to CCR2, 747 exhibited no
appreciable inhibition of any tested receptors (Table 1).

3.2. Characterization of the Binding Mode of CCR2-747 by Use of CCR2-
CCR5 Chimeras

As described above, 747 exhibited distinct binding affinities for
CCR2 and CCR5, despite their high similarity. A CCR2-CCR5 chimeric
approach (Zweemer et al., 2013) was utilized to clarify the role of the
regions of the receptor in binding 747 (Fig. 2A and B). After the CCR5
extracellular loops were replaced with CCR2 extracellular loops, the
binding affinity of 747-125IMCP1/CCR5 was increased, with the IC50
of 15 μM changing to 639.9 nM. 747-125IMCP1/CCR2 binding affinity
was not appreciably altered after the CCR2 C-terminal was replaced
by the CCR5 C-terminal (Fig. 2C). Consistently, when the extracellu-
lar loop was moved from CCR5 to CCR2, 747-125IMIP1α/CCR5
binding affinity was increased, with an IC50 of 18 μM changing to 1
μM. Substituting the CCR5 C-terminal with the CCR2 C-terminal
resulted in a change of binding affinity from 18 μM to 14 μM (Fig. 2D).
To access the binding of 747 with CCR2, a CCR2 homology model and a
docked 747 model were utilized. In the structure of 747, three phenol
moieties bind to the rhamnoside group,whichmakes itflexible, generates
various conformers, and provides hydroxyls that can form hydrogen
bonds with protein. From the docking results (Fig. 2E), we found that
one conformer of compound 747 could bind to an extracellular ligand
pocket with a preferable mode according to the scoring and coinciding
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with experimental results (Singh and Sobhia, 2013; Kim et al., 2011).
Moreover, we determined the effect of residues of mutants from the
docking results in binding 747. The binding affinity of 747 for an N199A
mutant receptor was 2-fold lower compared with the wild type (Fig. 2F).

In an orthotopic model of murine liver cancer, 747 suppressed liver
tumor growth, decreased infiltration of tumor-associatedmacrophages,
and increased CD8 T cells.

The CCL2/CCR2 axis and corresponding macrophage infiltration are
involved in liver pathology, including acute and chronic hepatitis, cir-
rhosis, tumor progression, and metastasis (Huang et al., 2015; Li et al.,
2017; Marra and Tacke, 2014), making it a therapeutic target for liver
cancer. With IC50 values N10 μM, 747 had little cytotoxicity to Hepa1-
6, LPC, THP-1, or other human liver cancer cells (Fig. S2). To evaluate
the therapeutic effect of 747 as a CCR2 antagonist, an orthotopic
model of murine liver cancer (Hepa1-6) was established (Fig. 3A).
Liver tumor growth was inhibited after administration of 747 at doses
of 50 or 100 mg/kg (Fig. 3B and C). The average tumor volumes of the
groups treated with 747 were smaller than those for mice treated
with the vehicle and were comparable to those for mice treated with
sorafenib (30 mg/kg), the only first-line drug for treating advanced
HCC (Wilhelm et al., 2004). Flow-cytometric analysis of tumor tissues
after treatment with 747 showed a 43% decrease of TAMs and a 2-fold
increase of CD8 T cells (Fig. 3D and E). In nude mice (T-cell deficient)
bearing subcutaneous Hepa1-6 tumors, 747 had little effect on tumor
growth (Fig. S4A and B). Further, 747 caused little toxicity, as deter-
mined by effects on weights of these mice and the serum levels of
ALT, AST, blood urea nitrogen, and creatinine (Fig. 3F, Figs. S3 and S4C).
Fig. 5. 747 potentiates the therapeutic effect of sorafenib. (A) The schedule for 747 treatment an
treatmentwith 747, sorafenib, or the combination, andmeasured by tumor growth andweight.
and CD8 T cells were quantified by FACS. Data are presented as means ± SEM. *p b 0.05.
3.3. 747 Possesses Anti-liver Cancer Activity Via Reduction of TAMs, Leading
to Expansion of CD8 T Cells

These findings indicated that TAMs and CD8 T cells were respon-
sible for the anti-tumor effects of 747. To gain insight into the rela-
tionships among 747, TAMs, and CD8 T cells, clodronate liposomes
and anti-mouse CD8a antibody were used to deplete macrophages
and CD8 T cells, respectively, in C57/BL6 mice bearing Hepa1-6 sub-
cutaneous tumors (Fig. 4A). For the group with TAMs depleted by
clodronate liposomes, tumor volumes were lower, similar to the
747 group. The therapeutic effect was not enhanced by treatment
with the combination (Fig. 4B and C). Clodronate liposomes, 747,
or the combination enhanced the proportion of CD8 T cells, resulting
in reduced TAMs in the tumor microenvironment (Fig. 4D and E).
These anti-tumor effects were abolished by depletion of CD8 T cells
by anti-mouse CD8a antibody. The tumor volumes of the group de-
pleted of CD8 T cells were larger than those for the group dosed
with the vehicle (Fig. 4B and C). Consistent with the inhibition of
tumor growth, flow-cytometric analysis of tumor tissue revealed
that the anti-tumor activity of 747 was dependent on expansion of
CD8 T cells mediated by reduction of macrophages (Fig. 4D and E).
Other immune cells, such as CD4 T cells (Fig. 4E), myeloid-derived
suppressor cells (MDSCs) (Fig. S5), B cells, and NK T cells (data not
shown) were not changed appreciably. Thus, 747 blocks infiltration
by TAMs, leading to elevated numbers of CD8 T cells, which kill
tumor cells. Additionally, for mice dosed with 747, CD8 T cells are a
downstream target of TAMs.
d tumormeasurement. (B) Representative photographs of subcutaneous liver tumors after
(C) Bodyweight changes ofmice during treatment. (D, E) Proportions of TAMs, CD4 T cells,
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3.4. Blockage of TAMs With 747 Enhances the Anti-tumor Efficacy of
Sorafenib

For sorafenib, a multi-kinase inhibitor and the only systemic treat-
ment for advanced HCC, about 30% of patients benefit from treatment,
with the modest efficacy due to individual differences, intrinsic and ac-
quired resistance, tumor heterogeneity, and an immunosuppressivemi-
croenvironment (Llovet et al., 2008; Cheng et al., 2009; Chen et al.,
2015). Toxicity at high dosages is another concern. As established by
Fig. 6. Treatment with the combination of 747 and sorafenib enhances tumor cell death and imp
subcutaneous tumors after treatmentwith 747, sorafenib, or the combination (Scale Bar: 50 μm
Bar: 50 μm). Representative immunohistochemistry of F4/80 (macrophage cells) in the tumor se
treated with vehicle, 747 (5 μM) for 24 h. qRT-PCR results indicating the expression of M1 and
point. qRT-PCR showing the expression of cytotoxicmarker in CD8+T cells.(G) BMDM treated
cells for 72 h. Cytometric Bead Array kits were employed to measure cytokine expression in th
clinical results, immunotherapy is a promising approach to treat cancer
(Prieto et al., 2015). Since our previous results indicated that treatment
with 747 increases intra-tumoral CD8 T cells through blocking TAMs, a
combination of 747 and low dose (10 mg/kg) sorafenib were tested in
mice bearing subcutaneous Hepa1-6 liver cancers (Fig. 5A). 747 treat-
ment alone showed an appreciable therapeutic effect, the low dose of
sorafenib showed no efficacy, and the combination exhibited the most
efficacy (Fig. 5B).Measurements of bodyweights indicated no apprecia-
ble toxicity among the groups during treatment (Fig. 5C). Consistent
roves the cytotoxicity of CD8 T cells. (A) Representative hematoxylin and eosin staining of
). (B) Representative immunohistochemistry of cleaved caspase-3 in tumor sections (Scale
ctions (C) and Arg-1 (M2marker) in the tumor sections (D) (Scale Bar: 50 μm). (E) BMDM
M2 macrophage markers in BMDM. (F) CD8+ T cells were sorted from tumor at the end
with vehicle,747 (5 μM) for 24 h and subsequently co-culturedwithmice primary CD8+T
e culture supernatants.
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with these results, 747 treatment blocked infiltration of TAMs and en-
hanced intratumoral CD8 T cells to kill tumor cells. The combination
with sorafenib had no effect on the reduction of TAMs or the increase
of CD8 T cells (Fig. 5D and E). To exclude a cell line-dependent effect,
LPC-H12 (another murine HCC cell line) model of subcutaneous liver
cancer was utilized, with similar results (Fig. S6).

747 potentiates the therapeutic effects of sorafenib by increasing
tumor necrosis and apoptosis and enhancing cytotoxicity of intra-tu-
moral CD8 T cells.

To determine if the efficacy observed with the combination of 747
and sorafenib was a result of increased tumor cell death, tumors in the
various groups were evaluated for the extent of necrosis (Fig. 6A). The
staining for cleaved caspase-3 indicated that apoptosis was increased
in the combination group compared to the other groups (Fig. 6B). 747
decreased TAMrecruitment (Fig. 6C) and changed themacrophage phe-
notype. IHC of Arg-1 showed that the M2macrophages in tumors were
decreased after 747 treatment. Study of bone marrow-derived macro-
phages (BMDMs) showed that 747 enhanced the expression ofM1-spe-
cific genes and depressed expression of M2-specific genes (Fig. 6E).
Since M1macrophages have antitumor effects and are involved in acti-
vation of T cells, we determined if 747 treatment increased CD8 T cells
through blocking macrophage infiltration. We sorted CD8 T cells from
tumors to examine their activation status, and found that the cytotoxic
marker genes were increased (Fig. 6F). With BMDM-CD8 T cell co-cul-
tures, pretreatment of BMDMs with 747 caused CD8 T cells to secrete
TNF-α, an inducer of apoptosis, in a dose-dependent manner. These
findings indicate that, in tumors, 747 blocks TAM infiltration and in-
creases CD8 T cells. Concurrently, it changes TAM polarization towards
theM1phenotype and enhances CD8T cell cytotoxicity, which explains,
in part, its effect in combination therapy.

4. Discussion

Due to its involvement in various biological and pathological func-
tions, CCR2 is an attractive target for drug discovery. However, develop-
ment of CCR2 antagonists has been disappointing because of receptor
redundancy, species differences, selectivity of other chemokine recep-
tors, and limited clinical efficacy (Zimmermann et al., 2014). Since
none of the present CCR2 antagonists has passed clinical trials, new con-
cepts and strategies are needed. Natural products and their
pharmacophores have been considered in the drug development pro-
cess, and, from 1981 to 2014, they have accounted for nearly half of all
newly approved drugs (Newman and Cragg, 2016). In the present
study, a CCR2 antagonist, 747, was selected from a natural product li-
brary. 747 binds to human andmouse CCR2with high affinity and selec-
tivity relative to other chemokine receptors, particularly CCR5, which
shares 72% homology (Zhao, 2010). Further, 747 binds to the major
pocket of CCR2 through extracellular loops, whereas, among the mu-
tants, only N199A mutant receptors decrease the binding affinity of
747 with CCR2. As determined from docking results, 747 forms hydro-
gen bonds with residues H121, F194, N199, N266, and T267, which par-
tially explains why a single mutation may not show an appreciable
effect on binding. Thus, 747, a CCR2 antagonist with a structure different
from current antagonists, has antitumor potential and provides new in-
sight for discovery of CCR2 antagonists.

For HCC, the second leading cause of cancer death worldwide, there
is a lack of effective drugs. The only approved drug, sorafenib, has mod-
est survival benefits (Llovet et al., 2008; Abou-Alfa et al., 2006; Cheng et
al., 2009). Immunotherapy has been considered as aneffective approach
for cancer treatment, but the clinical benefits vary due to individual re-
sponses, tumor type (especially solid tumors), different immune tar-
gets, and relevant drugs (Prieto et al., 2015; Koyama et al., 2016).
Additionally, immunomodulators alone generally possess modest anti-
tumor activity as a consequence of their indirect inhibition of tumors
(Prieto et al., 2015; Beatty and Gladney, 2015; Khalil et al., 2016;
Restifo et al., 2016). An approach for immunotherapy, targeting of
immune checkpoints, including CTLA-4, PD-1, TIM-3, LAG-3, and BTLA,
is being considered. A clinical trial of the anti-PD-1 monoclonal anti-
body, CT-011, was terminated for patients with HCC because of slow ac-
crual (ClinicalTrials.gov Identifier: NCT00966251) (Prieto et al., 2015;
Chen et al., 2015). Although pembrolizumab and nivolumab, both PD-
1 antibodies, entered phase III trials and showed a favorable outcomes,
more exploration is needed to develop therapeutic strategies against
HCC (Kudo, 2017).

We previously demonstrated that the CCL2/CCR2 axis mediates re-
cruitment of TAMs and is involved in liver cancer. Thus, blocking of
CCR2 could inhibit progression of liver cancers (Li et al., 2017). The pres-
ent research shows that 747 alone reduces growth of liver tumors by re-
lieving TAMs-mediated immunosuppression. Compared to mice dosed
with clodronate liposomes, 747 elevated CD8 T cells with commensu-
rate macrophage depletion, resulting in tumor inhibition. 747 also re-
duced TAMs in the tumor microenvironment and shifted macrophages
towards the M1 phenotype (data not shown), which explains, in part,
why the enhancement of CD8 T cells leads to better efficacy. Unlike
some other immunomodulators, 747 alone exhibited anticancer prop-
erties, potentiated the antitumor efficacy of a low dose of sorafenib,
and reduced its toxicity as reflected in body weight changes. Further-
more, the combination possessed the strongest inhibition of tumors
via increased CD8 T cell counts and improved distribution within the
tumor. Thus, we have presented proof-of-principle evidence that 747
is an immunomodulator that, combined with sorafenib, potentiates
therapeutic efficacy by reducing numbers of TAMs, shifting polarization
of TAMs, enhancing numbers CD8 T cells, improving CD8 T cell distribu-
tion in the tumor microenvironment, and increasing necrosis and apo-
ptosis of tumor cells.

In summary, we identified 747, a natural CCR2 antagonist thatmeets
demands of CCR2 antagonist design and development. 747 exhibited
anti-liver cancer effects through elevating CD8 T cells via blocking
CCR2-mediated recruitment of TAMs. Further, 747, combined with
low-dose sorafenib, displayed anti-tumor effects through improving
the quantity and distribution of CD8 T cells within tumors, without ob-
vious toxicity. This combination of immunotherapy and chemotherapy
provides a new approach for therapy of HCC (Marabelle et al., 2014).

5. Significance

Hepatocellular carcinoma (HCC) is a common malignant tumor of
the digestive tract with limited therapeutic choices. Although sorafenib,
an orally administered multikinase inhibitor, has produced survival
benefits for patients with advanced HCC, favorable clinical outcomes
are limited due to individual differences and resistance. Immunothera-
py is a promising approach, and its application to HCC is urgently need-
ed. Infiltration of macrophages, mediated by the CCL2/CCR2 axis, is a
potential immunotherapeutic target for HCC. Here, we report that a nat-
ural product from Abies georgei, named 747 and related in structure to
kaempferol, exhibits sensitivity and selectivity as a CCR2 antagonist.
The specificity of 747 on CCR2 was demonstrated via calcium flux, the
binding domain of CCR2 was identified in an extracellular loop by chi-
meras binding assay, and in vivo antagonistic activity of 747 was con-
firmed with a TG-induced peritonitis model. In vivo, 747 elevated the
number of CD8+ T cells in tumors via blocking tumor-infiltrating mac-
rophage-mediated immunosuppression and inhibited orthotopic and
subcutaneous tumor growth in a CD8+ T cell-dependent manner. Fur-
ther, 747, without obvious toxicity, enhanced the therapeutic efficacy of
low-dose sorafenib through elevating intra-tumoral CD8+ T cells and
increasing death of tumor cells. Thus, we have discovered a natural
CCR2 antagonist, 747, and have provided a newperspective on develop-
ment of CCR2 antagonists for treatment of related diseases. In mouse
models of HCC, 747 improves the tumor immunosuppressive microen-
vironment and potentiates the therapeutic effect of sorafenib, indicating
that the combination of immunomodulators and chemotherapeutic
drugs could be a new approach for treating HCC.

http://ClinicalTrials.gov
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