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Abstract

Background: Transarterial chemoembolization (TACE) has been shown to prolong survival in patients with unresect-
able hepatocellular carcinoma (HCC); however, the long-term survival remains dismal. Targeting macrophage and
neutrophil infiltration is a promising strategy. The CCL2/CCR2 and CXCLs/CXCR2 axes are required for recruitment of
macrophages and neutrophils, respectively, in HCC. We investigated the feasibility of CCL2/CCR2 and CXCLs/CXCR2 as
therapeutic targets in combination with TACE for treating HCC.

Methods: Expression of CCL2/CCR2 and CXCLs/CXCR2 was analyzed in the primary rat HCC model and one HCC
cohort. The relationship between expression levels, neutrophil and macrophage infiltration, hepatocarcinogenesis
progression in the rat model, and survival of HCC patients was assessed. The anti-tumor effects of blocking the CCL2/
CCR2 and CXCLs/CXCR2 axes by CCR2 and CXCR2 antagonists in combination with TACE were evaluated in HCC rats.
The numbers of macrophages, neutrophils, and hepatic progenitor cells were further determined to explore the
underlying mechanisms.

Results: High macrophage and neutrophil infiltration and CXCL8 expression were associated with poor prognosis in
the TCGA liver cancer dataset. High expression of CCL2/CCR2 and CXCL8/CXCR2 in clinical HCC specimens was associ-
ated with reduced survival. Expression of CCL2/CCR2 and CXCL1/CXCR2 was correlated with hepatocarcinogenesis
progression in the primary rat HCC model. Blockade of CCL2/CCR2 and CXCLs/CXCR2 enhanced the anti-tumor effect
of TACE treatment in this model. Blocking the CCL2/CCR2 and CXCLs/CXCR2 axes with CCR2 and CXCR2 antagonists
in TACE-treated rats reduced macrophage and neutrophil infiltration and hepatic progenitor cell activation and thus
overcame TACE resistance in HCC.

Conclusions: The results demonstrate the translational potential of immunotherapy targeting the CCL2/CCR2 and
CXCLs/CXCR2 axes in combination with TACE therapy for the treatment of HCC.
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Transarterial chemoembolization (TACE) has
become an accepted, standard treatment in the manage-
ment of patients with intermediate-stage HCC accord-
ing to the Barcelona Clinic Liver Cancer algorithm [4,
5]. TACE in the setting of primary and secondary HCC
is also becoming an essential part of the oncology land-
scape [6]. While TACE is effective in killing HCC cells
in both theoretical and in vitro experiments, there is an
urgent need to identify novel therapeutic strategies for
TACE due to the poor prognosis of patients receiving
this procedure [7]. The major problems in the clinical
application of TACE include unclear mechanisms of
resistance to TACE treatment, lack of prognostic indi-
cators for effectiveness/resistance, and possible lack of
active ingredients in available embolic agents [8]. It is
essential to thoroughly understand the mechanism of
TACE resistance in HCC both in vitro and in vivo.

HCC is an inflammation-related cancer, and inflam-
mation is an important feature of the tumor micro-
environment [9]. Chronic liver injury triggered by
hepatocellular carcinogenic factors is mainly mediated
by uncontrollable chronic inflammation, with a large
number of macrophages, neutrophils, T cells, and nat-
ural killer cells infiltrating the liver. Increased infiltra-
tion of immune cells in the tumor microenvironment is
involved in the development and progression of hepa-
tocellular carcinoma through the secretion of large
amounts of inflammatory factors that induce immune-
mediated hepatocellular injury [10]. The presence of an
inflammatory microenvironment in hepatocellular car-
cinoma tissues is considered to be an important influ-
encing factor in the recurrence and metastasis of HCC
[11].

The chemokine receptor CCR2 with its ligand CCL2,
as well as the receptor CXCR2 and its multiple ligands
CXCL1, CXCL2, and CXCLS, have been implicated in a
wide range of tumors [12, 13]. There is extensive evidence
to indicate that the CCL2/CCR2 and CXCLs/CXCR2
axes can stimulate tumor growth and angiogenesis, and
promote the infiltration and activation of host immune
cells [14]. The CCL2/CCR2 axis is involved in the recruit-
ment of monocytes and macrophages to tumor sites [13].
Recent studies indicated that the CXCLs/CXCR2 axis
contributes to tumor progression in HCC through the
infiltration of neutrophils and myeloid-derived suppres-
sor cells [15, 16]. The CCL2/CCR2 and CXCL8/CXCR2
axes play an essential role in the malignant progression
of tumors and act as novel targets for cancer treatment
[17]. The importance of the CCL2/CCR2 and CXCLS8/
CXCR2 axes in various cancers has led to the develop-
ment of several small-molecule inhibitors that target
the two axes [18, 19]. Therefore, we specifically focused
on the involvement of these two chemokine networks in
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promoting the recruitment of immune cells and increas-
ing angiogenesis, tumor growth, and metastasis in HCC.

Based on the existing evidence, we hypothesized that
blocking the CCL2/CCR2 and CXCLs/CXCR2 axes
would enhance the TACE-induced inhibition of tumor
growth. The aims of the present study, involving the use
of a primary rat HCC model and retrospective cohort
studies of patients with HCC, were (1) to investigate the
role of the CCL2/CCR2 and CXCLs/CXCR?2 axes in HCC
tumor growth and progression, (2) to evaluate the effect
of targeting the CCL2/CCR2 and CXCLs/CXCR2 axes on
TACE-induced antitumor activity, and (3) to investigate
the underlying mechanism.

Methods

Bioinformatics analysis

The impact of immune infiltration on patient over-
all survival (OS) in The Cancer Genome Atlas (TCGA)
liver cancer dataset was evaluated by the TIMER 2.0
web server [20]. Due to the limitations of direct meas-
urement methods, computational algorithms are often
used to infer immune cell composition from bulk tumor
transcriptome profiles. TIMER2.0 is a comprehensive
resource for systematical analysis of the abundances of
different immune infiltrates across 32 cancer types from
TCGA. Outcome module of TIMER2.0 allows users to
explore the clinical relevance of tumor immune subsets.
In this database we explored the correlation between six
tumor immune subsets (CD8" T cells, CD4" T cells, B
cells, Neutrphils, Macrophages and Dendritic cells) and
survival rate of HCC patients. The Kaplan—Meier plots
were drawn with TIMER2.0 for immune infiltrates and
HCC to visualize the survival differences. The log-rank
p—value for Kaplan—Meier curves are shown in the fig-
ures. Immune cells infiltrate levels are divided into low-
and high- level groups by the split percentage of patients
50%.

The expression of CCL2/CCR2 and CXCL8/CXCR2 in
HCC tissues was explored with RNA sequencing data in
the TCGA liver cancer dataset, and analyzed by the UAL-
CAN web server (http://ualcan.path.uab.edu/index.html)
[21]. Patients were stratified according to CCL2/CCR2
and CXCL8/CXCR2 expression values in HCC: High
(>3rd quartile), Medium (between 3rd and 1st quar-
tile), Low (< 1st quartile). Survival rates were analyzed by
Kaplan—Meier plots. Significance of survival impact was
measured by log rank test. A p-value<0.05 was consid-
ered statistically significant.

The correlations between CCL2/CCR2 and CXCLs/
CXCR2 gene expression and immune infiltrates were
evaluated by the TIMER 2.0 program of the TCGA
liver cancer dataset [20]. Gene module of TIMER2.0
allows users to select any gene of interest and visualize
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the correlation of its expression with immune infiltra-
tion level in diverse cancer types. In simple terms, gene
module draws an association between known instances
of expression of a gene in an immune cell type versus a
tumor type and therefore concludes that expression of
that gene is therefore either positively correlated with
infiltration of a particular type of immune cell if the
gene is known to be expressed in that immune cell or
negatively correlated if it is more commonly expressed
in tumors. Scatter plots were used to examine the rela-
tionship between gene expression levels and the infil-
tration levels of immune cells, as estimated by the
TIMER algorithm based on RNA-Seq expression profile
data.

The UCSC Xena browser (https://xenabrowser.net)
[22] was utilized to obtain the corresponding violin
plots of the mRNA expression levels of CCL2/CCR2
and CXCL8/CXCR2 between tumor and adjacent nor-
mal tissues, based on TCGA liver cancer data.

Patient cohort and liver specimens

Liver specimens were obtained from 74 HCC patients
who accepted hepatectomy in the Shanghai East-
ern Hepatobiliary Surgery Hospital from 1996 to
2006. We retrospectively collected the clinicopatho-
logical and follow-up data of patients. These patients
included 67 men and 7 women, with a median age of
50.5+12.4 years. All the liver specimens were subjected
to immunohistochemistry analysis. Prior informed con-
sent was obtained. The human studies were approved
by the Ethics Boards of Shanghai Eastern Hepatobiliary
Surgery Hospital and written informed consent was
obtained from each patient. The detailed demographic
and clinicopathological characteristics of those 74 HCC
patients undergoing hepatectomy are summarized in
Table 1.

Primary rat HCC model

To establish a primary rat HCC model, male Sprague
Dawley rats (8—10 weeks old, weighing 160-180 g) were
purchased from Shanghai Laboratory Animal Research
Center (Shanghai, China). The rats were housed under
specific pathogen-free conditions. Rats received dieth-
ylnitrosamine through drinking water (concentration of
100 ppm) to induce liver cancer. More than 90% of the
diethylnitrosamine-treated rats developed macroscopic
liver tumors (multiple, diameter >2 mm) at 12—14 weeks.
Animal experiments were approved by the Ethics Board
of Second Military Medical University. All procedures
were performed following the institutional animal wel-
fare guidelines of Second Military Medical University.
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Table 1 Demographic and Clinicopathological Characteristics of
74 HCC Patients

Factors Value Percent
Age 505+£124
Gender (male/female) 67/7 90.5/9.5
BCLC Stage

A 2 2.7

B 34 459

@ 38 514
Types of cirrhosis

Normal 17 233

Micronodular 4 54

Macronodular 34 459

Mixed 19 257
TNM stage

1 32 432

2 36 48.7

3 6 8.1

Neoadjuvant Therapy 0 0

Hepatectomy 74 100
Laboratory values

White blood cell (x 10%/1) 5484199

Platelet (x 10°/L) 146+73

Total bilirubin (umol/L) 146+55

Direct bilirubin (umol/L) 56£27

Albumin (g/L) 426141

ALT (U/L) 56.1+405

AST (U/L) 4271214

Glucose (mmol/L) 50£10

CEA (ng/ml) 42479

CA19-9 (U/ml) 149485

AFP (ng/ml) 3247+£4253

AFP alpha-fetoprotein, ALT alanine aminotransferase, AST aspartate
aminotransferase, BCLC the Barcelona Clinic Liver Cancer, CA19-9 carbohydrate
antigen 19-9, CEA Carcinoembryonic antigen, TNM tumor-node-metastasis

Inhibition of the CCL2/CCR2 and CXCL1/CXCR2 axes in HCC
rats

Sprague Dawley rats with diethylnitrosamine induced
HCC were used to simulate human liver cancer.
INCB3344 is a selective CCR2 antagonist which blocks
the CCL2/CCR2 axis. SCH527123 is a selective, small-
molecule CXCR2 antagonist which blocks the CXCL1/
CXCR2 axis. After diethylnitrosamine treatment for
6 weeks, the rats were divided into 4 treatment groups
consisting of 10 animals per group. The rats were anes-
thetized with 2% sevoflurane, then intraperitoneally
injected with INCB3344 (60 ug/g body weight) in 200 pl
saline, or SCH527123 (10 pg/g body weight) in 200 pl
saline, or INCB3344 (60 pg/g) + SCH527123 (10 pg/g)
in 200 pl saline, or 200 pl of blank saline. Injections
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were repeated twice every week for 7 weeks. After the
whole treatment schedule was complete (13 weeks),
the rats were sacrificed to observe the development of
HCC.

TACE regimens

After 14 weeks of diethylnitrosamine treatment, Sprague
Dawley rats were randomized into five groups, with ten
rats in each group. As described below, cisplatin-based
TACE was performed in the five groups with or without
INCB3344 and SCH527123. We found that the 3 mg/kg
dose of cisplatin was well tolerated by the rat. A surface
area-based conversion factor (FDA Guidance for Indus-
try: Estimating the Maximum Safe Starting Dose in Initial
Clinical Trials for Therapeutics in Adult Healthy Vol-
unteers, available at https://www.fda.gov/media/72309/
download) predicts the rat 3 mg/kg dose to be equivalent
to a 18 mg/m? dose for a 60 kg human, and this dose is
equally to the clinically recommended dose, just above
the lower end of the 18-30 mg/m? dosing range recom-
mended by the Chinese clinical practice guidelines for
TACE of HCC. The treatment groups were as follows: I:
control group (0.5 ml normal saline); II: cisplatin (3 mg/
kg); IIL: cisplatin (3 mg/kg) plus INCB3344 (60 pg/g);
IV: cisplatin (3 mg/kg) plus SCH527123 (10 ug/g); and
V: cisplatin (3 mg/kg) plus INCB3344 (60 pg/g) and
SCH527123 (10 pg/g).

TACE therapy in the primary HCC model

Sprague Dawley rats with diethylnitrosamine induced
HCC were used to simulate human liver cancer. TACE
was performed in rats after 14 weeks of diethylnitrosa-
mine treatment. Briefly, a polyethylene catheter (PE-10)
with a 0.6-mm outside diameter connected to one end
of a needle (inner diameter: 0.2 mm) was used for cath-
eterization under laparotomy. The rat was anesthetized
with 2% sevoflurane and then immobilized on a foam
board. The rat was initially scraped clean and the liver
was exposed using an abdominal median incision. After
exposure of the liver, the needle was inserted retrogradely
into the gastroduodenal artery using a binocular surgi-
cal microscope. Successful intubation was confirmed by
a perfusion measurement. The above-mentioned agents
were injected through the catheter into the hepatic artery
at a speed of about 0.1 ml/3 min, followed by with 0.1 ml
of normal saline. The hepatic artery was then ligated with
5-0 silk thread. The ventral incision was closed with a
permanent suture in two layers. The rats were sacrificed
6 weeks after administration of the different treatments.

Histological examination
Rat liver tissue specimens were removed and fixed in
10% phosphate-buffered formalin for 24 h. The liver
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cancer specimens were embedded in paraffin, sectioned
to 4 mm thickness, and stained with H&E for histological
examination. The Klintrup-Makinen score was used to
quantify the peritumoral inflammatory infiltrate in H&E
sections. The density of the generalized inflammatory cell
infiltrate was graded as low-grade (no or mild increase
in inflammation) and high grade (prominent increase in
inflammation with cancer cell destruction) as previously
described [23]. Each sample was assessed and scored
independently by two pathologists who were blinded to
the study protocol.

Immunohistochemical staining

The sample staining procedures were performed as previ-
ously described [24]. The following antibodies were used
for immunocytochemistry: anti-CCL2 (1:200 dilution,
cat. no. DF7577, Affinity, USA), anti-CCR2 (1:200 dilu-
tion, cat. no. 357207, Biolegend, San Diego, CA, USA),
anti-CXCL8 (1:250 dilution, cat. no. ab7747, Abcam,
Cambridge, UK), and anti-CXCR2 (1:200 dilution, cat.
no. 320705, Biolegend, San Diego, CA, USA), anti-CD68
(1:200 dilution, cat. no. ab31630, Abcam, Cambridge,
UK), anti-iNOS (1:500 dilution, cat. no. ab178945,
Abcam, Cambridge, UK), anti-CD163 (1:500 dilution,
cat. no. ab182422, Abcam, Cambridge, UK), anti-MPO
(1:200 dilution, cat. no. GB11224, Servicebio, Wuhan,
China), and anti-CK19 (1:1000 dilution, cat. no. 14965—
1-AP, Proteintech Group, Rosemont, IL). Phosphate buff-
ered saline was used in negative controls. Kaplan—Meier
estimated of overall survival in 74 patients with HCC
according to the expression level of CCL2, CCR2, CXCL8
or CXCR2 in IHC. Images of five randomly chosen fields
per slide were taken with a microscope (x 200 magnifi-
cation). Image-Pro Plus 6.2 was employed to analyse the
levels of protein expression by calculating the values of
mean integrated optical density (integrated optical den-
sity/area) for statistical analysis [9]. Patients were divided
into low- and high-expression groups by the median of
mean integrated optical density.

Statistical analysis

All experiments were repeated at least 3 times with
similar results. All quantitative data are expressed as
mean=+ SD for each experiment. Comparisons between
two experimental groups were made using Student’s
t-test. One-way analysis of variance was performed using
GraphPad Prism software version 7.0. Analysis of clinical
data was performed with SPSS Statistics software version
24.0 (IBM Corporation, New York, NY, U.S.A.). Relation-
ships between continuous variables were analyzed using
Pearson’s correlation coefficient (r) and Spearman’s rank
correlation coefficient (rho). Survival times were analyzed
by Kaplan—Meier survival analysis with the log-rank test
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for comparison. Statistically significant differences are
indicated as follows: *p < 0.05, **p <0.01, and ***p <0.001.

Results

High neutrophil and macrophage infiltration and CXCL8
expression are associated with low survival

We summarized the HCC-associated chemokines and
their receptors of previous studies, and focused on their
target immune cell subpopulations (Additional file 1:
Table S1). The results show that a total of 32 chemokines
and 19 chemokine receptors are closely associated with
HCC, and the main relevant immune cell subsets include
CD4' T cells, CD8' T cells, B cells, neutrophils, mac-
rophages, and dendritic cells (Additional file 1: Table S1).
TIMER 2.0 is a comprehensive resource for systematic
analysis of immune infiltrates across diverse cancer types.
This version of the webserver provides information on
the abundance of infiltrating immune cells, estimated
by multiple immune deconvolution methods, and allows
users to comprehensively explore tumor immunological,
clinical and genomic features. We investigated the cor-
relation between hepatocellular carcinoma-associated
chemokines and their receptors and the level of immune
infiltration in HCC using TIMER 2.0. Results for the
six above-identified immune cell types are presented
in Additional file 1: Tables S2-S7. To make the results
clearer and more visual, we integrated the separate data-
sets into a single table for analysis (Additional file 1:
Table S8). The results showed that the expression levels
of most hepatocellular carcinoma-associated chemokines
and their receptors were positively correlated with the
degree of immune cell infiltration in HCC. A single
chemokine (CCL14) was negatively correlated, while a
few chemokines (CCL25, CCL27 and CXCL2) were not
correlated (Additional file 1: Table S8).

We explored the correlation between the level of tumor
immune subpopulation infiltration and clinical progno-
sis in the TCGA liver cancer database using TIMER 2.0
(Additional file 1: Fig. SIA-F). The results showed that
the infiltration levels of CD8' T cells, CD4" T cells, B
cells, and dendritic cells (DCs) did not correlate with
the overall survival (OS) of HCC patients, whereas the
infiltration levels of neutrophils and macrophages did
correlate with HCC OS. When the degree of neutro-
phil and macrophage infiltration was low, the cumula-
tive survival rate of hepatocellular carcinoma patients
was increased. We then explored the HCC tumor stage
relevance of tumor immune subsets in a multivariable
Cox proportional hazard model. The results showed
that CD8" T cells had no significant effect on survival
time (P=0.918), stage 3 (HR=2.68, 95%CI 1.75-4.09,
P<0.0001) and stage 4 (HR=5.49, 95%CI 1.69-17.82,
P=0.005) patients had a statistically significant impact
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on survival time; CD4% T cells had no significant effect
on survival time (P=0.566), stage 3 (HR=2.67, 95%CI
1.74-4.05, P<0.0001) and stage 4 (HR=5.31, 95%CI
1.63-17.31, P=0.006) patients had a statistically signifi-
cant impact on survival time; B cells had no significant
effect on survival time (P=0.431), stage 3 (HR=2.66,
95%CI 1.74-4.06, P<0.0001) and stage 4 (HR=5.22,
95%CI 1.60-17.04, P=0.006) patients had a statisti-
cally significant impact on survival time; Neutrophil
had no significant effect on survival time (P=0.247),
stage 3 (HR=2.58, 95%CI 1.68-3.96, P<0.0001) and
stage 4 (HR=4.58, 95%CIl 1.35-15.50, P=0.015)
patients had a statistically significant impact on sur-
vival time; Macrophage had significant effect on survival
time (P=0.002), stage 3 (HR=2.58, 95%CI 1.68-3.96,
P<0.0001) and stage 4 (HR=6.09, 95%CI 1.87-19.82,
P=0.003) patients had a statistically significant impact
on survival time; DCs had no significant effect on survival
time (P=0.104), stage 3 (HR=2.65, 95%CI 1.74-4.05,
P<0.0001) and stage 4 (HR=5.66, 95%CI 1.74-18.37,
P=0.004) patients had a statistically significant impact
on survival time. Through a comprehensive analysis of
the results in Additional file 1: Table S1, Additional file 1:
Table S8 and Additional file 1: Fig. S1, we found that the
CCL2/CCR2 (macrophage-related) and CXCL8/CXCR2
(neutrophil-related) axes are closely associated with the
prognosis of HCC patients and can be used as new thera-
peutic targets for hepatocellular carcinoma.

Therefore, we performed a more detailed analysis of
the role of these axes in hepatocellular carcinoma. The
association between the expression of genes in the CCL2/
CCR2 and CXCL8/CXCR2 axes and patient OS in the
TCGA liver cancer dataset was analyzed. Kaplan—Meier
survival curves were constructed using the UALCAN
browser. In this cohort, although the expression lev-
els of CCL2, CCR2, and CXCR2 were not significantly
associated with poor prognosis, HCC patients with high
expression of CXCL8 had shorter OS compared to the
patients with low expression (Additional file 1: Fig. S1G).

We further investigated the correlation between the
expression levels of the CCL2/CCR2 and CXCLs/CXCR2
genes with the immune infiltration level in HCC. Scat-
ter plots were constructed using the TIMER 2.0 browser
based on RNA sequencing expression profile data. The
analysis was performed on five genes (CCL2, CCR?2,
CXCL1, CXCL8, and CXCR2) and the estimated infiltra-
tion levels of six immune cell types (CD8" T cells, CD4*
T cells, B cells, DCs, neutrophils, and macrophages). The
results showed a positive correlation between the gene
expression level and immune cell infiltration in HCC
(p<0.05), except for CXCL1 and CD8" T cells, CXCR2
and CD4% T cells, and CXCR2 and B cells (Additional
file 1: Fig. S2). Therefore, targeting CCL2/CCR2 and
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CXCLs/CXCR2 can potentially regulate immune cell
infiltration in the tumor microenvironment and improve
the therapeutic effect of HCC.

Collectively, these results suggest that reducing neutro-
phil and macrophage infiltration improves OS in patients
with HCC, and that targeting CCL2/CCR2 and CXCL8/
CXCR2 chemotaxis is feasible as a potential therapeutic
strategy.

High expression of CCL2/CCR2 and CXCL8/CXCR2 in HCC
specimens is associated with low survival

To explore the role of the CCL2/CCR2 and CXCLS8/
CXCR2 axes in HCC, expression of CCL2, CCR2,
CXCL8, and CXCR2 was evaluated by immunohisto-
chemistry in tissue microarrays of tumors from a ret-
rospective cohort of 74 HCC specimens with complete
follow-up data. Typical images of CCL2, CCR2, CXCLS,
and CXCR2 immunostaining in clinical HCC samples are
shown in Fig. 1. Moreover, Kaplan—Meier survival analy-
sis was performed on the association between protein
expression levels (CCL2, CCR2, CXCL8, and CXCR?2)
and disease-free survival (DFS) and overall survival (OS)
(Fig. 1). There was an inverse association between the
CCL2, CCR2, CXCL8 and CXCR2 protein levels and
DFS (all log-rank p<0.001). Likewise, we found a signifi-
cant inverse association between CCL2, CCR2, CXCL8
and CXCR2 protein levels and OS (log-rank p=0.016,
p=0.03, p=0.02 and p=0.015, respectively) (Fig. 1). Our
results showed that high levels of CCL2, CCR2, CXCLS,
and CXCR2 in HCC tissues were correlated with poor
prognosis and reduced patient survival.

To further confirm these results, we compared the
expression levels of the CCL2/CCR2 and CXCL8/CXCR2
genes in HCC tumors and adjacent normal tissues
using data from the TCGA liver cancer database. The
RNA expression levels were visualized with violin plots,
obtained via the UCSC Xena browser (https://xenab
rowser.net). Significant differences in expression lev-
els were observed between tumors and adjacent normal
tissues in HCC cohorts (Additional file 1: Fig. S3). The
results showed that CCL2, CCR2, CXCL8, and CXCR2
were more highly expressed in adjacent normal tissues
than in liver cancer tissues. The above results suggest
that high expression of CCL2/CCR2 and CXCL8/CXCR2
in the peri-carcinoma tissue can mediate the interaction
between immune cells and liver cancer cells and promote
the development of HCC.

CCL2/CCR2 and CXCL1/CXCR2 expression levels are
correlated with hepatocarcinogenesis progression

in primary HCC model

The CXCL8 gene is absent in rodents, so we exam-
ined CXCL1 in rats, which is considered the functional
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equivalent of human CXCL8 in promoting neutrophil
migration [25]. To explore the role of the CCL2/CCR2
and CXCL1/CXCR2 axes in primary HCC, expression
of CCL2, CCR2, CXCL1, and CXCR2 was evaluated by
immunohistochemical analysis of tissue microarrays
of tumors from the primary rat HCC model at different
time points (Fig. 2A). The expression of CCL2, CCR2,
CXCL1, and CXCR2 was enhanced during hepatocar-
cinogenesis progression. There was a significant posi-
tive correlation between CCL2, CCR2, CXCL1, CXCR2
expression and diethylnitrosamine treatment time in the
primary rat HCC model (r=0.70, p<0.0001; r=0.74,
»<0.0001; r=0.67, p<0.0001; r=0.71, p<0.0001; respec-
tively) (Fig. 2B-E). The results indicate that the CCL2/
CCR2 and CXCLs/CXCR2 axes play an important role in
HCC progression.

Based on their polarization states, macrophages are
divided into three types: general macrophages (MO mac-
rophages), classically activated type 1 (M1 macrophages),
and alternatively activated type 2 (M2 macrophages) [26].
M1 macrophages can produce and release proinflamma-
tory mediators. In contrast, M2 macrophages often result
in the synthesis of anti-inflammatory cytokines and con-
tribute to the resolution of inflammation. To explore
whether the three different macrophage activation states
are correlated with hepatocarcinogenesis over time in
the primary rat HCC model, the expression of CD68 (MO
macrophage marker), iNOS (M1 macrophage marker),
and CD163 (M2 macrophage marker) were detected by
immunohistochemical analysis at different times point
(Additional file 1: Fig. S4A). The expression levels of
CD68 and CD163 were augmented during HCC progres-
sion. However, the expression level of iNOS was attenu-
ated. There was a significant positive correlation between
CD68, iNOS and CD163 expression and diethylnitro-
samine treatment time in the primary rat HCC model
(r=0.09, p=0.01; r=0.21, p<0.0001; r=0.60, p < 0.0001;
respectively) (Additional file 1: Fig. S4B-D). The results
show that during the occurrence and development of
HCC, although the total number of macrophages did not
change significantly, their polarized phenotypic subpopu-
lations did change significantly. M1-type macrophages
with anti-tumor effects gradually decreased, while
M2-type macrophages with tumor-promoting effects
gradually increased.

Intraperitoneal CCR2 and CXCR2 antagonists prevent
hepatocarcinogenesis in the primary HCC model

Due to the contribution of the CCL2/CCR2 and CXCL1/
CXCR?2 axes to the pathology of various cancers, there
have been attempts to develop CCR2 and CXCR?2 antag-
onists, anticipating therapeutic benefits from CCR2 and
CXCR?2 inhibition. Here, we evaluated the feasibility of
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Fig. 1 High expression levels of CCL2/CCR2 and CXCL8/CXCR2 in HCC specimens are associated with poor prognosis. Kaplan—Meier estimated of
overall survival in 74 patients with HCC according to the expression level of CCL2, CCR2, CXCL8 and CXCR2 in immunohistochemical. Images of five
randomly chosen fields per slide were taken with a microscope. Image-Pro Plus 6.2 was employed to analyse the levels of protein expression by
calculating the values of mean integrated optical density (integrated optical density/area) for statistical analysis. Patients were divided into low- and
high-expression groups by the median of mean integrated optical density. A Four representative images of CCL2 immunostaining in clinical HCC
specimens. B, C The Kaplan—Meier curves for disease-free survival (DFS) and overall survival (OS) of this cohort according to low and high expression
of CCL2. D Four representative images of CCR2 immunostaining in clinical HCC specimens. E-F Kaplan-Meier curves for DFS and OS according to
the expression levels of CCR2. G Four representative images of CXCL8 immunostaining in clinical HCC specimens. H-1 Kaplan-Meier DFS and OS
curves according to the expression levels of CXCL8. J Four representative images of CXCR2 immunostaining in clinical HCC specimens. K-L Kaplan-
Meier DFS and OS curves according to the expression levels of CXCR2. The log-rank p-value for Kaplan—-Meier curve is shown on the Kaplan-Meier
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Fig. 2 Expression levels of CCL2/CCR2 and CXCL1/CXCR2 are correlated with HCC progression in the HCC model. Sprague Dawley rats were
treated with diethylnitrosamine. After 8, 12 or 14 weeks, the rats were sacrificed to observe the development of HCC. The expression levels of CCL2,
CCR2, CXCL1, and CXCR2 proteins were detected by immunohistochemical analysis. As CXCL8 is absent in rodents, we examined CXCL1, which is
considered the functional equivalent of human CXCL8 in promoting neutrophil migration. The integral optical density (IOD) of the stained sections
was calculated, and then Pearson'’s correlation analysis was performed to investigate the relationship between the protein expression level and
diethylnitrosamine treatment time. Pearson'’s correlation analysis yielded the correlation coefficient (1) and the p-value. A Representative images of
CCL2, CCR2, CXCL1, and CXCR2 immunostaining in the liver tissue of rats after 8, 12 and 14 weeks of diethylnitrosamine treatment. Asterisks indicate
positive staining. Scale bar 200 pum. (B-E) Pearson'’s correlation analysis between B CCL2 and diethylnitrosamine treatment time (r=0.70, p <0.0001),
C CCR2 and diethylnitrosamine treatment time (r=0.74, p <0.0001), D CXCL1 and diethylnitrosamine treatment time (r=0.67, p<0.0001), and E
CCR2 and diethylInitrosamine treatment time (r=0.71, p <0.0001)

targeting CCR2 and CXCR?2 with their respective antago-
nists INCB3344 and SCH527123 for liver cancer therapy.
We assessed the antitumor effect of intraperitoneal injec-
tion of CCR2 and CXCR?2 antagonists in the rat primary
HCC model. The rats showed the overall tolerability to
the used therapies we found the general health of rats
is good in treated and vehicle groups. Representative

images of HCC tumors in the different treatment groups
are shown in Fig. 3. Compared to the control group, the
number of tumors and the maximum tumor volume were
reduced following intraperitoneal injection of CCR2 and
CXCR?2 antagonists for 6 weeks (Fig. 3A, C). Measure-
ment of the body weight was used to evaluate the health
status of the rats after therapy treatment. The rats were
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Fig. 3 Intraperitoneal administration of CCR2 and CXCR2 antagonists prevents hepatocarcinogenesis in the primary HCC model. A After 8 weeks
of diethylnitrosamine treatment, Sprague Dawley rats were intraperitoneally injected with the CCR2 antagonist INCB3344 (60 pg/g body weight)
in 200 pl saline, the CXCR2 antagonist SCH527123 (10 ug/g body weight) in 200 pl saline, INCB3344 (60 pg/g) 4+ SCH527123 (10 pg/g) in 200 ul
saline, or 200 pl of blank saline. Injections were continued twice every week for 6 weeks. After 14 weeks, the rats were sacrificed to observe the
development of HCC. Representative images of rat livers from the indicated treatment groups are shown (n = 10/group). Typical tumor nodes
are marked by the asterisks. B The number of HCC nodules per liver was counted. Data are presented as mean = SD. ns not statistically significant,
**¥p<0.001. CThe maximum tumor volume per liver was determined. Data are presented as mean 4 SD. ns not statistically significant, ***p <0.001.
D Hematoxylin and eosin H, E staining was employed to observe the histological structure of the liver in the indicated treatment groups. Black
asterisks represent accumulation of inflammatory cells. Scale bar, 200 um. E The Klintrup-Makinen score was determined to assess the level of local
inflammatory cell infiltration. Data are presented as mean = SD. ns not statistically significant, ***p <0.001
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in good general health status and their body weights
increased in the treated animals versus control animals
as displayed in Additional file 1: Fig. 5. The results from
hematoxylin and eosin (H&E) staining and Klintrup-
Makinen scoring showed that intraperitoneal injection
of CCR2 and CXCR2 antagonists reduced the inflam-
matory response in the liver (Fig. 3D, E). Immunohisto-
chemical staining also showed that the groups receiving
CCR2 and CXCR2 antagonists had significantly lower
levels of CD68 and myeloperoxidase (MPO) expression,
which indicates that the antagonists reduced the number
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of neutrophils and macrophages in HCC tissues (Fig. 4).
These results suggest that CCR2 and CXCR2 antagonists
can inhibit the development of liver cancer by inhibiting
the inflammatory response.

Blockade of CCL2/CCR2 and CXCL1/CXCR2 enhances

the antitumor effect of TACE in the primary HCC model

The TACE procedure was modified for use in the rat
primary HCC model (Additional file 1: Fig. S6A).
Briefly, a polyethylene catheter with a 0.6-mm outside
diameter was connected to one end of a needle (inner
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Fig. 4 CCR2 and CXCR2 antagonists reduce the recruitment of TAMs/TANs in the primary HCC model. Sprague Dawley rats were treated with
diethylnitrosamine for 14 weeks, then INCB334 and SCH527123 were administered via intraperitoneal injection. After 14 weeks, the rats were

sacrificed and the livers were removed for immunohistochemical detection of CD68 and MPO. CD68 is a specific marker for TAMs while MPO is a
specific marker for TANs. The expression levels of CD68 and MPO in the stained sections was assessed by IOD. A, C Representative images of CD68
and MPO immunostaining in livers from the indicated groups. Asterisks indicate positive staining. Scale bar, 200 pm. B Comparison of CD68 levels,
based on 10D, of the indicated groups. D Comparison of MPO levels, based on 10D, of the indicated groups. Data are presented as mean = SD. ns
not statistically significant, *p < 0.05, **p <0.01
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diameter: 0.2 mm) and used for catheterization under
laparotomy. After exposure of the liver, the needle was
inserted retrogradely into the gastroduodenal artery
using a binocular surgical microscope. The chemo-
therapeutic drug cisplatin (3 mg/kg body weight) was
injected through the catheter into the hepatic artery.
Control animals were administered 0.5 ml normal
saline. The hepatic artery was then ligated (Additional
file 1: Fig. S6B). The rats showed the overall tolerabil-
ity to the used therapies we found the general health of
rats is good in treated and vehicle groups. Representa-
tive images of rat livers, including typical tumor nodes,
from the control and TACE treatment groups are
shown in Additional file 1: Fig. S6C. The tumor num-
bers following cisplatin-based TACE 6 weeks in HCC
rats were reduced compared to the control group.
These results indicate that the cisplatin-based TACE
treatment reduced the number of tumor nodes in the
primary rat HCC model.

Next, we clarified the role of CCR2 and CXCR2
antagonists in the TACE-induced inhibition of tumor
growth. HCC was induced in rats with diethylnitro-
samine for 14 weeks, then the rats were subjected to
TACE and cisplatin with or without INCB3344 and
SCH527123. As shown in Fig. 5, the CCR2 and CXCR2
antagonists significantly suppressed liver tumor
growth when combined with TACE. Representative
images of livers, including HCC tumors, from the dif-
ferent treatment groups are shown in Fig. 5A. The
tumor numbers and the maximum tumor volume fol-
lowing CCR2 and CXCR2 antagonists-based TACE
6 weeks in HCC rats were reduced compared to the
control group (Fig. 5B, C). Measurement of the body
weight was used to evaluate the health status of the
rats after therapy treatment. The rats were in good
general health status and their body weights increased
in the treated animals versus control animals as dis-
played in Additional file 1: Fig. S7. The results from
H&E staining and Klintrup-Makinen scoring showed
that TACE combined with the CCR2 and CXCR2
antagonists reduced the inflammatory response in
the livers (Fig. 5D-E). CK19 was known to be a spe-
cific marker for hepatic progenitor cells. In addition,
immunohistochemical staining showed that the group
receiving TACE plus CCR2 and CXCR2 antagonists
had significantly lower levels of CD68, MPO and CK19
expression (Fig. 6). These results indicate that TACE
combined with CCR2 and CXCR2 antagonists reduced
neutrophils and macrophages recruitment and hepatic
progenitor cell activation.

Page 11 of 16

Discussion

Our study assessed the relationship between the expres-
sion of CCL2/CCR2 and CXCLs/CXCR2, neutrophil
and macrophage infiltration, hepatocarcinogenesis pro-
gression in a rat model, and survival of HCC patients.
Based on the significant association between the two
chemokine axes and HCC, we hypothesized that targeted
therapies against CCL2/CCR2 and CXCLs/CXCR2 can
improve the anti-tumor effect of TACE. The main find-
ings of this study are: (1) high neutrophil and macrophage
infiltration and CXCL8 expression are associated with
poor prognosis in the TCGA liver cancer dataset; (2) high
expression of CCL2/CCR2 and CXCL8/CXCR?2 in clini-
cal HCC specimens is associated with poor prognosis; (3)
the expression levels of CCL2/CCR2 and CXCL1/CXCR2
are correlated with hepatocarcinogenesis progression in
the primary rat HCC model; and (4) blockade of CCL2/
CCR2 and CXCL1/CXCR2 enhance the anti-tumor effect
of TACE in the primary rat HCC model.

In the clinic, TACE is recommended for treatment of
unresectable HCC, as it is able to deprive the tumor of its
blood supply, thus inducing ischemic necrosis [27-29].
However, numerous previous studies have proposed that
complete tumor necrosis is seldom achieved after TACE
and most of the tumor nodules contain viable HCC cells
at the necrotic margin [30, 31]. HCC is the archetype
of inflammation-associated cancers [32]. Infiltration of
immune cells following TACE is considered to serve an
important role in modulating the hepatic microenviron-
ment [33]. Neutrophils and macrophages are primary
subsets of cells that infiltrate the tumor microenviron-
ment, and have been implicated as essential drivers
of tumor progression, which leads to failure of TACE
treatment [34, 35]. Therefore, therapeutic strategies
for inhibiting neutrophil and macrophage infiltration
may improve the outcomes of HCC patients receiving
TACE [36, 37]. In this study, we found that high neu-
trophil and macrophage infiltration was associated with
poor postoperative survival rate in HCC. We reviewed
recent findings on immune cell infiltration and related
chemokine expression in the HCC microenvironment.
The evidence allowed us to conclude that macrophage
and neutrophil infiltration are closely associated with
HCC through CCL2/CCR2 and CXCLs/CXCR2, respec-
tively. To validate these findings, we further confirmed
that high expression levels of CCL2/CCR2 and CXCL8/
CXCR2 were associated with poor prognosis in clinical
HCC specimens and correlated with hepatocarcinogen-
esis progression in the primary rat HCC model.

In recent years, immunotherapy that relies on the com-
position of the tumor microenvironment has become
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Flg 5 Blockade of CCL2/CCR2 and CXCL1/CXCR2 enhances the antitumor effect ofTACE in the HCC model. A Sprague Davvley rats were treated
with diethylnitrosamine for 14 weeks, then subjected to the modified TACE procedure. The chemotherapeutic drug cisplatin (3 mg/kg body weight)
was administered to the TACE-treated rats with or without the CCR2 antagonist INCB3344 (60 ug/g body weight) and the CXCR2 antagonist
SCH527123 (10 pug/g body weight). Control animals received the TACE procedure and administered 0.5 ml normal saline. Representative images

of rat livers from the indicated treatment groups are shown. Typical tumor nodes are indicated by the asterisks (n = 10/group). B The number

of HCC nodules per liver. Data are presented as mean = SD. ns, not statistically significant, ***p <0.001. C The maximum tumor volume per liver.
Data are presented as mean 4 SD. ns, not statistically significant, ***p <0.001. D Hematoxylin and eosin H, E staining was employed to observe

the histological structure of the liver in the indicated groups. Black asterisks represent accumulation of inflammatory cells. Scale bar, 200 um. E

The Klintrup-Makinen score was determined to assess the level of local inflammatory cell infiltration. Data are presented as mean = SD. ns not
statistically significant, ***p <0.001

increasingly popular [38, 39]. However, the unique immunotherapy in patients with HCC [40]. Regula-
immune response in the liver favors tolerance, which  tion of the immune microenvironment by targeting the
represents a substantial challenge for conventional chemokine families would be of great clinical benefit [41].
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Fig. 6 CCR2 and CXCR2 antagonists inhibited HCC by reducing neutrophils and macrophages infiltration and HPCs activation. Rats were treated as
in Fig. 5. Liver sections were prepared for immunohistochemical detection of CD68, MPO, and CK19. CK19 is a specific marker for hepatic progenitor
cells. The positive area of each slice was quantified as average IOD with Image-Pro Plus software. A Representative images of CD68, MPO, and CK19
immunostaining in rat livers of the indicated groups. Scale bar, 200 um. B-D Comparison of B CDé8 levels, C MPO levels, and D CK19 levels of the
indicated groups based on 10D results. Data are presented as mean & SD. ns not statistically significant, ***p <0.001

As a step towards this goal, we therefore investigated the
function of CCR2 and CXCR2 antagonists in HCC rats
receiving TACE treatment. Our results show that treat-
ment with CCR2 and CXCR2 antagonists improves the
effect of TACE to provide increased anti-tumor activity.
Tumors are very complex and it is difficult to find cel-
lular or animal models to perfectly mimic them. Studies
targeting the immune microenvironment also need to
elucidate the characteristics of tumors and the surround-
ing immune cells, etc. In vitro, tumor-derived organoids
are commonly used models to study the interaction of

tumor-like bodies with fibroblasts, mesenchymal cells,
and immune cells in the microenvironment [42]. In vivo,
the orthotopic xenograft model is a classic animal model,
in which the injection frequency and number of trans-
planted cells can be adjusted to create a temporary tumor
environment in situ [43]. However, the disadvantage is
that this model is usually constructed in immunosup-
pressed mice and therefore lacks active immune cells in
the tumor microenvironment. diethylnitrosamine is a
well-known carcinogen to study HCC in rodent models.
In this study we induced HCC by diethylnitrosamine in
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Sprague Dawley rats. The advantage of the diethylnitro-
samine induced HCC rat model is the resemblance of
gene expression patterns and the tumor microenviron-
ment to HCC in humans [44]. We then established TACE
in the diethylnitrosamine induced HCC rat model, and
found that it well simulated the TACE procedure in HCC
patients. We showed that targeting the CCL2/CCR2
and CXCLs/CXCR2 axes in rats overcomes the resist-
ance of HCC to TACE. Moreover, we made a prelimi-
nary exploration of the mechanism underlying the effect
of the CCR2 and CXCR2 antagonists. Our results show
that targeting the CCL2/CCR2 and CXCLs/CXCR?2 axes
in the context of TACE treatment reduces the infiltra-
tion of neutrophils and macrophages and the activation
of hepatic progenitor cells, thus overcoming the TACE

resistance of HCC.

Conclusions

In summary, we have uncovered a new therapeutic strat-
egy for targeting neutrophil and macrophage infiltration
in TACE therapy for HCC via inhibition of the CCL2/
CCR2 and CXCLs/CXCR2 axes. Blocking these axes with
CCR2 and CXCR?2 antagonists in the context of TACE
reduces neutrophil and macrophage infiltration and
hepatic progenitor cell activation, thus overcoming the
TACE resistance of HCC. This finding will further facili-
tate our adoption of immunotherapy targeting the CCL2/
CCR2 and CXCLs/CXCR2 axes in combination with

TACE for the treatment of patients with advanced HCC.

Abbreviations

TACE: Transarterial chemoembolization; HCC: Hepatocellular carcinoma; OS:
Overall survival; TCGA: The Cancer Genome Atlas; IOD: Integrated optical
density; DCs: Dendritic cells; DFS: Disease-free survival.
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Additional file 1: Figure S1. Neutrophil and macrophage infiltration and
CXCL8expression are associated with poor prognosis.  (A-F) TIMER2.0

is a comprehensive database for systematical analysis of the abundances
of different immune infiltrates across 32 cancer types from TCGA. We
explored the correlation between six immune subsets (CD8+ T cells,
CD4+T cells, B cells, Neutrphils, Macrophages and Dendritic cells) and
survival rate of HCC patients. The Kaplan- Meier plots were drawn with
TIMER2.0 for immune infiltrates and HCC to visualize the survival differ-
ences. Immune cells infiltrate levels are divided into low- and high- level
groups by the split percentage of patients 50%. The hazard ratio (HR)

for the Cox model and the log-rank p-value for Kaplan—Meier curves are
shown. (G) The expression levels of CCL2, CCR2, CXCL8 and CXCR2 in HCC
tissues were explored with RNA sequencing data from the TCGA liver can-
cer dataset, and analyzed by the UALCAN web server (http://ualcan.path.
uab.edu/index.html). Kaplan-Meier OS curves are shown according to

low and high expression of CCL2, CCR2, CXCL8, and CXCR2. p < 0.05 was
considered as statistically significant. Figure S2. Correlation of CCL2/CCR2
and CXCLs/CXCR2 genes' expression with immune infiltration level in HCC.
The correlation between genes expression of CCL2/CCR2 and

CXCLs/CXCR2 and immune infiltrates were evaluated via the TIMER 2.0
web server in the TCGA liver cancer cohort. TIMER2.0 is freely available at
http://timer.cistrome.org. Scatter plots show the relationship between
gene (CCL2, CCR2, CXCL1, CXCL8, and CXCR2) expression level and six
infiltrating immune cells (CD8+ T cells, CD4+-T cells, B cells, dendritic
cells, neutrophils, and macrophages) estimation value by TIMER algorithm
based on RNA-Seq expression profiles data. Figure $3. Compare CCL2/
CCR2 and CXCLs/CXCR2 genes'expression of tumor and adjacent normal
tissues in HCC. The UCSC Xena browser (https://xenabrowser.net) was
utilized to obtain the corresponding violin plots of the mRNA expression
levels of CCL2/CCR2 and CXCL8/CXCR2 between tumor and adjacent
normal tissues of TCGA liver cancer database. (A) Different expression

of CCL2 between HCC and adjacent normal tissues (p = 3.435e-14). (B)
Different expression of CCR2 between HCC and adjacent normal tissues
(p = 0.002). (C) Different expression of CXCL8 between HCC and adjacent
normal tissues (p = 0.000008). (D) Different expression of CXCR2 between
HCC and adjacent normal tissues (p = 1.953e-17). Primary tumor (n=371),
adjacent normal tissue(n=>50). Welch's t test, p value <0.05. Figure S4.
Macrophage phenotypic switched correlated with hepatocarcinogenesis
progression in primary rat HCC model. Sprague Dawley rats were treated
with DEN. The rats were sacrificed to observe the development of HCC. To
understand the phenotypes of infiltrated macrophages in rat hepatocar-
cinogenesis progression, the expression of CD68 (a general macrophage
marker), iINOS (a surface marker for M1 macrophage phenotype), and
CD163 (a surface marker for M2 macrophage phenotype) were detected
by immunohistochemical. The stained sections were evaluated by IOD,
and then the correlation of the gene expression level and DEN treatment
times was analyzed by the Pearson’s correlation. Pearson’s correlation
analysis provided correlation coefficient (r) and p-value. (A) Representative
immunohistochemical images of CD68, iNOS, and CD163 staining in rat
liver tissue of the indicated groups were shown. (B) Pearson’s correlation
analysis between CD68 and DEN treatment times (r = 0.09, p = 0.01). (C)
Pearson’s correlation analysis between iINOS and DEN treatment times (r
=0.21, p < 0.0001). (D) Pearson’s correlation analysis between CD163 and
DEN treatment times (r = 0.60, p < 0.0001). Figure S5. Intraperitoneal
administration of CCR2 and CXCR2 antagonists prevents hepatocarcino-
genesis in the primary HCC model. After 8 weeks of diethylnitrosamine
(DEN) treatment, Sprague Dawley rats were intraperitoneally injected with
the CCR2 antagonist INCB3344 (60 ug/g body weight) in 200 pl saline,
the CXCR2 antagonist SCH527123 (10 pg/g body weight) in 200 pl saline,
INCB3344 (60 pg/g) + SCH527123 (10 pg/g) in 200 pl saline, or 200 pl

of blank saline. Injections were continued twice every week for 6 weeks.
After 14 weeks, the rats were sacrificed to observe the development of
HCC. The body weight of the rats was recorded. Data are presented as
mean £ SD. **p < 0.01, ***p < 0.001. Figure S6. TACE in primary rat HCC
model. (A) Sprague Dawley rats with DEN-induced HCC were used to
simulate human liver cancer. TACE procedure was performed in rat after
14 weeks DEN treatment. (B) TACE procedure was modified in the primary
rat HCC model. Briefly, a polyethylene catheter (PE-10) with a 0.6-mm
outside diameter connected to one end of a needle (inner diameter:
0.2mm) was used for catheterization under laparotomy. After exposure of
the liver tumor, the needle was inserted retrogradely into the gastroduo-
denal artery by using a binocular operative microscope. The mentioned
agents were injected through the catheter to the hepatic artery. The
hepatic artery was then ligated. (C) Representative images of rat livers

of the control and TACE treatment group, the typical tumor nodes were
shown by the asterisks. Figure S7. Blockade of CCL2/CCR2 and CXCL1/
CXCR2 enhances the antitumor effect of TACE in the HCC model. Sprague
Dawley rats were treated with diethylnitrosamine (DEN) for 14 weeks, then
subjected to the modified TACE procedure. The chemotherapeutic drug
cisplatin (3 mg/kg body weight) was administered to the TACE-treated
rats with or without the CCR2 antagonist INCB3344 (60 pg/g body weight)
and the CXCR2 antagonist SCH527123 (10 pg/g body weight). Control
animals received the TACE procedure and administered 0.5ml normal
saline. The body weight of the rats was recorded. Data are presented as
mean = SD. ns not statistically significant, *p < 0.05, **p < 0.01. Table S1.
HCC-associated chemokine families and their functions in immune
infiltrates. Table S2. The relationship between HCC-associated chemokine
expression and the infiltrate estimation value for CD8+ T cells in the
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TCGA LIHC dataset. Table S3. The relationship between HCC-associated
chemokines expression and the infiltrate estimation value for CD4+

T cells in the TCGA LIHC dataset. Table S4. The relationship between
HCC-associated chemokine expression and the infiltrate estimation value
for B cells in the TCGA LIHC dataset. Table S5. The relationship between
HCC-associated chemokine expression and the infiltrate estimation value
for neutrophils in the TCGA LIHC dataset. Table S6. The relationship
between HCC-associated chemokine expression and infiltrate estima-

tion value for macrophages in the TCGA LIHC dataset. Table S7. The
relationship between HCC-associated chemokine expression and infiltrate
estimation value for dendritic cells in the TCGA LIHC dataset. Table S8.The
relationship between HCC-associated chemokine expression and immune
infiltrate estimation values in the TCGA LIHC dataset.
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