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ABSTRACT
◥

Hepatitis B–associated hepatocellular carcinoma (HCC) is often
accompanied by severe vascular invasion and portal vein tumor
thrombus, leading to a poor prognosis. However, the underlying
mechanism of this disease remains obscure. In this study, we
demonstrate that the hepatitis B virus (HBV)–encoded gene HBx
induces high IL8 production through MEK–ERK signal activation,
leading to enhanced endothelial permeability to facilitate tumor
vascular invasion. In a vascular metastatic model using a tail vein
injection in a transgenic mouse with selective expression of human
CXCR1 in the endothelium, activation of the IL8–CXCR1 cascade
by overexpression of IL8 in tumor cells dramatically enhanced liver
metastasis. Mechanistically, IL8 selectively induced GARP-latent-

TGFb in liver sinusoidal endothelial cells and subsequently pro-
voked preferential regulatory T-cell polarization to suppress anti-
tumor immunity. Collectively, these findings reveal a hepatitis B–
associated IL8–CXCR1 signaling axis that mediates vascular inva-
sion and local microenvironmental immune escape of HCC to
induce intrahepatic metastasis, which may serve as potential ther-
apeutic targets for HBV-associated HCC.

Significance: This study identifies a hepatitis B–induced IL8/
CXCR1/TGFb signaling cascade that suppresses antitumor immu-
nity and enhances metastasis in hepatocellular carcinoma, provid-
ing new potential targets for therapeutic intervention.

Introduction
Hepatocellular carcinoma (HCC) is the fourth leading cause of

cancer-related death worldwide. (1). In China, the incidence and
mortality of HCC are ranked third and second, respectively, and the
new cases of HCC in China account for more than 50% of worldwide
incidence (2, 3). Surgical resection, liver transplantation, and trans-
arterial chemoembolization (TACE) are the main treatment strategies

for early and intermediate stage of patients with HCC. However, most
patients are diagnosed at an advanced stage, presenting with postsur-
gical recurrence or vascularmetastasis, which exacerbates the dilemma
of HCC treatment (4–6). Sorafenib is the first-line chemotherapy drug
recommended for the treatment of patients with advanced HCC;
however, the median survival of patients treated with sorafenib
improved by less than 3 months (7). Currently, targeting the tumor
microenvironment seems promising for the treatment of HCC (8, 9).

Hepatitis B virus (HBV) infection is a major etiologic factor leading
to HCC incidence (10) accounting for over 50% of HCCs world-
wide (11). The HBV-initiated tumorigenic process usually accompa-
nies with long-term symptoms of chronic hepatitis, inflammation and
cirrhosis. HBV infection remodels the tumor microenvironment and
affects tumor metastasis (12). High levels of HBV DNA play an
important role in promoting the intrahepatic metastasis and multi-
center occurrence in patients with HCC after surgery (13). However,
the mechanisms underlying HBV promoting HCCmetastasis remains
obscure.

IL8 is a proinflammatoryCXCchemokine, containing the ELR(Glu-
Leu-Arg) motif. The biological activity of IL8 is mediated by inter-
acting with its receptor CXCR1 and CXCR2. IL8 is elevated in a variety
of tumors and plays a crucial role in tumor angiogenesis, invasion, and
metastasis (14–16). IL8 secreted by tumor cells not only affects itself,
but also influences the tumor microenvironment (17). Therefore,
inhibition of IL8 signaling pathway may be an important therapeutic
intervention to target the tumor microenvironment (18). Consistent
with this hypothesis, increased IL8 levels are negatively correlated with
the efficacy of immune checkpoint blockage, such as anti-PD-L1 and
anti-CTLA-4 (19, 20).

Serum levels of IL8 are significantly elevated in patients with chronic
hepatitis B and HBV-associated HCC (12, 21). High serum IL8 levels
are associated with poor prognosis after TACE treatment in patients
with HBV-associated HCC (22), and serum IL8 concentrations are
strongly correlated with tumor burden, stage, and survival of various
cancers, including HCC (23). Furthermore, the expression level of IL8
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is related to distant metastasis occurrence or intrahepatic invasion in
HCC (24). Plenty of evidence has come to light demonstrating the
crucial role of IL8 in HCC metastasis. Huang and colleagues have
demonstrated that IL8 promotes FOXC1 expression, which, in turn,
activates the expression of CXCR1 and CCL2, and promotes HCC
metastasis (25). In addition, IL8 promotes the upregulation of integrin
b3 (26), enhances tumor-associated macrophage (TAM) infiltration
and M2 polarization to promote EMT (27), which impact HCC
invasion.

Because of the lack of IL8 in the mouse genome (28), we developed
a transgenic mouse model utilizing mice, which selectively express
human CXCR1 in endothelial cells via Cre-loxP recombination to
examine the role of the IL8–CXCR1 axis in HBV-associated HCC.We
identified that HBV induces IL8 expression by HBx-mediated MEK–
ERK activation, which enhances permeability of the endothelium via
endothelial CXCR1. Activation of the IL8–CXCR1 axis promotes the
expression of GARP-latent-TGFb by liver sinusoidal endothelial cells
(LSEC), increasing T regulatory (Treg) cell induction to suppress
CD8þ T-cell proliferation and favor tumor growth. Thus, inhibition
of the IL8–CXCR1 axis may serve as a potential therapeutic strategy by
affecting endothelial cells permeability and Treg cell function in the
tumor microenvironment for HBV-associated HCC.

Materials and Methods
Cell culture

Hepa1–6, HEK293T, HepG2 and PLC5, B16F10, SVEC4–10 cells
were obtained from the ATCC. HepG2.2.15 cell line was a gift from
Eastern Hepatobiliary Surgery Hospital of Shanghai (Dr. Hongyang
Wang). HepG2-hNTCP cell line was a gift from National Institute of
Biological Sciences, Beijing, China (Dr. Wenhui Li). HUVEC cell line
was a gift from Institute of Biophysics, Chinese Academy of Sciences
(Dr. Xiyun Yan). HepAD38 was a gift from ChongQing Medical
University (Dr. Ailong Huang). PVTT cells have been described
previously (29). HepAD38 cells were cultured in DMEM/F-12 with
10% FBS and tetracycline, and for virus production tetracycline was
removed. Other cells were maintained in DMEM supplemented with
10% FBS. Cell lines were confirmed to be Mycoplasma free. Cell lines
were used for less than 50 passages.

Patients and samples
Clinical samples were obtained from the Shanghai Eastern Hepa-

tobiliary Surgery Hospital. All the samples and associated clinical
information were collected with informed consent of patients and we
obtained the informed written consent, all the experiments were
approved by the ethics committee of Shanghai Eastern Hepatobiliary
Surgery Hospital.

Mice
C57BL/6 (B6) mice were purchased from the Vital River Labora-

tories (Beijing, China) and maintained in the animal breeding facility
at Institute of Biophysics, Chinese Academy of Sciences, under specific
pathogen-free conditions. The mouse strain C57BL/6-Tg (CAG-
mRFP-CXCR1-luc/EGFP) was obtained from the Mutant Mouse
Regional Resource Center and was donated to the MMRRC by Dr.
Manuela Martins-Green of University of California, Riverside. For
metastasis model, 200 mL of 1 � 105 B16 cell suspension was injected
intravenously into the C57BL/6 mice. For orthotopic injection, mice
were anesthetized, and 25 mL of 3 � 106 Hepa1–6 cell suspension
(mixed with Matrigel) was injected into the liver left lobe. The
experimental procedures on use and care of animals had been

approved by the ethics committee of Institute of Biophysics, Chinese
Academy of Sciences.

qRT-PCR
Total RNAwas extracted by using TRIzol reagent (Invitrogen). One

microgram of RNA was reverse transcribed to cDNA using Tran-
scription Master Mix (Takara) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed on the Vii7
Real-Time PCR System (Applied Biosystems) by using TB Green Ex
Premix Ex Taq (Takara). b-Actin was used as the internal control. All
reactions were performed in at least triplicate. The PCR primers are
described as follows:b-actin 50-CATGTACGTTGCTATCCAGGC-
30 (forward), 50- CTC CTT AAT GTC ACG CAC GAT-30 (reverse);
HBV total 50- GCACCAGCACCA TGCAAC-30 (forward), 50- AAG
CCA CCCAAGGCACAG-30 (reverse); IL8 50- TCT TGGCAG CCT
TCC TGA TTT-30 (forward), 50- GGG GTG GAA AGG TTT GGA
GTA T-30 (reverse); CXCR1 50- CCC TGG ATG CCA CTG AGA
TTC-30 (forward), 50- CACGATGACGTGCCAAGAA-30 (reverse);
Garp 50-TCA GCG TCG AGA GCA AGT G-30 (forward), 50-GTA
GAG AGC TTG GAT GTC CAG T-30 (reverse).

Western blot analysis
In brief, the concentration of protein from cell lines and tissues were

determined by the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific), equivalent amounts of protein were fractionated by SDS-
PAGE gel electrophoresis and transferred to polyvinylidene difluoride
membranes. The membranes were blocked with 5% skimmilk diluted
in TBST for 1 hour at room temperature then incubated with primary
antibodies at 4�C overnight. The next day, wash the membranes three
times with TBST then incubated with horseradish peroxidase–
conjugated secondary antibodies for1–2 hours at room temperature.
Proteins were detected using the Western Blotting Chemilumines-
cence Luminol Reagent (Millipore). Primary antibodies are listed as
below: ERK (4696S), phospho-ERK (4370S), p38 MAPK (14451S),
phospho-p38 MAPK (4511S), JNK (9252S), phospho-JNK (9255S),
p65 (6956S), phospho-p65(3033S), TGFb (3711S), HA-Tag (3724)
were purchased fromCell Signaling Technology; Flag-M2 (F1804) was
purchased from Sigma-Aldrich; IL8 (ab18672) was purchased from
Abcam; b-actin (HX1827) and GAPDH (HX18281) were purchased
from huaxingbio.

IHC
In briefly, the formalin-fixed, paraffin-embedded clinical tissues

were deparaffinized, rehydrated, and rinsed in distilled water. The
CXCR1 or CD31 antigen retrieval was done by using a pressure cooker
with EDTA or citric acid buffer, respectively. The endogenous per-
oxidase activity was then blocked by incubating the slides in 3%
hydrogen peroxide in methanol for 30 minutes. The sections were
incubated with antibodies against CXCR1 (1:200, MAB330, R&D
Systems) or CD31 (1:50, ab28364, Abcam) at 4�C overnight, followed
by incubation with the corresponding secondary antibodies and
visualization using DAB.

Coimmunoprecipitation
HEK293T cells were transfected with corresponding plasmid for

48 hours then collected and lysed in coimmunoprecipitation (co-IP)
lysis buffer (25 mmol/L Tris pH 7.4, 150 mmol/L NaCl, 1% NP-40, 1
mmol/L EDTA, 5% glycerol) supplemented with protease inhibitor
cocktail (Roche) on ice. The lysates were centrifuged at 13,000 rpm for
15 minutes at 4�C, then the supernatants were immunoprecipitated
with Flag M2 Magnetic Beads (Sigma-Aldrich) at 4�C overnight. The
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immunoprecipitants were washed with co-IP lysis buffer four times
and proteins were eluted from beads by boiled in 1� loading buffer for
10minutes. Eluent was collected and the target protein was detected by
Western blot analysis.

Immunofluorescence
HEK293T cells transfected with GARP-Flag and HA-CXCR1

were seeded on 20-mm glass bottom cell culture dish (NEST). The
cells were fixed with 4% paraformaldehyde for 30 minutes and
permeabilized with 0.25% Triton-100 for 5 minutes, blocked with
1% BSA for 1 hour. Cells were then incubated with primary antibodies
against mouse anti-Flag (Sigma-Aldrich) and rabbit anti-HA (Cell
Signaling Technology) overnight at 4�C. The cells were then washed
three times with PBS and incubated with Alexa Fluor 488–labeled goat
anti-mouse and Alexa Fluor 555–labeled donkey anti-rabbit antibody
for 1 hour at room temperature. Nuclei were stained with 1 mg/mL
DAPI (Invitrogen) for 5minutes. Images were acquired using confocal
microscope (Nikon A1Rþ).

RNA interference and transfection
For siRNA-mediated knockdown assay, 100 nmol/L siRNA against

HBV and a control sequence were transfected with Lipofectamine
RNAiMAX (Invitrogen) according to manufacturer’s instructions.
HBV and control siRNA were synthesized by GenePharma Co., Ltd.
(Shanghai, China). The sequences are described as below: siLuc 50-
CUU ACG CUG AGU ACU UCG ATT-30; siHBV-1 50-CAU UGU
UCA CCU CAC CAU ATT-30; siHBV-2 50-UUU ACU AGU GCC
AUUUGUUTT-30. The expression vectors were transfected into cells
using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. To make stable transfection, cells were infected with
lentivirus for 24 hours and recovered in fresh culture medium for
24 hours then selected for 1 week with appropriate antibiotics.

Transendothelial migration and adhesion
In brief, human umbilical vein endothelial cells (HUVEC) were

resuspended and seeded into the top chamber of 8-mm pore transwell
inserts (Corning) at 50,000 cells per well and cultured until the cells
were fully confluent. Tumor cells were stained with Dil (Sigma-
Aldrich) for 30 minutes at 37�C, added to transwell inserts at
50,000 cells, and incubated with endothelial cells for 2 days. Cells on
the apical side were scraped off andmigration to the basolateral side of
the membrane was captured with EVOS FL Fluorescence Microscopy
Imaging System (Life Technologies). Tumor cells that have passed
through an endothelial monolayer were counted using ImageJ soft-
ware. For the adhesion assay, 200,000HUVECs per cell were seeded on
a 12-well plate and allowed to grow to confluence. Tumor cells were
resuspended and incubated with CFSE for 6minutes at 37�C, and then
staining was terminated and the tumor cells were washed two times
with PBS. 200,000 labeled tumor cells were placed on the endothelial
monolayer and incubated for 10minutes at 37�C.After incubation, the
unattached cells were carefully aspirated, and the wells were washed
slightly with PBS. The attached cells were visualized with EVOS FL
Fluorescence Microscopy Imaging System (Life Technologies).

Permeability assay
50,000HUVECswere resuspended and seeded into the top chamber

of 0.4-mmpore transwell inserts (Corning) and cultivated for 2 days at
37�C and 5% CO2. To determine the permeability of the endothelial
monolayer, a10mg/mLTRITC-Dextran solution (Sigma-Aldrich) was
added to the cells, 500-mL PBS was added into the bottom chamber.
After incubation for 1 hour, 100 mL PBS from the bottom chamber was

transferred into a black 96-well plate and fluorescence (excitation at
544 nm, emission at 590 nm) was measured in a Multiscan Spectrum
EnSpire (PerkinElmer).

Flow cytometry and cell sorting
For cell analysis, tumor tissues were digested into cell suspensions

by collagenase and DNase (Roche) and purified by Percoll-gradient
centrifugation. Lymphocytes from spleens and lymph nodes were
harvested with a 40-mm–filter mesh screen.

For mouse splenocyte and tumor-infiltrating lymphocyte ana-
lyses, cells were stained with anti-mouse CD16/CD32-FITC, CD3-
PE, CD8-Percp-cy5.5, F4/80 PE-cy7, CD4-PE-CF594, CD206-APC,
CD45-AF700, Ly-6G-APC/Fire 750, B220-BV605, Ig-D-BV650,
CD11b-BV711 (eBioscience) for surface analysis, anti-mouse
CD62L-FITC, LAG3-PE, CD8-Percp-cy5.5, CD25-PE-cy5, CD44-
PE-cy7, CD4-PE-CF594, CTLA-4-APC, CD45-AF700, ICOS-APC/
Fire 750, FoxP3-eF450 (eBioscience) for Treg analysis, and anti-mouse
IL17a-PE, CD8-Percp-cy5.5, CD4-PE-CF594, IFNg-APC, CD45-
AF700, IL4-BV421 (eBioscience) for Th subsets analysis. Flow cyto-
metry was performed on BD LSRFortessa and the data were analyzed
using FlowJo software.

For na€�ve CD4þ T-cell sorting, lymph node cells were prepared into
single-cell suspensions and stained with CD62L-FITC, CD25-PE,
CD8-PerCP-Cy5.5, CD4-PE-Cy7 and CD44-APC (eBioscience) and
gated with CD4þCD8�CD62LhiCD25�CD44� cells. Cells were col-
lected on BD FACSAriaII with a purity >95%. Sorted na€�ve CD4þ T
cells were stimulated with anti-CD3, anti-CD28 (BioXcell), hTGFb,
rIL2 (R&D Systems), anti-IFNg , and anti-IL4 for Treg differentiation
for 4 days at 37�C.

Treg cocultured and suppression assay
For coculture assay, 1� 105 SVEC4–10 cells per well were seeded on

a 24-well plate, and treated with or without recombinant human IL8
(100 ng/mL) for 24 hours. Then IL8 was removed, in vitro–induced
Tregs or na€�ve CD4þ T cells were added and cocultured with SVEC4–
10 endothelial cells in TGFb-free medium for 48 hours. Treg cells were
sorted from cocultured Treg cells. Single-cell suspensions were pre-
pared from lymph nodes of 6–8-week WT mice as responders labeled
with CFSE (eBioscience). Cells were cultured in vitro at various ratios
with anti-CD3 for 72 hours. Proliferation of responder T cells was
analyzed by BD LSRFortessa.

Statistical analysis
Data are presented as mean� SEM. Statistical significance between

two groups was evaluated by two-tailed unpaired Student t test using
GraphPad Prism software (GraphPad). Throughout the text, figures,
and figure legends, the following terminology is used to denote
statistical significance: �, P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, no
significance.

Results
IL8 is upregulated in HBV-associated HCC

HBV-associated HCC is usually accompanied by an inflammatory
response, remodeling the tumor microenvironment and affecting
tumor progression and metastasis (12). To determine which cyto-
kines/chemokines are responsive to HBV infection, we evaluated
multiple cytokines, chemokines, and their receptors expression in
HepG2 cells and HepG2.2.15 cells (derived from HepG2 cells but
consistently express HBV; ref. 30) using a PCR array. Twenty-one
genes were differentially expressed (>2-fold change) between HepG2
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and HepG2.2.15 cells (Fig. 1A); of particular interest were IL18
and IL8, both ofwhichwere upregulatedmore than 20-fold in response
to HBV infection. We also employed HepG2-hNTCP cells, the
HepG2 cells with stable overexpression of human HBV receptor
NTCP (31), and confirmed the upregulation of IL18 and IL8 after
HBV infection (Fig. 1B). Our previous study has demonstrated that
IL18 exerts an inflammation-dependent tumor-suppressive effect in
HCC by promoting the differentiation, survival and activity of
tumor-infiltrating T cells (32). Thus, in this study, we focused on
IL8. To investigate the clinical correlation between IL8 expression
and HCC oncogenesis, we analyzed IL8 expression in patients with
HBV-associated HCC using Oncomine (www.oncomine.org) and
found the expression of IL8 was higher in HCC tissues compared
with paired nontumor tissues (Fig. 1C; ref. 33). We further eval-
uated the correlation between IL8 expression and prognosis of
patients with HCC through GEPIA (http://gepia.cancer-pku.cn/),
and found the overexpression of IL8 was associated with poorer
prognosis (Fig. 1D) (34). In addition, the negative correlations
between IL8 expression and patient overall survival were also
observed in cervical, kidney, lung, adrenocortical, and esophageal
cancer and uveal melanoma, but not in glioblastoma, bladder
cancer, and sarcoma (Supplementary Fig. S1), suggesting that the
negative prognostic effect of IL8 was applicable to multiple cancers.

We subsequently investigated IL8 expression in metastatic HBV-
associated HCC. We analyzed the expression of IL8 using qPCR
from 25 intrahepatic metastases tissues classified as portal vein
tumor thrombus (PVTT), 23 primary tumor tissues, and 18 adjacent

nontumor tissues in patients with HBV-associated HCC.We observed
that the level of IL8 was significantly higher in primary and PVTT
tumor samples than that of adjacent nontumor tissues (Fig. 1E). We
next examined IL8 protein levels using six paired tumors and adjacent
nontumor clinical samples from patients with HBV-associated HCC.
IL8 was dramatically increased in HBV-associated HCC tissues com-
pared with matched adjacent nontumor tissues (Fig. 1F). Further-
more, the expression of IL8 was further increased in PVTT samples
compared with paired tumor tissues in the majority of samples
(Fig. 1G). Taken together, these results suggested that IL8 is correlated
with HBV-associated HCC development and metastasis.

HBV induces IL8 expression through HBx-mediated MEK–ERK
activation

We next examined the mechanism whereby HBV induced IL8
expression. To determine whether IL8 as a legitimate target of HBV,
we examined the expression of IL8 when HBV expression was
manipulated. First, HepG2-hNTCP cells were utilized to investigate
whether the expression of IL8 could be upregulated by HBV infection.
We found IL8 mRNA and secreted protein levels were considerably
increased after 5 days ofHBV infection comparedwith uninfected cells
(Fig. 2A; Supplementary Fig. S2A). Next, we examined the effect of
HBV on IL8 expression in the HBV-induced expression model (35).
Induction of HBV expression in HepAD38 cells lead to significantly
enhanced expression of IL8 (Fig. 2B; Supplementary Fig. S2B). In
contrast, inhibition of HBV expression by specific siRNAs markedly
reduced IL8 expression in HepG2.2.15 cells (Fig. 2C; Supplementary
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Figure 1.

IL8 is upregulated in HBV-associated HCC. A, qPCR array of cytokines/chemokines and their receptors genes in HepG2 and HepG2.2.15. Results were normalized
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Figure 2.

HBV induces IL8 expression through HBx-mediated MEK–ERK activation. A–C, qRT-PCR (left) and ELISA (right) analysis of IL8 expression in HepG2-hNTCP cells
infected with or without HBV for 5 days (dpi;A), HepAD38 cells cultured in mediumwith or without tetracycline for 7 days (B), and HepG2.2.15 cells transfected with
HBV siRNA for 48 hours (C). D, qRT-PCR and ELISA analysis of IL8 expression in PLC5 and PVTT cells transfected with empty vector or HBV coding genes HBC, L
(large)-HBs, and HBx for 48 hours. E,Western blot analysis of IL8 expression in PLC5 cells transfected with HBx for 48 hours. F, HepAD38 cells were cultured in the
medium with or without tetracycline for 7 days. The protein expression of phosphorylated and total ERK, p38, JNK, p65 was analyzed by Western blot analysis.
G, HepAD38 cells were cultured in the medium with or without tetracycline for 7 days, then treated with inhibitors of AKT (LY294002, 25 mmol/L); ERK
(SCH772984, 1 mmol/L); JNK (SP600125, 20 mmol/L); NF-kB (TPCA-1, 5 mmol/L); p38 (SB203580, 10 mmol/L) for 12 hours. The expression of IL8 was analyzed
by qRT-PCR. H, qRT-PCR analysis of IL8 expression in HepG2.2.15 cells treated with inhibitor of MEK (U0126, 10 mmol/L) for 6 or 12 hours. I, qRT-PCR analysis of
IL8 expression in HepG2 cells stably transfected with empty control (vector) and HBx expression plasmid (HBx). J,Western blot analysis of phosphorylated or
total ERK expression in HepG2 cells stably transfected with empty control (vector) and HBx expression plasmid (HBx). Data are presented as mean � SEM.
Student t test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Figure 3.

IL8–CXCR1 axis enhances endothelial permeability. A, IHC staining of CXCR1 and CD31 in HBV-positive and HBV-negative HCC tissues. Representative images (left)
and CXCR1 expression intensity (right) in HBV-positive andHBV-negativeHCC tissues (n¼ 4).B–D,Adhesion assay. Tumor cellswere stainedwith CFSE, seeded into
an endothelial cell monolayer that overexpressed CXCR1 or not, incubated for 10 minutes, and then washed out. B, The attached cells were captured with EVOS FL
fluorescencemicroscopy imaging system. The attachedB16F10 cells (C) andPVTT cells (D)were quantifiedwith ImageJ software (n¼5–6).E,Permeability of HUVEC
endothelial cells stably transfected with empty control (vector) and CXCR1 expression plasmid (CXCR1). The TRITC-Dextran solution was incubated with HUVEC
endothelial cell monolayer for 1 hour in the top chamber of transwell inserts, and permeability of endothelial cells was determined by fluorescence intensity in the
bottomchamber (n¼ 3).F, Transendothelialmigration assay. Indicated tumor cellswere stainedwith DiI then seeded into transwell insertswith indicated endothelial
monolayer and cocultured for 48 hours. The transendothelial migrated tumor cells were captured with EVOS FL fluorescence microscopy imaging system and
quantified with ImageJ software (n ¼ 4). G, Heatmap representation of the fold change of extracellular matrix genes in HUVEC cells stably transfected with empty
control (vector) and CXCR1 expression plasmid (CXCR1). Results were normalized relative to expression level in empty control-transfected cells and are displayed as
log2 (fold change to expression in empty control transfected cells).H,Western blot analysis of ZO-1 expression in HUVEC cells stably transfectedwith empty control
(vector) and CXCR1 expression plasmid (CXCR1). I,Western blot analysis of ZO-1 expression in CXCR1-overexpressed HUVECs treated with or without recombinant
human IL8 (100 ng/mL) for 24 hours. Data are presented as mean � SEM; Student t test; � , P < 0.05, ���, P < 0.001; ns, nonsignificant.
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Fig. S2C). These studies suggested that upregulation of IL8 was closely
associated with HBV infection.

To address the underlying molecular mechanisms of HBV upre-
gulating IL8 expression, we initially transfected HBV coding genes
such as HBc, Large-HBs, and HBx into HEK293T cells. The HBx was
identified as the effector gene for IL8 induction (Supplementary
Fig. S2D), consistent with previous studies (21, 36, 37), which was
confirmed by qRT-PCRandELISAusing additional twoHCCcell lines
(PLC5 and PVTT; Fig. 2D). Consistent with previous reports (38),
both Large-HBs andHBx could upregulate the expression of IL8, while
HBx induced IL8 expression was more significant (Fig. 2D). The
expression of IL8 protein was also increased with HBx ectopic expres-
sion determined by Western blot analysis (Fig. 2E). Consisted with
previous report that HBx was highly upregulated in tumor tissues
compared with adjacent nontumor tissues in HBV-associated
HCC (39); collectively, these data indicate that HBV activates IL8
expression mainly through HBx.

Subsequently, we used HepAD38 cells to detect the protein expres-
sion of phosphorylated and total ERK, p38, JNK, and p65, signaling
cascades, which may be involved in HBx-mediated IL8 expression

(Fig. 2F; ref. 14).We noted that the levels of total ERKwere decreased,
whereas the levels of phosphorylated ERK were strongly increased
after HBV expression. We treated cells with inhibitors of ERK, PI3K,
JNK, p38, and NF-kB signaling (SCH772984, LY294002, SP600125,
SB203580, and TPCA-1, respectively), and found that ERK inhibition
most effectively reduced HBV-induced IL8 expression (Fig. 2G). In
addition, treatment of HepG2.2.15 with theMEK inhibitor U0126 also
significantly reduced IL8 expression (Fig. 2H). Stable transfection of
HepG2 cells with HBx lead to upregulated IL8 expression, and
dramatically activated MEK–ERK signaling pathway (Fig. 2I and
J). Taken together, these results indicated that HBV/HBx upregulated
IL8 expression primarily through the MEK–ERK signaling pathway.

IL8–CXCR1 axis enhances endothelium permeability
We previously reported that patients with HBV-associated HCC

were more prone to venous metastases in the portal vein (PVTT;
ref. 29). Therefore, we compared the expression of IL8 receptor
CXCR1 and vascular density between HBV-positive and HBV-
negative HCC tissues. The IHC staining indicated that the expression
of CXCR1 was higher in HBV-positive HCC tissues compared with

Figure 4.

IL8–CXCR1 axis promotes tumor metastasis and growth in the liver. A, Schematic diagram of the time course for tumor cell injection (top) and representative tumor
images (bottom). The indicated cells were inoculated intravenously into control and hCXCR1tg mice (n¼ 5–7 in each group). The lungswere collected after 3 weeks.
Black arrow, metastatic foci. B, The number of lung metastatic foci were measured in each group that described in A. C, Schematic diagram of the time course for
tumor cell injection (top) and representative tumor images (bottom). IL8-overexpressed B16F10 cells were inoculated intravenously into control and hCXCR1tg mice
(n ¼ 4 in each group). The lungs were collected after 2 weeks. Black arrow, metastatic foci. D, The number of lung metastatic foci were measured in each group
described inC.E,Schematic diagramof the time course for tumor cell injection (top) and representative tumor images (bottom). IL8 overexpressedB16F10 cellswere
inoculated intravenously into control and hCXCR1tg mice (n¼ 7 in each group). The livers were collected after 3weeks. Black arrow,metastatic foci. F, The number of
liver metastatic foci were measured in each group described in E. G, Schematic diagram of the time course for tumor cell injection (top) and representative
tumor images (bottom). IL8-overexpressed Hepa1–6 cells were orthotopically implanted into the liver of control and hCXCR1tg mice (n¼ 3 in each group). The livers
were collected after 2 weeks. H, Statistical analysis of the relative tumor area in the liver of each group described in G. Data are presented as mean� SEM; Student t
test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, nonsignificant.
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HBV-negative HCC tissues, while no significance was found in the
vascular density (show as CD31 staining; Fig. 3A). We next investi-
gated the role of IL8 in the vascular metastasis of tumor cells by stably
transfecting the IL8 receptor CXCR1 in human endothelial HUVECs,
and overexpressing IL8 in tumor cell lines including PVTT and
B16F10 (Supplementary Fig. S3A-S3C). We examined whether the
adhesion of tumor cells to endothelial cells is affected by the IL8–
CXCR1 axis. For this purpose, IL8-overexpressing tumor cells were
incubated with CXCR1-overexpressing HUVECs, and then the num-
ber of tumor cells adherent to the endothelial monolayerwere counted.
After a short incubation, adherent tumor cells were slightly, but not
significantly, increased in IL8/CXCR1 group compared with other
groups (Fig. 3B–D). However, the endothelial permeability was
substantially enhanced in HUVECs when CXCR1 was overexpressed
(Fig. 3E). To gain further insight into the function of the IL8–CXCR1
axis, we performed a tumor cell transendothelial migration assay. The
migratory capacity of tumor cells through an endothelial monolayer
was dramatically increased in IL8/CXCR1 overexpression group com-
pared with other groups (Fig. 3F). These results suggested that the
IL8–CXCR1 axis enhanced the permeability of the endothelium to
promote tumor cell vascular metastasis.

To explore the potential mechanism, we first examined the tran-
script levels of proteins involved inmodulating the extracellularmatrix
(ECM) in CXCR1-overexpressing endothelial cells and control cells
using a PCR array. CXCR1 overexpression increased the expression of

a number of ECMmodifiers and components (Fig. 3G). Of particular
interest were MMP2, ADAMTS13, MMP1, and MMP9, which are
metalloproteinases that have been shown to play a significant role in
increasing cell permeability (40, 41). The expression of ZO-1, which is
a component of tight junctions, was significantly decreased in CXCR1-
overexpressing HUVECs (Fig. 3H). These results indicate that
the expression of CXCR1 in endothelial cells tends to decrease the
connections between cells. In addition, treatment of CXCR1-over-
expressing HUVECs with recombinant IL8 further decreased ZO-1
expression (Fig. 3I). Taken together, these results suggest that the IL8–
CXCR1 axis increases the permeability of the endothelium by
decreasing tight junctions between cells.

IL8–CXCR1 axis promotes tumor metastasis and growth in the
liver

To investigate the role of IL8–CXCR1 axis in vivo, we utilized the
transgenic hCXCR1tg mice selectively expressing human CXCR1 on
endothelial cells. First, we compared the tumor metastasis in lungs
from control and hCXCR1tg mice intravenously injected with Hepa1–
6 cells with or without overexpressing of IL8. We found that over-
expression of IL8 increased the incidence of lung metastasis (Fig. 4A)
and the number of metastatic nodules in both control and hCXCR1tg

mice (Fig. 4A and B), as compared with control cells. However, the
overexpression of exogenous hCXCR1had no effect on lungmetastasis
(Fig. 4A andB).We further examined the functionality of this axis in a
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Figure 5.

IL8–CXCR1 axis increases Treg infiltration in HCCmicroenvironment. The indicated Hepa1–6 cells were orthotopically implanted into the liver of control and hCXCR1tg

mice (n ¼ 4 in each group). The livers and spleens were collected after 2 weeks. A and B, The representative images (left) and percentage analysis (right) of the
CD4þCD25þFoxP3þ Treg cells proportion in the tumor (A) and spleen (B). C, Schematic diagram of the time course for tumor cell injection (top) and representative
tumor images (bottom) of the indicated groups.D, Statistical analysis of the ration of Tregs to CD8þ T cells in the tumor and spleen of the indicated groups. Data are
presented as mean � SEM; Student t test; � , P < 0.05; �� , P < 0.01.
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melanoma model of metastasis, utilizing B16F10 cells expressing
human IL8 in control and hCXCR1tg mice. Two weeks after injection
with B16F10 cells expressing human IL8, the metastatic burden in
lungs was similar between control and hCXCR1tg mice (Fig. 4C and
D). Taken together, these results suggest that IL8 substantially pro-
moted lung metastasis, while exogenous hCXCR1 overexpression on
vascular endothelium was dispensable.

We then evaluated the effect of IL8–CXCR1 axis on liver metastasis.
Intravenous injection of B16F10 melanoma cells expressing human
IL8 resulted in significantly increased incidence of liver metastasis
(Fig. 4E) and number of metastatic liver nodules in hCXCR1tg mice
comparedwith controlmice (Fig. 4E andF). In addition, we found that
orthotopic implantation of Hepa1–6 cells overexpressing IL8 resulted
in larger tumors in hCXCR1tg mice compared with control mice
(Fig. 4G and H). Summarizing the above results, the IL8–CXCR1
axis dramatically increased liver metastasis and intrahepatic tumor
growth; however, exogenous CXCR1 expression on vascular endothe-
lium could not enhance the lungmetastasis by promoting effect of IL8.
This difference may be attributable to the specific microenvironment
of the liver.

IL8–CXCR1 axis increases Treg infiltration in HCC
microenvironment

We initially examined the immune composition of the lung and
spleen in the lung metastasis model. We did not observe significant
differences in frequencies of Treg cells,macrophages,MDSCs, CD4þT
cells, and CD8þ T cells in either spleen or lung between control mice
and hCXCR1tg mice (Supplementary Fig. S4A-S4E). However, in the
liver metastasis model, we found that Treg cells were dramatically
increased, specifically in the liver of hCXCR1tg mice compared with
control mice (Supplementary Fig. S5A). In addition, we found
increased macrophages and MDSCs, but nonsignificant changes in
CD4þ T cells and CD8þ T cells in the liver of CXCR1 mice compared
with the control mice (Supplementary Fig. S5B–S5E). These results
suggested that the IL8–CXCR1 axis tends to create an immuno-
suppressive microenvironment in the liver while having minimal
effects in lung and spleen. Furthermore, in the orthotopic tumor
growth model, we found increased Treg cells in the tumors of
CXCR1/IL8 group, compared with other groups (Fig. 5A). How-
ever, there was no difference in Treg cell prevalence in the spleen
between control mice and hCXCR1tg mice (Fig. 5B). This change
was consistent with enhanced tumor burden (Fig. 5C), and
increased tumor Treg-to-CD8 ratio in the CXCR1/IL8 group
(Fig. 5D). In the orthotopic tumor growth model, control mice
and hCXCR1tg mice did not show significant differences in macro-
phages and MDSCs proportions in the tumor and spleen (Supple-
mentary Fig. S6A and S6B).

On the basis of the above results, we found that IL8–CXCR1 axis
specifically increases Treg cell infiltration to the liver, but has no

effect on Treg cell prevalence in the lung. This suggests that the IL8–
CXCR1 axis on the hepatic vascular endothelium promotes the
growth and dissemination of HCC by increasing Treg cells in the
liver microenvironment.

IL8–CXCR1 induces liver sinusoidal endothelial GARP-latent-
TGFb to enhance Treg accumulation

A group of specialized vascular endothelial cells, called LSECs,
which play an important role in mediating immune tolerance,
are the most abundant nonparenchymal cells in the liver (42, 43).
Previous studies have found that LSECs can induce the polarization of
CD4þT cells into Tregs, a process that relies onGARP to anchor latent
TGFb to the cell membrane (44). We confirmed that CXCR1 was
colocalized with GARP by immunofluorescence (Fig. 6A). Using co-
IP, we found a physical interaction between GARP and CXCR1
(Fig. 6B). To further examine the effect of CXCR1 on GARP, we
cotransfected GARP with increasing amounts of CXCR1. CXCR1
significantly increased GARP expression in a dose-dependent manner
(Fig. 6C). Taken together, we found that CXCR1 can interact with
GARP and increase its expression.

We subsequently analyzed the effect of IL8–CXCR1 axis on latent
TGFb expression on endothelial cells. As expected, we found that IL8
treatment or CXCR1 overexpression can increase the expression of
latent TGFb, and the IL8–CXCR1 group has the highest expression of
latent TGFb of all combinations tested (Fig. 6D). We assessed
the capacity of IL8–CXCR1 axis to induce the Treg phenotype by
coculturing polarized Treg cells from CD4þ T cells in a portion of the
cells with endothelial cells. In accordance with TGFb expression on
endothelial cells, Tregs cocultured with soluble IL8-treated CXCR1-
overexpressed endothelial cells showed the highest enrichment of all
conditions tested, while inhibiting the expression of Garp in CXCR1-
overexpressed endothelial cells or antagonism of TGFb receptor
activity would compromise the induction effect on Tregs, including
CTLA-4þTregs, by IL8–CXCR1 axis (Fig. 6E and F). The na€�ve CD4þ

T cells cocultured experiments further confirmed the induction effect
of IL8–CXCR1 axis on Tregs mediated by GARP-latent-TGFb
(Fig. 6G). We further performed an in vitro suppression assay to
examine the capability of cocultured Tregs to suppress CD8þ T cells
(Fig. 6H). We found that cocultured Tregs significantly suppressed
CD8þ T-cell proliferation in a proportional manner, and Tregs that
coculturedwith soluble IL8-treatedCXCR1-overexpressed endothelial
cells most efficiently suppressed CD8þ T-cell proliferation. These
results suggested that the IL8–CXCR1 axis on the vascular endothe-
lium can upregulate the expression of latent TGFb, thereby enhancing
its capability to induce functional Tregs.

Finally, to extend our findings to HCC patient prognosis, we
analyzed the correlation between TGFb expression and HCC patient
survival through the GEPIA website. We found that patients with
HCC with high TGFb expression had shorter overall survival, and

Figure 6.
IL8–CXCR1 induces liver sinusoidal GARP-latent TGFb to enhance Treg.A, Immunofluorescence of GARP and CXCR1 in HEK293T cells cotransfected with GARP-Flag
along with HA-CXCR1 for 48 hours. B, Co-IP of GARP and CXCR1 in HEK293T cells cotransfected with GARP-Flag along with HA-CXCR1 or GARP-Flag along with
control vector for 48 hours. C,Western blot analysis of GARP and CXCR1 expression in HEK293T cells cotransfected with GARP-Flag along with increasing amounts
of HA-CXCR1 for 48 hours. D, Western blot analysis of latent TGFb expression in control and CXCR1-overexpressing SVEC4–10 cells treated with or without
recombinant human IL8 (100 ng/mL) for 24 hours. E, qRT-PCR analysis of Garp expression in CXCR1-overexpressing SVEC4–10 cells stably transfected with control
(shCtrl) or Garp shRNA (shGarp).F andG, In vitro–induced Tregs (F) or na€�ve CD4þ T cells (G) were coculturedwith SVEC4–10 endothelial cells pretreated either with
IL8 or not in TGFb-free medium for 48 hours and treated as indicated (SB431542, TGFb receptor I inhibitor, 10 mmol/L was used in coculture experiment). The
proportion of CD4þCD25þFoxP3þ Tregs and CTLA-4þ Tregs was determined by flow cytometry. H, Proliferation of CD8þ T cells was analyzed by flow cytometry
3days after coculturewith Tregs as described inF. I,AKaplan–Meier analysis of the correlation of TGFb, IL8, or IL8/TGFb coexpressionwith overall survival of patients
with HCC in the GEPIA website. Group cutoff: high > 75%, low < 25%. TGFb: low, n¼ 91; high, n¼ 90; IL8/TGFb: low, n¼ 91; high, n¼ 91. IL8 data from Fig. 1D. Data
are presented as mean � SEM; Student t test; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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concomitant upregulation of IL8 and TGFb showed a worse prognosis
(Fig. 6I, IL8 data from Fig. 1D).

Discussion
The direct causes of HBV-initiated HCC can be divided into

various aspects, including insertional mutagenesis, genomic
instability, and wild-type, truncated/mutated viral proteins (HBc,
HBx, and preS), which deregulate cell proliferation and transcrip-
tion (11). Proinflammatory cytokines that are induced by HBV such
as IL1a, IL1b, IL6, and TNFa are important regulators in tumor
microenvironment (12). However, studies investigating the inter-
play between these cytokines/chemokines and HCC vascular metas-
tasis have been less abundant. In this study, we have demonstrated
that IL8 induced by HBV, in particular HBx, promotes the vascular
metastasis of HBV-associated HCC through its role in enhancing
vascular endothelium permeability and remodeling the microenvi-
ronment for escape from antitumor immunity (Fig. 7).

Previous studies have reported that IL8 is upregulated in HBV-
infected patients, and the transcription factors AP1, C/EBP, and
NF-kB are concurrently necessary for maximum IL8 induc-
tion (21, 45). In addition, HBx has been shown to be recruited to
the IL8 promoter to influence the IL8 expression (21); this induc-
tion depends on the activation of the NF-kB signaling path-
way (36, 37). In our study, we used a variety of models, including
HBV infection models, which confirmed the regulatory effect of
HBV on IL8 in HCC. We found that MEK–ERK signaling was
significantly activated after HBV or HBx expression. Pharmacologic
inhibition of MEK–ERK signaling pathway by inhibitors dramat-
ically decreased IL8 expression in HBV-positive HCC cells. Inter-
estingly, inhibition of p38 upregulated the expression of IL8, which
may be attributed to the activation of ERK and NF-kB pathways by
the p38-specific inhibitor SB203580 (46, 47). These results sug-
gested that the regulatory effect of HBV/HBx on IL8 was mainly via
the MEK–ERK signaling pathway.

IL8 has been shown to assist HCC development by regulating
angiogenesis and self-renewal of liver tumor-initiating cells (48, 49).
IL8 also induced EMT through JAK2/STAT3/Snail signaling path-
way, promoting HCC metastasis (50). In addition, IL8 can
induce the polarization and infiltration of TAM, transactivate its
own receptor, and induce integrin expression to promote HCC
metastasis (25–27). However, the underlying mechanism behind
distal venous metastasis of HCC remains elusive. In our study, we
found that the IL8–CXCR1 axis increased endothelial permeability,
but did not increase angiogenesis and tumor cells adhesion. Further
experiments showed that IL8–CXCR1 can reduce cell tight junc-
tions, consistent with previous study (51), consequently increasing
the trans-endothelial capacity of tumor cells. Taken together, these
effects of IL8–CXCR1 signaling shed some light on the mechanisms
behind this venous metastatic cascade.

Interestingly, we found that the IL8–CXCR1 axis on vascular
endothelium dramatically increased liver tumorigenesis and metasta-
sis, and the increase in lung metastasis was observed through over-
expression of IL8, but exogenous CXCR1 overexpression did not
further enhance lung metastasis. These results may be due to differ-
ences in the tissue-specific microenvironments of the lung and liver;
for example, mouse CXCR1, highly expressed in the lung, can response
to human IL8 although the binding is weak (28), probably affecting
lung metastasis. Alternatively, other hCXCR1-independent mechan-
isms may operate in lung metastasis. The role of CXCR1 on lung
metastasis needs to be further investigated.

The main function of Treg cells is to promote immune tolerance
by inhibiting the activation and proliferation of effector T cells
and inducing effector T cells apoptosis (52). In patients with
HCC, increased Treg prevalence was associated with CD8þ T-cell
impairment and poor survival (53). Our previous studies reported that
increased TGFb activity in HBV-associated HCC can recruit more
Tregs through the miR-34a–CCL22 axis (29), and the upregulation of
CCL22 and its receptor CCR4were also detected in our study, showing
that HBV remodels the tumor microenvironment in multiple ways.

HBV HBx
MEK

ERK1/2
Tregs

GARP
Latent TGFβ

IL8
CXCR1/2

Endothelial cell

CD8+ T cell
Treg cell

Metastasis

Tumor

Tumor cell

CD8+

T cells

Figure 7.

Working model of IL8–CXCR1 axis pro-
moted venous metastasis in HBV-
associated HCC. HBV/HBx upregulates
IL8 expression through the MEK–ERK
signaling pathway. On the one hand,
HBV-induced IL8 interacts with its
receptor CXCR1, which is expressed on
vascular endothelium, to enhance the
endothelial cells permeability. Particu-
larly, IL8–CXCR1 axis promotes latent-
TGFb expression through increment
of GARP expression, which, in turn,
increases Treg cells to suppress CD8þ

T-cell proliferation. Synergize the two
effects to support HCC growth and
vascular metastasis.
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Analysis of immune composition in various animal models revealed
that the enhancement of IL8–CXCR1 signaling in endothelial cells can
specifically increase Treg abundance in the liver. This specificity
depends on specialized vascular endothelial cells, LSECs. Mechanis-
tically, the IL8–CXCR1 axis upregulates the expression of GARP-
latent-TGFb by LSECs, strengthening their capacity to induce Treg
cells. Previous studies reported that GP96, as a chaperone protein,
interacts with GARP to increase its stability (54). In our study, we
found that CXCR1 interacts with GARP and upregulates the expres-
sion ofGARP.However, howCXCR1 affects the expression ofGARP is
unclear, further study is needed.

Multiple clinical trials have begun targeting IL8 and CXCR1 for
the treatment of cancer (55). In addition, decreasing the expression
of IL8 has been shown to be beneficial for immune checkpoint
blockade therapy, such as anti-PD-L1 and anti-CTLA-4 (19, 20),
and the combination of CXCR2-blocking antibody or CXCR2
antagonist with anti-PD-L1 antibody showed more effective tumor
growth inhibition (56). We noticed that the IL8–CXCR1 axis
increases the percentage of CTLA-4þ Tregs, so the combined
targeting of IL8 and CTLA-4 may provide more clinical benefits.
Our study has demonstrated that the IL8–CXCR1 axis is an
important element in HCC venous invasion and metastasis, sug-
gesting that targeting IL8–CXCR1 axis may be a potential thera-
peutic option for Hepatitis B–associated HCC.
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