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Background/Aim: Cancer-associated fibroblasts (CAFs) play an immunosuppressive role in
the tumor microenvironment (TME) of human cancers; however, their characteristics and role
in hepatocellular carcinoma (HCC) remain to be elucidated.

Methods: Nine tumor and surrounding liver tissue samples from patients with HCC who
underwent surgery were used to isolate patient-derived CAFs. Cell morphology was observed
using an optical microscope after culture, and cell phenotypes were evaluated using flow
cytometry and immunoblotting. Cytokines secreted by CAFs into culture medium were
quantified using a multiplex cytokine assay.

Results: CAFs were abundant in the TME of HCC and were adjacent to immune cells. After
culture, the CAFs and non-tumor fibroblasts exhibited spindle shapes. We observed a robust
expression of alpha-smooth muscle actin and fibroblast activation protein in CAFs, whereas
alpha-fetoprotein, epithelial cell adhesion molecule, platelet/endothelial cell adhesion
molecule-1, and E-cadherin were not expressed in CAFs. Furthermore, CAFs showed high
secretion of various cytokines, namely G-X-C motif chemokine ligand 12, interleukin (IL)-6, IL-8,
and G-C motif chemokine ligand 2.

Conclusions: CAFs are abundant in the TME of HCC and play a crucial role in tumor
progression. These fibroblasts secrete cytokines that promote tumor growth and metastasis.
(J Liver Cancer 2023;23:341-349)
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most com-
mon type of malignant tumor and is ranked third in cancer-
related mortality worldwide."” When used as a monotherapy
for HCC, immune checkpoint inhibitors have a treatment
response rate of only approximately 15-20%." To perform
immunotherapy, T cells in the body must be activated to kill
tumor cells; however, regulatory T cells, tumor-associated
macrophages, and cancer-associated fibroblasts (CAFs) can
interfere with this process." Moreover, HCC is very heteroge-
neous.” Some parts of a large HCC respond well to immuno-
therapy, while other parts do not, eventually causing treat-
ment resistance.’

In the tumor microenvironment (TME), HCC cells and
CAFs interact with various cells in their vicinity, including
several immune and stromal cells.”® The growth factors se-
creted by HCC cells, which include the transforming growth

factor-P and platelet-derived growth factor, as well as chemo-
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kines and cytokines, including tumor necrosis factor-alpha
(TNF-w), interleukin (IL)-6, IL-10, monocyte chemoattractant
protein-1, and C-C motif chemokine ligand (CCL) 5, exert a
significant effect on hepatocytes and adjacent immune cells.”"”
CAFs are activated by these cytokines and then interact with
nearby immune cells.” Cells with anti-tumor functions, such as
M1 macrophages and CD8" cytotoxic T cells, are inhibited by
immune checkpoint molecules, such as programmed death-li-
gand 1, T-cell immunoglobulin, and mucin-domain contain-
ing-3, which are expressed in CAFs."""* CAFs have a direct im-
munosuppressive effect on anti-tumor immune cells by
activating immunosuppressive cells, such as regulatory T cells,
M2 macrophages, and myeloid-derived suppressor cells.™"

In this study, we identified CAFs using histopathological
analysis and measured the levels of cytokines secreted by

CAFs isolated from tissues of patients with HCC.
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METHODS

1. Patient samples and clinical data
In this study, samples from nine patients with HCC who

underwent hepatectomy or liver transplantation between

Table 1. Baseline characteristics of patients with HCC

Variable HCC patients (n=9)
Sex

Male 7 (78.0)

Female 2(220)
Pathogenesis

Alcohol 2(22.0)

HBV 2(22.0)

HCV 3(45.0)

Others 1(11.0)
AFP at diagnosis

<100 ng/mL 3(33.0)

>100 ng/mL 6 (67.0)
PIVKA-II at diagnosis

<40 mAU/mL 2(22.0

>40 mAU/mL 7 (78.0)
Multiple tumors

Yes 5 (56.0)

No 4(44.0)
Vascular invasion

Yes 4 (44.0)

No 5 (56.0)
Non-tumor cirrhosis

Yes 6 (67.0)

No 3(33.0)
ES grade

’| -

2 1(11.0)

3 6 (67.0)

4 2(22.0)
Maximal tumor size

<10cm 2(22.0)

>10cm 7(78.0)

Values are presented as number (%).

HCC, Hepatocellular carcinoma, HBV, Hepatitis B virus; HCV, Hepatitis
C virus; AFP, alpha fetoprotein; PIVKA-II, Protein induced by vitamin K
absence or antagonist-l; ES grade, Edmondson-Steiner grade.
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June 2022 and January 2023 were collected. Table 1 summa-
rizes patient and tumor characteristics. Paraffin blocks and
snap-frozen tissues were stored for subsequent histopatho-
logical analysis. Some of the HCC tumor and non-tumor tis-
sues obtained after surgical resection or liver transplantation
were used to isolate CAFs through dissociation, and the re-

maining tissues were stored at -70C.

2. Isolation of CAFs

The tumor and surrounding liver tissues of patients with
HCC were dissociated using a tumor dissociation kit (Miltenyi
Biotech, Bergisch Gladbach, Germany) and gentleMACS™ dis-
sociator (Miltenyi Biotech). A finely cut cross section of the
surgically removed tissue was placed in Roswell Park Memorial
Institute 1640 (Welgene, Gyeongsan, Korea) without fetal bo-
vine serum (FBS) (Thermo Fisher Scientific, Waltham, MA,
USA), and tumor dissociation was performed according to the
manufacturer’s instructions. After dissociation, the sample was
transferred to a fresh 50 mL tube with a 70 um strainer for cen-
trifugation at 50xg and 25C for 2 minutes. The supernatant
was then removed and the cell pellet was cultured in a culture
dish measuring 60X15 mm containing Dulbecco's Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) (Wel-

gene) in a 1:1 ratio.

3. Flow cytometry

Single-stain flow cytometry was performed on Huh?7,
Hep3B, HepG2, SK-hep-1, CAFs and non-tumor fibroblasts.
The following antibodies were used: allophycocyanin-conju-
gated anti-human alpha-smooth muscle actin (a-SMA)
(R&D system, Minneapolis, MN, USA), anti-human fibro-
blast activation protein (FAP) (R&D system), phycoerythrin-
conjugated anti-human alpha-fetoprotein (BD Biosciences,
Franklin Lakes, NJ, USA), and anti-human epithelial cell ad-
hesion molecule (EpCAM) (BD Biosciences). The FlowJo
software (TreeStar, Ashland, OR, USA) was used for data

analysis.

4. Immunoblotting
Human umbilical vein endothelial cells (HUVECs), Huh7,

CAFs and non-tumor fibroblasts were lysed in radioimmu-
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noprecipitation assay buffer supplemented with a protease
inhibitor cocktail (Roche, Basel, Switzerland) and phospha-
tase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
The lysates were separated using 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and the proteins were
transferred onto nitrocellulose membranes (Schleicher and
Schuell, Keene, NH, USA). For immunoblotting, rabbit
polyclonal anti-a-SMA antibody (Abcam, Cambridge, UK),
rabbit monoclonal anti-vimentin (D21H3) antibody (Cell
Signaling Technology, Danvers, MA, USA), rabbit monoclo-
nal anti-E-cadherin (24E10) antibody (Cell Signaling Tech-
nology, Danvers, MA, USA), mouse monoclonal anti-CD31
(PECAM-1) antibody (Cell Signaling Technology), and rab-

bit monoclonal anti-GAPDH (14C10) antibody (Cell Signal-

ing Technology) were used.

5. Multiplex analysis

To measure the cytokines secreted by the cultured CAFs
into the medium, we performed multiplex analysis using the
ProcartaPlex Hu Cytokine/Chemokine Panel 1A 34plex
(Thermo Fisher Scientific). This panel measured the levels of
CCL3, C-X-C motif chemokine ligand 12 (CXCL12), IL-27,
IL-1B, IL-2, IL-4, IL-5, CXCL10, IL-6, IL-7, IL-8, IL-10,
CCL11, CCL5, TNF-a, CCL4, CCL2, CXCLI, and IL-21.
Data analysis was conducted using xPonent v3.1 software

(Luminex, Austin, TX, USA), and graphs were generated us-
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Figure 1. Morphology of CAFs isolated from tumor tissues of patients with HCC and inhibition of immune cells infiltrating the tumor. (A)
Schematic depicting the isolation procedure of CAFs from tumor tissues of patients with HCC. (B) Phase contrast microscope images of isolated
CAFs at 1, 3, and 5 days after culture. Images were captured at 20x magnification. (C) Inmunohistochemical staining of tumor tissues of
patients with HCC using glypican3, Ki-67, vimentin, CD38, CD68, CD15, CD3, CD20, and PD-L1 antibodies as well as H&E and Masson's trichrome
stains. Vimentin and Masson's trichrome staining were positive in CAFs in the peri-tumor and some clusters within the intra-tumor tissues
(black arrowheads). Immune cells positive for CD38", CD68*, CD15*, CD3*, CD20*, and PD-L1" were located in close proximity to fibroblast
clusters (red arrowheads). (D) Quantification of vimentin® cells correlated with CD68" or CD3" cells. All means were statistically analyzed. CAF,
cancer-associated fibroblast; HCC, hepatocellular carcinoma; H&E, hematoxylin and eosin; NT, non-tumor; T, tumor.
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ing GraphPad Prism 7 (GraphPad, Boston, MA. USA).

6. Statistical analysis
All statistical analyses were performed using GraphPad
Prism 7. Numerical variables were evaluated using indepen-

dent t-tests. Statistical significance was set at P<0.05.
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RESULTS

1. Morphology of isolated CAFs and non—tumor
fibroblasts from tumor and non—tumor liver
tissues of patients with HCC

We cultured CAFs and non-tumor fibroblasts isolated

from tumor and non-tumor liver tissues (Fig. 1A) in a

60x15 mm culture dish with 10% FBS DMEM/F-12. We ex-

amined the morphology of the cultured CAFs and non-tu-
mor fibroblasts on days 1, 3, and 5 (Fig. 1B). Isolated CAFs

and non-tumor fibroblasts showed spindle shapes on days
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Figure 2. CAFs robustly express FAP and a-SMA, but do not express EpCAM, E-cadherin, and PECAM-1. (A) Single-stain flow cytometry was
performed for SMA, FAP, AFP, and EpCAM in CAFs and non-tumor fibroblasts isolated from patients with HCC. (B) Similarly, single-stain flow
cytometry was performed for the same markers in HCC cells. Graphs show the expression of each marker. (C) Expression of a-SMA, vimentin,
and E-cadherin in CAFs, non-tumor fibroblasts, and hepatoma cell lines was analyzed using immunoblotting. (D) Expression of E-cadherin,
PECAM-1, vimentin, and GAPDH in CAFs, non-tumor fibroblasts, and HUVECs was analyzed using immunoblotting. All means were statistically
analyzed; *P<0.05, **P<0.01, ***P<0.001. CAF, cancer-associated fibroblast; FAP, fibroblast activation protein-a; SMA, alpha-smooth muscle
actin; EpCAM, epithelial cell adhesion molecule; MFI, mean fluorescence intensity; NF, non-tumor fibroblast; PECAM-1, platelet and endothelial

cell adhesion molecule 1; HCC, hepatocellular carcinoma.
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3 and 5, respectively. Over time, they formed a single cluster,
as previously observed in patient tissue analyses. These find-
ings suggest that CAFs and non-tumor fibroblasts cannot be

distinguished morphologically.

2. CAFs are abundant in the TME of HCC and
adjacent to immune cells

Tumor tissues were collected from nine patients diagnosed
with HCC after surgical resection (Table 1). Immunohisto-
chemical analysis for vimentin showed that CAFs formed a
thick layer of fiber around HCC cells in tissues that were
confirmed to have advanced HCC (Fig. 1). Vimentin stain-
ing also revealed that fibroblasts exhibited characteristics
similar to those of fibroblasts clustered around HCC cells in
the vicinity (black arrowheads) (Fig. 1C). Vimentin" fibro-
blast clusters were more abundant in the intra-tumoral pe-
riphery than inside the tumor. Immune cells were detected
near fibroblast clusters (red arrowheads) (Fig. 1C). Further-
more, vimentin-expressing CAFs were more strongly corre-
lated with CD68" macrophages than with CD3" T cells in the

peri-tumor sections (Fig. 1D).

3. CAFs robustly express FAP and a—SMA

Single-stain flow cytometry was used to characterize isolat-
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ed CAFs, non-tumor fibroblasts, and hepatoma cells, namely
Huh7, Hep3B, HepG2, SK-hep-1, based on the expression of
a-SMA, FAP, and EpCAM (Fig. 2A, B). The results showed
that a-SMA and FAP, but not EpCAM and E-cadherin, were
expressed in both CAFs and non-tumor fibroblasts (Fig. 2B,
C). The expression of a-SMA and FAP was higher in CAFs
compared to non-tumor fibroblasts. Compared to HCC
cells, CAFs and non-tumor fibroblasts showed lower expres-
sion of EpCAM and E-cadherin, whereas FAP expression
was only detected in CAFs and non-tumor fibroblasts. PE-
CAM-1, a well-known marker of endothelial cells, was ex-
pressed in HUVECs, but not in CAFs isolated from the pa-
tients (Fig. 2D).

4, CAFs secrete various cytokines

Multiplex analysis was performed to detect the cytokines
secreted by CAFs into the medium (Fig. 3). CCL3, CXCL12,
IL-27, IL-1B, IL-2, IL-5, CXCL10, IL-6, IL-7, IL-8, IL-10,
CCL11, CCL5, TNF-a, CCL4, CCL2, CXCLI1, and IL-21
were detected in the CAF-cultured medium. However, the
levels of CXCL12, IL-6, IL-8, and CCL2, which are involved

in immune responses, were considerably high.

Il Control (n=3)

[ CAF (n=9)
AN N RN I YA N
VOV Vo S &7 SRV

Figure 3. CAFs secrete various cytokines. CAF-cultured medium was analyzed using multiplex analysis to detect the level of cytokines
secreted by CAFs. The graph shows the level of each cytokine. Statistical analysis was performed; *P<0.01, **P<0.001. CAF, cancer-associated
fibroblast; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif ligand; IL, interleukin; TNF-a, tumor necrosis factor-alpha.
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DISCUSSION

Compared to research on CAFs in other tumor types, stud-
ies on CAFs in HCC have only recently been actively conduct-
ed. Thus, most studies on CAFs in HCC are based on experi-
ments with CAFs isolated from tumors of other organs, such
as pancreatic, lung, and breast cancers.””"® Notably, studies
have shown a close association between CAFs in pancreatic
cancer and CAFs in HCC, leading to frequent comparisons
between the two fibroblast environments."” However, further
studies are required to characterize CAFs in HCC.

CAFs in HCC, identified by the expression of 0-SMA and
FAP, were observed throughout the TME, including the tu-
mor septum, fibrous capsule, and hepatic blood sinusoids. A
recent study showed that CAFs in HCC may originate from
multiple cell types, such as hepatic stellate cells, tumor cells
that have undergone epithelial-mesenchymal transition
(EMT), and hepatic sinusoidal endothelial cells that have un-
dergone endothelial-mesenchymal transition."” CAFs play an
important role in TME."” CAFs in the TME of HCC promote
EMT in tumor cells by upregulating FAP and vimentin."
This leads to a more aggressive phenotype and poorer prog-
nosis for HCC. CAFs induce fibrosis and inflammation and
affect immune responses around tumor cells. CAFs exist in
various subsets, such as inflammatory, myofibroblastic, and
antigen-presenting cells, each playing a different role.”"”'
These diverse subsets create a complex TME that regulates
tumor growth, metastasis, and resistance to cancer treat-
ment. Understanding how these active factors, such as FAP
and vimentin, regulate the subsets of CAFs in liver cancer is
important to improve TME and develop cancer treatments.”
Furthermore, CAFs can be important targets for HCC treat-
ment because of their crosstalk with HCC cells and other
surrounding cells in the TME.

In this study, we found that fibroblasts clustering in the
peri-tumor of the liver in patients with HCC inhibited the
activity of immune cells attempting to infiltrate HCC cells,
thereby impeding the immune response. CD68" macro-
phages showed the strongest correlation with immune cells
in HCC tissues. Macrophages are typically divided into M1

phenotypes, which have anti-tumor functions and promote

http://e-jlc.org

inflammation, and M2 phenotypes, which suppress inflam-
mation and immune activity for the tumor progression in
the TME of HCC." The correlation between macrophages
and CAFs may play a role in the immune function of macro-
phages.

Cultured CAFs were found to secrete immune-related cy-
tokines. In particular, IL-8, CCL2, and IL-6 are involved in
the differentiation and inhibition of T cells and macrophages
and suppress CD8" T cells, activate regulatory T cells, and
promote M2 differentiation of macrophages and neutro-

23,24

phils.”™ Based on the immunosuppressive function of CAFs,
we predict that controlling CAFs will be critical in future im-
munotherapies for HCC."

The results of this study demonstrated that CAFs are
abundant around HCC cells, where they inhibit nearby im-
mune cells. Furthermore, through the identification and
characterization of CAFs in tissues and the assessment of
their interactions with immune cells, this study confirmed

that CAFs exert an inhibitory effect on immune cells.
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