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Abstract

Background: Cell therapy demonstrates promising potential as a substitute
therapeutic approach for liver cirrhosis. We have developed a strategy to
effectively expand murine and human hepatocyte-derived liver progenitor-
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to apply HepLPCs to the treatment of liver cirrhosis and to elucidate the
underlying mechanisms responsible for their therapeutic efficacy.

Methods: The effects of allogeneic or xenogeneic HepLPC transplantation
were investigated in rat model of liver cirrhosis. Liver tissues were collected and
subjected to immunostaining to assess changes in histology. In vitro experi-
ments used HSCs to explore the antifibrotic properties of HepLPC-secretomes
and their underlying molecular mechanisms. Additionally, proteomic analysis
was conducted to characterize the protein composition of HepLPC-secretomes.
Results: Transplantation of HepLPCs resulted in decreased active fibro-
genesis and net fibrosis in cirrhosis models. Apoptosis of HSCs was observed

Abbreviations: AREG, amphiregulin; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; HepLPCs, hepatocyte-derived liver progenitor-like cells;
scrtms, secretomes; JAK, janus kinase; PHHSs, primary hepatocytes; STAT, signal transducer and activator of transcription; TAA, thioacetamide.
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INTRODUCTION

Liver cirrhosis represents an advanced stage of hepatic
fibrosis and constitutes a significant global burden in
terms of morbidity and mortality.[' Approximately 1
million individuals die from liver cirrhosis annually,
making it the 11th leading cause of death and, together
with liver cancer, accounting for 3.5% of global
fatalities.l?! Clinically, decompensated liver cirrhosis is
regarded as a terminal condition, with mortality being
inevitable without liver transplantation. However, the
scarcity of donor organs, coupled with surgical contra-
indications and complications, restricts transplantation
to <10% of eligible patients.®! Thus, mitigating disease
progression and reducing liver transplantation rates
emerge as primary clinical objectives in the manage-
ment of liver cirrhosis, necessitating the implementation
of innovative medical interventions.

Cell therapy for treating end-stage liver disease has
rapidly developed, involving various cell types to
remodel or replace damaged organs or tissues./! There
are mainly 3 types of cells used in the clinical treatment
of liver diseases: adult primary hepatocytes (PHHS),
fetal liver cells, and stem cells. PHHSs are considered an
ideal source for treating liver cirrhosis or failure and
have been applied clinically. Hepatocyte transplantation
aims to provide functional parenchymal support to the
damaged liver, facilitating its recovery.’! However,
transplanting 3%—5% of liver mass results in only
0.5% engraftment of the host liver.[®! Due to the limited
and difficult-to-expand sources of PHHSs in vitro, alter-
native cell sources are being explored. Human fetal
livers contain 2 stem cell niches: the ductal plates/
canals of Hering, which harbor hepatic stem/progenitor
cells,[”l and peribiliary glands, which house biliary tree
stem/progenitor cells.!® Both have been used in clinical
trials to treat decompensated liver cirrhosis, showing
improvements in multiple diagnostic and biochemical
parameters with long-term effects.®) Compared to

in vivo after HepLPC treatment. HepLPC-secretomes exhibited potent inhibition
of TGF-B1-induced HSC activation and promoted apoptosis through signal
transducer and activator of transcription (STAT)1-mediated pathways in vitro.
Furthermore, synergistic effects between amphiregulin and FGF19 within
HepLPC-secretomes were identified, contributing to HSC apoptosis and
exerting antifibrotic effects via activation of the janus kinase-STAT1 pathway.
Conclusions: HepLPCs have the potential to ameliorate liver cirrhosis by
inducing STAT1-dependent apoptosis in HSCs. Amphiregulin and FGF19 are
key factors responsible for STAT1 activation, representing promising novel
therapeutic targets for the treatment of liver cirrhosis.
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PHHSs, fetal liver stem/progenitor cells prove to be an
ideal source due to their easier acquisition and
cultivability. However, ethical concerns and the complex
process of cell isolation and selection, which lacks
standardization globally, contribute to the limited num-
ber of fetal liver cell therapy cases worldwide.l'% Stem
cells, including mesenchymal stem cells derived from
bone marrow, umbilical cord, adipose tissue, teeth, and
menstrual blood, as well as hematopoietic stem cells,
bone marrow mononuclear cells, and endothelial
progenitor cells, are used in clinical trials for managing
liver fibrosis and cirrhosis.! The required dose of stem
cells is generally lower than that of hepatocytes,
reflecting their primary mechanism of action through
promoting the endogenous liver microenvironment via
secreted bioactive molecules rather than direct replace-
ment therapy. However, clinical results show the
controversial therapeutic efficacy of stem cells for
treating cirrhosis, possibly due to significant source
variations, lack of standardized in vitro preparation
processes, and heterogeneity between cell batches,
leading to ambiguity in their clinical application.!'"]
Overall, cells that have the ability to proliferate in vitro,
like stem cells, and possess secretory function charac-
teristics while also being derived from the liver may be
the most promising option for cell therapy in liver
disease.

We previously used a molecule combination strategy
to generate novel hepatocyte-derived liver progenitor-
like cells (HepLPCs) from primary hepatocytes.['213]
Through the analysis of gene transcription profiles in
mice and humans, we have identified significant
alterations in the secretory characteristics of hepatic
progenitor cells. The potential impact of these changes
in secretory profiles on the hepatic microenvironment
remains to be elucidated.

HSCs, although constituting a minority of liver cells,
play a crucial role in the pathogenesis and advance-
ment of liver cirrhosis. During homeostasis, they remain
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dormant, primarily acting as reservoirs for retinoids or
vitamin A-containing metabolites. However, under
pathological circumstances, activated and proliferating
HSCs transform into myofibroblasts, generating a
collagen-rich extracellular matrix (ECM) and inflamma-
tory mediators, thereby exacerbating the progression of
liver cirrhosis.['* Blocking myofibroblasts is a key target
for the treatment of fibrosis.'S! In this study, we
investigated the effects of transplanting HepLPCs into
the cirrhosis liver of rats, focusing on their ability to
reduce active fibrogenesis and net fibrosis. Additionally,
we found that HepLPC-secretomes significantly inhib-
ited TGF-p1-induced activation of HSCs and induced
apoptosis of HSCs in vitro. Notably, primary hepatocyte
secretomes did not exhibit a similar effect. Among the
soluble factors secreted by HepLPCs, amphiregulin
(AREG) and FGF19 were identified as potential
mediators of HSC apoptosis, potentially through syner-
gistic activation of signal transducer and activator of
transcription (STAT)1 signaling.

METHODS
Animal experiments

All animal procedures were conducted in accordance with
the Reporting of In Vivo Experiments guidelines for the
care and use of laboratory animals and were approved by
the Institutional Animal Care and Use Committee of
Shanghai Model Organisms Center Inc. (IACUC2019-
0027-06). Animals were kept in an air-filtered, tempera-
ture-controlled (22-24°C), light-controlled room with
humidity between 40%—-70%. All interventions were
performed during the light cycle.

Liver cirrhosis model: For the liver cirrhosis model
induced by thioacetamide (TAA), male Sprague-Dawley
rats aged 5-6 weeks (Vitalriver, China) received TAA (i.
p., 200 mg/kg body weight, diluted in saline; Sigma,
China) twice a week for 13 weeks.['®! We maintain TAA
drug administration while simultaneously performing
cell transplantation, so the total period for rats to receive
TAA is 17 weeks.

Liver fibrosis model: 5- to 6-week-old male C57BL/6
mice (Vitalriver, China) were treated with TAA (i.p.,
200 mg/kg body weight, diluted in saline; Sigma, China)
3 times a week for 7 weeks.["”]

Immunosuppressive drug administration: For human
HepLPC transplantation, 2 days prior to transplantation,
tacrolimus (FK506) was administered to the control
group, sham group, and HepLPC group at a dose of
0.2 mg/kg daily until 1 week after cell injection. Rats with
rat-HepLPC transplantation did not receive immuno-
suppressive drugs.

Cell transplantation: the cell transplantation proce-
dure was performed twice. At each cell injection point,
5%10% HepLPCs in 500 L of PBS were infused into the

rat spleen (day 0). The total number of injected cells into
rats with cirrhosis induced by TAA was 1x107 per rat.
The sham group received an equivalent volume of PBS
injection. Rats were sacrificed at 2 weeks after the last
cell injection, and samples of liver tissue and blood were
collected for further analysis.

Recombinant proteins administration: rhAREG
(200 pg/kg) and rhFGF19 (200 ug/kg) were adminis-
tered to mice via the tail vein in a volume of 250 pL,
twice with a 3-day interval. The sham group received an
equivalent volume of denatured proteins. Mice were
sacrificed at 1 week after TAA administration, and
samples of liver tissue and blood were collected for
further analysis.

Cell culture

Rat primary hepatocytes were isolated from the
livers of Sprague-Dawley rats using a 2-step collagen-
ase perfusion procedure as described elsewhere.l'8]
Human primary hepatocytes, purchased from CYTES
BIOTECHNOLOGIES, SL., Spain, were cultured follow-
ing established protocols.!"3!

Passage 5 HepLPCs were used for in vivo experi-
ments. The immortalized human HSC line LX-2 and
human primary HSCs were cultured in DMEM supple-
mented with 2% fetal bovine serum, penicillin (100 U/
mL), and streptomycin (100 mg/mL), all obtained from
Gibco, USA.

Secretomes preparation

To prepare the secretomes, human HepLPCs were
cultured to 60% confluence in culture dishes. After
being washed with PBS, the cells were incubated in
serum-free DMEM for 24 hours. The conditioned
medium was harvested and centrifuged at 300 g to
remove cell debris. The supernatant culture medium
was collected and concentrated 25-fold using ultra-
filtration units with 10-kDa cutoff filters (Amicon Ultra,
Millipore).'”l The secretomes were stored at -80 °C
until use.

Statistical analyses

Data (mean+SD) were analyzed using GraphPad
Prism V7. The two-tailed Student ¢ test was used to
compare the 2 groups. One one-way ANOVA was used
for multiple comparisons, followed by Bonferroni test
procedure. A two-tailed p-value of <0.05 was consid-
ered statistically significant.

Additional details regarding materials and proce-
dures, including antibodies (Supplemental Table S1),
the biological process in cytokines of LX2 and HepLPCs
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co-culture media (Supplemental Table S2), donor
information of purchased hepatocytes (Supplemental
Table S3), biological networks of enriched proteins in
the HepLPC secretomes (Supplemental Table S4), and
primers (Supplemental Table S5), are available in the
Supplemental Methods and Materials section, accessi-
ble via the following link: http://links.lww.com/HC9/
B865.

RESULTS

Allogeneic HepLPCs attenuated liver
fibrosis in rat models of liver cirrhosis

Based on our previous work with mice and established
methodologies,['? we cultured hepatic progenitor-like
cells (HepLPCs) from rats. The rat-derived HepLPCs
applied in this study exhibited similar gene expression
and growth patterns to those observed in mouse
HepLPCs, as reported previouslyl'? (Supplemental
Figure S1A, B, http://links.lww.com/HC9/B865). These
rat-derived HepLPCs demonstrated the ability to form
spheroids in three-dimensional cultures, exhibiting
enhanced hepatic markers and hepatocyte function,
as evidenced by immunofluorescence staining, Dil-LDL
intake assay, periodic acid-schiff staining, and indoc-
yanine green uptake (Supplemental Figure S1C, D,
http://links.lww.com/HC9/B865).

Experiments were conducted to investigate whether
rat-derived hepatic progenitor-like cells (HepLPCs)
could facilitate tissue repair in a rat model of liver
cirrhosis. Liver cirrhosis was induced by repeated
injections of TAA over 13 weeks and confirmed through
hematoxylin and eosin (H&E) staining and picro-Sirius
Red staining. Rat-derived HepLPCs, transfected with
green fluorescent protein (Supplemental Figure S1E, F,
http://links.lww.com/HC9/B865), were administered via
injection into the spleens of cirrhotic rats (Figure 1A). In
this model, we attempted to maintain TAA drug
administration while simultaneously performing cell
transplantation, hence the cells were transplanted
twice. Four weeks later after the initial injection, the
sham group still showed fragmented liver nodules and
collagen deposition. However, rat-HepLPC injection
resulted in a reduction in ECM accumulation and a
decrease in the number of activated HSCs, as
evidenced by Masson Trichrome, Fibronectin, picro-
Sirius Red staining, and a-smooth muscle actin (a-SMA)
staining (Figure 1B-D). Moreover, there was a
decrease in hydroxyproline levels and a lower fibrosis
score in the HepLPCs-treated rats compared to controls
(Figure 1E, F), providing further evidence of the
amelioration of liver fibrosis. Additionally, favorable
effects were observed in serum levels of parameters
related to liver function, which decreased following
HepLPC transplantation (Figure 1G). Overall, these

findings suggest that HepLPC treatment alleviates liver
cirrhosis in TAA-treated rats. Notably, only a few
HepLPCs were detectable via green fluorescent protein
staining in the liver 2 weeks after the final cell injection
(Figure 1H). The possibility of cell delivery to other
organs in rat liver cirrhosis models was also explored,
revealing no engraftment of rat-derived HepLPCs in
other organs, such as the lung, heart, and kidney
(Supplemental Figure S1G, http://links.lww.com/HC9/
B865).

Xenogeneic HepLPCs mimicked the
therapeutic effects of allogeneic HepLPCs
in the TAA-induced model of cirrhosis

Given the efficacy of rat HepLPCs in treating cirrhosis,
along with their short duration of engraftment post-
transplantation, we are intrigued by the potential thera-
peutic effects of human HepLPCs. Previously, we
demonstrated the transition and expansion of human
hepatocytes in vitro.['®l Consequently, experiments were
conducted to evaluate the feasibility of treating rats with
TAA-induced cirrhosis using human HepLPCs. The
human HepLPCs employed in this study exhibited gene
expression profiles similar to those of rat-HepLPCs
(Supplemental Figure S2A-3D, http://links.lww.com/
HC9/B865). Flow cytometry analysis demonstrated a
significant expression (>90%) of HNF4a, CD24, and
CK19, with low expression levels (< 2%) of CD34, CD45,
and AFP (Supplemental Figure S2E, http://links.lww.
com/HC9/B865). Furthermore, the human HepLPCs did
not express major histocompatibility complex class Il
antigens histocompatibility antigen-DP, DQ, DR, indicat-
ing low immunogenicity, but did express major histo-
compatibility complex class | antigens histocompatibility
antigen-A, B, C, rendering them susceptible to rejection
post-transplantation. To counteract this risk, tacrolimus
(FK506), an immunosuppressive drug, was administered
before transplantation and sustained for 1-week post-
injection. No instances of tumorigenesis were observed
within 16 weeks following human HepLPC transplanta-
tion into NSG mice (Figure S2F, http:/links.lww.com/
HC9/B865).

The establishment of liver cirrhosis and the trans-
plantation of human HepLPCs were conducted follow-
ing the protocol outlined in Figure 2A. Surprisingly, the
therapeutic efficacy of human HepLPCs was also
evident in the TAA-induced liver cirrhosis model,
manifested by reduced ECM accumulation, ameliora-
tion of liver fibrosis, and enhanced liver function
(Figure 2B-F). Additionally, we observed heightened
proliferation of parenchymal cells and diminished
proliferation of nonparenchymal cells in rats treated
with HepLPCs (Figure 2G—H). We were impressed by
the reparative effects of xenogeneic cells on hepatic
fibrotic tissues. Therefore, we investigated the fate of
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FIGURE 1 The rat-HepLPCs ameliorated rat liver cirrhosis induced by TAA. (A) Schematic overview of the experimental design. (B) Rep-

resentative images of H&E (hematoxylin and eosin) stained, picro-Sirius Red stained, Fibronectin immuno-stained, and Masson Trichrome stained
liver samples, with n=6. Scale bar=200 pm. (C) Relative quantification of fibrotic areas and fibronectin-positive stained areas 2 weeks after the
last PBS or cell injection. (D) Representative images of a-smooth muscle actin, collagen |, and Il in liver samples. Scale bar= 100 ym. Collagen
type | and Il quantifications were analyzed under polarized light. With polarizing filters, type | collagen fibers in sections stained with Sirius Red
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appear orange to red, and type Il collagen fibers appear yellow to green. (E) Quantification of hydroxyproline contents in the liver of cirrhotic rats
with indicated treatment. (F) Measurement of liver fibrosis score in cirrhotic rats with indicated treatment. Sections stained with Sirius Red were
used for liver fibrosis scoring under the Ishak scoring system. (G) Levels of AST, ALT, ALB (albumin), and TBIL (total bilirubin) in the serum of rats
with indicated treatment. (H) Representative images of GFP immunostaining in rat liver with rat-HepLPC treatment. The image on the right is a
panoramic view of a liver tissue section, while the images on the left are three randomly magnified local views. Scale bars are depicted in the
images. All data are presented as mean + SD and analyzed using a two-tailed Student ¢ test. The p-values are displayed on the bar plot.
Abbreviations: ALB, albumin; GFP, green fluorescent protein; H&E, hematoxylin and eosin; HepLPCs, hepatocyte-derived liver progenitor-like

cells; TAA, thioacetamide; TBil, total bilirubin.

transplanted cells to elucidate the specific therapeutic
mechanisms. Human albumin and HLA-class | anti-
bodies were used to detect human HepLPCs within the
rat liver. However, the presence of human HepLPCs in
rat livers post-treatment was minimal 2 weeks after the
last cell injection (Figure 2lI), suggesting that the
therapeutic outcomes might be attributed to the
secretion of paracrine factors.

HepLPC secretomes exerted an
antifibrogenic effect in vitro by inducing
HSC apoptosis

In our study on cell therapy for liver cirrhosis in rats, we
observed aggregation of nonparenchymal cells within
degenerated fibrotic areas in rats with significant
remission treated with human HepLPCs. These aggre-
gated cells, which stained positively for a-SMA, exhib-
ited selective induction of apoptosis, as evidenced by
heightened signals of cleaved caspase-3 or terminal
dUTP nick-end labeling staining in a-SMA—positive cells
in representative immunostaining images (Figure 3A).
Conversely, no such aggregation was observed in the
sham group. In cirrhotic liver tissues, these a-SMA-
positive cells also expressed Desmin, indicating their
identity as HSCs (Supplemental Figure S3A, http:/links.
lww.com/HC9/B865). These findings suggest that
HepLPCs may contribute to the induction of HSC
apoptosis.

Based on the findings from in vivo experiments, we
hypothesize that HepLPCs may induce apoptosis in
HSCs possibly through paracrine secretion. Subse-
quent experiments were conducted to investigate
the antifibrogenic effects of HepLPC-secretomes
(HepLPC-scrtms) on HSCs in vitro, using the human
HSC cell line LX-2. Real-time polymerase chain
reaction experiments demonstrated the inhibition of
TGF-p1-stimulated upregulation of genes related to
HSC activation and fibrogenesis by HepLPC-scrtms
(Figure 3B). This antifibrogenic effect was confirmed
using HepLPC-scrtms derived from 2 other donors
(Supplemental Figure S3B, C, http://links.lww.com/
HC9/B865). Western blot analysis revealed that
HepLPC-scrtms decreased the level of fibrosis-related
proteins in a dose-dependent manner (Figure 3C).
Additionally, HepLPC-scrtms treatment led to reduced

phosphorylation of SMAD2, a critical fibrogenic
signaling molecule (Figure 3D). We observed a
significant morphological change in LX-2 cells treated
with HepLPC-scrtms for an extended period
(Figure 3E). Live-cell staining demonstrated
reduced viability of LX-2 cells after HepLPC-scrtms
treatment (Figure 3F), suggesting that HepLPC-
scrtms exerted their antifibrogenic effect by inducing
HSC death. PARP and Caspase-3 activation was
detected by immunoblotting in LX-2 cells on HepLPC-
scrtms administration (Figure 3G). Detection of apo-
ptotic bodies (Figure 3H) and Annexin V/PI flow
cytometry (Figure 3I) further confirmed the induction
of progressive apoptosis in HSCs by HepLPC-scrtms.
Similar results were obtained with human primary
HSCs (Supplemental Figure S3D-H, http://links.lww.
com/HC9/B865). Together, these findings demon-
strate that HepLPC secretomes exert an antifibro-
genic effect in vitro by inducing apoptosis of HSCs.

HepLPC secretomes induced HSC
apoptosis by activating the STAT1 pathway

To identify potential signaling pathways involved in
mediating the proapoptotic impact of HepLPC-scrtms
on LX-2 cells, we assessed the cytokine expression
profiles of the supernatants of LX-2 cells, HepLPCs,
and LX-2/HepLPCs co-cultures (Supplemental Figure
S4A, http://links.lww.com/HC9/B865). The differen-
tially expressed cytokines in the co-culture super-
natants were categorized into 10 Gene Ontology
terms based on biological processes. Most notably,
the maijority of these terms were associated with the
janus kinase (JAK)-STAT pathway, indicating its
positive regulation in LX-2 cells co-cultured with
HepLPCs (Figure 4A). Consequently, the phosphoryl-
ation and activation statuses of STAT1 and STAT3 in
LX-2 cells were evaluated. HepLPC-scrtms treatment
resulted in elevated pSTAT1 levels with negligible
impact on pSTAT3 (Figure 4B). Pharmacological
inhibition of JAK-STAT activation through pre-treat-
ment of LX-2 cells with pyridone 6 significantly
attenuated HepLPC-scrtms—induced apoptosis
(Figure 4C, D). To validate the specific involvement
of STAT1, we silenced STAT1 expression in LX-2
cells using a shRNA targeting human STAT1


http://links.lww.com/HC9/B865
http://links.lww.com/HC9/B865
http://links.lww.com/HC9/B865
http://links.lww.com/HC9/B865
http://links.lww.com/HC9/B865
http://links.lww.com/HC9/B865
http://links.lww.com/HC9/B865

LIVER PROGENITOR CELLS MITIGATE CIRRHOSIS THROUGH STELLATE CELL APOPTOSIS INDUCTION

(A) First Second
HepLPCs HepLPCs Animal
injection injection sacrifice

i : FK506 i.g. 0.2mg/kg

ld— TAA i.p. twice a week 200mg/kg

¢uuuuuuuuuuuui wuil wul, |

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 weeks
TAA maintenance _’|

»
»

i.p. 200mg/kg
B C
( ) Normal Sham Human-HepLPCs ( ) pm0.0271 £=0.0003
= 30 .20 — 15 o
X S p<0.0001 < p<0.0001
~ ©
®©
0]
o 20 3 =
© ]
3 : £
= 10 2 ®
%) 3 c
w =} © [e]
S = s 5
w 0 ic

T
[}
14
H
=
7] (D)
) ) —~  Hydroxyproline Fibrosis score
£ gy WA £ =0.0172
= e p
° ¥ > 1000 o1 8 p=0.0137
5 = 800 ) 00
= (0] (o]
2 L T £ 600 3 6
S 400 § 4
£ 200 52
= S [
s g 0 0
I & 6‘ )
S 5 &
‘2‘ %QQ
(F) AST ALT (G) Normal Sham Human-HepLPCs
400 1 p<0.0001 p=0.0002 250 7 p<0.0001 p=0.0011 T G B EELL
=
> g
5 =
< ‘s
]
(]
~
©
X
B e
g
©
5 £ (H)
E = ) p=0.0004 p=0.0140
2 £ 25 57 po0zrs 28 g0 qpeo00r
o 2 SES® 82
= [) —
3 5 252 15 2R
5 252, o
e cg8 2882
oc O S 2
X 0 < c 0
S L P S LScp
N SO
2R R
) hALB hHLA-class | & &




HEPATOLOGY COMMUNICATIONS

FIGURE 2

Human-HepLPCs attenuated rat liver cirrhosis induced by TAA. (A) A schematic overview of the experimental design. (B)

Representative images of H&E stained, picro-Sirius Red stained, Fibronectin immuno-stained, and Masson trichrome stained liver samples, n=8.
Scale bar=200 ym. (C) Relative quantification of fibrotic areas and fibronectin-positive staining areas 2 weeks after the last PBS or cell injection.
(D) Quantification of hydroxyproline contents in the liver of cirrhotic rats with indicated treatment. (E) Measurement of liver fibrosis score in cirrhotic
rats with indicated treatment. Sections stained with Sirius Red were used for liver fibrosis scoring under the Ishak scoring system. (F) Levels of
AST, ALT, ALB, and TBiL in the serum of rats with indicated treatment. Representative images (G) and quantification (H) of KI67 stained liver
samples from rats treated with human HepLPCs or PBS. Scale bars are depicted in the images. (I) Representative images of human ALB, and
HLA-class | immunostaining of liver from rats with human HepLPCs therapy for 2 weeks. Scale bar=300 pm. Throughout, data are mean + SD,
two-tailed Student ¢ test. p-values are depicted on the bar plot. Abbreviations: ALB, albumin; H&E, hematoxylin and eosin; HepLPCs, hepatocyte-
derived liver progenitor-like cells; HLA, histocompatibility antigen; TAA, thioacetamide; TBil, total bilirubin.

(Supplemental Figure S4B, http://links.lww.com/HC9/
B865). Both shControl and shSTAT1 LX-2 cells were
fluorescently labeled with green fluorescent protein,
and Annexin V/7-aminoactinomycin D apoptosis
detection kit was employed. As expected, flow
cytometric analysis indicated that STAT1 knockdown
in LX-2 cells diminished the proapoptotic effect of
HepLPC-scrtms, although both shControl and
shSTAT1 cells exhibited a slight, nonsignificant
increase in necrotic cell count (Figure 4E, F). Re-
establishment of STAT1 expression also restored the
proapoptotic effect of HepLPC-scrtms treatment (Sup-
plemental Figure S4C-E, http:/links.lww.com/HC9/
B865), affirming that HepLPC-scrtms—induced apo-
ptosis in HSCs was mediated via activation of the
STAT1 pathway.

Western blot analysis was conducted to assess the
expression of proapoptotic proteins in LX-2 cells, aiming
to elucidate downstream targets of STAT1-mediated
apoptosis in HSCs induced by HepLPC-scrtms. Treat-
ment with HepLPC-scrtms led to the activation of
caspase-8, caspases-3, and caspases-7 cleavage
(Figure 4G). In contrast, the expression of apoptosis-
modulating proteins was diminished or eradicated in
shSTAT1 cells (Figure 4H). Collectively, these findings
demonstrate the key role of the STAT1 signaling
pathway in mediating HepLPC secretome-induced
apoptosis in HSCs.

Identification of antifibrotic agents in the
HepLPC secretomes

To further explore the composition of secreted proteins
by HepLPCs, we applied tandem mass tags to analyze
the proteomic profile of HepLPCs. Control secretomes
obtained from primary hepatocytes (PHHs), which had
little inhibitory effects on HSC activation in vitro, were
included for comparison (Supplemental Figure S5A,
http://links.lww.com/HC9/B865). Four secretomes from
HepLPC derived from individuals of diverse genders,
races, and ages were compared with PHH-secre-
tomes. A total of 4614 proteins were identified, with
914 proteins exhibiting differential expression between
HepLPC-scrtms and PHH-scrims (Supplemental

Figure S5B, C, http:/links.lww.com/HC9/B865).
Among the identified proteins, 478 were upregulated
in HepLPC-scrtms (Figure 5A), indicating distinct
protein profiles in HepLPCs compared to PHHs
despite their origin from PHHs. Notably, 20.55% of
the upregulated proteins were extracellular proteins
with known secretory membrane receptors, while 46%
were cytoplasmic proteins (Figure 5B). These proteins
were quantified based on their mass spectrometry
abundance ratios, with 54 proteins exhibiting enrich-
ment of more than 5-fold in HepLPC-scrtms
(Figure 5C). Subsequently, these 54 proteins were
subjected to analysis using the GeneGo pathway
database. The biological networks identified included
protein binding, signaling receptor binding, molecular
function regulation, identical protein binding, receptor-
ligand activity, receptor regulator activity, calcium ion
binding, cytokine activity, and growth factor activity
(Figure 5D). Protein-protein Interaction (PPI) analysis
was used to establish a network linking the JAK-STAT
pathway with proteins involved in growth factor
activity, cytokine activity, and receptor-ligand activity.
The network visualization revealed direct or indirect
interactions between leukemia inhibitory factor, endo-
thelin 1, colony-stimulating factor 1 (CSF1), AREG, 19
FGF19, and intermediate molecules of the JAK-STAT
pathway (Figure 5E). Western blot analyses of cell-
free secretomes confirmed a higher abundance of
these five molecules in HepLPC-scrtms compared to
PHH-scrtms (Figure 5F).

Validation of FGF19 and AREG as a novel
antifibrotic target in liver fibrosis

We used recombinant human (rh) proteins or synthetic
peptides of the 5 proteins to assess their agonistic
activity on STAT1 signal transduction in vitro. Only
rhFGF19 (100 ng/mL) and rhAREG (100 ng/mL)
showed significant increases in pSTAT1 levels in LX-
2 cells in the presence of TGF-p1 (Figure 6A). Neither
protein alone was reported to induce apoptosis in LX-2
cells, prompting further investigation into the synergis-
tic effects of rhFGF19 and rhAREG on STAT1
activation, which may underlie apoptosis in these
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FIGURE 3 HepLPC-secretomes inhibit HSC activation and induce apoptosis in vitro. (A) Representative images of a-SMA and cleaved-
CASPASE 3 (cleaved-CASP3) or a-SMA and terminal dUTP nick-end labeling stained liver samples from rats treated with human HepLPCs or
PBS. Scale bar=100 um. (B) Relative mRNA expression of genes related to HSC activation in LX-2 cells treated with HepLPC-secretomes
derived from donor #1 in the presence of TGF-p1 for 48 hours. Data were normalized to Gapdh expression (n=3). (C) Immunoblot analysis of
COL3A1, COL1A1, VIMENTIN, and a-SMA in LX-2 cells after treatment with different doses of HepLPC-secretomes in the presence of TGF-$1 for
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48 h. GAPDH served as the internal control. (D) Immunoblot analysis of the SMAD2 pathway in LX-2 cells after treatment with different doses of
HepLPC-secretomes in the presence of TGF-$1 for 48 hours. (E) Morphological changes of LX-2 cells treated with HepLPC-secretomes in the
presence of TGF-B1 for 72 hours. Scale bar=50 pm. (F) Live-cell staining of LX-2 cells treated with HepLPC-secretomes in the presence of TGF-
B1 for 72 hours. Scale bar =100 pm. Living cells were stained with calcein-AM (green). (G) Immunoblot analysis of PARP, cleaved-PARP, CASP3,
cleaved-CASP3 (cleaved-CASPASE3) in LX-2 cells after HepLPC-secretomes treatment. (H) Transmission electron microscope images of
apoptotic bodies in LX-2 cells treated with HepLPC-secretomes. Scale bars are as indicated. Yellow arrows indicate apoptotic bodies. (l)
Representative flow cytometric plots of Annexin V/PI staining of LX-2 cells after treatment with HepLPC-secretomes in the presence of TGF-p1 for
72 hours. Abbreviations: CASP3, cysteine-containing aspartic acid specific proteinase 3; HepLPCs, hepatocyte-derived liver progenitor-like cells;

PARP, poly(ADP-ribose) polymerase; a-SMA, a-smooth muscle actin.

cells. Increased p-STAT1 levels were observed at a
concentration of 10 ng/mL for each protein when both
were added together to culture medium (Figure 6B).
Western blot analyses of cell-free preparations con-
firmed higher abundance of these 2 proteins in
HepLPC-scrtms compared to PHH-scrtms
(Figure 6C). ELISA further validated their secretion
levels in HepLPC-scrtms (Figure 6D). Subsequently,
neutralizing antibodies targeting either FGF19 or
AREG in HepLPC-scrtms inhibited STAT1 signaling
activation (Figure 6E, F), suggesting the necessity of
synergistic signaling for this process. Additionally, the
combination of rhFGF19 and rhAREG induced apo-
ptosis in HSCs, although it did not reach the same
level as HepLPC-scrtms alone. Moreover, the addition
of neutralizing antibodies against FGF19 and AREG
attenuated the proapoptotic effect of HepLPC-scrtms
(Figure 6G, H). To further validate the involvement of
FGF19 and AREG in the proapoptotic effect of the
HepLPC-scrtms, siRNAs were employed to silence
AREG and FGF19 in HepLPCs (Supplemental Figure
S6A, http://links.lww.com/HC9/B865). We observed
morphological alterations following the administration
of conditional secretomes to LX-2 cells (Supplemental
Figure S6B, http://links.lww.com/HC9/B865), and eval-
uated apoptosis induction in HSCs using Annexin V/7-
aminoactinomycin D flow cytometry. Although HSC
apoptosis induced by HepLPC-secretomes was not
completely abolished by the inactivation of FGF19 and
AREG, the proapoptotic effect was diminished
(Figure 61, J).

We further verified the therapeutic effects of the 2
factors in TAA-induced liver fibrosis in vivo. After
continuous injection of TAA for 7 weeks, the mice
were treated with the proteins via tail vein injection
twice at a 3-day interval. Histological analyses
revealed that rhFGF19 and rhAREG showed antifi-
brotic effects, regarding both ECM deposition and
HSC activation (Figure 7A, B). There was also a
lower fibrosis score and a reduction in ALT and AST
serum levels in the rhFGF19/rhAREG treated group
compared with the control (Figure 7C, D). Together,
these experiments provide evidence that the secretion
of FGF19 and AREG by HepLPCs forms the
fundamental mechanism underlying their antifibrotic
properties.

DISCUSSION

There has been a decades-long interest in the
application of in vitro expansion of primary hepatocytes
for the regenerative treatment of liver diseases.['9.20]
We, along with other research groups, have demon-
strated the efficient conversion of hepatocytes into
expanding hepatic progenitor cells using defined
medium conditions in vitro.l'32-231 Qur findings showed
that both allogeneic and xenogeneic transplantation of
HepLPCs attenuated liver fibrosis in rat models of liver
cirrhosis.

There has been speculation that 5% of liver cells
must be replaced by transplanted cells for therapeutic
effects to be observed.?!! However, despite the
evident therapeutic effects, we found a low engraft-
ment efficiency for HepLPCs in treating liver cirrhosis.
Consequently, we inferred that the therapeutic out-
come might stem from paracrine factors secreted by
HepLPCs rather than from the engraftment of exoge-
nous cells. In vitro experiments confirmed that the
HepLPC secretomes induced the apoptosis of HSCs,
suggesting a potential antifibrotic mechanism. To
explore this further, we analyzed cytokine expression
profiles of LX-2 cells, HepLPCs, and their co-culture
using Gene Ontology analysis, highlighting the
involvement of the JAK-STAT pathway. Mounting
evidence suggests this pathway’s critical role in
chronic liver damage and regeneration.25-271 STAT
proteins, particularly STAT1 and STAT3, play oppos-
ing roles in cell growth and survival: STAT1 activation
induces growth arrest and apoptosis, whereas STAT3
activation protects against apoptosis.[28-301 Cross-
regulation between STAT1 and STAT3 may underlie
the STAT1-dependent pathway of cell death. Treat-
ment with secretomes notably increased pSTAT1
expression in LX-2 cells, while pSTAT3 levels
remained largely unaffected. These findings indicate
that secretome factors selectively regulate STAT1
activation, suggesting their potential as innovative
therapeutic agents.

Proteomic analysis was used to identify and
quantify the protein composition of HepLPC secre-
tomes. PHH secretomes, which did not inhibit LX-2
activation in vitro and have been demonstrated to
possess a profibrotic effect,3"! were included as a
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FIGURE 4 STAT1 signaling was required for HepLPC-secretomes—induced apoptosis in HSCs. (A) Gene ontology analysis (biological
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normalizing the number of identified peptides in tandem mass tag analyses. (D) Gene ontology chart illustrating biological processes associated
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with the 54 identified proteins. (E) Potential network interactions of proteins involved in growth factor activity, cytokine activity, and receptor-ligand
activity with the JAK-STAT pathway. (F) Immunoblot analysis of cell-free secretomes showing the secretion levels of CSF1, AREG, FGF19, EDN1,
and LIF. Abbreviations: AREG, amphiregulin; ER, endoplasmic reticulum; FGF19, fibroblast growth factor 19; HepLPCs, hepatocyte-derived liver
progenitor-like cells; LIF, leukemia inhibitory factor; PHHs, primary hepatocytes.

control. To our knowledge, no previous report
has systematically documented the proteomic distinc-
tions between hepatic progenitor cells and PHHSs.
Principal component analysis of HepLPC and PHH
secretomes derived from individuals of varying ages,
sexes, and races revealed significant similarities in
constituent proteomes across donors aged 3 days to
70 years. The proteomic analysis highlighted the
presence of growth factors, cytokines, and
receptor ligands in HepLPC secretomes, some of
which may contribute to STAT1 pathway activation
in HSCs. Accordingly, in vitro experiments demon-
strated that the synergistic effects of FGF19 and
AREG could activate STAT1 and induce apoptosis in
LX-2 cells, effects attenuated by neutralizing anti-
bodies targeting FGF19 and AREG. Additionally,
recombinant FGF19 and AREG exhibited antifibrotic
effects in mice with liver fibrosis. Collectively, these
findings suggest that FGF19 and AREG may play
antifibrogenic roles not only in secretome-mediated
antifibrosis but also in the endogenous regulation of
hepatic fibrosis.

AREG is expressed in various tissues, including
the lung, kidney, and colon. It is barely detectable in a
healthy liver but significantly upregulated in a dam-
aged liver, where it appears to have a protective
effect.32l AREG is a ligand of the tyrosine kinase-
linked epidermal growth factor receptor (EGFR),
which is a cell surface receptor primarily involved in
cell growth. Interestingly, studies have shown that cell
lines expressing EGFR can also undergo receptor-
mediated apoptosis.[33:34] However, the mechanism of
EGFR-induced apoptosis remains controversial. Stud-
ies have shown that signaling molecules such as
ERK, STAT, and protein kinase G are involved in this
process.[35-38] The mechanism involves an imbalance
caused by increased receptor activity, which can
irreversibly disrupt cellular homeostasis and lead to
cell death.®¥] Research indicates that activation of
EGFR in HSCs by hydrophobic bile salts may result in
proliferation or apoptosis, depending on whether other
pathways are simultaneously activated. For example,
the activation of JNK acts as a switch between EGFR-
induced HSC proliferation and apoptosis.l*® FGF19 is
a member of the FGF family involved in the regulation
of nutritional metabolism. Analogs of FGF19 have
been used to treat metabolic liver diseases, such as
NASH and primary sclerosing cholangitis.#'421 While
FGF19 can reduce Col1a1 expression and inhibit
HSC proliferation, mechanisms are underexplored.?!

Our research found that FGF19 and AREG synergis-
tically induce HSC apoptosis through STAT1 activa-
tion, which may provide new insights into receptor-
mediated apoptosis mechanisms. In addition, many
proteins known to have antifibrotic effects, such as
MFGES,“4 or hepato-protective effects, such as
colony-stimulating factor 1,45/ were also highly
expressed in the HepLPC secretomes. These pro-
teins may contribute to the resolution of liver cirrhosis
in animals treated with HepLPCs. However, the
current study indicates these proteins have no direct
connection with the apoptosis of HSCs.

Here, we have demonstrated the efficacy of
HepLPCs in improving liver cirrhosis and provided
insights into their underlying mechanisms. Neverthe-
less, we acknowledge the limitations of our current
work. First, we used a single arbitrary cell dosage
based on previous experience. Future studies should
include dose-response investigations to ascertain both
the minimum effective dosage and optimal dosage of
cell products. Second, extracellular vesicles, such as
exosomes, constitute important components of cell
secretomes. Our studies revealed that extracellular
vesicles isolated from secretomes minimally impacted
the apoptosis of HSCs (data not shown). FGF19 and
AREG have been identified as key functional anti-
fibrotic factors in secretomes, necessitating further
research to elucidate their roles in liver cirrhosis
development. Additionally, due to the complex com-
position of HepLPC-secretomes, more investigations
are warranted to explore their effects on various cell
types beyond HSCs. Finally, considering pharmaco-
dynamic factors are crucial in defining clinical appli-
cation protocols, further research is needed to explore
the distribution of cells in different organs over time
in vivo.

In summary, the paracrine actions of HepLPCs
make them a promising therapeutic cell source for the
treatment of liver cirrhosis. Identifying therapeutic
molecules and elucidating paracrine factors and their
mechanisms of action are crucial prerequisites for
developing safe and effective cell-based or cell-free
derivative therapies. In our study, we have identified
the antifibrotic effect of HepLPC secretomes. Specif-
ically, components such as FGF19 and AREG are
shown to primarily induce this effect by promoting
apoptosis of HSCs through STAT1 activation. There-
fore, the future application of HepLPCs or their
secretomes to other liver diseases appears highly
promising.
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FIGURE 6 FGF19 and AREG in secretomes synergistically induced HSC apoptosis by activating STAT1 pathway. (A) Western blot analysis

of STAT1 and phospho-STAT1 in LX-2 treated with indicated human recombinant proteins or synthetic peptides for 72 hours. (B) Dose titration
analysis of the combination of rhFGF19 and rhAREG on activation of STAT1 signal in LX-2. LX-2 cells were treated with different doses of rhAREG
and rhFGF19 as indicated for 72 hours in the presence of TGF-p1. (C) Western blot images depicting AREG and FGF19 protein expression in
secretomes derived from HepLPCs and PHHs from three independent individuals. (D) ELISA validation of AREG and FGF19 secretion levels from
HepLPC and PHH secretomes (n=3). (E) Western blot images showing phospho-STAT1 levels in LX-2 cells treated with the indicated treatments.
(F) Quantification of phospho-STAT1 expression normalized to total STAT1 levels (n = 3). (G) Representative cytometric plots illustrating apoptotic
cells in LX-2 cells treated with indicated secretomes. (H) Quantification of apoptotic cells (%) in LX-2 cells treated with indicated secretomes.
(n=3). (I) Representative cytometric plots illustrating apoptotic cells in LX-2 cells treated with indicated secretomes. (J) Quantification of apoptotic
cells (%) in LX-2 cells treated with secretomes derived from HepLPCs transfected with siFGF19 and siAREG compared to control (n=3).
Throughout, data are mean + SD, two-tailed Student ¢ test. p-values are depicted on the bar plot. Abbreviations: AAD, aminoactinomycin D; AREG,
amphiregulin; CSF1, colony-stimulating factor 1; EDN1, endothelin 1; FGF19, fibroblast growth factor 19; LIF, leukemia inhibitory factor; PHHSs,
primary hepatocytes; PI, propidium iodide; STAT, signal transducer and activator of transcription.
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FGF19 and AREG as a novel antifibrotic target in liver fibrosis. (A) Representative images of H&E stained, picro-Sirius Red

stained, Masson Trichrome stained, and a-SMA stained liver samples from control mice or mice administrated with rhFGF19/rhAREG, n=6. Scale
bar= 100 pym. (B) Quantification of fibrotic areas in fibrotic mice after 1 week of treatment with indicated recombinant proteins. (C) Measurement of
liver fibrosis scores in fibrosis mice after 1 week with indicated treatment. (D) Levels of AST and ALT in the serum of mice with indicated treatment.
Abbreviations: AREG, amphiregulin; FGF19, fibroblast growth factor 19; H&E, hematoxylin and eosin; a-SMA, a-smooth muscle actin.
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