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Background and Aims: Loss of hepatocyte identity is associated with impaired liver function
in alcohol-related hepatitis (AH). In this context, hepatocyte dedifferentiation gives rise to cells
with a hepatobiliary (HB) phenotype expressing biliary and hepatocytes markers and showing
immature features. However, the mechanisms and the impact of hepatocyte dedifferentiation in
liver disease are poorly understood.

Methods: HB cells and ductular reaction (DR) cells were quantified and microdissected

from liver biopsies from patients with alcohol-related liver disease (ALD). Hepatocyte-specific
overexpression or deletion of CXCR4, and CXCR4 pharmacological inhibition were assessed in
mouse liver injury. Patient-derived and mouse organoids were generated to assess plasticity.

Results: Here we show that HB and DR cells are increased in patients with decompensated
cirrhosis and AH, but only HB cells correlate with poor liver function and patients’ outcome.
Transcriptomic profiling of HB cells revealed the expression of biliary-specific genes and

a mild reduction of hepatocyte metabolism. Functional analysis identified pathways involved

in hepatocyte reprogramming, inflammation, stemness and cancer gene programs. CXCR4
pathway was highly enriched in HB cells, and correlated with disease severity and hepatocyte
dedifferentiation. /n vitro, CXCR4 was associated with biliary phenotype and loss of hepatocyte
features. Liver overexpression of CXCR4 in chronic liver injury decreased hepatocyte specific
gene expression profile and promoted liver injury. CXCR4 deletion or its pharmacological
inhibition ameliorated hepatocyte dedifferentiation and reduced DR and fibrosis progression.

Conclusions: This study shows the association of hepatocyte dedifferentiation with disease
progression and poor outcome in AH. Moreover, the transcriptomic profiling of HB cells revealed
CXCR4 as a new driver of hepatocyte-to-biliary reprogramming and as a potential therapeutic
target to halt hepatocyte dedifferentiation in AH.

Lay summary:

Here we describe that hepatocyte dedifferentiation is associated with disease severity and a
reduced synthetic capacity of the liver. Moreover, we identify the CXCR4 pathway as a driver of
hepatocyte dedifferentiation and as a therapeutic target in alcohol-related hepatitis.

Graphical Abstract
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INTRODUCTION

Alcohol-related hepatitis (AH) is an acute-on-chronic liver injury condition developed in
patients with underlying alcohol-related liver disease (ArLD) and recent alcohol intake. AH
is characterized by cholestasis, cell damage, inflammatory cell infiltration, hepatocellular
failure and loss of hepatocyte identity [1-3]. Moreover, patients with AH are characterized
by the expansion of the ductular reaction (DR), which is associated with liver failure and
high short-term mortality [1,4].

Both hepatocytes and biliary cells present a high plasticity potential, which is essential for
their response to stress and injury. In liver injury, hepatocyte plasticity plays a key role in
cell response to stress and is critical for cell proliferation and liver regeneration [5-7]. In
this context, the biliary epithelium gives rise to immature cells and the expansion of DR,
which emerges as a regenerative response of the liver to sustain the biliary compartment
[8,9]. However, in the context of advanced liver disease, DR expansion and hepatocyte
reprogramming become a maladaptive regenerative response of the liver and are associated
with disease progression [10,11].

Hepatocyte-to-biliary reprogramming involves a progressive acquisition of biliary features
by hepatocytes while reducing hepatocyte characteristics and functional competence, giving
rise to hepatobiliary cells HB. Several histological studies have shown the presence of

HB expressing both, hepatocyte and biliary markers in cirrhosis, acute liver failure (ALF)
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and cholestatic liver diseases [10,12]. In AH, we have shown that the transforming growth
factor beta (TGFB) pathway plays a key role promoting hepatocyte reprogramming [2]. In
the same line, the activation of the Hippo/YAP pathway is involved in adult hepatocyte
loss of identity in patients with ALF and AH [13-15]. In mice, lineage tracing studies

have provided evidence for hepatocyte plasticity in chronic injury models [16,17]. In

this context, Notch, YAP and Wnt pathways promote hepatocyte dedifferentiation and
hepatocyte-to-biliary transdifferentiation [16,18][7,9,16]. In addition, hepatocytes can be
the source of both intrahepatic cholangiocarcinoma [19], thus suggesting the association of
hepatocyte-to-biliary reprogramming with tumorigenesis. While hepatocyte reprogramming
has been extensively studied in animal models, its impact in human liver disease and the
molecular mechanisms driving this event are not well understood.

These studies revealed the importance of preserving tight control of hepatocyte
reprogramming in response to injury to maintain liver function and tissue repair, and
underline cell reprogramming as a potential therapeutic target in chronic liver disease. In
this study, we aimed to dissect the molecular mechanisms regulating hepatocyte-to-biliary
reprogramming inducing the appearance of HB cells in ArLD. We reveal that HB cells
constitute a hallmark of AH, correlating with disease severity and reduced synthetic
capacity of the liver. Moreover, we describe the transcriptomic and functional profile of
human HB cells identifying CXCRA4 as a signaling pathway underlying hepatocyte-to-biliary
reprogramming and as a potential therapeutic target to revert hepatocyte dedifferentiation in
AH.

METHODS

Patient information

RESULTS

Liver biopsies from patients with ArLD admitted to the Liver Unit of the Hospital Clinic

of Barcelona were used. Signed informed consent was obtained from all the patients, and
the study was approved by the Ethics Committee of the Hospital Clinic. The ArLD cohort
included patients in different disease stages: pre-cirrhosis (n=3), compensated cirrhosis
(n=4), decompensated cirrhosis (n=13) and AH patients (n=15). Associated clinical and
biochemical parameters are shown in Table 1. Laser capture microdissection (LCM) was
performed in explants of patients with AH admitted to the Hopital Claude Huriez of Lille
(France) who underwent liver transplantation. Patient information was previously described
[20]. Informed consent was obtained from all the patients (QuickTrans (NCT01756794) and
TargetOH (CPP 14/67) studies).

Hepatobiliary cells are a hallmark of alcohol-related hepatitis and correlate with poor
outcomes in these patients

The expansion of DR in patients with AH and its correlation with disease severity has been
previously described [10,21]. Moreover, human histological studies have shown the presence
of HB cells expressing biliary markers while preserving hepatocyte morphology [10,22].
Here, we envisioned studying HB and DR cells independently to evaluate their association
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with disease progression. Paraffin-embedded liver biopsies from patients with ArLD were
stained for KRT7 (Fig. 1A, Table 1). Both HB and DR cells were increased in patients

with decompensated cirrhosis and AH patients as compared with patients with pre-cirrhosis
and compensated cirrhosis (Fig. 1B). Interestingly, while the extent of DR was the same in
patients with decompensated cirrhosis and AH, the amount of HB cells was increased in
patients with AH compared with patients with decompensated cirrhosis (Fig. 1B). Moreover,
the amount of HB cells and DR cells correlated positively (r=0.41; p=0.02) (Fig. 1C).

Importantly, while there was no significant correlation of DR cells with disease severity,
the number of HB cells showed a positive correlation with CHILD PUGH (r=0.52; p<0.01)
score and a negative correlation with albumin values (r= -0.4; p=0.03) (Fig. 1D and E).
Altogether, these results suggest an association of HB cells but not DR cells with poor liver
function in patients with advanced ALD.

Characterization of the transcriptomic profile of hepatobiliary cells

In order to investigate the gene expression profile of HB cells, we performed Laser capture
microdissection (LCM) and RNASeq analysis of HB cells (KRT7* hepatocytes), hepatocytes
(KRT7~ hepatocytes) and DR cells (KRT7* DR cells) from paraffin-embedded liver sections
from four patients with chronic ArLD [20] (Fig. 2A). As shown in Fig. 2B, principal
component analysis of transcriptomic data revealed a marked distance between the three
populations, indicating important changes in the gene expression profile (Table S1 and S2).

Next, we wanted to determine if the expression of biliary genes in hepatocytes was
associated with disease severity. Thus we performed a gene set enrichment analysis (GSEA)
to evaluate the expression of: 1) Hepatocyte-to-biliary gene signature (genes up-regulated
in DR vs. HB vs. Hepatocytes) and 2) Hepatocyte gene signature (genes up-regulated in
hepatocytes vs. HB vs. DR) in patients with AH compared to patients with alcohol-related
steatohepatitis (ASH) [2] (Fig. 2C, Table S3 and S4). GSEA showed a positive enrichment
of the hepatocyte-to-biliary gene signature in patients with AH (NES: 2.92; p: 2.47E-05).
On the contrary, the hepatocyte gene signature was enriched in patients with ASH (NES:
-2.26; p: 1.66E-05) (Fig. 2C). These results indicate that patients with AH present an
up-regulation of genes associated with hepatocyte-to-biliary reprogramming and loss of
hepatocyte identity.

To further analyze the transcriptomic profile of the three microdissected cell populations,
well-known hepatocyte, biliary and progenitor key markers were examined. As shown in
Fig. 2D and Table S5, there was a mild reduction of hepatocyte-specific genes in HB

cells compared to hepatocytes. However, HB cells showed increased expression of biliary
and progenitor genes, such as AGR2, CLDN4, TACSTDZ2, KRT19and SOX9, among

others (Fig. 2D). The expression of biliary-specific markers (EPCAM, KRT7, SOX9 and
TROP2) and the hepatocyte marker HEPAR1 was confirmed by immunofluorescence and
immunohistochemistry (Fig. 2E) in liver tissue from patients with AH. These results suggest
that HB cells show up-regulation of biliary genes while maintaining to some extent the
expression of hepatocyte markers.
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Functional analysis of the transcriptome of hepatobiliary cells

To understand the molecular events underlying hepatocyte plasticity, GSEA was used to
identify pathways enriched in each population (Fig. 2F and Table S6). The analysis revealed
that both hepatocytes and HB cells were enriched in hepatocyte function and metabolic
pathways, such as gluconeogenesis or bile acid metabolism, as well as pathways associated
with apoptosis. Interestingly, HB cells were enriched in inflammatory pathways, cancer

and extracellular matrix, such as the NFKB; JAK-STAT and CXCR4 pathways as well as
activation of matrix metalloproteinases.

Next, we sought to perform a more in-depth analysis independently comparing HB cells
with hepatocytes or with DR cells. This analysis identified 438 up-regulated genes and
399 down-regulated genes in HB cells vs. hepatocytes. As shown in the volcano plot (Fig.
3A), HB cells showed down-regulation of the Notch-ligand JAGZ2and genes associated
with hepatocyte function such as FOXAI and GGT71among others (Table S1). Genes
up-regulated in HB cells included biliary markers, such as SPP1, TACSTD2and CLDNA4,
epithelial-mesenchymal transition (EMT)-related genes, such as ZEBZand 7TGFBRI, and
CXCR4 pathway-associated genes, such as CXCR4, PAG1, ITGA4and /TGAS (Fig. 3A,
Table S1). Accordingly, comparison of the HB transcriptomic profile to DR cells showed a
reduced expression of biliary markers and enrichment of hepatocyte genes (Fig. 3B, Table
S2).

These two data sets were further analyzed to identify differentially enriched pathways (Fig.
3C, 3D; Table S7 and S8) and upstream regulators (Fig. 3E and 3F). When compared

to hepatocytes, HB cells were enriched in pathways related to cancer, inflammation, cell
senescence and the CXCL12 signaling pathway (Fig. 3C and Table S7). In addition,
upstream regulators predicted to be activated (z-score>2) were identified (Fig. 3E). When
compared to DR cells, HB cells were enriched in hepatocyte metabolism pathways and
showed a reduction of biliary-associated pathways such as bile secretion, Notch signaling
or Wnt-beta catenin signaling (Fig. 3D and Table S8). Upstream regulators were predicted
(z-score>2) by IPA (Fig. 3F).

Genes up-regulated in HB cells vs. hepatocytes were evaluated in a cohort of ArLD patients
(with whole liver transcriptome data)[2]. As shown in the heatmap (Fig. 3G) and in Table
S9, 40 out of 438 genes were up-regulated in severe AH patients compared to non-severe
AH and correlated with severity scores. Subsequently, a protein interaction network of
these genes revealed the link between CXCR4, the TGFB pathway and CXCL- family
members (Fig. 3H). Altogether, these results suggest that expression of inflammation and
cancer-associated processes may play a role in hepatocyte reprograming underlying AH
pathogenesis.

CXCR4 is associated with loss of hepatocyte identity and disease progression

We found that CXCR4-pathway was associated with hepatocyte-to-biliary reprogramming
(Fig. 2F) and dramatically up-regulated in HB cells compared to hepatocytes (Fold Change:
112) (Fig. 4A). Moreover, CXCR4 pathway genes were highly expressed in hepatobiliary
cells vs. hepatocytes (Table S10). Given the consistent association of CXCR4 expression
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with the hepatobiliary phenotype and the data reporting the role of CXCR4 in tumor cell
plasticity, stemness, inflammation and fibrosis [23,24], we envisioned assessing the role of
CXCR4 in hepatocyte-to-biliary reprogramming.

Confirming gene expression profile, immunostaining analysis showed the expression of
CXCR4 and EPCAM in HB and DR cells (Fig. 4B). Moreover, CXCL12 was expressed

in DR and non-parenchymal cells (Fig. 4C). Next, we evaluated the association of CXCR4
with hepatocyte dedifferentiation in a cohort of AH patients [2]. Interestingly, CXCR4
expression negatively correlated with hepatocyte transcription factors and albumin but
showed a positive correlation with biliary and progenitor cell markers (Fig. 4D). Moreover,
there was a positive correlation of CXCR4 expression with inflammation and EMT markers
(Fig. 4D). In addition, CXCR4 gene expression correlated with ArLD disease severity scores
(Fig. 4E).

We then sought to evaluate /n vitro the role of CXCR4 on hepatocyte plasticity and
dedifferentiation. First, we evaluated the effect of CXCR4 antagonist on DMSO-induced
differentiated HEPARG. As TGFp1 is known to induce hepatocyte reprogramming and
up-regulate CXCR4 expression in tumor cells [25], we pretreated the cells with TGFB1
before the incubation with the CXCR4 antagonist. As expected, TGFB-mediated up-
regulation of the biliary marker SOX9and down-regulation of the hepatocyte markers
ALB and the mature isoform of HNF4A (HNF4API), was partially inhibited when treated
with CXCR4 antagonist AMD3100 (Fig.S1). Second, we generated AH patient-derived
hepatocyte organoids. After 24h incubation with a biliary-inducing medium [20], we
observed an increase of CXCR4 expression, KRT7 and /L8, and a decrease of the mature
subunit of HNF4A (HNF4P1), ASGR1 and ALB (Fig. 4F and G). In order to evaluate

the impact of CXCR4 in organoid establishment, we generated mouse organoids from
CXCR4-deficient and wt hepatocytes. The efficiency of organoid formation from CXCR4-
deficient hepatocytes was highly reduced, and those organoids being generated showed a
markedly reduced proliferative capacity and expression of biliary and hepatocyte markers,
thus indicating a role of CXCR4 in hepatocyte plasticity (Fig. 6D-F). Taken together, these
results support the role of CXCR4 in hepatocyte plasticity and dedifferentiation.

CXCR4 promotes hepatocyte dedifferentiation and chronic liver injury

To date, there are no alcohol-induced mouse models that reliably mimic the severity of
AH, characterized, among other features, by the expansion of DR and hepatocyte-to-biliary
reprogramming. In order to functionally study the role of Cxcr4 expression in hepatocyte-to-
biliary reprogramming and DR, we used the DDC diet mouse model, which, in contrast

to ethanol-related experimental models, reproduces the main features of patients with AH.
Transcriptomic profile of the DR from DDC-treated mice shows a strong similarity with
the profile of the DR from AH patients as assessed by GSEA (Fig.S2A). Moreover,

when compared with alcohol-based mouse models, DDC was the only model showing
increased expression of Cxcr4, biliary and inflammatory markers and a reduction of
hepatocyte markers, thus indicating underlining hepatocyte reprogramming (Fig. S2B)
[8,20]. The presence of DR expansion, fibrosis, inflammatory recruitment and hepatocyte
dedifferentiation was also confirmed at protein level in liver tissue from mice fed with
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DDC for 3 weeks (Fig. S2C). The up-regulation of Cxcr4along DDC-induced injury
progression was also confirmed by gPCR, showing a similar trend as 7g#81 and Epcam (Fig.
S2D). Moreover, in order to investigate if hepatocytes expressed Cxcr4, primary isolated
hepatocytes from healthy and DDC-treated mice were analyzed. Hepatocytes from DDC
mice showed a significant increase in Cxcr4together with 7gfB1, Smad3, Epcam, Snail-1,
Vim, and the fetal subunit of Hnf4a, Hnf4a-pZ, mimicking the results observed in patients
with AH (Fig. S2E).

In order to assess /1 vivo the effect of Cxcr4 on hepatocytes, we induced Cxcr4
overexpression by injecting intravenously AAV8-TBG-CXCR4 plasmid to C57BL6/J mice.
After a 2-week washout period, mice were fed with DDC or control diet for 1 week (Fig.
5A). As shown in Fig. 5B and 5C, Cxcr4 over-expression was confirmed in both, healthy
and injured mice. Over-expression of Cxcr4 in healthy mice induced a decreased expression
of hepatocyte-specific genes (Fig. S3A) but did not induce a change in liver injury (Fig.
S3B). However, mice treated with Cxcr4 over-expression and DDC diet showed a mild
non-significant increased levels of transaminases, alkaline phosphatase, and bilirubin (Fig.
S4). In addition, they showed a reduced expression of mature hepatocyte genes such as A/b,
Cebpa and CyplaZand increased expression of the fetal subunit of Hnfd4a (Hnfda p2)
(Fig. 5D), suggesting that over-expression of Cxcr4 directly promotes a loss of hepatocyte
differentiation profile. Overexpression of Cxcr4in DDC-treated animals promoted the
expansion of DR, increased the deposition of fibrosis and the periportal infiltration of
neutrophils (Fig. 5E).

Conversely, we then investigated the effect of CXCR4 deletion by means of a CXCR4
hepatocyte specific knockout. To do so, AAV8-TBG-CRE or control plasmid were
intravenously injected to CXCR4 flox mice. After a 2-week washout period, mice were fed
with DDC for 3 weeks (Fig. 6A). Cxcr4 downregulation was confirmed at gene expression
level in primary isolated hepatocytes (Fig. 6B). Interestingly, knockout hepatocytes also
displayed a significant decrease of the CXCR4 ligand Cxc/12, and the biliary markers Krt7,
Epcam and Sox9, while no effects were found on hepatocyte markers at gene expression
level (Fig. 6B). In contrast to CXCR4 overexpression, lack of CXCR4 in DDC-treated
mice significantly reduced DR expansion and fibrosis deposition (Fig. 6C). Overall, these
results indicate that in the context of chronic liver injury, expression of Cxcr4 in hepatocytes
promotes hepatocyte loss of mature phenotype and disease progression.

Pharmacological inhibition of the CXCL12-CXCR4 pathway reduces chronic liver injury

To assess the translational potential of targeting the CXCL12-CXCR4 pathway on chronic
liver injury and hepatocyte reprogramming, we treated DDC animals with the highly specific
inhibitor of Cxcr4, AMD3100. As shown in Fig. 7A, two therapeutic interventions were
designed in a 3-week DDC-diet model: 1) AMD3100 administration during the last week of
diet, and 2) AMD3100 administration during the last 2 weeks of diet administration (Fig.
7A).

Mice treated with AMD3100 showed decreased expression of Cxcr4 (Fig. 7B), a decrease
in serum bilirubin levels (Fig. S5) and no change in transaminases serum levels. In addition,
treatment of mice with AMD3100 significantly reduced the extent of DR and fibrosis in
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both groups but had no effect on neutrophil recruitment (Fig. 7C). To evaluate the effect

of Cxcl12-Cxcr4 on hepatocyte-to-biliary reprogramming, we evaluated the expression of
SOX3in hepatocytes, which is known to be expressed in reprogrammed hepatocytes under
DDC injury [26]. As shown in Fig. 7C, the number of SOX9-positive hepatocytes was
significantly reduced in both experimental groups treated with AMD3100 as compared with
the vehicle. These results demonstrate that strategies targeting Cxcl12-Cxcr4 in chronic liver
diseases may prevent loss of hepatocyte identity and mitigate liver injury.

DISCUSSION

In this study we evaluated the presence and impact of HB cells on ArLD progression.
We found that HB and DR cells were increased in patients with decompensated
cirrhosis and AH, however, only HB cells showed a positive correlation with disease
severity and loss of hepatocyte identity. Combining LCM with bulk RNA-sequencing,
we performed a comprehensive analysis of the transcriptomic profile of HB cells. We
observed that HB cells present an intermediate phenotype between hepatocytes and
biliary cells. Mechanistically, while overexpression of CXCR4 in hepatocytes promoted
hepatocyte reprogramming, CXCR4 downregulation or its pharmacological inhibition
reduced hepatocyte reprogramming and DR expansion. Overall, this study suggests that
strategies limiting hepatocyte dedifferentiation and enhancing differentiation may be of
interest to improve liver function in advanced ArLD.

We previously showed a positive correlation of liver progenitor cell markers with short-term
mortality in patients with AH by combining histological quantification of both DR and

HB cells [10]. The present study goes beyond those findings and provides independent
quantification of HB cells and DR cells in patients with ArLD. Unlike DR, we showed that
the presence of HB cells was a hallmark of AH. Moreover, our data suggest that hepatocyte
dedifferentiation may be a specific pathogenic process taking place in ArLD concomitant

to the expansion of DR. These results are not in conflict with previous reports showing a
correlation of DR with disease severity [10,21,27] since we also observed that both HB cells
and DR are increased in advanced stages of ArLD.

Evidence of hepatocyte plasticity have been observed in ALF and cholestatic liver diseases
[2,10,13-15,22]. Previous human studies relied exclusively on histological assessment

and whole liver sequencing. We specifically isolated areas of HB cells from samples

of patients with AH undergoing liver transplantation [28]. This strategy enabled us to
evaluate the transcriptomic profile of HB cells and to identify molecular drivers of
hepatocyte-to-biliary reprogramming. In agreement with a previous study of single cell
analysis of mouse reprogrammed hepatocytes [26], we found that HB cells acquired a
well-characterized immature and biliary phenotype while the hepatocyte profile was, to
some extent, preserved. These results may explain previous /n vivo observations in which
reprogrammed hepatocytes were able to self-renew and reacquire a mature hepatocyte
phenotype [5,29,30]. Unexpectedly, we found that HB cells showed an inflammatory profile
similar to that described by our group for DR cells in AH[20], and suggests that hepatocyte
dedifferentiation may also be involved in inflammatory cell recruitment.
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Lineage tracing studies in animal models have shown the exceptional plasticity of liver cells
and have demonstrated the transdifferentiation of biliary-to-hepatocyte and hepatocyte-to-
biliary processes in the context of specific animal models [29,31,32]. However, the interplay
of hepatocyte reprogramming and the expansion of DR cells in human disease are still not
completely understood. This study suggests that both events may take place simultaneously
and may be driven by specific regulatory pathways such as CXCRA4.

In the present study we found increased expression of CXCR4 in reprogrammed hepatocytes
in patients with severe AH, which was associated with the loss of hepatocyte identity,
stemness and disease severity. These results are in agreement with the use of CXCR4 as a
biomarker to evaluate the commitment of induced pluripotent stem cells to endoderm prior
to hepatocyte differentiation [33]. Additionally, the CXCR4 pathway is known to play a role
in the progression of a variety of tumors [34]. Particularly, in HCC, CXCR4 expression is
reportedly increased in patients with a less differentiated tumor phenotype and a cirrhotic
background [35]. In this study, we provide evidence that the CXCR4 pathway directly
mediates hepatocyte reprogramming in the absence of a tumor. This finding adds to the

dual role of pathways such as the TGFp or Hippo pathway, which are involved in both
hepatocyte-to-biliary reprogramming and tumorigenesis [2,15],[36]. CXCR4 is involved in
partial EMT in the context of liver tumor [37]. To date, there is no evidence of hepatocytes
undergoing full EMT [38]. However, rather than a full EMT, a partial EMT characterized by
the simultaneous expression of epithelial and mesenchymal markers may take place under
injury conditions. Here we show that HB cells express a typically expressed pattern of

cells undergoing partial EMT, and that this pattern correlates with CXCR4 expression, thus
suggesting a potential role of CXCR4 in this process.

Targeting CXCL12/CXCR4 in experimental models attenuates liver fibrosis by reducing
the activation and migration of hepatic stellate cells [39]. Moreover, in the tumor context,
inhibition of CXCR4 reduces tumor malignancy [40]. Therapeutic targeting of CXCL12-
CXCR4 with AMD3100 administration and genetic deletion of CXCR4 in hepatocytes in
DDC-treated mice reduced hepatocyte dedifferentiation and the extent of DR and fibrosis,
thus providing evidences of the potential of AMD3100 as a therapeutic strategy to improve
hepatocyte differentiation and liver repair. We observed no effect on neutrophil recruitment
despite the fact that this inflammatory population expresses cxcr4 and is associated with
ductular reaction in alcoholic hepatitis [20]. Moreover, although the pharmacological
approach may have effects other than those directly attributable to reducing hepatocyte
reprograming, our results are in agreement with reports indicating that the therapeutic

use of HNF4a. mRNA to restore hepatocyte function reverses liver fibrosis [41]. In this
regard, studies in organoids showed that hepatocyte to biliary reprogramming is associated
with CXCR4 increase and mature HNF4aP1 decrease and overexpression of CXCR4 in
hepatocytes promote the expression of fetal HNF4a.P2 isoform. Although we find an
association of CXCR4 expression with the expression of HNF4a.P1/P2 isoforms, we do not
have evidences of a direct mechanistic effect of CXCR4 on HNF4a regulation of hepatocyte
reprogramming. Further studies will have to evaluate whether CXCR4 signaling directly
regulate HNF4a expression or function.

J Hepatol. Author manuscript; available in PMC 2024 September 01.
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Overall, this study uncovers the transcriptomic profile of HB cells and describes their
correlation with disease progression. Moreover, it identifies the CXCR4 pathway as a new
driver of hepatocyte-to-biliary reprogramming and brings to light new therapeutic strategies
to promote hepatocyte maturation in ArLD.
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EpCAM Epithelial Cell Adhesion Molecule

Fc fold change

GSEA Gene Set Enrichment Analysis

HB hepatobiliary cells

HCC (hepatocellular carcinoma) Hepatocarcinoma

IPA ingenuity pathway analysis

KRT7 cytokeratin 7

KRT19 cytokeratin 19

LCM laser capture microdissection

NES normalized enrichment score

gPCR quantitative polymerase chain reaction

SOX9 SRY (Sex-Determining Region Y)-Box 9

TBG thyroxine binding globulin

TROP2 tumor-associated calcium signal transducer 2

TGFB1 transforming growth factor betal
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Highlights
. Hepatobiliary cells are associated with bad outcome in patients with ArLD
. Hepatobiliary cells express pathways related to inflammation and stemness
. Cxcr4 drives hepatocyte dedifferentiation in chronic liver injury
. Cxcr4 overexpression in hepatocytes promotes hepatocyte dedifferentiation
and injury progression
. Genetic deletion or pharmacological inhibition of Cxcr4 reverts hepatocyte

dedifferentiation
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Fig. 1. Histological analysis of HB cells and DR cells in the progression of ArLD disease.
(A) KRT7 staining of liver biopsies from 3 patients with pre-cirrhosis, 4 patients with

compensated cirrhosis, 13 patients with decompensated cirrhosis and 15 patients with AH
(B) Representation of HB cell area (KRT7* hepatocytes) and DR cell area (KRT7* DR
cells) along ArLD progression. Significant differences are indicated as *p<0.05 (T-student
test). (C) Correlation between the area of HB cells and DR cells from ArLD biopsies.

(D) Correlation between HB cells (%area) and (E) DR cells (%area) with the clinical and
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biochemical parameters associated with the ArLD cohort. The regression coefficient (r) and
p-value of each correlation are indicated.
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Fig. 2. Transcriptomic analysis of microdissected samples from patients with AH.
(A) KRT7 staining of a liver explant with AH showing the three microdissected populations.

DR cells (KRT7* DR cells) in blue (n=4), HB cells (KRT7* hepatocytes) in orange
(n=3) and hepatocytes (KRT7~ hepatocytes) in green (n=2). (B) Principal component
analysis (PCA) showing the isolated populations that underwent RNA sequencing. Each
sample is positioned in the two-dimensional space according to its RNA expression. (C)
GSEA of the hepatocyte-to-biliary gene signature (hepatocytes<HB<DR) (upper panel)
and the hepatocyte gene signature (hepatocytes>HB>DR) (bottom panel) in a data set
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of transcriptomic data from AH vs. ASH patients. Normalized enrichment score (NES)

and significance is shown. (D) Balloon plot summarizing scaled average expression

values of hepatic and biliary genes in the three populations, hepatocytes (HC), HB

cells and DR cells. Red and blue dots represent positive and negative enrichment,
respectively. (E) Representative staining of biliary (EPCAM, KRT7, SOX9 and TROP2)
and hepatocyte (HEP-PAR1) markers in paraffin embedded liver sections from patients with
AH. Hepatocytes (HC), HB and DR cells are indicated. (F) Balloon plot showing selected
GSEA in the three populations (HC, HB, DR). Red spots represent activated gene sets and
blue spots represent down-regulated gene sets.
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Fig. 3. Transcriptomic analysis of HB cells and its association with ArLD severity.
(A) Volcano plots of differentially expressed genes in HB cells vs. hepatocytes or (B) vs. DR

cells. Selected genes from each panel are annotated. (C) IPA analysis of enriched canonical
pathways in HB cells vs. hepatocytes or (D) HB cells vs. DR cells. Inhibited pathways are
represented in blue, activated pathways are represented in red, and pathways with no status
information are represented in white. The pathway significance is shown as -log(p-value).
(E) IPA prediction of activated upstream regulators in HB cells vs. hepatocytes or (F)
activated upstream regulators in HB cells vs. DR cells. Upstream regulators with a z-score>2

J Hepatol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Aguilar-Bravo et al.

Page 21

was annotated. (G) Heat map illustrating the HB gene signature along ArLD progression.
Red color indicates up-regulated gene expression, while blue color shows decreased gene
expression. ASH, alcohol-related steatohepatitis; comp CH, compensated cirrhosis; AH,
alcohol-related hepatitis; nr, non-responders; r, responders. Gene correlation with clinical
parameters is shown in Table S9 (H) Protein interaction network of HB gene signature. 10
out of 39 genes were clustered and 8 additional genes were added by String software. Line
thickness indicates the strength of data support.
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Fig. 4. CXCR4 expression correlates with loss of hepatocyte identity and bad prognosis in AH.
(A) Normalized counts of CXCR4 in hepatocytes, HB cells and DR cells. Significant

differences are indicated as *p<0,05 (T-student test). (B) Representative staining of CXCR4
and double immunofluorescence with EPCAM and (C) CXCL12 on liver sections from AH
patients. HC, HB and DR cells are indicated. (D-E) Correlation of CXCR4 expression

with 4 specific gene sets: CXCL-family genes, hepatocyte markers, biliary markers,

and epithelial-to-mesenchymal markers (D) and correlation with clinical parameters (E).
Transcriptomic data from AH patients was used as the data set. The regression coefficient
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(r) and p-value of each correlation are annotated. (F) gPCR gene expression of AH-
related human organoids incubated for 24h with the cholangiocyte organoid medium
(BEC medium). Significant differences are indicated as *p<0,05 (T-student test). (G)
Representative double immunofluorescence of CXCR4 and EPCAM of AH-related human
organoids growth in cholangiocyte medium.

J Hepatol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Aguilar-Bravo et al.

Page 24

Cxcrd
MVIS Termination <100 e
Injection B 75 #it#
T di4 £ 50 {— o
o 25 L -+
do d21 2 *
2
Control/ S i -
DDC diet ° =
& Q >
AQ’;} ,6‘5} 4‘6'(} d‘é
¥ & oy
¥ W
CTRL DDC 1week
Alb Cebpa Cyp1a2
15 §1.5 E20
1’4 17 "
> p=.0,07 A >
=10 T v 2 10 - ok Z1.5 -+
8" s — %
g 2 I 2o [ ok
505 -] fos : 505 FB:T
k=) k) b}
L 0.0 £o.0 2 0.0
AAV8-ctrl AAV8-cxcrd AAV8-ctrl AAV8-cxcr4 AAV8-ctrl AAV8-cxcr4
DDC 1 week DDC 1 week DDC 1 week
E DDC 1week

IAAV8—cxcr4

. , AAVS-cxc_r4
o
5
o
=
i
a
=)

Hnf4ea p1 Hnf4a p2
§1.4 . %4 p=0,052
;;’1.2 : T ;Z I
g 1.0 { §1 ’—ZET .
E 08 I ‘ i § 0

AAV8-ctrl AAV8-cxcrd
DDC 1week

AAV8-ctrl AAV8-cxcr4

DDC 1 week

Sirius Red

Krt19

ol

% stained area
© = N W A O

AAVS-ctrl  AAV8-cxcrd
Sirius Red

]

1'-_
4

® i » -w A
% stained area

AAVB-ctrl  AAVS-cxcrd
Mpo

]

*%

.

.
—
e

D
.

AAVB-ctl  AAV8-cxcrd

Fig. 5. CXCR4 induces liver injury progression and loss of hepatocyte identity.
(A) Experimental strategy to induce Cxcr4 overexpression. (B) gPCR confirmation of Cxcr4

overexpression in control (n=4) and DDC-injured mice (n=7). Gene expression is shown
as Fc vs. AAV8-Ctrl. *p<0,05 compared to AAV8-Ctrl. #p<0,05 compared to AAV8-ctrl
DDC 1wk (T-student test). (C) Representative images of CXCR4 staining in control and
DDC experimental groups. (D) gPCR gene expression of hepatocyte-specific markers in
DDC experimental groups. Data is shown as Fc vs. AAV8-Ctrl. *p<0.05 compared to
Ctrl (T-student test). (E) Immunohistochemistry images of KRT19, MPQO, and the fibrosis
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staining Sirius red on DDC-treated groups, AAV8-Ctrl (n=4) and AAV8-CXCR4 (n=7).
Stained area quantification of both experimental groups is shown. Significant differences are
indicated as *p<0.05 (T-student test)
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Fig. 6. CXCR4 specific deletion in hepatocytes ameliorates hepatocyte reprogramming, DR
expansion and liver fibrosis

(A) Experimental strategy to induce CXCR4 specific deletion in hepatocytes (B) gPCR

of Cxcr4, Cxcl12, DR and hepatocyte markers on isolated primary hepatocytes from
AAV8-Ctrl (WT; n=4) and AAV8-CRE treated mice (CXCR4~/~; n=4). (C) Representative
images of KRT19, KRT7 and Sirius red on DDC-treated groups, AAV8-Ctrl (WT; n=4)
and AAV8-CRE (CXCR4HEP-KO: n=5) Stained area quantification of both experimental
groups is shown. Significant differences are indicated as *p<0.05 (T-student test) (D)
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Representative image of primary hepatocytes derived-organoids generated from AAV8-Ctrl
(WT) and AAV8-CRE treated mice (KO). % Organoids area per field of view is shown. (E)
Representative immunofluorescence of CXCR4 in primary hepatocytes derived- organoids
generated from AAV8-Ctrl (WT; n=4)) and AAV8-CRE treated mice (KO; n=4). (F)

gPCR gene expression of biliary and hepatocyte markers in mice derived-organoids. Gene
expression is shown as Fc vs. WT. Significant differences are indicated as *p<0,05 (T-
student test).
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Fig. 7. Inhibition of CXCL12/CXCR4 pathway reduces chronic liver injury
(A) Experimental strategy to inhibit the CXCL12/CXCR4 pathway (B) qPCR gene

expression of Cxcr4 in the three experimental conditions (n=6 mice per condition). Gene
expression is shown as Fc vs. Vehicle (C) Immunohistochemistry images of KRT19,
SOX9, MPO and the fibrosis staining Sirius red. Stained area quantification for each group
is shown. Significant differences are indicated as *p<0.05 (T-student test). Images are
representative of n=6 mice per condition.
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Table 1.

Baseline characteristics of patients with alcohol-related liver disease (ArLD)

Page 29

Demographic data
Age, median (IQR)
Gender, male n(%)
Severity scores
Child-Pugh, median (IQR)
MELD, median (IQR)
ABIC, median (IQR)
HVPG, median (IQR)
SIRS, n(%) *
Decompensations n(%)
Ascites

HE

UGIB (HDA)

AKI

Infections

Pre-cirrhosis

Compensated Cirrhosis
4

Decompensated Cirrhosis

Alcohol-related

Analytical parameters, median

(IQR)

Hemoglobin g/dL
Leukocyte count x109/L
Platelet count x109/L
AST (IU/L)

ALT (IU/L)

Albumin (g/dL)
Creatinine mg/dL
Bilirubin mg/dL

INR

GGT (IU/L)

Sodium (mEq/L)

?3) hepatitis (15)
59(nd) 56(43-65,25) 54(49-61,5) 52(45,25-58,75)
1(33,33) 3(75) 10(77) 11(73)
5,33 6 (5-8) 9,38 (7-11,5) 10 (8,75-12)
9() 11,75 (8,25-17,5) 19,53 (16-23) 23,85 (12,75-33,25)
70 7(5,52-8,52) 8(6,71-8,31) 8(7,105-9,295)
Nd Nd Nd Nd
0(0) 1(25) 11(36,6) 8(53,33)
0(0) 0(0) 1(33,33) 1(6,66)
0(0) 0(0) 1(33,33) 1(6,66)
0(0) 0(0) 2(15,38) 1(6,66)
0(0) 1(25) 2(15,38) 3(20)
11,4 13,75 (9,55-16,9) 9,8 (8,1-11,375) 9,5 (8,2-11,52)
8,740 6,91 (3,26-10,69) 6,91 (4,07-8,58) 12003,57
229,66 192,25 (127,5-214,75) 116,23 (62,5-139) 178,5 (100-243,5)
102 32,66 (20-49,25) 84,15 (34,5-96,5) 107,21 (63,5-121,5)
57,33 22,25 (16,25-28) 30,15 (15-42) 53,29 (24,25-83,25)
3,633 3,85 (2,625-4,575) 3,033 (2,55-3,5) 2,8 (2,575-3))
0,67 1,67 (0,687-3,37) 1,10 (0,585-1,585) 1,25 (0,63-1,745)
1,33 1,1 (0,6-1,95) 7,08 (2-8,65) 15,41 (2,925-23,9)
1,12 1,115 (1,07-1,175) 1,66 (1,35-1,83) 1,78 (1,25-2,16)
1154 94,25 (23,75-208) 197,6 (55,5-257,5) 320,5 (81,5-572)
141,66 139 (134,5-142,5) 136 (132-139,5) 134,86 (133,5-136,5)

*

SIRS alone or SIRS plus infection. AH, Alcoholic hepatitis; ASH, Alcoholic steatohepatitis; MELD, Model for End- stage Liver Disease; ABIC,
Age, serum Bilirubin, INR, and serum Creatinine; HVPG, Hepatic venous pressure gradient; SIRS, Systemic inflammatory response syndrome;
HE, Hepatic encephalopathy; UGIB, Upper gastrointestinal bleeding; AKI, Acute kidney injury; AST, Aspartate aminotransferase; ALT, Alanine

aminotransferase; INR, International normalized ratio; GGT, Gamma-glutamyl transferase.
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