N

N

The hepatocyte epidermal growth factor receptor
(EGFR) pathway regulates the cellular interactome
within the liver fibrotic niche
Ester Gonzalez-Sanchez, Javier Vaquero, Daniel Caballero-Diaz, Jan Grzelak,
Noel P. Fuste, Esther Bertran, Josep Amengual, Juan Garcia-Saez, Beatriz
Martin-Mur, Marta Gut, et al.

» To cite this version:

Ester Gonzalez-Sanchez, Javier Vaquero, Daniel Caballero-Diaz, Jan Grzelak, Noel P. Fuste, et al..
The hepatocyte epidermal growth factor receptor (EGFR) pathway regulates the cellular interactome
within the liver fibrotic niche. Journal of Pathology, 2024, 263 (4-5), pp.482-495. 10.1002/path.6299 .
hal-04652471

HAL Id: hal-04652471
https://hal.science/hal-04652471
Submitted on 18 Jul 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04652471
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

'l) Check for updates

Journal of Pathology

J Pathol August 2024; 263: 482—495 ORIGINAL ARTICLE
Published online 14 June 2024 in Wiley Online Library

(wileyonlinelibrary.com) DoI: 10.1002/path.6299

The hepatocyte epidermal growth factor receptor (EGFR) pathway
regulates the cellular interactome within the liver fibrotic niche

Ester Gonzalez-Sanchez'***, Javier Vaquero'*"®, Daniel Caballero-Diaz'?, Jan Grzelak', Noel P Fusté',

Esther Bertran'”, Josep Amengual %, Juan Garcia-Saez®’, Beatriz Martin-Mur®, Marta Gut®”®, Anna Esteve-Codina®,
Ania Alay'®"", Cedric Coulouarn'?, Silvia Calero-Perez'*'*, Pilar Valdecantos'*'*, Angela M Valverde'*'*,

Ardnzazu Sanchez”®’# Blanca Herrera”®’* and Isabel Fabregat'***

Oncobell Program, Bellvitge Biomedical Research Institute — IDIBELL, L'Hospitalet, Barcelona, Spain

% Biomedical Research Networking Center in CIBER in Hepatic and Digestive Diseases (CIBEREHD), ISl

Madrid, Spain

Department of Physiological Sciences, Faculty of Medicine and Health Sciences, University of Barcelona, Barcelona, Spain

Department of Physiology and Pharmacology, Faculty of Pharmacy, University of Salamanca, Salamanca, Spain

Centro de Investigacién del Cancer and Instituto de Biologia Molecular y Celular del Cancer, CSIC-Universidad de Salamanca, Salamanca, Spain
Department of Biochemistry and Molecular Biology, Faculty of Pharmacy, Complutense University of Madrid, Madrid, Spain

Health Research Institute of the Hospital Clinico San Carlos (IdISSC), Madrid, Spain

CNAG—CRG, Centre for Genomic Regulation, Barcelona Institute of Science and Technology, Barcelona, Spain

Universitat Pompeu Fabra, Barcelona, Spain

Unit of Bioinformatics for Precision Oncology, Catalan Institute of Oncology (ICO), L'Hospitalet de Llobregat, Barcelona, Spain

Preclinical and Experimental Research in Thoracic Tumors (PReTT), Oncobell Program, IDIBELL, L'Hospitalet de Llobregat, Spain

Inserm, Univ Rennes, OSS (Oncogenesis, Stress, Signaling) UMR_S 1242, Centre de Lutte contre le Cancer Eugene Marquis, Rennes, France
Biomedical Research Institute Sols-Morreale, Spanish National Research Council and Autonomous University of Madrid (IIBM, CSIC-UAM), Madrid,
Spain

Biomedical Research Networking Center in Diabetes and Associated Metabolic Disorders (CIBERDEM); ISCIll, Madrid, Spain

*Correspondence to: | Fabregat, IDIBELL, Hospital Duran i Reynals, 3a planta, Gran Via de I'Hospitalet |99, 08908 L'Hospitalet de Llobregat,
Barcelona, Spain. E-mail: ifabregat@idibell.cat

"Equal first-authors.
*Co-senior authors.

Abstract

Liver fibrosis is the consequence of chronic liver injury in the presence of an inflammatory component. Although the
main executors of this activation are known, the mechanisms that lead to the inflammatory process that mediates the
production of pro-fibrotic factors are not well characterized. Epidermal growth factor receptor (EGFR) signaling in
hepatocytes is essential for the regenerative processes of the liver; however, its potential role in regulating the
fibrotic niche is not yet clear. Our group generated a mouse model that expresses an inactive truncated form of the
EGFR specifically in hepatocytes (AEGFR mice). Here, we have analyzed the response of WT and AEGFR mice to
chronic treatment with carbon tetrachloride (CCl,), which induces a pro-inflammatory and fibrotic process in the
liver. The results indicated that the hallmarks of liver fibrosis were attenuated in CCl,-treated AEGFR mice when
compared with CCl,-treated WT mice, coinciding with a faster resolution of the fibrotic process and ameliorated
damage. The absence of EGFR activity in hepatocytes induced changes in the pattern of immune cells in the liver, with
a notable increase in the population of M2 macrophages, more related to fibrosis resolution, as well as in the
population of lymphocytes related to eradication of the damage. Transcriptome analysis of hepatocytes, and
secretome studies of extracellular media from in vitro experiments, allowed us to elucidate the specific molecular
mechanisms regulated by EGFR that mediate hepatocyte production of both pro-fibrotic and pro-inflammatory
mediators; these have consequences for the deposition of extracellular matrix proteins, as well as for the immune
microenvironment. Overall, our study uncovered novel mechanistic insights regarding EGFR kinase-dependent
actions in hepatocytes that reveal its key role in chronic liver damage.

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Fibrosis is a highly conserved and coordinated, initially
protective, response to tissue injury. The interaction
among multiple pathways determines whether fibrosis
is self-limiting and homeostatic or whether it is
uncontrolled and excessive [1]. When a chronic injury
takes place in the liver, mobilization of lymphocytes
and other inflammatory cells occurs, thus setting the
stage for persistence of an inflammatory response.
Macrophages produce pro-fibrotic mediators that are
responsible for the activation of quiescent hepatic
stellate cells (HSCs) to a myofibroblast (MFB) pheno-
type. MFBs are the principal source of extracellular
matrix (ECM) protein accumulation and prominent
mediators of fibrogenesis [2].

The epidermal growth factor receptor encoded by the
gene EGFR (previously known as ERBBI) is a classical
tyrosine kinase receptor that belongs to the family of
ErbB receptors, and it is highly expressed in the liver.
The EGFR pathway regulates hepatocyte proliferation,
playing important roles in liver regeneration and hepa-
tocellular carcinogenesis [3]. But the EGFR signaling
system has also been identified as a key player in
all stages of the liver’s response to injury, from early
inflammation and hepatocellular proliferation to
fibrogenesis and neoplastic transformation [4]. The
role of EGFR in chronic liver injury and fibrosis is
also relevant for human pathophysiology, because EGF,
EGFR, and phospho-EGFR levels increase in the liver of
cirrhotic or metabolic dysfunction-associated steatotic
liver (MAFLD) patients [3]. A direct role of EGFR,
or its ligands, in HSC activation and subsequent ECM
modification has been suggested, concomitant with reg-
ulation of steatosis, in different in vitro and in vivo animal
models of liver fibrosis and MAFLD [5-9]. However,
different studies have pointed out that the EGFR signaling
might be protective in other processes of liver injury and
fibrosis [10,11].

With the aim of better understanding the specific role
of the hepatocyte EGFR pathway in liver physiology and
pathology, some years ago we generated a transgenic
mouse model expressing a truncated form of human
EGFR specifically in hepatocytes, which acts as domi-
nant negative mutant (AEGFR) and allows definition of
its tyrosine kinase-dependent functions [12]. We found
that EGFR catalytic activity is critical in the early
preneoplastic stages of the liver because AEGFR mice
showed a delay in the appearance of diethyl-nitrosamine
(DEN)-induced tumors, which correlated with a strong
attenuation and delay in the DEN-induced inflammatory
process [12]. We also found that after chronic feeding
with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC),
which induced cholestatic damage, AEGFR mice presented
with a more efficient regeneration, concomitant with a
shift from a pro-fibrotic to a restorative inflammatory
response [13]. Previous studies had suggested that pro-
inflammatory stimuli could mediate transactivation of the
EGFR pathway, which would contribute to carcinogenesis

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

in inflammatory liver diseases [14,15]. However, our data
pointed to a role for the EGFR pathway in hepatocytes,
upstream of the inflammatory process. In this context,
further investigations were required to comprehensively
study the direct role of EGFR in hepatocytes in regulating
inflammation during chronic liver injury.

Accordingly, the aim of this study was to elucidate
whether the catalytic activity of the EGFR in hepato-
cytes could participate in regulating the inflammatory/
pro-fibrotic environment in response to a chronic liver
insult.

Materials and methods

Ethics approval statement

Animal protocols were approved by the Animal
Experimentation Ethics Committee of the UCM and
the Animal Welfare Division of the Environmental
Affairs Council of the Government of Madrid (Proex
262.6/21).

In vivo experimental procedures

The novel transgenic mouse model that expresses a
hepatocyte-specific truncated form of human EGFR
(supplementary material, Figure S1A), which acts as
dominant negative mutant (AEGFR) and allows defini-
tion of its tyrosine kinase-dependent functions, was
used [12]. Chronic liver injury was induced by treat-
ment with carbon tetrachloride (CCly; Sigma-Aldrich,
St Louis, MO, USA). For this, 0.48 g/kg body weight
CCly, 1:10 v/v in mineral oil (MO), or vehicle (MO),
was administered to 8-week-old C57BL/6 male mice
by intraperitoneal injection (3 pl/g body weight) twice
a week for 4 or 8 weeks. At these timepoints, animals
were sacrificed, and blood and liver tissue were collected
(supplementary material, Figure S1B). The trans-
genic AEGFR mouse line is maintained in heterozy-
gosity; therefore wild-type (WT) and AEGFR mice
belong to the same strain. The WT and AEGFR mice
used for experiments belonged to the same litters.
We proved that AEGFR mice continued expressing
the truncated human transgene following the CCly
treatment (supplementary material, Figure S1C). To
confirm that CCly was similarly metabolized in both
groups, we analyzed the expression of Cyp2bl0,
whose expression increased similarly after the treat-
ment in WT and AEGFR livers (supplementary mate-
rial, Figure S1D). Moreover, since CCly is a Cyp2el
suicide substrate whose binding leads to its inactiva-
tion and degradation [16], we analyzed its expression,
observing a similar decrease in both cases. These
results suggest that CCl, was equally metabolized in
all experimental groups (supplementary material,
Figure S1D).

Detailed information about materials and methods
and statistical analysis may be found in Supplementary
materials and methods.
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Results

Inactivation of EGFR in hepatocytes ameliorates
CCl4-induced liver damage and fibrosis

We first examined the consequences of inactivating EGFR
signaling in hepatocytes on the liver damage progression
after 4 or 8 weeks of CCl, chronic treatment. As observed
in Figure 1A, serum levels of transaminases increased after
8 weeks of treatment in WT mice (no differences were
observed at 4 weeks of treatment; results not shown).
However, no significant increase was observed in AEGFR
mice. Histological analysis also revealed less damage in the
liver parenchyma after 8 weeks of treatment (Figure 1B),
correlating with decreased levels of alpha-smooth muscle actin
(x-SMA), characteristic of activated MFB (Figure 1C,D).
In AEGEFR livers, the expression and deposits of a-SMA
increased after 4 weeks but decreased at 8 weeks, reflecting
resolution of fibrosis. Specific analysis of the process of
fibrosis revealed that the increase in the deposits of collagen
fibers, caused by the CCl, treatment, was significantly
lower in AEGFR livers (Figure 2A). The expression of
different collagen genes, such as Collal or Col3al,
increased significantly after 4 weeks of treatment;
however, increases in expression were lower in AEGFR
livers, which was particularly relevant for Col3al
(Figure 2B). It was very interesting to find differences in
lysyl oxidase-related genes (responsible for the inter-
chain polypeptide cross-linking of collagens), which were
significantly increased in WT but not in AEGFR livers
after 4 weeks of CCl, treatment (Figure 2B). AEGFR
mice presented different patterns in the expression of
metalloprotease mRNAS, particularly Mmp2 and Mmp?9,
with a potential role in the resolution of fibrosis, which
were significantly increased in AEGFR, but not in WT
livers, after 8 weeks of treatment (Figure 2C). The expres-
sion of Timpl (TIMP metallopeptidase inhibitor 1) was
significantly lower in AEGFR livers after 4 weeks of
CCl, treatment (Figure 2C), which would indicate a
higher metalloprotease activity. Expression of other
members of the family, such as Timp3, did not change.
We could not find relevant differences among WT and
AEGEFR livers in the expression of genes related to the
transforming growth factor-beta (TGF-f) pathway, as
one of the major pro-fibrotic factors. Thus, although the
increase in some of its ligands appeared to be delayed in
AEGFR mice (supplementary material, Figure S2A), phos-
phorylation of Smad3, a hallmark of the activation of the
pathway, was significantly increased after 8 weeks of treat-
ment in both WT and AEGFR livers (supplementary
material, Figure S2B). No clear differences were observed
in the expression of other pro-fibrotic genes, such as Ccn2
(CTGF) or Pdgfb (supplementary material, Figure S3).

AEGFR livers showed significant differences in
macrophage populations in the CCl, model of liver
injury

With the aim of comparing the inflammatory response in
WT and AEGFR mice treated with CCl,, we first

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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analyzed the expression of Adgrel at the mRNA and
protein levels (immunohistochemistry of F4/80 in tissue
sections), as well as the expression of general inflammatory
cytokines, such as Tnf or /l/b (supplementary material,
Figure S4). No significant differences could be observed.
Next, we isolated and analyzed by flow cytometry the
intrahepatic immune monocyte/macrophage populations
after 4 weeks of treatment. No increase in the percentage
of resident macrophages was observed (Figure 3A).
However, AEGFR livers presented a decrease in the
late recruited macrophages (correlating with the less
parenchymal damage observed in Figure 1) and the
most significant result was the shift in the M1/M2
balance towards M2 polarity (Figure 3C), which corre-
lated with a significantly lower ratio between the
expression of the pro-inflammatory cytokine [/12b,
characteristic of M1 macrophages, and the anti-
inflammatory cytokine /10, characteristic of M2 polar-
ization, detected in AEGFR livers (Figure 3D).
Regarding lymphocyte populations, a shift in the
Cd4/Cd8 ratio was observed in favor of Cd4 lymphocytes
in AEGEFR livers (supplementary material, Figure S5), con-
curring with significantly lower levels of naive and IL17*
Cd4" lymphocytes, and a relevant increase in the Treg cell
subpopulation (supplementary material, Figure S5).

The catalytic activity of EGFR regulates the
hepatocyte gene transcriptome in response to
CCl4-induced liver damage

To deepen our understanding of underlying molecular
mechanisms by which the EGFR pathway in hepato-
cytes could be controlling the fibrotic niche interactome,
we next performed RNA sequencing (RNA-seq) analysis
in hepatocytes isolated from WT and AEGFR mice treated
with either MO or CCly for 4 weeks (supplementary
material, Figure S6A). The most relevant results are sum-
marized in Figure 4. When the changes in gene expression
caused by CCl, treatment versus control samples in both
WT and AEGFR hepatocytes were compared, 1,258
genes were specifically differentially expressed in the
WT comparison, whereas only 209 genes were differen-
tially expressed in the one from AEGFR (Figure 4A).
Transcription factor (TF) activity was inspected by func-
tional enrichment analysis, based on the differentially
expressed genes of each comparison. Treated hepatocytes
from WT mice showed 265 TF binding sites significantly
enriched among those genes, which did not appear in
AEGFR mice (Figure 4B and see details in supplementary
material, Figure S6B). Many of the TFs whose activity
appeared modulated in WT hepatocytes were related
to proliferation and differentiation (EGR, Myc, E2F,
Ets-related, KLFs, etc.), stress pathways (HIF-1, p53),
and metabolism (PPARa, SREBP, CREB-related). The
most significant difference in the AEGFR hepatocytes
was the increase in the activity of PPARg, as well as
GLI or NF1. In addition to the expected differences in
the activation of the EGFR pathway (supplementary
material, Figure S7A), relevant differences in tissue
remodeling, collagen metabolic processes, or regulation
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Figure 1. The impairment of EGFR catalytic activity in hepatocytes attenuates CCl,-induced liver damage and myofibroblast activation.
(A and B) Serum concentrations of alanine- and aspartate-aminotransferases (ALT and AST, respectively) (A) and hematoxylin and eosin-
stained liver sections (B) were analyzed to assess CCl,-induced liver damage. (C and D) Alpha-smooth muscle actin (a-SMA) expression was
evaluated by immunostaining (quantification on the right) (C) and western blotting (densitometric analysis respect to B-actin on the right)
(D), and data are expressed as fold-change versus mineral oil (M0O). n = 4-7 animals per group. *p < 0.05, *p < 0.01 using Student's t-test.
Scale bars: 500 and 100 um (magnified views).
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of inflammation and cytokine production pathways were
identified in hepatocytes from WT but not from AEGFR
mice (Figure 4C). The cellular response to xenobiotic stim-
ulus was activated in WT and AEGFR mice (supplementary
material, Figure S7A), which corroborates that the
response to CCly has not been affected by silencing
EGFR in hepatocytes.

Among the genes specifically regulated in hepatocytes
from CCly-treated WT mice that did not appear modu-
lated in AEGFR hepatocytes, we found genes related to
fibrogenesis, such as members of the Pdgf family,
metalloproteases (Mmp15 or Mmp14), and lysyl oxidases
or lysyl oxidase-like genes (Lox and Lox!I), among others
(Figure 4D), as well as genes involved in regulation of
inflammation, such as cytokines/chemokines or genes related
to TNF receptor signaling (Figure 4D). A volcano plot
showing differences in the expression of genes when com-
paring AEGFR versus WT hepatocytes isolated after
4 weeks of CCl, treatment revealed a significant decrease
in the expression of inflammatory genes, such as the
cytokines Cxcl2 or Cxcll4 or the chemokine receptor Ccri2
(Figure 4E, left). In fact, Gene Ontology (GO) enrichment
analysis also revealed that AEGFR cells presented a signif-
icant decrease in inflammatory pathways (Figure 4F). The
volcano representation also revealed differences in genes
related to metabolism, such as Ppard, Dbp, or Thrsp
(Figure 4E, left). In most of the cases, CCl, treatment induced
changes in gene expression in WT hepatocytes, which were
not observed in AEGFR hepatocytes (Figure 4E, right).

It is also worth mentioning that hepatocytes from CCly-
treated WT mice, but not those from AEGFR mice, showed
relevant changes in the expression of genes related to cell
cycle progression and cell proliferation (Figure 4D), which
would indicate higher hepatocyte regeneration in the WT
than in the AEGFR mice. In parallel, hepatocyte identity
genes, such as Hnf4a (Figure 4D), or genes related to liver-
specific functions (supplementary material, Figure S7B),
were downregulated. Interestingly, the AEGFR hepatocytes
from CCly-treated mice showed higher expression of mito-
chondrial metabolism-related pathways, such as fatty acid
catabolic processes, mitochondrial respiratory chain, aero-
bic electron transport chain, or ATP synthesis than those
isolated from the WT mice (supplementary material,
Figure S7C), which indicated that they are metabolically
more efficient. Relative upregulation of TGF-f pathway-
related genes, as well as epithelial-mesenchymal transition
(EMT) gene signature (as defined in supplementary mate-
rial, Table S5), was observed in hepatocytes after CCly
treatment, but changes were similar in WT and AEGFR
hepatocytes (supplementary material, Figures S8 and S9).

Overall, our results indicate that in response to a
chronic insult, the EGFR pathway in hepatocytes mod-
ulates some of the transcriptional program changes.

The catalytic activity of EGFR in hepatocytes
regulates the inflammatory and pro-fibrotic
secretome in response to CCl4-induced liver damage

We previously generated immortalized hepatocytes
from WT and AEGFR mice [12], which are a useful tool

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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for in vitro approaches. Here, we have analyzed how the
secretome of these cells may affect the fibrotic cell
interactome in in vitro experiments, focusing on the
effects on macrophages. We incubated the WT and
AEGFR hepatocytes with heparin-binding EGF-like
growth factor (HB-EGF), a ligand of the EGFR, to
activate the pathway (Figure 5A,B). We next followed
the experimental set-up depicted in Figure 5C to gen-
erate conditioned medium that was used to analyze the
effects on the phenotype of a mouse macrophage cell
line (RAW?264.7 cells). As observed in Figure 5D, the
conditioned medium of WT and AEGFR hepatocytes
produced opposite effects on the expression profile of
genes associated with an M1 phenotype (pro-inflam-
matory/fibrotic), such as 1112b, or M2 (resolution of
fibrosis), such as I110. The ratio 1112b/1110 signifi-
cantly increased only in RAW264.7 cells incubated
with the conditioned medium from HB-EGF-treated
WT hepatocytes.

To analyze whether the EGFR pathway would also be
regulating the human macrophage phenotype, we used a
human liver tumor cell line, Hep3B, and a human
monocyte cell line, THP-1. Using a similar experimen-
tal approach (supplementary material, Figure S10A),
conditioned medium of Hep3B cells untreated or
treated with HB-EGF was collected to analyze the
effects on THP-1 cells. The results indicated that the
conditioned medium from HB-EGF-treated Hep3B
cells increased monocyte adhesion (supplementary
material, Figure S10B) and the expression of pro-
inflammatory genes (M1 phenotype), downregulating
the expression of anti-inflammatory-related genes
(M2 phenotype) (supplementary material, Figure S10C).
The 1112b/1110 ratio significantly increased in THP-1 cells
after the incubation with the conditioned medium from
HB-EGF-treated Hep3B cells (supplementary material,
Figure S10D).

Overall, our results indicate that hepatocytes may
actively participate by secreting factors that regulate
the inflammatory microenvironment in the fibrotic
niche. To validate this, we next performed a proteomic
analysis of conditioned medium from hepatocytes
obtained following the same experimental approach
presented in Figure 5C. The most significant results
are presented in Figure SE. WT hepatocytes responded
to HB-EGF by inducing the secretion of CxcllO,
Cxcl12, and Cxcl16, and this increase was not observed
for AEGFR hepatocytes, reinforcing the role of hepa-
tocytes in the secretion of inflammatory cytokines
under the control of the EGFR pathway. Moreover, it
was also very interesting to observe that WT hepato-
cytes responded to HB-EGF by inducing the secretion
of different proteins involved in fibrosis, among them,
different members of collagens, or proteins involved
in their maturation, such as Loxl1. AEGFR hepato-
cytes secreted much lower levels of all these proteins,
and as expected, no changes were observed in
response to HB-EGF. Indeed, the secretome analysis
also revealed a role for hepatocytes in the production
of ECM proteins.

J Pathol 2024; 263: 482495
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The EGFR pathway is activated during the
progression of fibrosis in humans, correlating with
the expression of specific fibrotic and
inflammatory genes

To analyze the translational relevance of the results
presented above, data from gene expression in a cohort
of liver biopsies from HCC-naive MASLD (metabolic
dysfunction-associated steatotic liver disease, previously
named NAFLD) patients were accessed through GEO
accession number GSE193066 (see Supplementary
materials and methods). We observed that the relative
enrichment of EGF/EGFR signaling (WikiPathways)
was significantly increased during progression of liver
fibrosis (Figure 6A). The relative enrichment of EGFR
target genes (using the Gene Transcription Regulation
Database publicly available at https://www.gsea-msigdb.
org/gsea/msigdb/geneset_page.jsp?geneSetName=EGF
R_TARGET_GENES) also presented a tendency,
almost significant, to increase at advanced stages of
fibrosis. Interestingly, the expression of fibrosis-related
genes, such as collagen genes (COLIAI, COL3AI,
COL4A1, COL5AI), LOXL1, MMP2, MMP9, or TIMP1
presented a significant positive correlation with the
EGF/EGFR signaling pathway (Figure 6B). Regarding
genes related to the immune system, it was relevant that
CXCLI0, which was found to be regulated by the EGFR
pathway in the secretome analysis in hepatocytes
(Figure SE), showed increased expression at advanced
stages of fibrosis (Figure 6C), and the expression of
CXCLI0 and CXCLI2 correlated with the EGF/EGFR
signaling pathway (Figure 6D). A differential pattern
was also found in the expression of CD4 and CDSA
(supplementary material, Figure S11A), which corre-
lated with the differential pattern of Cd8* and Cd4"
lymphocytes found in the AEGFR livers after CCly
treatment  (supplementary material, Figure S5).
Furthermore, the expression of CDS8A positively corre-
lated with the EGF/EGFR signaling (supplementary mate-
rial, Figure S11B).

Discussion

Development of liver fibrosis is frequently the conse-
quence of chronic hepatocyte damage, HSC activation
and proliferation, and changes in ECM production and
accumulation [1]. This process is accompanied by
amplified inflammatory responses, with recruitment
and activation of macrophages to the site of injury to
orchestrate the process of wound healing and tissue
repair [17,18]. Unidentified fibrosis can evolve into
more severe consequences over time, such as cirrhosis
and liver cancer [19]. Improving the knowledge about
the intercellular interactions in the fibrotic niche is nec-
essary to better understand this process and uncover
potential therapeutic targets. This work demonstrates
that the EGFR pathway in hepatocytes is required for an
efficient progression of the fibrotic process in response to

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

CCly treatment in mice. Attenuation of the EGFR kinase
activity in hepatocytes reduces the parenchymal liver
damage and the extension of fibrotic areas, correlating
with a decrease in the expression of Col3al and LoxlI, an
increase in Mmp9, and a decrease in Timpl. Previous
studies had supported a role for the EGFR signaling
pathway in the initiation and development of liver fibrosis
[20-22]. However, in most of these works, the attention
was mainly focused on the role of the EGFR pathway in
hepatic steatosis and/or on HSC/MFB activation and
proliferation. The main work that analyzed the role of
the hepatocyte ERBB tyrosine kinases comes from Dr
Russell’s group, and suggested that EGFR-ERBB3
heterodimeric signaling in damaged hepatocytes may
play a relevant role in liver fibrosis [9]. Our study consti-
tutes a step forward for deepening insight into the molec-
ular mechanisms that are regulated by the EGFR in
hepatocytes during chronic liver damage.

The results shown here strongly indicate that after
CCly treatment, AEGFR livers present significant differ-
ences in the immune landscape, favoring the anti-
inflammatory (M2) phenotype in macrophages. Despite
tremendous progress, numerous challenges remain in
deciphering the full spectrum of macrophage activation
and its implication in either promoting liver disease
progression or repairing injured liver tissue [23]. While
in homeostatic conditions resident macrophages can be
identified in the liver, in recent years numerous studies
have provided compelling evidence that in inflammatory
conditions there is considerably more heterogeneity
among hepatic macrophages [24,25]. Experimental ani-
mal models indicate that macrophages are critical for
fibrosis regression because they play key roles in
repairing the necrotic lesions, not only by removing
necrotic tissues but also by inducing cell death-resistant
hepatocytes and exerting anti-inflammatory actions
[26,27]. Although the role of M2-like macrophages in
liver fibrosis is still controversial, strong evidence sup-
ports the theory that they could exert protection against
injury, among other actions, by inhibiting necroptosis
and conferring apoptosis resistance to hepatocytes [28,29].
Furthermore, M2 macrophage-derived exosomes signifi-
cantly inhibit activation of HSCs [30]. The EGFR catalytic
activity in hepatocytes also provoked differences in the
T-cell populations, with an increase in the Treg lympho-
cytes and differences in the proportion of Cd8" and Cd4*
cells, decreasing the naive and IL17* cells. It has been
proposed that by inhibiting pro-fibrotic Th17 and Cd8"
T cells, Treg cells may help to maintain a healthy inflam-
matory environment, regulating the aberrant activation and
functions of immune effector cells [31]. Overall, our results
strongly indicate that the activation of the EGFR pathway
in hepatocytes during chronic liver injury may have con-
sequences on the inflammatory environment, regulating
macrophage plasticity and favoring a high Th17/Treg cell
ratio.

Analysis of the transcriptional signature of hepato-
cytes from fibrotic WT and AEGFR livers revealed the
role of the EGFR pathway in regulating the expression
of genes that promote fibrogenesis, such as different

J Pathol 2024; 263: 482495
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mRNA forms of the Pdgf gene, as well as genes such as
Lox and Loxll coding for lysyl oxidases involved in
collagen chain trimerization. Different genes related to
inflammatory processes, such as genes related to the
TNF pathway (Tnfrsfi2, Tnfiflla, Tnfsfml3), the pro-
inflammatory dermokine (Dmkn), or regulators of
the T-cell-mediated response, such as Cd276, also
appeared upregulated specifically in WT livers from
CCly-treated mice. Overall, the EGFR pathway modu-
lates a transcriptomic program in hepatocytes that con-
tributes to the generation of a pro-inflammatory and
fibrotic environment, which justifies the strong differ-
ences observed between WT and AEGFR mice after
CCly treatment. Correlating with this, numerous TFs
appeared regulated in CCly-treated WT but not in
AEGFR hepatocytes. An aspect that caught our attention
was the strong difference in the expression of genes
related to proliferation and differentiation, which were
upregulated and downregulated, respectively, in WT but
not in AEGFR hepatocytes after CCl; treatment.
Transient hepatocellular dedifferentiation can occur as
part of the regenerative mechanisms triggered in
response to acute liver injury. However, persistent
downregulation of key identity genes is now accepted
as a strong determinant of organ dysfunction in chronic
liver disease [32], by stably reprogramming the critical
balance of transcription factors responsible for hepato-
cyte identity, among them, HNF4a [32,33].
Hepatocytes from CCly-treated AEGFR hepatocytes
maintained Hnf4a expression and did not show changes
in the expression of proliferation—differentiation genes,
which may suggest that damage to hepatocytes is much
less and/or that the EGFR pathway is required for this
gene transcription reprogramming. In parallel, AEGFR
hepatocytes displayed higher expression of genes
related to mitochondrial metabolism pathways, which
might confer greater efficient energy production capacity.

Our analysis of the secretomes of WT and AEGFR
hepatocytes, either untreated or treated with HB-EGF,
demonstrated that activation of the EGFR pathway alters
the hepatocyte secretome, conferring the capacity to
modulate macrophage polarity, promoting an anti-
inflammatory phenotype. Proteomic analysis of the
conditioned media revealed that the secretion of
chemokines, such as Cxcl10, Cxcl12, or Cxcll6, was
significantly increased by HB-EGF in WT hepatocytes
but not in AEGFR hepatocytes. These cytokines have
been previously related to the progression of chronic
liver injury. Intrahepatic CXCL10 has been strongly
associated with liver fibrosis in different contexts in
human liver pathologies [34,35], through regulation of
macrophage-associated inflammation [36]. CXCL12,
the ligand of CXCR4, can be involved in multiple path-
ological mechanisms in fibrosis, such as inflammation,
immunity, EMT, and angiogenesis [37]. Furthermore, our
secretome analyses indicated a role for hepatocytes in
producing ECM proteins under the control of the EGFR
pathway. It is worth highlighting that Loxl1 appeared in
all the studies presented in this paper: in the in vivo
experiments, in the transcriptomic analysis performed in

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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hepatocytes, as well as in the secretome. It is very clear
that hepatocytes contribute to the expression, production,
and secretion of lysyl oxidases required for the final
formation of the collagen fibers, and the EGFR pathway
regulates this process.

Our data reveal that the findings obtained in the mouse
model could be translated to human patients suffering
from a fibrotic process. The analysis of transcriptomic
data in a cohort of liver biopsies from HCC-naive
MASLD patients demonstrated that the EGFR signaling
pathway increases in advanced stages of fibrosis and
correlates with the expression of fibrotic and inflammatory
genes identified in the in vivo and in vitro experiments.
Expression of LOXLI, mentioned above as a clear candi-
date to be under the control of the EGFR pathway, as well
as TIMP1, which has also been identified in some of the
experimental analyses in the mouse model, showed a
strong correlation with the EGF/EGFR signaling pathway.
Also, it is worth highlighting CXCL10, whose expression
shows a strong increase in advanced stages of fibrosis,
positively correlated with the EGF/EGFR signaling path-
way. Altogether, data from the human samples may indi-
cate that genes that play essential roles during liver fibrosis/
inflammation may be under the control of the EGFR
pathway.

In conclusion, the data presented here lead us to
propose a model where the EGFR pathway in hepatocytes
controls liver fibrosis and inflammation in response to a
chronic insult on the liver, through remodeling the hepa-
tocytes’ gene transcriptome/secretome, and which has
consequences on the deposition of ECM as well as on
the immune microenvironment (Figure 6E).
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