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Abstract

Background & Aims: Ductular reaction expansion is associated with poor prognosis in patients
with advanced liver disease. However, the mechanisms promoting biliary cell proliferation are
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largely unknown. Here, we identify neutrophils as drivers of biliary cell proliferation and the
defective wound-healing response.

Methods: The intrahepatic localization of neutrophils was evaluated in patients with chronic
liver disease. Neutrophil dynamics were analyzed by intravital microscopy and neutrophil-labeling
assays in DDC-treated mice. Neutrophil depletion or inhibition of recruitment was achieved using
a Ly6g antibody or a CXCR1/2 inhibitor, respectively. Mice deficient in PAD4 (peptidyl arginine
deiminase 4) and ELANE/NE (neutrophil elastase) were used to investigate the mechanisms
underlying ductular reaction expansion.

Results: In this study we describe a population of ductular reaction-associated neutrophils
(DRANS), which are in direct contact with biliary epithelial cells in chronic liver diseases

and whose numbers increased in parallel with disease progression. We show that DRANS

are immobilized at the site of ductular reaction for a prolonged period of time. In addition,

liver neutrophils display a unique phenotypic and transcriptomic profile, showing a decreased
phagocytic capacity and increased oxidative burst. Depletion of neutrophils or inhibition of
their recruitment reduces DRANS and the expansion of ductular reaction, while mitigating liver
fibrosis and angiogenesis. Mechanistically, neutrophils deficient in PAD4 and ELANE abrogate
neutrophil-induced biliary cell proliferation, thus indicating the role of neutrophil extracellular
traps and elastase release in ductular reaction expansion.

Conclusions: Overall, our study reveals the accumulation of DRANS as a hallmark of advanced
liver disease and a potential therapeutic target to mitigate ductular reaction and the maladaptive
wound-healing response.
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Introduction

Ductular reaction is a maladaptive regenerative response of the liver that occurs during
advanced chronic liver diseases. Ductular reaction release pro-inflammatory mediators

that lead to neutrophil recruitment,1-3 lymphocyte accumulation,*® hepatic stellate cell
activation®” and new vessel formation,8 thus contributing to an abnormal wound-healing
response. In advanced chronic liver diseases, ductular reaction expansion is associated with
disease progression and poor patient outcomes.?-11

Neutrophils are the first line of defense against pathogens and infection but they also
play important functions in tissue response to injury in both acute and chronic injury
conditions.12-15 In acute sterile liver injury, recruited neutrophils perform key restorative
functions and return to the circulation, migrating back to the bone marrow.16:17 However,
neutrophil recruitment and function in chronic liver injury is still largely unexplored.

Chronic liver diseases have an important effect on circulating neutrophil function, with
neutrophils showing reduced phagocytic capacity and enhanced superoxide production.
18-20 Recruited neutrophils are associated with increased liver injury, cholestasis and portal
hypertension,321:22 and secretion of hydrolytic and oxidative molecules by neutrophils has
been shownt to exacerbate tissue injury.23-26

Although infiltrating neutrophils are a common histological feature in advanced liver
diseases, little is known about their recruitment dynamics, phenotype and role in liver
wound-healing. In this study, we describe ductular reaction-associated neutrophils (DRANS),
which accumulate at the biliary epithelium cells and display altered dynamics, phenotype
and function. We show that neutrophils mediate biliary epithelium proliferation, contributing
to the maladaptive wound-healing response. These findings suggest that targeting DRANS
may be an appealing approach to promote an effective wound-healing response in liver
disease.

Materials and methods

Patients

Liver paraffin-embedded sections of explants and biopsies from patients with different
etiologies of liver disease 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 alcohol-related liver
disease cohort included patients at different disease stages: pre-cirrhosis (n = 5, F2-F3),
compensated cirrhosis (n = 5, F4), decompensated cirrhosis (n = 5, F4) and alcohol-related
hepatitis (n =5, F4).

Animal models

Twelve-week-old C57BL/6J mice (Charles River) were fed with standard diet supplemented
with 0.1% 3,5-diethoxycarbonyl-1,4-dihydro-collidin (DDC) (Sigma-Aldrich, St. Louis,
MO) for 1 or 3 weeks. The 1-week DDC treatment, carbon tetrachloride (CCly) injury
model and isolation of control mice cells were performed using both male and female
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mice, whereas long-term (3-week) treatment with DDC and bile duct ligation were
performed solely in male mice. Inhibition of CXCR1/2 receptor activity was performed
with SCH-527123 (MedChemExpress) and neutrophil depletion was achieved by anti-
Ly6G (1LAB8) antibody (BioXcell) administration. Neutrophil elastase- and protein arginine
deiminase 4-deficient mice (E/ane”’~ and Pad4~'~) were obtained from Jackson Laboratory.
All animal experiments were approved by the Ethics Committee of Animal Experimentation
of the University of Barcelona. See supplementary data for details.

Neutrophils are immobilized at the biliary epithelium in advanced chronic liver disease

We first determined the localization of infiltrating neutrophils in liver samples from

patients with chronic liver disease. In advanced chronic liver disease, neutrophils were
predominantly recruited at the periportal area and were closely associated with cytokeratin
(KRT)7* ductular reaction biliary cells in all the examined etiologies, including hepatitis

C and B virus, non-alcoholic fatty liver disease, alcohol-related liver disease and primary
biliary cholangitis (Fig. 1A and Fig. S1A). This observation suggests that the presence of
ductular reaction-associated neutrophils, which we named DRANS, is a common feature in
advanced liver diseases, independently of the cause or etiology. Moreover, we found that the
extent of DRANS and their proximity to the site of ductular reaction increases with disease
progression and correlates with ductular reaction expansion (Fig. 1B and Fig. S1B). Liver
tissue clearing from patients with advanced chronic liver disease showed that DRANS are in
cell contact with biliary epithelial cells (Fig. 1C and Supplementary Video 1).

Supplementary data to this article can be found online at https://doi.org/10.1016/
j-jhep.2023.05.045.

To evaluate the dynamic behavior of DRANS, we tracked neutrophils /n vivo in mice treated
with DDC diet.2” In DDC-treated mice (1 and 3 weeks of diet), neutrophils were located

at the site of ductular reaction (73.3%z=1.76) rather than within the sinusoids in the central
area (Fig. S1A and 1C). Intravital microscopy analysis revealed that DRANS surrounded the
network of epithelial cell adhesion molecule (EpCAM)* biliary epithelial cells (Fig. 1D).
Moreover, 3D reconstruction of Z-stack images showed that DRANS are in close contact
with EpCAM?* cells (Fig. 1E and Supplementary Video 2). On the contrary, neutrophils were
rarely seen at the central area or at sinusoids (Fig. 1D). The accumulation of DRANS at the
biliary epithelium structures was confirmed in bile duct-ligated mice as a second cholestatic
experimental model (Fig. S1E,F). On the contrary, in a carbon tetrachloride (CCl,) mouse
model, wherein mice exhibit a mild ductular reaction, neutrophils were found at the central
area (Fig. S1F). Neutrophil recruitment to the liver started as early as 2 days after the
initiation of a DDC diet. Of note, although the number of liver neutrophils slightly increased
at day 4 of DDC treatment, there was a prominent change in their location when compared
to day 2. At day 4, DRANSs appeared closely associated with EpCAM™ cells and their
accumulation at the site of ductular reaction increased even further at day 7 of DDC diet
(Fig. 1F).
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Supplementary data to this article can be found online at https://doi.org/10.1016/
j.jhep.2023.05.045.

DRANSs are long-lasting and show a static behavior

Next, we aimed to visualize the dynamics of DRANS by using intravital microscopy. A
60-minute-long video of DDC-fed mice shows that Ly6G-positive neutrophils are located at
the site of ductular reaction and display a static behavior, with little or no movement (Fig.
2A and Supplementary Video 3). This contrasts with previous work reported in acute liver
injury where neutrophils were very dynamic.1” Acute focal thermal injury on DDC-treated
animals induced a rapid recruitment of neutrophils to the site of injury, while the number of
DRANSs at EpCAM™* cells was unaltered (Fig. 2B and Supplementary Video 4). These data
indicate that sterile injury could not recruit DRANSs away from ductular reaction, suggesting
the presence of an overriding stop signal.

Supplementary data to this article can be found online at https://doi.org/10.1016/
j.jhep.2023.05.045.

Although neutrophils have a short lifespan in homeostasis, several reports suggest that
this can be significantly increased in injury or infection.?8 Thus, to evaluate the retention
of DRANSs and to track their recruitment and persistence within the liver tissue, we
labeled bone marrow-proliferating neutrophils with 5-ethynyl-2’-deoxyuridine (EdU) in
DDC-treated mice.2? At day 2 after EdU administration, 80% of neutrophils at the bone
marrow were positive for EdU, while EdU* neutrophils where still not present in the
circulation or liver. The number of labeled neutrophils at the bone marrow peaked at day 3
and declined until day 8. In the blood or liver, EJU™ neutrophils started to be detected at
day 3 and reached peak levels at day 4. Interestingly, while circulating EdU* neutrophils
then declined completely, mirroring the decline in bone marrow, the amount of liver EdU*
neutrophils remained at peak levels and unchanged for a period of 3 days, suggesting that
these cells were not being continuously replaced by new neutrophils, but rather remained
immobilized to the EpCAM™ cells. At day 8, EdU™ liver neutrophils did decline (Fig. 2C,D
and Fig. S2A). Fig. 2E shows a representative image of EdU* DRANS at day 5 after EdU
injection. The strikingly different kinetics of neutrophils between the circulation and the
liver tissue reveals that DRANS are retained at the liver and have a prolonged lifespan.

Liver neutrophils in DDC mice adopt a unique phenotypic and functional profile

Liver neutrophils from DDC mice showed increased CXCR4 and reduced CD62L (L-
Selectin) expression when compared to bone marrow or circulating neutrophils (Fig. 3A-
C), and CXCR4N9N [iver neutrophils were increased compared to control mice (Fig. 3D).
Based on previous studies, these results indicate that liver neutrophils show an aged-related
phenotype.30-32

RNA-sequencing of Ly6G™ neutrophils isolated from the liver (highly enriched in

DRANSs, 73.3£1.76%) and blood from DDC-treated mice showed clear differences in

their transcriptomic profile (Fig. 3E and Fig. S3A). Liver neutrophils were enriched in
inflammation- and oxidative stress-related pathways and chemokines and cytokine receptors
(Fig. 3F and 3G). Flow cytometry analysis confirmed the expression of CCR2, a marker
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of tissue-infiltrating neutrophils,33:34 in liver neutrophils (Fig. 3H). Furthermore, a protein-
protein interaction analysis with upregulated genes in liver neutrophils identified 777aas

a central player in neutrophil-related inflammatory networks (Fig. S3B). Genes involved

in phagocytosis, degranulation and respiratory burst were altered between liver and blood
neutrophils (Fig. 3I). Interestingly, liver neutrophils from DDC-treated mice showed an
enrichment in inflammatory and wound-healing biological processes compared to control
liver neutrophils. These results suggest that neutrophil gene expression profiles are altered as
a result of injury and infiltration (Fig. S3C and 3D).

Next, we functionally evaluated neutrophils from DDC-treated mice. As shown in Fig.
4A and 4B, liver neutrophils showed an increased baseline expression of 7nfa, Cxcl2,
/l6and //10and secretion of TNFa and IL-6. In addition, cytokine production upon
lipopolysaccharide stimulation was higher in liver neutrophils than in blood neutrophils
(Fig. 4B). Phagocytic capacity and burst index of circulating neutrophils was reduced in
DDC-treated mice compared to healthy mice (Fig. S4, Fig. 4C,D), and phagocytosis was
further reduced in liver neutrophils from DDC-treated mice (Fig. 4C). By contrast, burst
capacity was increased in liver neutrophils from DDC-treated mice at a basal level and
after stimulation with phorbol 12-myristate 13-acetate when compared with circulating
neutrophils (Fig. 4D).

We previously demonstrated the existence of a crosstalk between neutrophils and ductular
reaction and described ductular reaction as an important source of CXCL ligands in
chronic liver disease,! thus suggesting that ductular reaction recruits neutrophils and

alters their phenotype through CXCR1/2-dependent signaling. To address this hypothesis
we used conditioned medium from DDC mice-biliary organoids as an /n vitro model

of ductular reaction.l:8 First, we observed that organoid-conditioned medium induced
neutrophil migration, which was abrogated by SCH-527123, a CXCR1/2 inhibitor (Fig.
4E). Neutrophils stimulated with organoid-conditioned medium showed lower levels of
L-selectin, increased expression of CD11b, CXCR4 and CCR2 and increased expression of
116, Tnfa, I/1band Cxc/1, mimicking the phenotype observed in DDC mice. This phenotype
was partially prevented by SCH-527123 (Fig. 4F,G), but changes in CXCR4 and L-selectin
expression were not avoided (Fig. 4G).

Overall, these results indicate that ductular reaction recruits neutrophils and promotes
changes in their phenotype and function through the CXCL-CXCR1/2 axis.

Liver neutrophils promote biliary epithelium cell proliferation and expansion

To determine the role of neutrophils we: i) depleted neutrophils, and ii) inhibited neutrophil
recruitment in the DDC mouse model. Depletion of neutrophils with anti-Ly6G antibody, as
assessed by myeloperoxidase (MPO) and Ly6G staining, resulted in a reduction of ductular
reaction expansion, fibrosis deposition and angiogenesis (Fig. 5A and Fig. S5A). Neutrophil
depletion reduced the number of SOX9- and EpCAM-proliferating cells(Fig. 5B,C), which
agrees with changes in proliferating KRT7 cells in human samples (Fig. S1D). The reduction
of ductular reaction cells was not associated with increased apoptosis or senescence (Fig.
S5B). No proliferating endothelial cells or differences in hepatocyte proliferation were
observed, suggesting that changes in angiogenesis may be mediated by sprouting and cell

J Hepatol. Author manuscript; available in PMC 2024 October 01.
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migration processes rather than cell expansion3® (Fig. S5C,D). Neutrophil depletion reduced
the expression of Epcam, but not of inflammatory mediators (Fig. S5E). This effect was

not due to reduced liver injury, as serum transaminase levels increased after neutrophil
depletion(Fig.S5F).

We have previously shown that ductular reaction cells recruit neutrophils and alter their
phenotype through CXCR1/2. Thus, we inhibited /n7 vivo neutrophil recruitment with the
CXCRZ1/2 inhibitor SCH-527123. Intravital imaging showed that SCH-527123 reduced
the accumulation of DRANs at EpCAM™* cells (Fig. S6A). Inhibition of CXCR1/2 for

3 weeks in DDC-treated mice (Fig. 6A) resulted in a reduction in the expression of
pro-inflammatory and pro-fibrogenic mediators, as well as biliary markers such as Epcam
and Hnfl1b (Fig. S6B).CXCR1/2 inhibition reduced DRANS, proliferating ductular reaction
cells, the deposition of fibrosis and the degree of intrahepatic angiogenesis (Fig. 6B-D).
Apoptosis or senescence was not detected in ductular reaction (Fig. S6C). We did not
observe Ki67* endothelial cells (Fig. S6D). Hepatocyte proliferation did not change after
SCH-527123 treatment (Fig. S6E). No changes in liver injury levels were observed (Fig.
S6F). These results indicate that CXCR1/2-dependent recruitment of neutrophils leads to
ductular reaction expansion.

Neutrophil extracellular traps and neutrophil elastase mediates biliary epithelium

expansion

In chronic liver damage, infiltrating neutrophils release neutrophil extracellular traps (NETS)
contributing to liver injury.36-38 Moreover, NETs have been linked to cell proliferation

in tumor development.39 Mice deficient for PAD4, a molecule required for histone
citrullination and NET formation, were fed with DDC diet. Deficient NETosis in Pad4 ™/
mice was validated by citrullinated histone H3 and MPO co-staining (Fig. 7A). DDC-treated
Pad4™'~ mice showed a slight increase in DRANS, but an important reduction in ductular
reaction expansion and proliferating KRT19* cells (Fig. 7B-D). However, no expression of
cleaved caspase 3 or p21 in ductular reaction cells was observed (Fig. S7A). Hepatocyte
proliferation increased in Pad4 ™~ mice, but no Ki67* endothelial cells were observed

(Fig. S7B and 7C). To explore whether neutrophil elastase, a NET-associated protease,
mediates biliary epithelium expansion, we examined elastase-deficient mice (E/ane") fed
with DDC for 3 weeks. No changes in NETosis were observed as assessed by citrullinated
histone H3 and MPO co-staining (Fig. 7E). Although liver injury in £/ane'~ DDC-treated
mice was not affected (Fig. S7D), we observed a reduction in the expression of fibrosis

and progenitor cell genes (Fig. S7E). Histologically, £/ane”’~ mice presented no major
differences in the number of DRANS but a reduction in proliferation and the expansion of
ductular reaction cells (Fig. 7F—H). No expression of cleaved caspase 3 and p21 in ductular
reaction cells was observed (Fig. S7F). While hepatocyte proliferation decreased in £lane ™~
mice, no proliferation was observed in endothelial cells (Fig. S7G,H). To provide evidence
for a direct effect of neutrophil elastase on ductular reaction proliferation, mouse biliary
organoids were co-cultured for 1 week in low-attachment plates with phorbol 12-myristate
13-acetate-stimulated neutrophils from control and £/ane’~ mice. As observed in vivo

and in patients with liver disease, neutrophils increased the proliferation of organoids.

J Hepatol. Author manuscript; available in PMC 2024 October 01.
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Although not totally prevented, the induction of organoid proliferation was lower when
elastase-deficient neutrophils were used (Fig. 71).

Combined, these results indicate that neutrophil elastase promotes biliary epithelium
expansion, and therefore may be involved in the maladaptive wound-healing and
regenerative response of the liver in the context of chronic liver disease.

Discussion

In this study we describe the complex recruitment dynamics of neutrophils in chronic liver
injury and we define DRANS as a distinct population of neutrophils immobilized at the site
of ductular reaction with an extended half-life. Most of the information on the dynamic
recruitment of neutrophils to tissues derives from studies on infection or acute injury. In

the healthy liver, neutrophils can be found in the sinusoidal vasculature but very rarely
infiltrate the parenchyma. When there is a sterile acute liver insult such as local thermal
injury or ischemia-reperfusion, neutrophils are rapidly recruited to the site of damage, where
they remain for a short time before returning to the vasculature.1” In this study we show

that the recruitment dynamics of neutrophils in chronic liver injury are different and that a
population of neutrophils located at ductular reaction, named DRANS, emerges and persists
for several days. This observation suggests that DRANs may have an extended lifespan, with
the potential to become a stable inflammatory cell pool.

We show that neutrophil recruitment to the liver entails important changes in their phenotype
and function. DRANSs adopt an aged phenotype but also start to express receptors that

may be important for their intrahepatic recruitment. This is in agreement with studies
showing that expression of CCR-family members increase in neutrophils recruited to
chronic inflammatory sites.3* Moreover, we demonstrate that CXCL-chemokines among
other soluble factors secreted by ductular reaction promote neutrophils’ acquisition of a
pro-inflammatory and altered phenotype. As previously reported in the literature, our results
demonstrate the effect of tissue factors on neutrophils, driving their adaptation and changes
in their phenotype, which fine tune tissue recruitment and specialized functions.33:34
Moreover, the aged neutrophil phenotype is associated with the acquisition of a more
reactive and inflammatory function.36-32 These results highlight the plasticity of liver-
recruited neutrophils and show how neutrophils adapt to a chronic injury environment.

A growing number of studies report the existence of heterogeneity within neutrophil
populations in different contexts.2041 Whether liver neutrophils in chronic injury comprise
a heterogeneous population and which phenotypic and functional characteristics define each
of these populations requires further investigation.

The recruitment of neutrophils in response to infection or acute injury stimulates the
secretion of hydrolytic and oxidative molecules at the site of injury, which affect
neighboring cells, exacerbating tissue injury.232442 Moreover, the release of NETSs also
has an impact on the surrounding tissue, promoting vascular thrombosis and enhancing
inflammatory responses.?1:38:43 However, besides the detrimental role of neutrophils to
tissue injury, neutrophils have been shown to participate in tissue healing.23:4445 Qur study
expands on the understanding of the role of neutrophils in chronic liver injury and provides
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evidence that neutrophils are involved in ductular reaction expansion, affecting fibrosis and
angiogenesis.

We show important crosstalk between DRANS and ductular reaction cells. The finding that
both Pad47'~ and Elane™'~ mice showed reduced biliary epithelium cell proliferation but not
apoptosis or senescence, indicates that NETosis and specifically, elastase, may be involved
in the proliferation of biliary epithelium cells. These results are in agreement with reports
describing the role of NETSs in triggering cell proliferation in the cancer field where NET-
associated proteases (neutrophil elastase and MMP9) sequentially cleave the extracellular
matrix protein laminin, promoting proliferation of cancer cells.*® However, due to the
opposite effects observed on biliary cells and hepatocytes, further analyses are required to
clarify the cell-specific effect of neutrophils in liver regeneration. Besides the role in biliary
regeneration, these results expand the concept that neutrophils may functionally interact with
epithelial cells to regulate their proliferation.

Herein, we have described the dynamics of DRANS in chronic liver injury and their role

in the expansion of ductular reaction. We show that neutrophils are plastic and adapt to
tissue injury, acquiring a new phenotype, function and lifespan. Moreover, we show that
DRANs promote ductular reaction expansion, thus uncovering their role as players in liver
regeneration and wound-healing. All these data suggest that neutrophils could be a good
therapeutic target to mitigate ductular reaction expansion and to promote liver regeneration
and tissue repair in chronic liver diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact and implications

Our results indicate that neutrophils are highly plastic and can have an extended lifespan.
Moreover, we identify a new role of neutrophils as triggers of expansion of the biliary
epithelium. Overall, the results of this study indicate that ductular reaction-associated
neutrophils (or DRANS) are new players in the maladaptive tissue-healing response in
chronic liver injury and may be a potential target for therapeutic interventions to reduce
ductular reaction expansion and promote tissue repair in advanced liver disease.
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Highlights

Advanced chronic liver diseases are characterized by the presence of ductular
reaction-associated neutrophils.

Ductular reaction-associated neutrophils are long-lasting and immobilized to
biliary epithelial cells.

Neutrophils recruited to the liver adopt an altered phenotype and function.

Neutrophils mediate biliary cell proliferation contributing to the maladaptive
wound-healing response.
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Fig. 1. DRANS are recruited to the biliary epithelium.
(A) Immunofluorescence of MPO and KRT7 in liver sections of patients with ALD, NASH,

HCV, HBV and PBC. Scale bar: 100 um. (B) Immunofluorescence of DRANs (MPO) at
biliary epithelium (KRT7) in hepatic biopsies of patients with ALD. Percentage of MPO*
cells at periportal areas and minimum distance of MPO™ cells to KRT77 cells. Scale bar: 100
um. (C) Clearing of 3 mme-liver section of a patient with cirrhosis. Arrows show neutrophils
(MPOQ) attached to biliary cells (KRT7). (D) SD-IVM images of periportal and central

areas in DDC-treated mice. (E) 3D-reconstruction of neutrophils (Ly6G) recruited to the
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biliary epithelium (EpCAM) in mice treated with DDC for 1 week. (F) SD-IVM images of
DDC-treated mouse showing the progression of neutrophil (Ly6G) recruitment to ductular
reaction (EpCAM). All data is presented as mean = SEM. *p <0.05, **p <0.01, ***p
<0.001 as determined by one-way ANOVA with Tukey’s multiple comparison test (B, F).
AH, alcohol-related hepatitis; ALD, alcohol-related liver disease; CH, cirrhosis; DDC, 3,5-
diethoxycarbonyl-1,4-dihydrocollidine; DRANS, ductular reaction-associated neutrophils;
EpCAM, epithelial cell adhesion molecule; FOV, field of view; KRT, cytokeratin; Ly6G,
lymphocyte antigen 6 complex locus G6D; MPO, myeloperoxidase; NASH, non-alcoholic
steatohepatitis; PBC, primary biliary cholangitis; SD-1VM, spinning-disk confocal intravital
microscopy.
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Fig. 2. DRANs are immobilized at the biliary epithelium and remain static.
(A) Time-lapse SD-1VM images showing neutrophil (Ly6G) static behaviour at ductular

reaction (EpCAM) sites. (B) SD-1VM images of FTI (Sytox Green) in mice treated with
DDC for 1 week. Quantification of neutrophils (Ly6G) retained at EpCAM™ cells per FOV.
(C) Flow cytometry plots showing Ly6G* EAU* neutrophils. (D) Percentage of Ly6G* EdU*
neutrophils (n = 3—4 mice per time point). Data presented as mean + SEM. Each time

point was compared by two-way ANOVA with Dunnett’s multiple comparison test vs. day 3
(bone marrow samples) or day 4 (liver and blood samples). *p <0.05, **p <0.01 and ***p
<0.001. (E) Immunofluorescence (scale bar: 50 um) and EdU immunohistochemistry (scale
bar: 100 um) of liver sections of mice fed with DDC after 5 days of EdU injection. EdU,
5-ethynyl-2’-deoxyuridine; FOV, field of view; FTI, focal thermal injury; Ly6G, lymphocyte
antigen 6 complex locus G6D; SD-IVM, spinning-disk confocal intravital microscopy.
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Fig. 3. Liver neutrophils in chronic liver damage acquire an aged and pro-inflammatory

phenotype.

Flow cytometry analysis of the expression of CXCR4 (A) and L-selectin (B) in Ly6G*

cells (n = 3 mice per group). (C) Flow cytometry analysis of DDC-treated liver neutrophils
(n = 3 mice per group). (D) Flow cytometry analysis of liver neutrophils (n = 5 mice

per group). (E) Principal component analysis of transcriptomic data of neutrophils from
DDC-treated mice (n = 3 mice per group). (F) Enriched gene ontology biological processes
in liver neutrophils compared to blood neutrophils. (G) Heat map of differentially expressed
inflammatory cytokines and receptors (n = 3 mice per group). (H) Flow cytometry analysis
of CCR2 expression in Ly6G* neutrophils in DDC-fed mice (n = 3 mice per group).

(1) Heat map of differentially expressed genes associated with significantly enriched
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gene ontology annotations (n = 3 mice per group). All data is presented as mean +

SEM. *p<0.05, **p <0.01 and ***p <0.001 as determined by one-way ANOVA with
Tukey’s multiple comparison test (A, B, H) and Student’s #test (C, D). CCR2, C-C

Motif Chemokine Receptor 2; CXCR4, C-X-C motif chemokine receptor 4; DDC, 3,5-
diethoxycarbonyl-1,4-dihydrocollidine; Ly6G, lymphocyte antigen 6 complex locus G6D;
MFI, median fluorescence intensity.
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Fig. 4. Liver neutrophils in chronic injury present an altered functionality.
(A) Gene expression analysis of liver and circulating neutrophils from DDC-treated mice

(n =4 mice per group). (B) Supernatant levels of cytokines in neutrophils stimulated
with LPS (100 ng/ml) or vehicle for 6 h (n = 4 mice per group). (C) Phagocytic
activity of neutrophils isolated from DDC and control mice (n = 5 mice per group).
Phagocytic index: % of Ly6G*E. coli-FITC* cells x MIF/100. (D) Neutrophil oxidative
burst at basal or PMA-stimulated contexts in neutrophils from DDC and control mice
(n = 5-6 mice per group). Burst index: % of Ly6G* Rhodamine* cells x MIF/100. (E)
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Images and number of migrated neutrophils (n = 3) when exposed to biliary organoid-
conditioned media (n = 3) and SCH-527123 (50 um) for 2 h. Scale bar: 100 um (F) Gene
expression analysis of neutrophils (n = 3) treated with organoid-conditioned media (n =
3) and SCH-527123 (50 um) for 6 h. (G) Flow cytometry analysis of CCR2, L-selectin,
CD11b and CXCR4 expression in neutrophils (n = 4-5) treated for 18 h with organoid-
conditioned media (n = 3) and SCH-527123 (50 um). All data is presented as mean +
SEM. *p<0.05, **p <0.01 and ***p <0.001 as determined by two-way ANOVA with
Sidak’s multiple comparison (A), one-way ANOVA with Tukey’s multiple comparison
(Cxclland //1bin E, F, CCR2, CD11b and CXCR4 in G), Kruskal-Wallis test with
Dunn’s multiple comparison (B, 7nfand //6in E; L-selectin in G) or Student’s ftest (C,
D). CCR2, C-C Motif Chemokine Receptor 2; CM, conditioned media; CXCR4, C-X-C
motif chemokine receptor 4; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; GFP, green
fluorescent protein; LPS, lipopolysaccharide, Ly6G, lymphocyte antigen 6 complex locus
G6D; MFI, median fluorescence intensity; PMA, phorbol 12-myristate 13-acetate.
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Fig. 5. Long-term depletion of neutrophils in chronic liver injury leads to a decrease in
proliferating biliary epithelial cells.

(A) Immunohstochemistry analysis of livers of control- and DDC-treated mice with anti-
Ly6G antibody (1A8) or isotype (n = 4 mice per group). Scale bars: 100 um. (B) Staining

of progenitor markers in mice treated with anti-Ly6G antibody (1A8) and isotype. Scale
bars: 100 um. (C) Immunofluorescence of KRT19 and CCND1 of liver sections of mice
treated with anti-Ly6G antibody (1A8) and isotype (n = 3 mice per group). Scale bars:

50 um. All data is presented as mean + SEM. *p <0.05, **p <0.01 and ***p <0.001 as
determined by one-way ANOVA with Tukey’s multiple comparison test (MPO, KRT19, S/R
in A), one-way ANOVA Kruskal-Wallis with Dunn’s multiple comparison test (CD31 in A)
and Mann-Whitney test (C). CCND1, cyclin D1; CD31, cluster of differentiation 31; DDC,
3,5-diethoxycarbonyl-1,4-dihydrocollidine; EpCAM, epithelial cell adhesion molecule; ISO,
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isotype; KRT, cytokeratin; MPO, myeloperoxidase; Ly6G, lymphocyte antigen 6 complex
locus G6D; SOX9, SRY-Box transcription factor 9; S/R, sirius red.
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Fig. 6. Blocking neutrophil recruitment by CXCR1/2 inhibitor reduces biliary epithelium
expansion in chronic injury.

(A) Mice were fed with DDC and treated daily with CXCR1/2 inhibitor (SCH-527123)

for 3 weeks at a dose of 50 mg/kg. (B) Immunohistochemistry analysis of liver sections

of control and 3-weeks DDC-fed mice treated with SCH-527123 or vehicle (n = 5-6 mice
per group). Scale bars: 100 pm. (C) Immunofluorescence of progenitor markers in liver
sections of mice fed with DDC for 3 weeks and treated with SCH-527123 inhibitor or
vehicle. Scale bars: 100 um. (D) Immunofluorescence of KRT19 and CCNDL1 in mice
treated with SCH-527123 or vehicle (n = 3-5 mice per group). Scale bars: 50 pm. Data
presented as mean + SEM. *p <0.05, **p <0.01 and ***p <0.001 as determined by one-way
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ANOVA with Tukey’s multiple comparison test (B) and Student’s #test (D). CCND1, cyclin
D1; CD31, cluster of differentiation 31; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine;
EpCAM, epithelial cell adhesion molecule; KRT, cytokeratin; MPO, myeloperoxidase;
SOX9, SRY-Box transcription factor 9; S/R, sirius red; \eh, vehicle; wk, weeks.
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Fig. 7. Depletion of NETosis and elastase release reduces liver progenitor cell expansion.
(A) Immunofluorescence of MPO and citH3 in WT and Pad4~/~ liver sections (n = 4 mice

per group). Scale bars: 100 um. (B) Immunohistochemistry analysis of WT and Pad4~/~
mice liver sections (n = 4—7 mice per group). Scale bars: 100 pm. (C) Immunofluorescence
of KRT19-EpCAM and KRT19-SOX9 in WT and Pad4 ™~ mouse liver sections. Scale bars:
100 pm. (D) Immunofluorescence of KRT19 and CCND1 in WT and Pad4™/~ mice (n = 4-6
mice per group). Scale bars: 50 pm. (E) Immunofluorescence of NETs in WT and E/ane™/~
liver sections (n = 4 mice per group). Scale bars: 100 um. (F) Immunohistochemistry
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analysis of MPO and KRT19 in WT and £/ane”~ mouse liver sections (n = 4-5 mice per
group). Scale bars: 100 um. (G) Immunofluorescence of progenitor markers in WT and
Elane™'~ mouse liver sections. Scale bars: 100 um. (H) Immunofluorescence of KRT19 and
CCND1 in WT and E/ane™~ mice. Scale bars: 50 pm. (1) Images of biliary organoids and
WT or Efane™'~ neutrophil co-culture. Organoid area is normalized per microcavity area.
Each measurement represents a technical replicate consisting of the average area of at least
40 microcavities (n = 3 mice-derived organoids). Scale bar: 500 um. Data presented as mean
+ SEM. *p<0.05, **p <0.01 and ***p <0.001 as determined by Student’s ftest (A, B, D,

E, F, H) and one-way ANOVA with Tukey’s multiple comparison test (I). CCNDZ1, cyclin
D1; citH3, citrullinated histone H3; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; E/ane,
neutrophil elastase; EpCAM, epithelial cell adhesion molecule; FQV, field of view; KRT,
cytokeratin; MPO, myeloperoxidase; NETSs, neutrophil extracellular traps; Pad4, peptidy!
arginine deiminase 4, SOX9, SRY-Box transcription factor 9; WT, wild-type.
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