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Activated hepatic stellate cells and portal fibroblasts
contribute to cholestatic liver fibrosis in MDR2
knockout mice
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Highlights
e Hepatic myofibroblasts progressively accumulate in the
livers of Mdr2~/~ mice.

e Mpyofibroblasts mostly originate from hepatic stellate cells or
portal fibroblasts.

e Meanwhile, fibrocytes minimally contribute to myofibrob-
lasts in Mdr2~/~ mice.

¢ In addition to collagen production, myofibroblasts serve as a
source of NADPH oxidase (NOX).

e Therapeutic blocking of NOX1/4 ameliorates cholestatic
fibrosis in Mdr2~/~ mice.
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Lay summary

Activated portal fibroblasts and hepatic
stellate cells, but not fibrocytes, con-
tributed to the production of the fibrous
scar in livers of Mdr2~/~ mice, and these
cells can serve as targets for antifibrotic
therapy in cholestatic injury. Therapeutic
inhibition of the enzyme NADPH oxidase
(NOX) in Mdr2~/~ mice reversed chole-
static fibrosis, suggesting that targeting
NOXs may be an effective strategy for the
treatment of cholestatic fibrosis.
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Background & Aims: Chronic liver injury often results in the
activation of hepatic myofibroblasts and the development of
liver fibrosis. Hepatic myofibroblasts may originate from 3
major sources: hepatic stellate cells (HSCs), portal fibroblasts
(PFs), and fibrocytes, with varying contributions depending on
the etiology of liver injury. Here, we assessed the composition
of hepatic myofibroblasts in multidrug resistance gene 2 knock-
out (Mdr2~'~) mice, a genetic model that resembles primary
sclerosing cholangitis in patients.

Methods: Mdr2~/~ mice expressing a collagen-GFP reporter
were analyzed at different ages. Hepatic non-parenchymal cells
isolated from collagen-GFP Mdr2~'~ mice were sorted based on
collagen-GFP and vitamin A. An NADPH oxidase (NOX) 1/4 inhi-
bitor was administrated to Mdr2~/~ mice aged 12-16 weeks old
to assess the therapeutic approach of targeting oxidative stress
in cholestatic injury.

Results: Thy1" activated PFs accounted for 26%, 51%, and 54% of
collagen-GFP* myofibroblasts in Mdr2~/~ mice at 4, 8, and
16 weeks of age, respectively. The remaining collagen-GFP*
myofibroblasts were composed of activated HSCs, suggesting
that PFs and HSCs are both activated in Mdr2~/~ mice. Bone-
marrow-derived fibrocytes minimally contributed to liver fibro-
sis in Mdr2~/~ mice. The development of cholestatic liver fibro-
sis in Mdr2~/~ mice was associated with early recruitment of
Gr1* myeloid cells and upregulation of pro-inflammatory
cytokines (4 weeks). Administration of a NOX inhibitor to 12-
week-old Mdr2~/~ mice suppressed the activation of myofibrob-
lasts and attenuated the development of cholestatic fibrosis.
Conclusions: Activated PFs and activated HSCs contribute to
cholestatic fibrosis in Mdr2~/~ mice, and serve as targets for
antifibrotic therapy.

Lay summary: Activated portal fibroblasts and hepatic stellate
cells, but not fibrocytes, contributed to the production of the
fibrous scar in livers of Mdr2~/~ mice, and these cells can serve
as targets for antifibrotic therapy in cholestatic injury. Thera-
peutic inhibition of the enzyme NADPH oxidase (NOX) in
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Mdr2~/~ mice reversed cholestatic fibrosis, suggesting that tar-
geting NOXs may be an effective strategy for the treatment of
cholestatic fibrosis.

© 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction

Chronic liver injury often results in liver fibrosis. The develop-
ment of liver fibrosis is associated with migration and prolifer-
ation of collagen type I-producing myofibroblasts, which are not
present in the normal liver. Activated myofibroblasts originate
from 3 major sources: hepatic stellate cells (HSCs), portal
fibroblasts (PFs), and fibrocytes.! ™ Activated HSCs (aHSCs)
were implicated in the pathogenesis of experimental toxic liver
fibrosis, such as chronic CCl, administration and alcoholic liver
disease,'> while PFs are predominantly activated in response to
cholestatic liver fibrosis, such as bile duct ligation (BDL).?

Several experimental models of cholestatic liver injury have
been developed.® BDL causes rapid activation of PFs, especially
at the onset of injury. Although the pathology resulting from
BDL resembles that seen in human chronic cholestatic disease,
the surgical stress and the severity of cholestatic injury limit
the utility of the BDL model. The multidrug resistance gene 2
knockout (Mdr2~/—, also known as Abcb4~/~) mouse is another
well-established model of chronic cholestatic liver injury. Defi-
ciency of Mdr2, a canalicular phospholipid flippase, disrupts bil-
iary phospholipid secretion, leading to the increase of
potentially toxic bile acid, which induces hepatocyte damage
and cholangiopathy,”® which is characterized by pericholangi-
tis and onion-skin-type periductal fibrosis, resembling the
pathological features of primary sclerosing cholangitis
(PSC).!%!! Despite extensive studies,'?'® the contribution of
aHSCs and activated PFs (aPFs) to cholestatic fibrosis in Mdr2—/~
mice has not been defined.

Under physiological conditions, quiescent HSCs (qHSCs)
reside in the space of Disse (which is located between hepato-
cytes and sinusoidal endothelial cells),’ store vitamin A, and
serve as liver pericytes. QHSCs express specific markers, such
as glial fibrillary acid protein (GFAP), synaptophysin, nerve
growth factor p75 (NGFR1), and lecithin retinol acyltransferase
(Lrat).>'*!> In response to toxic liver injury, HSCs downregulate
the expression of vitamin A in lipid droplets, migrate to the
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pericentral areas, and transdifferentiate into collagen type I and
a-smooth muscle actin (aSMA) expressing myofibroblasts.

Portal fibroblasts, which reside around the portal area and
maintain the integrity of the biliary tree and portal tract,'® com-
prise a small population of fibroblasts in the liver under physi-
ological conditions. In response to cholestatic injury, PFs
proliferate, get activated, and contribute to collagen type I depo-
sition. APFs can be distinguished from aHSCs by expression of
Thy1, Fibulin2, Elastin, Gremlin1, ecto-ATPase nucleoside triphos-
phate diphosphohydrolase 2, mesothelin (Msin), and mucin 16
(Muc16),>'*'%17 and the lack of HSC markers.

Therapeutic approach to cholestatic fibrosis remains chal-
lenging; hence, liver transplantation is the only effective ther-
apy for patients with late-stage PSC.'® The activity of NADPH
oxidase (NOX), an enzyme system that catalyzes the reduction
of molecular oxygen to superoxide, plays an important role in
the activation of HSCs and the development of hepatic fibro-
sis,'° 22 and treatment with a NOX1/4 dual inhibitor decreases
both CCls-induced hepatotoxic fibrosis and BDL-induced chole-
static fibrosis.>®

Here, we characterize the development of cholestatic fibrosis
in Mdr2~'~ mice. We determined that aPFs and aHSCs (but not
fibrocytes) contribute to hepatic myofibroblasts in Mdr2~/~
mice during the progression of cholestatic fibrosis. Increased
expression of fibrogenic genes was associated with the upregu-
lation of Thy1 and CD34 in aPFs. Although aPFs were in close
proximity to proliferating cholangiocytes, cholangiocytes them-
selves did not express collagen type I. Hepatic expression of
NOX was induced in Mdr2~/~ mice only upon the development
of liver fibrosis. Therapeutic inhibition of NOX1/4 in Mdr2~/~
mice reversed cholestatic fibrosis, suggesting that targeting
NOXs may be an effective strategy for the treatment of chole-
static fibrosis.

Materials and methods

Mice

BALB/c-Mdr2~/~ mice (gift of Dr. Frank Lammert)** were
crossed with collagen-ot1(1)-GFP (Col®fP) mice.?® Lrat“™ mice
(gift of Dr. Robert Schwabe)'®> were crossed with Rosa26°%
stop-flox-YFP raporter mice (The Jackson Laboratory, CA, USA).
The mice were housed and maintained under specific
pathogen-free conditions in a standard environment with a
12-hour light-dark cycle, and fed a diet of normal chow ad libi-
tum, at the animal facilities of University of California San Diego
under protocol S07088, approved by the Institutional Animal
Care and Use Committee.

Development of liver fibrosis and treatment with NOX1/4
inhibitor

Mdr2~/~Col®™ mice (male; BALB/c; n = 5-7/group) were sacri-
ficed at 3, 4, 8, 12, and 16 weeks of age. Wild-type Col°*’ mice
(male; BALB/c; n = 5) were subjected to BDL (5 days) or admin-
istration of CCl4 (1:4 in corn oil; 200 pl; 2x/week for 3 weeks).
The NOX1/4 inhibitor (GKT137831; Genkyotex S.A., France)?*
was administered in vivo (20 or 60 mg/kg, or vehicle, 20 doses,
oral gavage) to Mdr2 /- mice (male; BALB/c; n=6-8/group)
from age 12 to 16 weeks old.

Bone-marrow transplantation

Mdr2~'~ mice (male; BALB/c; 4 weeks old; n = 6-8/group) were
lethally irradiated (12 Gy) and i.v. reconstituted with the donor
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Col®*? bone-marrow (BM) cells (1 x 107). The recipient Mdr2~/~
mice were sacrificed at 16 weeks of age.

Histology and immunohistochemistry

Formalin-fixed livers were embedded in paraffin or optimal cut-
ting temperature compound, and stained with Sirius Red or
antibodies for immunohistochemistry. The positive area was
quantified using Image] (National Institutes of Health, MD,
USA) (see Supplementary materials).

Flow cytometry

Non-parenchymal cell fraction was isolated from Mdr2—/~Col®™
mice (4, 8, and 16 weeks old) using the pronase/collagenase
method, as described.?® GFP*vitaminA* aHSCs and GFP'vita-
minA~ aPFs were quantified and sort purified using FACSAria™
II (BD Biosciences, CA, USA).

Quantitative real-time PCR (qPCR) and RNA sequencing
analysis

Total RNA was extracted using RNeasy® columns (Qiagen, MD,
USA). Expression levels of selected genes (for primers, see Sup-
plementary Table S1) were calculated after normalization to
hypoxanthine guanine phosphoribosyl transferase (HPRT) by
using the AACt method. RNA sequencing (RNAseq) analysis
was performed using the non-parenchymal cell fraction, which
was sort purified from 16-week-old Mdr2~/~Col°™ mice (see
Supplementary materials).

Western blot

Western blot analysis was performed on liver tissue lysates that
were separated by SDS-PAGE and transferred to nitrocellulose
membranes (see Supplementary materials).

Statistical analysis

Data are mean # SD. Differences between groups were compared
using ANOVA, followed by the Tukey-Kramer test. A p value of
<0.05 was considered significant. JMP Pro 11 (SAS Institute, Cary,
NC, USA) software was used for all statistical analyses.

Results

Development of fibrosis in Mdr2/~ mice is associated with
inflammation, oxidative stress, and ductular reaction
Progression of cholestatic liver fibrosis was analyzed in 4-, 8-,
12-, and 16-week-old Mdr2~/~ mice. Extracellular matrix
(ECM) deposition was observed in livers of Mdr2~/~ mice as
early as 4 weeks of age, and reached maximum at 12-16 weeks,
as demonstrated by Sirius Red staining (Fig. 1A and B), which
was accompanied by expression of fibrogenic genes (Collal,
aSMA, Desmin, TIMP1, and TGFSR1 mRNA; Fig. 1C) and inflam-
matory genes (F4/80, IL-1p, and IL-6 mRNA; Fig. 1D). Age-
dependent ECM deposition in Mdr2~/~ mice correlated with
increased upregulation of aHSC markers (Desmin, «-SMA, and
TIMP1 mRNA), and aPF markers (Thy1, Msln, Muc16, CD34, and
Fibulin2 mRNA, with the exception of elastin, in which the
expression peaked at 4 weeks of age; Fig. 1E). Expression of
NOX genes (NOX1, NOX2, and NOX4 mRNA; Fig. 1F) and cholan-
giocyte markers (CK19 and Sox9 mRNA; Fig. 1G) followed a sim-
ilar trend, suggesting that the activation of hepatic
myofibroblasts in Mdr2~/~ mice positively correlates with the
age-dependent development of oxidative stress, hepatic inflam-
mation, and ductular proliferation.
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Fig. 1. APFs and HSCs contribute to the progression of cholestatic fibrosis in Mdr2 -/~ mice. Livers from 4-, 8-, 12-, and 16-week-old Mdr2~/~ mice and age-
matched WT littermates were analyzed. (A) Sirius Red staining, scale bar: 200 um. (B) Positive area was calculated as percent. (C) Expression of fibrogenic
markers, (D) inflammatory genes, (E) aPF markers, (F) NOX genes, and (G) cholangiocyte markers were analyzed by qPCR. Data are fold induction versus age-
matched WT littermates. (H) Staining for Col°f” and Thy1. Scale bar: 100 pm. (I and J) The composition of GFP* myofibroblasts (100%) was calculated as percent
of Thy1*GFP* (yellow) and Thy1~GFP* (green) area. (K and L) Non-parenchymal fraction was isolated from Mdr2~/~Col"® mice. GFP*+Vitamin A" cells were sort
purified. (K) Representative dot plots and the percent of Vit.A" and Vit. A~ in GFP* cells (100%). (L) Staining for Thy1. Scale bar: 100 um. n = 5-7 mice per age
group, mean = SD, fp <0.05, tp <0.01, #p <0.001 versus WT; *p <0.05, **p <0.01, ***p <0.001, by ANOVA. aPF, activated portal fibroblast; HSC, hepatic stellate cell;

NOX, NADPH oxidase; WT, wild-type.
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Fig. 2. Pathological features of liver injury in 4-, 8-, and 16-week-old Mdr2~/~ mice. Serial liver sections from (A) 4-, (B) 8-, and (C) 16-week-old Mdr2~/~
mice were stained with Sirius Red, PanCK, Sox9, Thy1, Desmin, or aSMA. Asterisks: HSCs. (D) Livers from 8-week-old Mdr2-/~Col® mice were stained for
PanCK, (E) Sox9, (F) Thy1, and (G) Desmin. (H) Livers from Mdr2~/~ mice were stained for Desmin and Thy1. Asterisks: HSCs. Scale bar: 100 pum. n = 5-7 per age
group, mean + SD. BD, bile duct; HSC, hepatic stellate cell; PV, portal vein.
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Collagen type I-expressing myofibroblasts emerge in the
livers of Mdr2/~ mice

To visualize activated myofibroblasts, Mdr2-/~ mice were
crossed with collagen1-o(I)-GFP reporter mice (in which all Col-
lagen Type I expressing cells are labeled in real time with GFP)*°
to generate Mdr2~/~Col°™ mice. Myofibroblasts first emerged in
the livers of 4-week-old Mdr2—/~Col®"™ mice (and contributed to
5.2% of the total liver area), and were increased depending on
the progression of fibrosis (up to 10.3% area of the total liver
area at 8 weeks old, and 11.6% at 16 weeks old; Fig. 1H and I).
Next, the composition of hepatic myofibroblasts was analyzed
in Mdr2~'~Col®® mice.

Thy1 GFP* and Thy1’GFP* myofibroblasts comprise the
major populations of fibrogenic myofibroblasts in the livers
of Mdr2 /- Col® mice

Livers from 4-, 8-, and 16-week-old Mdr2~/~Col°™ mice were
immunostained for the aPF marker, Thy1. Compared to the total
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GFP* myofibroblast area (considered as 100%), Thy1* aPFs were
progressively activated (ranging from 26% to 54% in the livers of
4- and 16-week-old Mdr2~/~ mice; Fig. 11 and J). In turn, the
number of Thy1 GFP* cells increased with age in Mdr2~/~ mice,
but their relative contribution to myofibroblasts declined (from
73% to 45% of the total GFP™ myofibroblasts in the livers of 4-
and 16-week-old Mdr2~/~ mice, respectively), suggesting that
aHSCs and aPFs are the major contributors to ECM-producing
myofibroblasts in Mdr2~/~ mice.

Similar results were obtained using flow cytometry for vita-
min A (Vit.A) and collagen1-a(I)-GFP myofibroblasts.> AHSCs
were identified by simultaneous expression of Vit.A and Col®fF,
while GFP* aPFs lacked the expression of Vit.A. Vit. A*GFP* aHSCs
comprised 68% of GFP* myofibroblasts (100%) in the livers of 4-
week-old Mdr2~/~ mice, but only 41% in livers of 16-week-old
Mdr2~/~ mice. This effect was attributed to the rapid expansion
of Vit.A"GFP* aPFs (Fig. 1K and L), since their contribution to
total GFP* myofibroblasts was increased from 32% in livers of
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4-week-old Mdr2~'~ mice to 57-59% in livers of 16-week-old
Mdr2~/~ mice. We concluded that both aHSCs and aPFs critically
contribute to cholestatic fibrosis. Age-dependent activation of
aHSCs and aPFs was further evaluated using histological analy-
sis of Mdr2~'~ mice.

Thy1* aPFs serve as a significant source of ECM in Mdr2 /-
mice and human cholestatic injury

The pathological features of liver injury were first examined in
4-week-old Mdr2~/~ mice. The onset of cholestatic fibrosis was
associated with the accumulation of Thy1* and Desmin® cells
around the portal area, and displayed typical “onion-skin-like”
fibrosis surrounding PanCK® and Sox9" cholangiocytes
(Fig. 2A). We also observed proliferation of small Sox9* bile
ducts around Thy1* aPFs. Immunostaining of serial sections
revealed that the area of ECM deposition overlapped mostly
with the Thy1™ area, suggesting that aPFs significantly con-
tribute to the fibrous scar at 4 weeks of age.

At 8 weeks of age, areas positive for Thy1, Desmin, and o-
SMA were markedly enlarged and correlated with increased
ECM deposition in portal areas of these mice (Fig. 2B). At this
age, expression of PanCK and Sox9 mostly overlapped, and
was indicative of maturation of proliferating bile ducts. A simi-
lar, but more severe, pathology was observed in livers of 16-
week-old Mdr2~/~ mice, and was associated with the formation
of a more compact fibrous scar and further activation of Thy1*
and Desmin® myofibroblasts, whereas the immunoreactivity
for aSMA was observed in the portal area, e.g. in fibrotic regions
and in basal membranes underlying biliary epithelium (Fig. 2C).

To support our findings in Mdr2~/~ mice, we validated the
contribution of aPFs to myofibroblasts in human cholestatic dis-
ease using immunostaining of human liver sections (Supple-
mentary Fig. S1). In human livers with cholestatic injury,
Thy1* cells accumulated in the area corresponding to ECM
deposition and surrounding the CK19" cholangiocytes. Notably,
the Thy1* area mostly overlapped with the MsIn™ area, indicat-
ing that Thy1*MsIn* aPFs contribute to human cholestatic
fibrosis.

APFs surround the bile duct and express Desmin and Thy1

Previous reports suggested that injured cholangiocytes can pro-
duce Collagen Type 1.7 Here, we examined if PanCK* and/or
Sox9* bile ducts upregulate Collagen Type I in 8-week-old
Mdr2-/~Col®f® mice. Despite close proximity to Thyl* aPFs,
neither PanCK" nor Sox9* cholangiocytes expressed collagen1-
o(I)-GFP (Fig. 2D and E), indicating that cholangiocytes do not
contribute to ECM deposition. The majority of Thy1* aPFs accu-
mulated in the portal area, while Desmin*GFP* aHSCs were
mostly located in the hepatic acini or capsular areas (Fig. 2F).
Surprisingly, Desmin positive staining was also observed in
the portal areas populated with aPFs (Fig. 2G). Furthermore,
immunoreactivity for Desmin and Thyl was co-localized in
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30-40% of GFP* portal myofibroblasts, while parenchymal and
sinusoidal GFP* HSCs were stained positive only for Desmin
(Fig. 2H). Similar results were obtained in 4- and 16-week-old
Mdr2~/~ mice, suggesting that anti-Desmin antibodies might not
discriminate between aHSCs and aPFs in livers of Mdr2~/~ mice.

To address this question, cholestatic injury was induced in
HSC-specific LratY™ mice'® (generated by crossing Lrat“™ and
Rosa26Y" mice) via ligation of the common bile duct (BDL;
5days). Similarly, Lrat¥"-labeled cells were stained positive
not only for Desmin*Thy1~ HSCs, but also for Desmin Thy1*
aPFs (Supplementary Fig. S2), and exhibited a distribution pat-
tern similar to that observed in Mdr2~/~ mice. Our data imply
that Lrat“® mice are suited for lineage tracing of both aHSCs
and aPFs (due to Lrat expression during embryonic develop-
ment). We also concluded that a subset of Mdr2-deficient aPFs
upregulates Desmin. Therefore, additional markers that dis-
criminate aPFs from aHSCs are needed.

CD34" aPFs contribute to cholestatic fibrosis in Mdr2/~ mice
In an attempt to identify additional markers of aPFs that can be
used for immunohistochemical studies, expression of CD34 on
aPFs and aHSCs was evaluated. Transmembrane phosphoglyco-
protein CD34, a member of the sialomucin family, is expressed
by a variety of cells, including hematopoietic and endothelial
cells, as well as mesenchymal progenitors and aPFs.? Here, we
demonstrate that CD34* was strongly expressed in Col™* aPFs
upon the development of cholestatic fibrosis in Mdr2~/~ mice
(Fig. 3A and B; Supplementary Fig. S3A). Upregulation of CD34
mRNA also positively correlated with an increased expression
of other aPF-specific markers (Thyl, Msln, Mucl6, Fibulin2;
Fig. 1D). CD34" cells accumulated predominantly in the portal
(57%) and sinusoidal (24%) areas, and were scattered through-
out the capsular (17%) area (Fig. 3C; Supplementary Fig. S4A).
CD34" staining did not overlay with PanCK" and/or Sox9" cells
(Fig. 3D and E), suggesting that CD34 marks a population of aPFs
in the livers of Mdr2~/~ mice. In support, a population of CD34"
aPFs was detected in the livers of BDL-injured (but not CCly-
injured) Col°* mice (Fig. 3F and G). Our data are in concordance
with previous reports demonstrating that aPFs minimally con-
tribute to CCls-induced liver fibrosis®> (Supplementary
Fig. S4B). The majority of CD34" cells co-expressed Thy1 (63%)
and Desmin (48%), and exhibited a fibroblast-like spindle shape
in the livers of Mdr2~/~ mice (Fig. 3H and I; Supplementary
Fig. S3A). Hence, a small fraction of CD34"GFP* cells (4%) exhib-
ited a fibrocyte-like shape (Fig. 3]), and co-expressed CD45 and
F4/80 (Fig. 3K and L), suggesting that these cells might derive
from BM fibrocytes.

AHSCs exhibit a more fibrogenic phenotype than aPFs

To further dissect the contribution of aHSCs and aPFs to fibrosis,
Vit. A*GFP* aHSCs and Vit.A"GFP" aPFs (with high [hi] and low
expression of GFP, for comparison based on the degree of

Fig. 4. Gene expression profiling of aHSCs and aPFs isolated from Mdr2 '~ mice. (A) Non-parenchymal fraction was isolated from livers of 16-week-old Mdr2~/
~Col°" mice (n = 5 mice combined), Vit. A*GFP* aHSCs, Vit. A"GFP", and Vit.A-GFP'°" aPFs were sort purified and analyzed by RNAseq for (B) expression of HSC- and
aPF- signature genes (rows are grouped with hierarchical clustering); (C) 25 most upregulated and 25 most downregulated genes in Vit. A-GFP" aPFs compared to Vit.
A~GFP"°" PFs; (D) 50 most similarly expressed genes in Vit.A"GFP" and Vit.A"GFP'®" PFs; (E) most upregulated and downregulated genes in Vit.A*GFP* aHSCs
compared to Vit. A"GFP" and Vit.A~GFP'®" PFs. An average expression filter of 4 log(counts/million) was applied before calculating the log fold change to filter out
likely false positives. (F) Heatmaps displaying signature gene expression in Vit.A"GFP* aHSCs compared to Vit A"GFP" and Vit.A"GFP'°" PFs. (G) Using gene set
enrichment analysis on the msigdb set of canonical pathways, gene expression in Reactome collagen formation pathway was significantly upregulated in HSCs
compared to PF samples. Heatmap colors indicate the relative expression levels in each gene; false discover rate <0.3; fdr = 0.04. (H) qPCR analysis of selected gene
expression in isolated aHSCs and aPFs isolated from 4-, 8-, and 16-week-old Mdr2~/~ mice (see Fig. 1K). Data are fold induction versus qHSCs from 4-week-old Mdr2~/
~Col®* mice. aHSC, activated hepatic stellate cell; aPF, activated portal fibroblast; gHSC, quiescent hepatic stellate cell; RNAseq, RNA sequencing.
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activation) were sort purified (Fig. 4A) from livers of 16-week-
old Mdr2~/~ mice, and their gene expression profile was ana-
lyzed by RNAseq. As expected, Vit. A*GFP™ aHSCs expressed typ-
ical HSC markers (Lrat, Pdgfrb, Desmin, and GFAP) and lacked
expression of aPFs (Msin, Glipican3, Fibulin2, and UroplakiniB;
Fig. 4B). In turn, Vit A"GFP" aPFs expressed markers of aPFs
(but lacked Desmin, Lrat, and GFAP). Slight upregulation of
Thy1, Wt1, and CD34 mRNA was observed in aHSCs compared
to qHSCs, while these markers were downregulated in Vit.A™-
GFP'°" aPFs compared to Vit.A"GFP™ aPFs. In addition, expres-
sion of Msin, Glipican3, Fibulin2, Uroplakin, Vimentin, Col6al,
Col5a2 mRNA, and other genes was also reduced in Vit.A~GFP'°"
aPFs (Fig. 4C), suggesting that Vit. A"GFP'®" aPFs exhibit a less
activated phenotype compared to Vit.A~GFP" aPFs, consistent
with their higher collagen GFP expression. Despite these differ-
ences, the majority of genes were similarly expressed in Vit.A -
GFP" and Vit.A~GFP'°" aPFs (Fig. 4D and E), which suggests that
these 2 populations originate from the same cell type at differ-
ent stages of activation. In support, the expression of CD34 has
been linked to maturation of tissue fibroblasts.?®

Furthermore, high expression of early growth response 1;
intermediate expression of Upkl1bm, FbIn2, and Msin; and low
expression of CD34 and Thyl mRNA distinguished Vit.A~GFP'*"
aPFs from Vit.A"GFP™ aPFs and Vit.A*GFP* aHSCs (Fig. 4F).
When Reactome pathways were compared, aHSCs and both
populations of aPFs expressed genes associated with ECM depo-
sition (see Supplementary Tables S2-4), which is consistent
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with their myofibroblast phenotypes. High expression of Collal,
Colla2, and other fibrogenic genes was observed mostly in
aHSCs. Unlike BDL-activated aPFs,” Vit A"GFP" aPFs in Mdr2-
deficient mice expressed less Collal than aHSCs (Fig. 4H), but
almost exclusively upregulated Bmp1, Col27al, Coll11a2, Col4a3,
and TII1 mRNA (Fig. 4G). Based on the gene expression profile,
we concluded that aHSCs serve as a major source of ECM in
the livers of 16-week-old Mdr2~/~ mice.

Minor contribution of BM-derived fibrocytes in Mdr2 /- mice
CD34" fibrocytes were implicated in the pathogenesis of chole-
static fibrosis in Mdr2~/~ mice.?” In accord, a small number of
Col®FP* cells co-expressing CD34", CD45, and F4/80 (2-4%), des-
ignated as fibrocytes, were scattered throughout portal, sinu-
soidal, and capsular areas in the livers of Mdr2-'~ mice
(Fig. 5A-C; Supplementary Fig. S3B). To directly assess the con-
tribution of BM-derived fibrocytes to collagen type I-producing
cells/myofibroblasts in livers of Mdr2~/~ mice, BM from donor
Col* mice was transplanted into lethally irradiated recipient
4-week-old Mdr2~/~ mice. Recipient Mdr2~/~ mice were sacri-
ficed at 16 weeks of age, and livers were analyzed for the pres-
ence of GFP*, CD45", and F4/80" cells (Fig. 5D). Although BM-
derived Col®f™ fibrocytes migrated to the livers of recipient
Mdr2~/~ mice, they retained a fibrocyte-like round shape, and
contributed to neither Desmin® nor CD34" myofibroblasts
(Fig. 5E and F; Supplementary Fig. S5), suggesting that Col™™*
fibrocytes minimally contribute to fibrogenic myofibroblasts
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22+0.2%
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Col®™ CD45
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Fig. 5. BM-derived fibrocytes minimally contribute to myofibroblasts in Mdr2 '~ mice. (A) Livers from 16-week-old Mdr2~/~Col°™ mice were stained for
CD45. Arrows: GFP* CD45" fibrocytes. (B) Livers from 8-week-old Mdr2~/~Col®™ mice were stained for CD45 or (C) F4/80. (D) Bone-marrow transplantation:
lethally irradiated 4-week-old Mdr2~/~ mice were transplanted with Col” BM and sacrificed at 16 weeks of age. (E) Livers were stained for Col°™ and Desmin,
and (F) Col°*® and CD45, or F4/80. Scale bar: 100 um; n = 6-8 per group; mean  SD. BM, bone marrow.
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in livers of Mdr2~'~ mice. Meanwhile, the composition of CD45*
cells in the livers of Mdr2~/~ mice was further analyzed.

CD45°Gr1” neutrophils migrate into a portal area in the early
stage of Mdr2/~ cholestatic injury

Immunostaining with anti-CD45 antibody detected a flux of
BM-derived cells into the livers of Mdr2~/~ mice as early as
3 weeks of age, which persisted throughout the 16 weeks of
age (Fig. 6A and B). Based on the timeline, we concluded that
recruitment of CD45*Gr1” cells (at 3 weeks of age; Supplemen-
tary Fig. S6A) precedes the activation of PFs (4 weeks of age) and
the development of fibrogenic responses in Mdr2~/~ mice.
Remarkably, at 4 weeks of age, the expression pattern of
CD45" and Gr1* cells overlapped. CD45" and Gr1* cells were
located between Col“™* myofibroblasts, and were incorporated
into the fibrous scar (Fig. 6C). CD45" or Gr1* cells did not
express Col°f’ (except a 2-4% population of BM-derived
fibrocytes; Fig. 5) or CD3 in livers of 4-week-old Mdr2~/~ mice
(Supplementary Fig. S6B), suggesting that the majority of
CD45" cells were neutrophils/granulocytes. Notably, some
CD45" and Gr1* cells also infiltrated the structures of the
bile ducts, and some Gr1* cells were scattered between
cholangiocytes (Fig. 6D and E).

Progression of cholestatic fibrosis is associated with
upregulation of NOX1 and NOX4 in livers of Mdr2~/~ mice
Therapeutic approaches to treat cholestatic fibrosis remain lim-
ited. The activity of NOX, an enzyme system that catalyzes the

Journal of Hepatology 2019 vol. 71 | 573-585

marrow; HSC, hepatic stellate cell; NS, not significant by ANOVA; WT, wild-type.

reduction of molecular oxygen to superoxide, plays an impor-
tant role in the activation of HSCs and macrophages, and pro-
motes the development of hepatic fibrosis.!®??> In support,
strong induction of NOX genes was associated with the activa-
tion of myeloid cells and myofibroblasts, especially in 12- to
16-week-old Mdr2~/~ mice (Fig. 1F). The RNAseq analysis also
confirmed the expression of NOX4, Cyba (p22phox), Cybb
(NOX2), and Noxol in aPFs, and Cyba, Ncf2 (p67phox), Cybb,
and Ncf1 (p47phox) in aHSCs (Supplementary Fig. S7). When liv-
ers of 16-week-old Mdr2~/~ mice were examined, the expres-
sion of 4-HNE (a marker of lipid peroxidation, which reflects
oxidative stress) was highly upregulated in hepatocytes (in cen-
trilobular area; Supplementary Fig. S8A), cholangiocytes, Thy1*
cells, CD34" cells, and CD45" cells (in the portal area; Supple-
mentary Fig. S8B). We hypothesized that blocking of the NOX
pathway might attenuate or reverse cholestatic fibrosis in 12-
to 16-week-old Mdr2~/~ mice.

Administration of NOX1/4 inhibitor attenuates cholestatic
fibrosis in Mdr2 /- mice

In an attempt to identify a novel therapeutic strategy to sup-
press cholestatic injury of hepatocytes and cholangiocytes,
and prevent the activation of BM-derived neutrophils and fibro-
genic myofibroblasts in Mdr2/~ mice, 12-week-old Mdr2~/~
mice were treated with a NOX1/4 inhibitor for 4 weeks
(GKT137831: 20 or 60 mg/kg, oral gavage, 5x/week, total 20
doses; Fig. 7A). Livers of Mdr2~/~ mice were analyzed at
16 weeks of age. The administration of NOX1/4 inhibitor
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Fig. 7. Administration of NOX1/4 inhibitor attenuates cholestatic fibrosis in Mdr2~/~ mice. (A) Twelve-week-old male Mdr2~/~ mice were treated with 20
doses of GKT137831 (20 mg/kg [GKT20] or 60 mg/kg [GKTE0]) or vehicle. Mice were sacrificed at 16 weeks old. (B) Serum levels of ALT and (C) total bilirubin.
(D) Livers were stained with Sirius Red. Scale bar: 200 pum. (E) Positive area was calculated as percent. (F) Livers were stained for 4-HNE. Scale bar: 200 pum. (G)
Positive area was calculated as percent. (H) Serial liver sections were stained for Desmin, Thy1, CD34, or CD45. (I) Expression of fibrogenic genes, (J) aPF
markers, (K) inflammatory genes, and (L) cholangiocyte markers were analyzed by qPCR. Data are fold induction compared with 16-week-old WT mice. (M)
Expression of aSMA, Smad2, Erk1/2, and Thy1 in liver was analyzed using Western blot; n =6 per group, mean + SD. 'p <0.05, *p <0.01, *p <0.001 vs. WT;
*p <0.05, **p <0.01, ***p <0.001 by ANOVA. aPF, activated portal fibroblast; WT, wild-type.
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improved liver function (~|1.5-fold ALT and bilirubin; Fig. 7B
and C); effectively downregulated histological markers 4-HNE,
Desmin, Thyl, CD34, CD45, PanCK, and Sox9 expression; and
reversed pericentral fibrosis (Fig. 7D-H; Supplementary
Fig. S9). This effect was accompanied by reduced (~|2-fold)
expression of all major fibrogenic markers (Collal, «-SMA,
PAI1, and TIMP1), aPF-specific markers (Thy1, Msln, Muc16, Fibu-
lin, Elastin, and CD34), and cholangiocyte markers (PanCK and
So0x9), as detected by qPCR (Fig. 7I-L). In a protein assay using
Western blot, the administration of the NOX1/4 inhibitor signif-
icantly attenuated the oSMA and Thyl upregulation with
reduced activation of Smad2 and Erk1/2 pathway (Fig. 7M). To
further address the specific effect of the NOX inhibitor on aHSCs
and aPFs, we additionally performed in vitro studies, in which
HSCs and PFs stimulated by TGFB1 were treated with the
NOX1/4 inhibitor. The administration of the NOX1/4 inhibitor
significantly attenuated the expression of pro-fibrogenic mark-
ers (Supplementary Fig. S10A) as well as NOX genes (Supple-
mentary Fig. S10B) in both HSCs and PFs.

Discussion

This study demonstrates that both aPFs and aHSCs contribute to
the pathogenesis of cholestatic fibrosis in Mdr2~/~ mice. APFs
were mostly localized in the portal areas, while aHSCs were
located in the portal, sinusoidal, and capsular areas. Consistent
with a common etiology of cholestatic injury, Thy1*Col°f"* aPFs
in Mdr2~/~ mice exhibited a phenotype similar to that observed
in aPFs in the BDL model.!* APFs were located in close proximity
to proliferating bile ducts, but cholangiocytes themselves did not
express collagen type 1. Although the activation of PFs was pre-
ceded by the recruitment of CD45" and GR1* myeloid cells to
the portal areas, ColSf"*CD45* fibrocytes minimally contributed
to ECM deposition in livers of Mdr2~/~ mice. We concluded that
aPFs and aHSCs are the primary targets for antifibrotic therapy.
Activation of NOXs is a common mediator fibrosis in multiple
organs and multiple models, and plays a critical role in the acti-
vation of aHSCs. Here, we demonstrate that NOXs are upregu-
lated not only in aHSCs, but also in aPFs in the livers of
Mdr2~'~ mice. Therapeutic blocking of NOX1/4 reversed the
myofibroblast activation and liver fibrosis in Mdr2~/~ mice, sug-
gesting that blocking of NOX1 and NOX4 might provide a novel
target for the treatment of cholestatic fibrosis.

Cholestatic injury in Mdr2~/~ mice is caused by the damage
to hepatocytes (which lack functional canaliculus),® leading to
toxic-bile-related inflammation and damage to biliary epithe-
lium.” The activation of PFs is accompanied by progressive peri-
cholangitis and cholangiocyte proliferation. Most PanCK" and
Sox9" bile ducts were surrounded by Thy1* aPFs, suggesting
that aPFs may play a key role in the maintenance of the struc-
ture and integrity of the biliary tree, regulating cholangiocyte
proliferation, and maintaining their polarity.'”%3! Although
aHSCs were also detected in the portal areas, most aHSCs were
located in the pericentral, sinusoidal, and capsular areas in the
livers of Mdr2~/~ mice. In comparison, very few aPFs were scat-
tered throughout the sinusoidal or capsular area, suggesting
that specific distribution of different cell types is associated
with their distinct roles during the development of cholestatic
fibrosis in Mdr2~'~ mice.'® In support, we identified a unique
population of CD45" and Gr1™ cells populating periductular
areas at the very onset of cholestatic injury in Mdr2~/~ mice.
Some of these Gr1™ cells directly infiltrated into the bile duct
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structures, and were located underneath or between cholangio-
cytes, suggesting that they might play a critical role in the reg-
ulation of ductular proliferation and/or activation of PFs. Mdr2
deficiency has been reported to induce the disruption of the
basement membrane of cholangial duct, leading to the leakage
of bile acid into the periductal space.” We can speculate that
the CD45" and Gr1* neutrophils migrated in response to early
injury of cholangiocytes and bile acid leakage, causing acute
inflammation and subsequent expansion of periportal
myofibroblasts.

Our current study evaluated the dynamic age-dependent
changes in histological and mRNA expression of cell-specific
markers during the development of cholestatic fibrosis in
Mdr2~/~ mice. To support our histological findings, widely used
reporter collagen-10(1)-GFP mice were used to visualize colla-
gen type I-expressing myofibroblasts. In contrast to previous
reports,?” here, we demonstrate that PanCK" or Sox9" cholan-
giocytes did not upregulate Collagen Type I in livers of Mdr2~/~
mice. Furthermore, Desmin has been previously considered as
an HSC-specific marker. Based on our analysis, Desmin positive
staining was co-localized in approximately 36% of Thy1™ aPFs
and Thy1~ aHSCs. As this result could be attributed to a non-
specific immunoreactivity of anti-Desmin Ab, we examined
the livers from reporter Lrat¥™" mice, which are used for lineage
tracing of HSCs. We demonstrated that, in mice expressing con-
stitutive Lrat"", 46% of Thy1* aPFs were marked with Lrat¥f",
and 73% of Desmin" cells were marked with Lrat'*, suggesting
that Lrat“™ does not discriminate between aPFs and HSCs. This
fact would explain why Mederacke et al.'® did not identify aPFs
as a population distinct from aHSCs that contributes to chole-
static fibrosis in Lrat"™ mice. In adult mice, Lrat is expressed
in HSCs and not PFs.>'® Given the mesenchymal origin of both
aPFs and aHSCs, the expression of Lrat during embryonic devel-
opment might result in genetic labeling of both PF and HSC pop-
ulations in Lrat"™ mice. Lrat is also expressed in extrahepatic
tissues, including the lung and retina.>> Such common markers
as Desmin and Lrat may be expressed in myofibroblasts originat-
ing from either HSCs or PFs, suggesting that new markers are
needed to discriminate between aPFs and aHSCs. Thus, the con-
tribution of aPFs in Mdr2~/~ mice might have been masked by
using the conventional markers for HSCs, including Desmin
and Lrat"™. In this study, the marker Thy1, expression of Type
I collagen, absence of vitamin A, and the characteristic localiza-
tion have revealed the significant role of aPFs in cholestatic
fibrosis.

Furthermore, we identified that a subset of Thy1*Col®™™* aPFs
co-expressed CD34. CD34" cells located in a portal area exhib-
ited a myofibroblast-like shape. Expansion of CD34"Col“f** aPFs
was a unique feature of cholestatic liver fibrosis, as demon-
strated by the upregulation of CD34"Col®™ aPFs in Mdr2 /-
and BDL-injured mice, and was not observed in livers of CCly-
injured mice. Our data suggest that CD34 is another marker of
aPFs in adult mice. In support, expression of CD34 as a marker
of hepatic mesenchymal progenitor cells was previously sug-
gested.”® Follow-up studies are needed to determine the func-
tional properties of Thy1"CD34" and Thy1*CD34~ aPFs.

Bone-marrow-derived fibrocytes are another population that
can potentially give rise to myofibroblasts.>** It has been
reported that CD34" fibrocytes of BM origin are involved in
fibrosis in Mdr2~/~ mice.?® In the present study, only few
CD34" fibrocytes contributed to a population of Col®™™*
myofibroblasts.
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The therapeutic properties of NOX1/4 inhibitor on liver fibro-
sis induced by CCly, BDL, and NASH models have been previ-
ously reported.”>>* This study demonstrated the effectiveness
of NOX1/4 inhibition on cholestatic fibrosis in Mdr2~/~ mice.
Notably, the administration of the NOX1/4 inhibitor reduced
oxidative stress, activation/proliferation of aHSCs and Thy1*-
desmin*CD34" aPFs, portal infiltration with CD45" cells, and
cholangiocyte proliferation. Thus, we propose that the interac-
tions between cholangiocyte injury, neutrophil migration, and
PF activation are targets of NOX inhibition.
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