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Lay summary

Autophagy is a physiological process con-
trolling endothelial homeostasis in
vascular beds outside the liver. This study
demonstrates that autophagy is defective
in the liver endothelial cells of patients
with non-alcoholic steatohepatitis. This
defect promotes liver inflammation and
fibrosis at early stages of non-alcoholic

e Autophagy is defective in liver endothelial cells from patients

with non-alcoholic steatohepatitis. steatohepatitis, but also at advanced

stages of chronic liver disease.
e This defect is mirrored by low levels of inflammatory medi-
ators in the portal blood of patients with metabolic
syndrome.

e Deficient autophagy induces inflammation, features of
endothelial-to-mesenchymal transition and apoptosis.

e Deficiency in endothelial autophagy promotes liver inflam-
mation, liver cell apoptosis and liver perisinusoidal fibrosis.
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Background & Aims: Previous studies demonstrated that auto-
phagy is protective in hepatocytes and macrophages, but detri-
mental in hepatic stellate cells in chronic liver diseases. The role
of autophagy in liver sinusoidal endothelial cells (LSECs) in non-
alcoholic steatohepatitis (NASH) is unknown. Our aim was to
analyze the potential implication of autophagy in LSECs in NASH
and liver fibrosis.

Methods: We analyzed autophagy in LSECs from patients using
transmission electron microscopy. We determined the conse-
quences of a deficiency in autophagy: (a) on LSEC phenotype,
using primary LSECs and an LSEC line; (b) on early stages of
NASH and on advanced stages of liver fibrosis, using transgenic
mice deficient in autophagy specifically in endothelial cells and
fed a high-fat diet or chronically treated with carbon tetrachlo-
ride, respectively.

Results: Patients with NASH had half as many LSECs containing
autophagic vacuoles as patients without liver histological abnor-
malities, or with simple steatosis. LSECs from mice deficient in
endothelial autophagy displayed an upregulation of genes
implicated in inflammatory pathways. In the LSEC line, deficiency
in autophagy enhanced inflammation (Ccl2, Ccl5, 116 and VCAM-1
expression), features of endothelial-to-mesenchymal transition
(«-Sma, Tgfb1, Coll1a2 expression) and apoptosis (cleaved caspase-
3). In mice fed a high-fat diet, deficiency in endothelial autophagy
induced liver expression of inflammatory markers (Ccl2, Ccl5,
Cd68, Vcam-1), liver cell apoptosis (cleaved caspase-3) and peri-
sinusoidal fibrosis. Mice deficient in endothelial autophagy
treated with carbon tetrachloride also developed more peri-
sinusoidal fibrosis.

Conclusions: A defect in autophagy in LSECs occurs in patients
with NASH. Deficiency in endothelial autophagy promotes the
development of liver inflammation, features of endothelial-to-
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mesenchymal transition, apoptosis and liver fibrosis in the
early stages of NASH, but also favors more advanced stages of
liver fibrosis.

Lay summary: Autophagy is a physiological process controlling
endothelial homeostasis in vascular beds outside the liver. This
study demonstrates that autophagy is defective in the liver
endothelial cells of patients with non-alcoholic steatohepatitis.
This defect promotes liver inflammation and fibrosis at early
stages of non-alcoholic steatohepatitis, but also at advanced
stages of chronic liver disease.

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

Introduction

Non-alcoholic fatty liver disease (NAFLD) is an expanding health
problem with an estimated global prevalence of 25%.! NAFLD is
associated with obesity, insulin resistance or type 2 diabetes and
other metabolic abnormalities collectively termed the metabolic
syndrome.” NAFLD encompasses a spectrum of histological
lesions including simple steatosis and non-alcoholic steatohe-
patitis (NASH) which, in addition to steatosis, is characterized by
hepatocellular injury and inflammation, with varying degrees of
fibrosis.> NASH can progress to both cirrhosis and hepatocellular
carcinoma and is projected to become the most common indi-
cation for liver transplantation in the next decade.® Despite its
prevalence and severity, there is no approved therapy for NASH
and available treatments only aim to control associated condi-
tions.>* Understanding the pathophysiology of NASH, and in
particular how simple steatosis progresses to NASH, is thus of the
utmost importance.

Liver sinusoidal endothelial cells (LSECs) are highly special-
ized endothelial cells representing an interface between the
blood derived from organs involved in NASH pathogenesis,
namely the visceral adipose tissue and the gut, and other liver
cells including hepatocytes and hepatic stellate cells.”~® Recent
studies suggested that alterations in LSECs precede the onset
of NASH and promote its development, but the mechanisms
underlying these changes remain elusive.”°~°

Macroautophagy (hereafter referred to as autophagy) is a
major intracellular recycling system. Under basal conditions,
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autophagy controls organelle and protein quality to maintain
cellular homeostasis. Under conditions of stress, autophagy acts
as a survival mechanism, maintaining cellular integrity by
regenerating metabolic precursors and clearing subcellular
debris.?® This process modulates an expanding list of disease
processes.?’ In NASH and chronic liver diseases, the effect of
autophagy depends on cell type.>"*? In hepatocytes, autophagy
protects against fat accumulation and prevents liver injury by
removing altered mitochondria and by decreasing cellular
stresses.>>~24 In macrophages, autophagy has anti-inflammatory
properties and prevents hepatic inflammation and fibrosis.?>*°
By contrast, autophagy in activated hepatic stellate cells is
required for fibrogenesis.?>*® The role of autophagy in LSECs in
chronic liver diseases including NASH is unknown. In mild and
severe acute liver injury, endothelial autophagy plays a protec-
tive role.?”?® This led us to test the hypothesis that autophagy in
LSECs could be involved in NASH development.

Material and methods

Human samples

Twenty-three patients who underwent a percutaneous or
transjugular liver biopsy were selected from a pathological
database: 5 had no or mild abnormalities at liver histological
examination, 6 had simple steatosis and 12 had NASH, according
to SAF (Steatosis, Activity and Fibrosis) score.2’ None of the pa-
tients had detectable anti-HCV antibodies or HBs antigen.
Alcohol consumption was below 21 drinks on average per week
in men and 14 drinks on average per week in women. Patients’
metabolic features are presented in Table S1. All patients gave
written consent to participate the study. This study was
approved by the Institutional Review Board of Paris North Hos-
pitals, Paris 7 University, AP-HP (N° 2017-013). The study con-
formed to the ethical guidelines of the 1975 Declaration of
Helsinki. Detailed methods for transmission electron microscopy
analysis are described in supplementary material and methods.

Animal models

All mice were on a C57BL/6 background (male and female) and
were housed on a 12 h light/dark cycle with ad libitum access to
food and water. All animals received humane care according to
the criteria outlined in the “Guide for the Care and Use of Lab-
oratory Animals” prepared by the National Academy of Sciences
and published by the National Institutes of Health (NIH publi-
cation 86-23 revised 1985). All experiments were conducted in
accordance with the European Community guidelines for the
care and use of laboratory animals. Animal studies were
approved by the institutional ethics committee and authorized
by the French education and research ministry (# 12943 -
2017070617179577). Mice constitutively deficient in endothelial
autophagy were obtained by crossing VE-cadherin-Cre transgenic
mice provided by M. Souyri,>® with Atg5'°¥"°* mice provided by
N. Mizushima.>! Littermate Atg5'°¥'°* mice were used as con-
trols. For transcriptomic analysis of LSECs at early stages of
NASH, 8-week-old Atg5°¥°% and Atg5'1%%; VE-cadherin-Cre mice
were fed a high-fat diet (Safe U8220 version 16) containing
1.25% of cholesterol and 15% of cocoa butter (45% Kcal derived
from lipids) for 2 weeks. VE-cadherin is expressed during em-
bryonic development in a common progenitor to endothelial
and some myeloid cells.>? To avoid the leak of Atg5 deletion in
myeloid cells, all mice used in experiments aiming at assessing
the impact of the deficiency in endothelial autophagy on NASH
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or fibrosis were irradiated and transplanted with a bone marrow
from Atg5° mice. For the study of initial steps of NASH
development, 12-week-old Atg5/"* and Atg5'°%/*;VE-cadherin-
Cre mice were fed a chow or a high-fat diet (Safe U8220 version
16) for 16 weeks. For the study of advanced stages of liver
fibrosis, Atg5°/°* and Atg5'*¥";VE-cadherin-Cre mice received a
single injection of clodronate (clodronateliposomes.org) in
addition to the bone marrow transplant. Mice then received
intraperitoneal injections of carbon tetrachloride (CCl,, Sigma
Aldrich 319961) suspended in peanut oil (Sigma Aldrich P2144)
at 0.24 ml/kg, 3 times a week for 6 consecutive weeks. Control
mice received intraperitoneal injections of peanut oil. At the end
of each protocol, blood was collected from the inferior vena cava
under isofluorane anesthesia. Mice fed a high-fat diet were
fasted for 6 h before blood collection. Mice were humanely
euthanized. Animals were then perfused with 10 ml of saline
and organs (liver, spleen and heart) were harvested. One part of
the liver was fixed in 10% formalin and the remaining tissue was
immediately frozen in liquid nitrogen and stored at -80°C until
processing. Details regarding blood pressure measurement,
blood cell count, plasma preparation, plasma biochemical mea-
surements, hepatic lipid analysis and histopathology are pro-
vided in the supplementary material and methods. Based on our
experience on transgenic mouse models, and considering the
3Rs rule, we included 5 to 15 mice per group in all sets of
experiments.

Primary LSEC isolation

The protocol was adapted from Desroches-Castan et al.”> Briefly,
the livers of anesthetized Atg5'¥'* and Atg5"¥/'°%;VE-cadherin-
Cre mice were perfused via the inferior vena cava with ethylene
glycol tetraacetic acid solution followed by collagenase solution,
before being manually dissociated. Hepatocytes and hepatic
stellate cells were eliminated by density gradient centrifugation.
LSECs were selected using MACS CD146 Microbead (Miltenyi
130-092-007) and plated on collagen-coated dishes. Purity was
assessed using fluorescent acetylated-LDL internalization (Ther-
mofisher L23380; 20 min incubation at 5 pg/ml in serum-free
media) was >95%. Cells were lyzed 2 h after plating for RNA or
protein extraction as detailed in the supplementary material and
methods.

L33

Transformed liver sinusoidal endothelial cell culture

Due to the impossibility of maintaining primary LSEC viability
and features for a long period of time in vitro,”'® we used the
immortalized murine liver endothelial cell line, transformed
LSECs (TSECs),>* provided by Dr. Vijay Shah (Mayo Clinic,
Rochester, MN). Cells were cultured on 0.2% gelatin-coated slides
(Menzel Glazer; Braunschweig, Germany) in Dulbecco’s modified
Eagle medium containing 1% endothelial cell growth supplement
(Sciencell 1052), 5% fetal bovine serum, streptomycin (100 IU/
ml), penicillin (100 IU/ml) and Amphotericin B (10 pg/L) (Gibco).

Lentiviral transduction

Lentiviruses expressing inducible shRNA (Sigma Aldrich,
MISSION® inducible shRNA Vectors) were used to silence ATG5.
TSECs were infected in the presence of hexadimethrine bromide
(Sigma Aldrich H9268) at 8 pg/ml with lentiviruses at multi-
plicity of infection (MOI) 2.5. Negative controls were lentiviruses
expressing a non-target shRNA, used at the same MOI. Trans-
duced cells were amplified and selected using puromycine
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(Sigma Aldrich P9620) at 1 pg/ml during the amplification
period. shRNA expression was induced by treating the trans-
duced cells with Isopropyl B-D-1-thiogalactopyranoside (Sigma
Aldrich 16758) for 5 consecutive days at 0.1 mmol/L. ATG5
knockdown was verified in all experiments. Experiments in
which ATG5 extinction was lower than 30% were systematically
excluded.

Shear stress experiment in vitro

A unidirectional steady laminar and peristaltic shear stress was
applied to confluent TSECs to mimic physiological conditions,
using a parallel plate chamber system, as described elsewhere.>”
Endothelial cell medium was perfused for 24 h. Local shear stress
was calculated using Poiseuille's law and set at 20 dynes/cm?.>°
To analyze the effect of mediators present in the portal blood on
autophagy level, TSECs were treated during the 24 h of shear
stress with CCL2 (100 pg/ml, R&D systems), or insulin (1 nmol/L,
Sigma Aldrich), or TNFa (10 pg/ml, Peprotech), or IL-6 (10 pg/ml,
Peprotech), or with the combination of TNFa and IL-6 (10 pg/ml
for each) at concentrations similar to those reported in the portal
venous blood in metabolic syndrome.>’~%° In some experiments,
cells were treated with chloroquine (300 pumol/L, Sigma Aldrich)
for 2 h or 6 h before the end of the shear stress experiment, in
order to assess autophagic flux. The effect of deficient autophagy
on endothelial inflammation, endothelial-to-mesenchymal
transition and endothelial apoptosis was tested in TSECs under
basal conditions as well as after stimulation with the proin-
flammatory stimulus TNFa (1 ng/ml) for 12 h before the end of
the shear stress experiment. TSECs and supernatants were then
collected for western blot, quantitative reverse transcription-
PCR, flow cytometry, immunofluorescence microscopy, ELISA or
Luminex assay as detailed in supplementary material and
methods.

Statistical analysis
Data are expressed as median * IQR for human data and in vivo
experiments, and as mean + SEM for in vitro experiments.
Comparisons were performed using the Mann-Whitney U test.
Spearman correlation analysis was used to evaluate the rela-
tionship between the percentage of LSECs containing autophagic
vacuoles and patients clinical and laboratory features. All tests
were 2-sided and a significance level of 0.05 was used. All sta-
tistical analyses and figures were performed/created using
GraphPad Prism 7 software for Mac OS X.

For further details regarding the materials and methods used,
please refer to the CTAT table and supplementary information.

Results

Autophagy is defective in LSECs in NASH

We first investigated liver endothelial autophagy in NAFLD by
performing transmission electron microscopy on liver biopsies
from patients. In patients with NASH, half as many LSECs con-
tained autophagic vacuoles compared to LSECs in patients with
no or mild abnormalities at liver histological examination or in
patients with simple steatosis (Fig. 1A and B). We also measured
the size of these autophagic vacuoles. Patients with simple
steatosis had larger autophagic vacuoles than patients with no or
mild abnormalities at liver histological examination. Patients
with NASH had smaller autophagic vacuoles than the 2 other
groups of patients (Fig. 1C). Altogether, these results suggest that
NASH is associated with a defect in liver endothelial autophagy.
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We then analyzed features influencing liver endothelial
autophagy level in these patients. As shown in Table S2, the
number of autophagic vacuoles in LSECs from patients negatively
correlated with liver activity, according to SAF score,® but did
not correlate with histological fibrosis or steatosis, nor with
clinical and laboratory features. No association was observed for
gender (p = 0.7), diabetes (p = 0.6), dyslipidemia (p = 0.9) or
hypertension (p = 0.3) (data not shown).

We then sought to identify mediators present in the portal
blood that might account for such a defect in liver endothelial
autophagy. We used TSECs, i.e. immortalized liver endothelial
cells,>* exposed to shear stress to mimic in vivo conditions. Shear
stress activated autophagic flux, as the LC3-1I/GAPDH ratio was
increased by shear stress and further augmented when the in-
hibitor of autophagic flux, chloroquine, was added (Fig. S1), as
previously observed in endothelial cells of large arteries.>> We
observed that IL-6, TNFo, CCL2, or insulin alone, at concentra-
tions similar to those found in the portal vein of rodents and
patients with metabolic syndrome,*”~*° did not change the
LC3-1I/GAPDH ratio (Fig. S2). Interestingly, the combination of
TNFo and IL-6 decreased LC3 area on immunofluorescence
(p = 0.014) (Fig. 1D) and the LC3-II/GAPDH ratio (p = 0.0001)
(Fig. 1E). Since such a decrease in the LC3-I1I/GAPDH ratio can be
explained both by a reduced or enhanced autophagic flux,*! we
performed the same experiment in the presence of the blocker of
autophagic flux, chloroquine. As shown in Fig. 1E, chloroquine
significantly increased the LC3-II/GAPDH ratio in the absence or
presence of TNFa and IL-6, but this ratio was not higher in cells
treated with the combination of TNFa and IL-6 than in untreated
cells. This demonstrates that the lower LC3-Il expression
observed in cells exposed to TNFa and IL-6 (Fig. 1D and E) was
not due to an enhanced autophagic flux but rather to a decreased
flux.

We then investigated pathways by which TNFo and IL-6
regulate autophagy in TSECs. AMPKa and the mTOR pathways
are master positive and negative regulators of autophagy,
respectively.”> We observed that the combination of TNFo and
IL-6 reduced p-AMPKa/GAPDH ratio (Fig. 1F), while total AMPK
levels were unchanged (Fig. 1G). p-4E-BP1/GAPDH ratio was
unchanged between untreated cells and cells treated with TNFa
and IL-6 (Fig. 1H), confirming that TNFo and IL-6 modulate
AMPKa activity but not mTOR activity. Of note, the combination
of TNFa and IL-6 did not modulate TSEC expression of key
autophagy proteins ATG5 and ATG3 and slightly decreased
Beclin-1 level (p = 0.04) (Fig. S3).

We also tested the effect of toxic lipids involved in NASH
pathogenesis.>*>** As shown in Fig. S4, palmitic acid treatment
increased the LC3-II/GAPDH ratio in TSECs (p = 0.004). In the
presence of chloroquine, the LC3-II/GAPDH ratio was similar in
cells treated with palmitic acid and in untreated cells.

Taken together, these results suggest that a defect in liver
endothelial autophagic flux occurs in NASH, due to an inhibition
of AMPKu activity induced by the combination of TNFa and IL-6.

Deficiency in liver endothelial cell autophagy leads to
endothelial inflammation, endothelial-to-mesenchymal
transition and endothelial apoptosis

To assess the consequences of a deficiency in autophagy on liver
endothelial cell phenotype, we inhibited autophagy in TSECs us-
ing a genetic approach (transduction with a lentivirus expressing
an ATG5 shRNA,; Fig. S5) and exposed these cells to a physiological
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Fig. 1. Autophagy is defective in LSECs in NASH. (A) Representative images of transmission electron microscopy pictures of the liver from patients without
abnormalities at liver histological examination (control), from patients with simple steatosis, and from patients with NASH. Arrows indicate LSECs. Arrowheads
indicate autophagic vacuoles. Scale bar: control, 0.5 um; steatosis, 1 um; NASH, 0.5 um. (B) Quantification of the percentage of LSECs containing autophagic
vacuoles in the liver of patients without abnormalities at liver histological examination (n = 5), or patients with simple steatosis (n = 6), or patients with NASH (n =
12). (C) Quantification of the size of autophagic vacuoles in LSECs. Blue and red dots indicate males and females, respectively. Data are expressed as median + IQR.
(D) LC3 immunofluorescence in TSECs exposed to shear stress and treated or not with TNFo and IL-6 (10 pg/ml each) for 24 h. n = 11 independent experiments. (E)
Western blot analysis of LC3 expression in TSECs exposed to shear stress and treated or not with TNFa and IL-6 (10 pg/ml each) for 24 h. n = 8 independent
experiments. (F) Western blot analysis of p-AMPKa and (G) AMPKa expression in TSECs exposed to shear stress and treated or not with TNFa and IL-6 (10 pg/ml
each) for 24 h. n = 7 and 6 independent experiments, respectively. (H) Western blot analysis of p-4E-BP1 expression in TSECs exposed to shear stress and treated
or not with TNFa and IL-6 (10 pg/ml each) for 24 h. n = 8 independent experiments. In vitro data are expressed as mean + SEM. *p <0.05; **p <0.01; ***p <0.001;
**p <0.0001; ns, not significant (Mann-Whitney U test). LSECs, liver sinusoidal endothelial cells; NASH, non-alcoholic steatohepatitis; TSECs, transformed si-

nusoidal endothelial cells. (This figure appears in color on the web.)

shear stress mimicking in vivo conditions. Since autophagy is a
central mechanism of adaptation to stress, we analyzed TSECs in
basal conditions as well as in the presence of a stress induced
by TNFo.

We first tested whether autophagy regulates endothelial in-
flammatory responses. In basal conditions, Ccl5 gene expression
was higher in TSECs deficient in autophagy than in control cells
(p <0.0001), while Ccl2 gene expression was unchanged
(Fig. S6A). After exposure to the proinflammatory stimulus TNFa,

Journal of Hepatology 2020 vol. 72 | 528-538

TSECs deficient in autophagy expressed 1.5-fold more Ccl2
(p = 0.002) and 2.5-fold more Ccl5 (p = 0.002) than control TSECs
(Fig. 2A).

CCL2, CCL5 and IL-6 concentrations were also higher in cell
culture supernatant of TSECs deficient in autophagy than in the
supernatant of control cells in basal conditions, as well as after
exposure to the proinflammatory stimulus TNFa (Table 1).
Moreover, VCAM-1 expression at the cell surface, evaluated us-
ing flow cytometry, was higher in TSECs deficient in ATG5 than in
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Fig. 2. Deficiency in autophagy in TSECs impairs endothelial phenotype.
TSECs were transduced with a lentivirus expressing an Atg5 or a control (CTL)
shRNA and exposed to shear stress for 24 h with or without TNFa (1 ng/ml) for
the last 12 h. (A) Ccl2 and Ccl5 gene expression in TSECs (n = 6). (B) Flow
cytometry analysis of VCAM-1 expression in TSECs (n = 9). (C) a-Sma, Tgfb1 and
Col1a2 gene expression in TSECs (n = 6). (D) Western blot analysis of cleaved
caspase-3 expression in TSECs (n = 9) (E) Flow cytometry analysis of SYTOX
Green staining in TSECs (n = 10). Data are expressed as mean + SEM. *p <0.05;
**p <0.01; ****p <0.0001 (Mann-Whitney U test). TSECs, transformed sinusoidal
endothelial cells.

TSECs transduced with a control shRNA after exposure to the
proinflammatory stimulus TNFa (p = 0.005) (Fig. 2B), while its
expression was unchanged in basal conditions (Fig. S6B).

We also evaluated features of endothelial-to-mesenchymal
transition. In basal conditions, a-Sma (Acta2), Tgfb1 and Colla2
gene expression were not affected by autophagy level (Fig. S6C).
After exposure to the proinflammatory stimulus TNFa, a-Sma,
Tgfb1 and Colla2 gene expression were higher in TSECs deficient
in autophagy than in control cells (p = 0.002) (Fig. 2C). Moreover,
TGF-B1 concentration tended to be higher in the supernatant of
TSECs deficient in autophagy than in the supernatant of control
cells in basal conditions as well as after exposure to the proin-
flammatory stimulus TNFa (Table 1).

Finally, we assessed the effect of a deficiency in autophagy on
endothelial apoptosis. Cleaved caspase-3/GAPDH ratio was
increased in TSECs deficient in autophagy in basal conditions as
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Table 1. Concentrations of inflammatory markers in the supernatant of
control TSECs or autophagy-deficient TSECs under basal conditions and
after stimulation with TNFo.

shCTL shATG5 p value

CCL2 (pg/ml)

No TNFo, 2,994 (+ 41) 3,333 (¢ 107) 0.02

TNFa 5,051 (£ 76) 5,423 (+ 149) 0.05
CCL5 (pg/ml)

No TNFa. 378 (x7) 1,013 (+ 83) <0.0001

TNFo 417.9 (£ 36) 1,176 (+ 143) <0.0001
IL-6 (pg/ml)

No TNFa, 14 (£ 0.6) 87 (+ 26) <0.0001

TNFo 27 (£ 6) 128 (+ 37) 0.0002
TGF-B1 (pg/ml)

No TNFa. 150 (+ 22) 212 (£ 31) 0.08

TNFa 201 (£ 23) 261 (% 23) 0.07
VEGF-A (pg/ml)

No TNFa 207 (+ 14) 312 (£ 26) 0.0005

TNFo. 212 (£ 9) 346 (+ 25) 0.0003

Data are expressed as mean + SEM. TSECs were transduced with a lentivirus
expressing an Atg5 or a control shRNA and exposed to shear stress for 24 h, with or
without TNFo (1 ng/ml) for the last 12 h. CCL2 and CCL5 concentrations were
measured in the supernatant by ELISA. IL-6, TGF-B1 and VEGF-A concentrations were
measured in the supernatant using luminex technology. p values refer to compari-
sons between shCTL and shATG5. n = 10.

shATG5, TSECs deficient in autophagy; shCTL, control TSECs; TSECs, transformed liver
sinusoidal endothelial cells.

well as after exposure to the proinflammatory stimulus TNFo
(p = 0.002 and p = 0.03 respectively) (Fig. S6D and Fig. 2D
respectively). We also assessed apoptosis using the SYTOX™
green assay by flow cytometry. SYTOX green staining tended to
increase in autophagy-deficient TSECs compared to control cells
under basal conditions (Fig. S6E), without reaching statistical
significance. After exposure to the proinflammatory stimulus
TNFa, SYTOX green staining was significantly higher in TSECs
deficient in autophagy than in control cells (p = 0.02) (Fig. 2E).

Taken together, these results show that a deficiency in auto-
phagy in liver endothelial cells induces features of endothelial
inflammation, of endothelial-to-mesenchymal transition and
endothelial cell death that are more obvious under conditions of
stress.

In order to test the in vivo relevance of these findings, we
performed a transcriptomic analysis on primary LSECs isolated
from Atg5'°/'* and Atg5'°¥/'X:VE-cadherin-Cre mice fed a high-
fat diet for 2 weeks. As expected, primary LSECs isolated from
Atg5'¥/'ox- VE_cadherin-Cre mice displayed a defect in autophagy
(Fig. S7). Transcriptomic analysis revealed major changes in
inflammatory pathways in LSECs from mice deficient in endo-
thelial autophagy compared with Atg5¥"* mice (Fig. 3A and B,
Table S3), in line with the endothelial inflammation observed
in TSECs. Several of these genes (e.g. Il1b, 116, Ccl2, Ccl5,
Cd86, Vcam-1, Ptgs2) are regulated by the transcription factor
NF-kB.

Transcriptomic analysis also revealed a more modest enrich-
ment in angiogenic pathways (Table S3, Fig. 3 A and C). We then
measured VEGF-A concentration in culture supernatant of TSECs
and observed that TSECs deficient in autophagy released more
VEGF-A than control TSECs, both in basal conditions and after
exposure to TNFa (Table 1).

Taken together, these results show that, upon exposure to
high-fat diet, LSECs deficient in autophagy rapidly and strongly
modulate genes involved in inflammation and to a lesser extent
genes involved in angiogenesis.
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Deficiency in endothelial autophagy promotes NASH
development in mice

To assess the role of endothelial autophagy at early stages of
NASH, Atg5'°¥"°* and Atg5'*¥"*;VE-cadherin-Cre mice were fed a
chow or a high-fat diet for 16 weeks (Fig. S8).

As expected in this mouse model of the early stages of
NASH,* steatosis, markers of liver injury (plasma aspartate
aminotransferase [AST] and alanine aminotransferase [ALT]
levels, liver cleaved caspase-3 immunostaining) (Fig. 4 and
Fig. S9), and of liver inflammation (liver Ccl2, Cd68 and Vcam-1
expression) (Fig. 5) were higher in Atg5"¥"* mice fed a high-fat
diet than in Atg5'°* mice fed a chow diet. Markers of liver
fibrosis were similar (Fig. 6).

Journal of Hepatology 2020 vol. 72 | 528-538

When fed a chow diet, mice deficient in endothelial auto-
phagy had similar markers of liver injury, of liver inflammation
and of liver fibrosis (Figs. 4 to 6) as littermate controls. Only Cd68
gene expression was higher in the liver of Atg5°¥/"%;VE-cadherin-
Cre mice than in Atg5"*¥"* mice fed a chow diet (Fig. 5C).

When fed a high-fat diet, mice deficient in endothelial auto-
phagy more frequently had a nodular liver surface (20% vs. 78%
respectively, p <0.0001) (Fig. 4A), higher markers of liver injury
(plasma AST levels [p = 0.06] and liver cleaved caspase-3
expression [p = 0.01]) (Fig. 4C and D), and higher markers of
liver inflammation (liver Ccl2 and Ccl5 gene expression and liver
VCAM-1 protein expression; Fig. 5 A,B,D) and inflammatory cells
infiltration (Cd68 gene expression; Fig. 5C). Other markers of
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inflammatory cell infiltration (Cd11b and Ly6c gene expression) Sirius red) than littermate controls (Fig. 6). Of note, liver fibrosis

were not significantly higher (Fig. S10). Mice deficient in endo-
thelial autophagy who were fed a high-fat diet also exhibited
increased fibrogenesis (liver a-SMA protein expression, liver
Tgfbl and Colla2 gene expression, liver collagen staining with
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was mainly perisinusoidal in mice deficient in endothelial
autophagy (Fig. 6E). In mice fed a high-fat diet, deficiency in
endothelial autophagy had no impact on ALT levels (Fig. 4C) or
on liver steatosis, assessed by histology (Fig. 4B) or by liver
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triglyceride content (Fig. S9A). Liver cholesterol content was
slightly lower in Atg5'°¥"X:VE-cadherin-Cre mice than in
Atg5'°%°X mice (Fig. S9B).

Deficiency in endothelial ATG5 had no effect on body weight,
organ weight, blood cell count, arterial blood pressure, plasma
cholesterol, triglycerides and glucose levels. Only liver weight/
body weight ratio was slightly lower in mice deficient in
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endothelial autophagy fed a high-fat diet than in littermate
controls (p = 0.01) (Table S4).

Taken together, these findings indicate that deficiency in
endothelial autophagy induces liver injury and inflammation,
and promotes liver fibrogenesis in the setting of NAFLD.

Deficiency in endothelial autophagy promotes liver fibrosis
deposition in mice chronically treated with carbon
tetrachloride

To determine whether endothelial autophagy is also involved at
more advanced stages of chronic liver diseases progression, we
chronically treated Atg5'*¥"°* and Atg5'°¥/'*:VE-cadherin-Cre mice
with CCly or its vehicle for 6 weeks (Fig. S11).

As expected, markers of liver injury (plasma AST and ALT
levels) (Fig. S12B), liver inflammation (liver Ccl5 gene expression)
(Fig. S12C), and fibrogenesis (liver a-Sma, Tgfb1 and Colla2 gene
expression, and liver collagen staining with Sirius red) (Fig. 7)
were higher in Atg5"°¥°* mice treated with CCl, than in Atg5™¥/x
mice treated with vehicle.

When compared with littermate controls, mice deficient in
endothelial autophagy had higher levels of markers of fibro-
genesis (liver a-Sma, Tgfb1 and Colla2 gene expression, and liver
collagen staining with Sirius red) when treated with CCl, (Fig. 7).
Of note, liver fibrosis was mainly perisinusoidal in mice deficient
in endothelial autophagy (Fig. 7D). Deficiency in endothelial
ATG5 had no effect on body and organ weight, blood cell count
(Table S5), markers of liver injury (plasma AST and ALT levels)
(Fig. S12B) or markers of liver inflammation (liver Ccl2 and Ccl5
gene expression) (Fig. S12C) in mice treated with CCly.

These findings demonstrate that deficiency in endothelial
autophagy promotes liver fibrosis development at more
advanced stages of chronic liver disease progression.

Discussion

This study provides strong evidence suggesting that NASH is
associated with a defect in liver endothelial autophagy, while
simple steatosis is not. This defect was mimicked in vitro by low
concentrations of inflammatory mediators present in the portal
blood of patients with metabolic syndrome. This defect in
autophagy promoted liver endothelial cell inflammation, and
features indicative of endothelial-to-mesenchymal transition
and endothelial apoptosis, which favored the development of
NASH and liver fibrosis.

The first major finding in this study was the observation that
LSECs from patients with NASH display less autophagic vacuoles
than LSECs from patients with a normal liver or with simple
steatosis. Although such a low number of autophagic vacuoles
could result from increased autophagic flux,*® this hypothesis
seems very unlikely. First, our finding that autophagic vacuoles
in LSECs from patients with NASH were smaller than in patients
with a normal liver or with simple steatosis, supports the hy-
pothesis of a defect in autophagy in LSECs in NASH, since smaller
autophagic vacuoles have been associated with lower autophagic
flux.*’~*° Second, we demonstrated that cultured TSECs exposed
to shear stress — to mimic stimulation of autophagy existing
in vivo - and to a combination of TNFa and IL-6 at concentrations
similar to those observed in the portal blood of patients with
metabolic syndrome®’~4° displayed a decreased autophagic flux,
based on chloroquine experiments. Third, we showed that a
defect in autophagy in liver endothelial cells reproduces the
increased expression of Ccl2 and Vcam-1 reported in LSECs in
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mouse models of NASH.***° Although the mechanisms linking
the defect in liver endothelial autophagy with this inflammatory
phenotype have not been determined, the broad overexpression
of inflammatory genes in LSECs from Atg5'°¥";VE-cadherin-Cre
mice herein and previous results obtained in endothelial cells
from large arteries, let us speculate that the defect in endothelial
autophagy might induce a decrease in expression of KLF2 and in
turn an activation of NF-kB.>>°! The results obtained in patients
with NASH are a step forward in our understanding of liver
autophagy, since autophagy had not been assessed in liver
endothelial cells in patients with chronic liver disease. More
generally, while it has been shown that a defect in endothelial
autophagy favors atherosclerosis development,®>>2 the impact of
metabolic syndrome on endothelial autophagy had not been
investigated in any vascular bed, neither in patients nor in ani-
mals. Moreover, while sex differences in NAFLD are well
known,>? it should be stressed that we included in this study
both male and female patients and animals, implying that the
observed regulation and effects of endothelial autophagy is a
general process, not restricted to one gender.

The second major finding in the present study was the
observation that a defect in endothelial autophagy promotes
NASH and liver fibrosis in mice. This effect was not mediated
through defective endothelial autophagy’s possible influence on
metabolic risk factors, as body weight, arterial blood pressure,
plasma cholesterol and triglycerides, as well as fasting glucose
levels, were not different in mice with a deficiency in endothelial
autophagy under basal conditions or when fed a high-fat diet.
Our results extend the recent description by Ruart et al. of a
protective role of autophagy in LSECs at early phases of liver
disease.”’ Indeed, these authors showed an increase in liver
fibrosis after 1-week of CCl, treatment in mice deficient in the
key autophagy protein ATG7 (Atg7'*/'%;VE-cadherin-Cre mice).”’”
Our observations of a protective role of endothelial autophagy in
NASH and liver fibrosis complete the picture of the role of
autophagy in chronic liver diseases, since previous studies
demonstrated that hepatocyte autophagy protects against fat
accumulation and liver injury during fatty liver disease,' 2 that
macrophage autophagy is an anti-inflammatory pathway in
the liver, with protective anti-fibrogenic effects,”*>?> and that,
by contrast, autophagy is profibrogenic in hepatic stellate
CellS.ZI‘ZZ'ZG
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In the present study, the main effect of the deficiency in
endothelial autophagy was an increase in liver fibrosis, an effect
observed in a mouse model of fatty liver disease and of liver
fibrosis induced by the chronic administration of CCl,. It should be
emphasized that in both models, liver fibrosis was mainly peri-
sinusoidal, a feature typically observed in patients with NASH-
related fibrosis.>® Based on these results and those of others,
several mechanisms can be put forward to explain how a defect in
autophagy in LSECs induces perisinusoidal fibrosis. First, we
demonstrated here that a defect in autophagy in LSECs induces
strong expression of inflammatory molecules that may act on
neighboring hepatic stellate cells and promote their activation.>>*
Second, we also observed that a defect in autophagy in LSECs
activates angiogenic pathways known to be profibrogenic in
NASH.?® Third, Ruart et al. previously showed that a defect in
autophagy in LSECs induces LSEC dysfunction,?’ favoring hepatic
stellate cell activation and fibrosis in NASH.” Finally, besides he-
patic stellate cell activation, we also provide evidence for an
original complementary hypothesis that could account for the
perisinusoidal location of liver fibrosis we observed, namely
endothelial-to-mesenchymal transition.” Indeed, we demon-
strated, using cultured TSECs, that a defect in autophagy is asso-
ciated with the overexpression of a-Sma in TSECs, together with
overexpression of Tgfbl and Colla2, ie. typical features of
endothelial-to-mesenchymal transition. This suggests that the
pool of hepatic myofibroblasts in NASH may not only originate
from hepatic stellate cells, but also from endothelial-to-
mesenchymal transition. While this phenomenon has been well
described in fibrotic cardiovascular and pulmonary diseases,>>~>’
rare studies described endothelial-to-mesenchymal transition in
the liver”>® and suggested that this process is marginal in fibrosis
induced by chronic toxic injury. However, endothelial-to-
mesenchymal transition might be more prominent in NASH
than in other chronic liver diseases, as suggested by the frequent
perisinusoidal fibrosis in this disease.

In conclusion, this study provides new insights into our un-
derstanding of the role of LSECs in the development of NASH
and liver fibrosis. Autophagy is defective in LSECs in NASH and
this defect can be attributed, at least in part, to inflammatory
mediators present in the portal venous blood. Deficiency in
autophagy in LSECs induces endothelial inflammation, features
of endothelial-to-mesenchymal transition and apoptosis, thus

Journal of Hepatology 2020 vol. 72 | 528-538



promoting liver inflammation and fibrosis at early and advanced
stages of NASH and chronic liver disease. Liver endothelial
autophagy levels might be the missing link explaining why
some patients with simple steatosis progress to NASH and liver
fibrosis while others do not. Specifically targeting liver endo-
thelial autophagy may be an attractive strategy for NASH
treatment.
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