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I- LIST OF ABBREVIATIONS

a-SMA: Alpha smooth muscle actin
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BECN1- regulated autophagy protein 1
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ATG: Autophagy related gene

ATP: Adenosine triphosphate
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CMA: Chaperone-mediated autophagy
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CTGF: Connective tissue growth factor
CYP2E1: Cytochrome P450 2E1
DAMPs: Damaged-associated molecular
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DDR: Discoidin domaincontaining
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DMEM: Dulbecco’s modified Eagle
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DPP4: Dipeptidyl peptidase 4

DRAM: DNA damage-regulated
autophagy modulator protein

E2F1: E2F transcription factor 1

ECGS: Endothelial Cell Growth
Supplement

EDTA: Ethylenediaminetetraacetic acid
EF1a: Elongation factor 1 alpha

eNOS: Endothelial nitric oxide synthase

ERK: Extracellular signal-regulated
kinase

ESCRT: Endosomal sorting complexes
required for transport

FABP4: Fatty acid binding protein 4
FFA: Free fatty acid

FIP200: RB1-inducible coiled-coil
protein 1

FOXO: Forkhead box O

FXR: Farnesoid X receptor
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GLP-1: Glucagon-like peptide 1
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HCC: Hepatocellular carcinoma

HE: Hematoxylin and Eosin
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HDL: High density lipoprotein

HIF: Hypoxia inducible factors
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phosphoribosyltransferase

HSCs: Hepatic stellate cells

HSC70: Heat shock cognate 70 kDa
HSP90: Heat shock protein 90
ICAM-1: Intercellular adhesion molecule
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IGF1: Insulin growth factor 1

IL: Interleukin

iNOS: Inducible nitric oxide synthase
IPTG: Isopropyl 3-D-1-
thiogalactopyranoside

IQR: Interquartile range

IRE1 a: Inositol-requiring enzyme 1
IkB: Inhibitor of KB

JNK: C jun N-terminal kinase

KLF: Kriippel-like factor

LAMP-2: Lysosome-associated
membrane glycoprotein 2

LC3: Microtubule-associated proteins
1A/1B light chain 3



LDL: Low density lipoprotein

LKB1: Liver kinase B1

LPS: Lipopolysaccharide

LSECs: Liver sinusoidal endothelial cells
MAPK: Mitogen activated protein kinase
MCP-1: Monocyte Chemoattractant
Protein 1

MOI: Multiplicity of infection

mTOR: Mammalian target of rapamycin
mTORC: Mammalian target of
rapamycin complex

NaCl: Sodium chloride

NADPH: Nicotinamide adenine
dinucleotide phosphate

NAFL: Nonalcoholic fatty liver

NAFLD: Nonalcoholic fatty liver disease
NAS: NAFLD activity score

NASH: Nonalcoholic steatohepatitis
NF-kB: Nuclear factor-kappa B

NK: Natural killer cells

NKT: Natural killer T cells

NO: Nitric oxide

ox-LDL: Oxidized low-density
lipoprotein

PAMPs: Pathogen-associated molecular
protein

PBS: Phosphate buffered saline

PCR: Polymerase chain reaction

PDGF: Platelet derived growth factor
PDGFR: Platelet derived growth factor
receptor

PFP: Plasma free platelets

PI3K: Phosphatidylinositol-4,5-
bisphosphate 3-kinase

PI3P: Phosphatidylinositol-3-phosphate
PINK1: PTEN Induced Putative Kinase 1
PKB: Protein kinase B

PLVAP: Plasmalemma vesicle-
associated protein

PNPLA3: Patatin-like phospholipase
domain-containing protein 3

PPIA: Peptidylprolyl isomerase A
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Rab7: Ras-related protein Rab-7
RANTES: Regulated on Activation,
Normal T Cell Expressed and Secreted
Rheb: Ras homolog enriched in brain
RIPA: Radioimmunoprecipitation assay
ROS: Reactive oxygen species

SAF: Steatosis Activity Fibrosis

SEM: Standard error of the mean
SH3GLB1/Bif-1: SH3 Domain
Containing GRB2 Like, Endophilin B1
shRNA: short hairpin ribonucleic acid
SMAD 3: Mothers against
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SNAP-29: Synaptosomal-associated
protein 29

SNARE: Soluble N-ethylmaleimide-
sensitive-factor Attachment protein
REceptor

SQSTM1: Sequestosome 1

STAT3: Signal transducer and activator
of transcription 3

STX17: Syntaxin 17

TECPR1: Tectonin beta-Propeller
Repeat Containing protein 1

TFEB: Transcription factor EB

TGF-f: Transforming growth factor beta
TGF-BR: Transforming growth factor
beta receptor

TGR5: G protein-coupled bile acid
receptor 1

TLRs: Toll-Like receptors

TSC1/2: Tuberous sclerosis complex
1/2

TSECs: Transformed liver sinusoidal
endothelial cells

ULK1/2: unc-51 like autophagy
activating kinase 1

UPR: Unfolded protein response
UVRAG: UV radiation resistance-
associated gene protein

VAMPS8: Vesicle-associated membrane
protein 8

VAP-1: Vascular adhesion protein 1



VCAM-1: Vascular cell adhesion protein
1

VEGF: Vascular endothelial growth
factor

VEGFR: Vascular endothelial growth
factor receptor

VLDL: Very low-density lipoprotein
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I1- SUMMARY

Nonalcoholic steatohepatitis (NASH) is defined as the excessive lipid accumulation
in the liver, hepatocellular injury and inflammation with or without fibrosis. NASH has the
potential for cirrhosis and hepatocellular carcinoma. Recent studies suggested that
endothelial alterations precede inflammation and fibrosis in NASH. Autophagy is a
cellular process by which the dysfunctional cytoplasmic material joins lysosomes for
degradation. The role of autophagy in hepatocytes, in macrophages and in hepatic stellate
cells has been studied but nothing was known about the role of autophagy in liver
sinusoidal endothelial cells (LSECs) in NASH. The aim of my thesis work was to investigate

the role of autophagy in LSECs in NASH and liver fibrosis.

[ demonstrated using human liver biopsies that autophagy in LSECs is defective in
patients with NASH. In vitro, the combination of the inflammatory mediators TNFa and
IL6 decreased autophagy level in LSECs as a result of AMPKa pathway inhibition. LSECs
deficient in autophagy overexpressed Mcp1, Rantes and VCAM-1 suggesting endothelial
inflammation. Deficiency in autophagy in LSECs induced the expression of endothelial-to-
mesenchymal transition markers (a-SMA, Tgf-f1 and CollagenlaZ2). Endothelial
autophagy deficiency also promoted apoptosis of LSECs. In vivo, mice deficient in
endothelial ATGS5 fed a high fat diet had a more frequent nodular liver surface, a higher
liver inflammation (increased liver expression of Mcp-1, Rantes and VCAM1) and more
liver fibrosis (increased liver expression of a-SMA, Tgff1 and CollagenlaZ and more
collagen deposition). Mice deficient in ATG5 in endothelial cells treated with carbon
tetrachloride had more liver fibrosis (increased liver gene expression of a-SMA, Tgf-/1

and Collagen 12 and more collagen deposition).
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In conclusion, autophagy is defective in LSECs of patients with NASH. This defect
can be attributed to inflammatory mediators present in the portal venous blood of
patients with NASH. Deficiency in autophagy in LSECs induces endothelial alterations
(inflammation, endothelial-to-mesenchymal transition and apoptosis) and strongly
contributes to liver inflammation and fibrosis at early and advanced stages of chronic
liver disease. Deficiency in endothelial autophagy might in part explain how patients with
steatosis progress to NASH. This observation of a protective role of endothelial autophagy
completes the picture of the role of autophagy in chronic liver diseases. Targeting

endothelial autophagy could be an attractive strategy to treat NASH.
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IIlI- INTRODUCTION
A. Nonalcoholic steatohepatitis

1. Definition

The metabolic syndrome is defined as the combination of cardiovascular risk factors
including hyperglycemia, dyslipidemia (increased levels of low-density lipoprotein (LDL)
and decreased levels of high-density lipoprotein (HDL)), hypertension and obesity
(central obesity with an increased waist circumference) [1]. This syndrome is a major
public health issue since the number of affected individuals is constantly increasing due
to sedentary lifestyles and the high prevalence of obesity. Nonalcoholic fatty liver disease
(NAFLD) is the hepatic manifestation of the metabolic syndrome and encompasses a
spectrum of conditions including simple steatosis (nonalcoholic fatty liver, NAFL) and

nonalcoholic steatohepatitis (NASH).

The first observations of NAFLD were made in the 1950s when Zelman observed the
presence of steatosis in obese patients [2]. Similar observations were made few years
later in obese patients [3-5], diabetics [6-8] and in patients undergoing enteric surgery
for morbid obesity [9,10]. Historically, the acronym NASH for “nonalcoholic
steatohepatitis” was used for the first time in 1980 by Ludwig and coworkers that
described a disease reproducing the histological lesions of alcoholic hepatitis which can
progress to cirrhosis and associated it with obesity and type 2 diabetes [11]. NAFLD
affects people who have no or low alcohol consumption (less or equal to 20 g / day for
women or 30 g / day for men) [12,13]. Nonalcoholic fatty liver (NAFL) is defined as the
excessive accumulation of triglyceride in the liver (steatosis) without hepatocellular
injury, inflammation or fibrosis. NASH is characterized by steatosis combined with

lobular inflammation and hepatocytes injury with or without fibrosis [14] (Figure 1). Itis

14



agreed that patients with NAFL have slow or no histological progression while patients
with NASH have potential for cirrhosis and its complications such as ascites, variceal
bleeding and hepatocellular carcinoma and may require liver transplantation [13,15].
Importantly, patients with NASH also develop hepatocellular carcinoma (HCC) in the
absence of cirrhosis [16-18]. NASH is currently a leading cause of liver disease among
adults awaiting liver transplantation in Europe and in the United States and is projected
to become the most common indication for liver transplantation in the next decade
[18,19]. NASH also increases the risks of non-liver-related outcomes compared to those
of patients with NAFL alone. Non-hepatic outcomes related to NASH are primarily
cardiovascular disease and malignancy [20,21]. NASH is also an emerging risk factor for
type 2 diabetes and end-stage kidney disease [22,23]. Despite its prevalence and severity,
there is no approved therapy for NASH and available treatments only aim to control
associated conditions [17]. Therefore, understanding the mechanisms of NASH, and in
particular how simple steatosis progresses to NASH and then to cirrhosis or cancer only

in certain individuals, is of utmost importance [24].
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Figure 1: The pathological spectrum of NAFLD (From Cohen JC et al., Science, 2011)
[25]. A: Schematic progression of NAFLD, cirrhosis and hepatocellular carcinoma. B:

Histological progression of NAFLD and cirrhosis.
2. Epidemiology

Nonalcoholic fatty liver disease is an expanding health problem with an estimated global
prevalence of 25% [26]. The prevalence of NAFLD can vary depending on the studied
population and the definition used. In the United States, the number of NAFLD cases is

projected to expand from 83 million in 2015, corresponding to about 25% of the
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population, to 100 million in 2030, corresponding to more than 33% of the population

[27].

The estimated prevalence of NASH is 5% in the general population [13,15,28]. Most
patients with NASH are asymptomatic without clinically relevant outcomes for decades
but about 20% of NASH patients rapidly progress to advanced fibrosis and cirrhosis
[29,30]. NASH is an increasingly relevant public health issue owing to its close association
with the worldwide epidemics of diabetes and obesity and to population aging [17,27]. A
recent modeling approach estimated that NASH cases in the United States will increase
from 16 million in 2015 to 27 million in 2030, corresponding to 8% of the general
population. In the NAFLD population, NASH will progress from 20% to 27% during this
interval time [27]. Prevalence in the European Union follows similar trends [31]. Whereas
NAFLD and NASH are typically accompanied by central obesity in Europe and the United
States, there is a sizable percentage in Asia of patients with normal body mass index (BMI)
who develop a “lean NASH” [32]. As mentioned above, a large percentage (between 35-
50%) of hepatocellular cancers that arise in NASH setting occurs before cirrhosis when
compared to incidence in other liver diseases [16-18,33]. NASH is thus a major public
health issue due to its rising prevalence thus representing a growing economic burden

[31].

3. Risk factors

a- Metabolic risk factors

Both increased age and metabolic comorbidities increase the occurrence and severity of
NASH [14]. The metabolic syndrome is the strongest risk factor for NAFLD and NASH. As
mentioned above, the metabolic syndrome is defined as a combination of cardiovascular

risk factors that includes central obesity, hyperglycemia, dyslipidemia and arterial
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hypertension [1]. Among these risk factors, type 2 diabetes has the clearest biologic link
to NAFLD progression. Up to 75% of patients with type 2 diabetes have NAFLD. Moreover,
among patients with type 2 diabetes and NAFLD, the prevalence of NASH and advanced
fibrosis is also increased compared to the prevalence in patients with NAFLD alone
(without diabetes) [14]. Insulin resistance is a major feature in the pathogenesis of NAFLD
[34]. Improving insulin resistance improves NASH but is not sufficient to attenuate the
progression of the disease [14]. Furthermore, individuals with NAFLD are at higher risk

to develop diabetes mellitus [35].

Systemic arterial hypertension is also closely linked to NAFLD and NASH. 50% of the
patients with arterial hypertension have NAFLD [36] and hypertension is strongly
associated with fibrosis. Hypertensive patients with NAFLD have a higher risk to fibrosis
progression than patients without hypertension [30,37]. Moreover, the antagonism of the
renin-angiotensin system, which contributes to hypertension, may improve liver fibrosis

and NASH [38,39].

b- Genetic risk factors

Genetic risk factors that increase the risk of developing NASH have been identified [40].
The best characterized and the most strongly associated with NASH is the mutation in the
PNPLA3 gene that consists on a single nucleotide polymorphism in this gene which
regulates lipolysis in hepatocytes [41,42]. PNPLA3 protein (Patatin-like phospholipase
domain-containing protein 3) is a triacylglycerol lipase involved in triglycerides lipolysis
through the mobilization of lipids from lipid droplets to direct them to the proteasome.
PNPLA3-1148M variant consists on the substitution of a cytosine by a guanine that
changes codon 148 from isoleucine to methionine [43]. PNPLA3-1148M variant is

resistant to proteasomal degradation and escape from proteosomal degradation and
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accumulates in lipid droplets leading to disruptions in lipid lipolysis [44]. Interestingly,
the risk of NASH in patients with this variant form is amplified when it coexists with
adiposity, illustrating the additive effects of genetic and environmental drivers in this

disease [45].

A genome-wide association study recently described in four independent cohorts of
patients a splice variant in HSD17B13 gene (HSD17B13 rs72613567:TA variant). This
gene encodes the hepatic lipid droplet protein 173-hydroxysteroid dehydrogenase type
13 which has an enzymatic activity on several bioactive lipid species involved in lipid-
mediated inflammation. The mutation leads to a truncated and nonfunctional protein
which is associated with a reduction of serum amino-transferase levels (AST and ALT),
suggestive of a reduced liver injury and inflammation in patients with fatty liver, and a
reduced risk for NASH and cirrhosis [46]. This suggests that the non-muted HSD17B13
generates a product (still notidentified) which promotes hepatocellular injury. Moreover,
The HSD17B13 rs72613567:TA variant also reduces the risk of liver injury in individuals
genetically predisposed to NAFLD by the PNPLA3-1148M variant. Interestingly, the
HSD17B13 rs72613567:TA variant is associated with a decrease of PNPLA3 mRNA
expression [46]. Altogether, these data support a role for HSD17B13 in the progression

from steatosis to NASH, fibrosis and cirrhosis.

Another variant in TM6SFZ gene (a gene of unknown function) which encodes
transmembrane 6 superfamily member 2 (TM6SF2) protein is also associated with NASH
[43,47,48]. The Glu167LysTM6SF2 variant consists on a substitution of an adenine by a
guanine in coding nucleotide 499 that substitutes a glutamate by a lysine at residue 167
of the protein. When transfected to hepatocytes in vitro, the Glu167LysTM6SF2 variant

leads to 50% less protein production than wild-type TM6SF2 [43]. Glu167LysTM6SF2
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variant is associated with higher ALT levels in humans and shRNA knockdown of Tmé6sf2
increases liver triglyceride content in mice [43]. Furthermore, TM6SF2 mutation has been
associated with the severity of the disease [48]. In two histologically characterized
cohorts encompassing steatosis, NASH, fibrosis and cirrhosis, TM6SF2 mutation has been
associated with advanced liver fibrosis and cirrhosis, independently of confounding

factors such as age, BMI or type 2 diabetes mellitus [47].

c- Other risk factors

Other risk factors are the age, the gender and the ethnicity [49]. The prevalence of NAFLD
increases with age, and is higher among peoples between 40 and 65 years [50] but older
individuals have significantly more metabolic risk factors. Studies have reported that the
prevalence of NAFLD is higher in men than in women. Women of reproductive age are
protected from NAFLD but the gender difference disappears after menopause suggesting
a protective role of estrogens in the pathogenesis of the disease [49,51]. Finally, the
prevalence of NAFLD varies with ethnicity since studies have found a higher prevalence
in subjects from Hispanic origin in the United States while those from African origin
appear to be protected from NAFLD despite the high rates of obesity and diabetes in this
population [52]. This inter-ethnic heterogeneity cannot be attributed only to socio-

economic, cultural or lifestyle differences and highlight the role of genetic factors.

4. Diagnosis

The diagnosis of NAFLD requires the exclusion of other causes of liver disease, such as
excessive alcohol consumption, chronic hepatotoxic treatment or hepatitis (viral,
autoimmune, drug), lipodystrophy, hemochromatosis or Wilson's disease and nutrition

disorders (malnutrition, parenteral nutrition, rapid weight loss) [53,54].
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Most patients with NASH are asymptomatic without clinically relevant outcomes for
decades. A diagnosis of NASH can be considered when aminotransferases levels are

elevated or when hepatic fat is detected with abdominal imaging.

The increase in transaminases levels is observed in approximately 50% of the patients
with simple steatosis [54,55] and in 80% of the patients with NASH [56]. Nevertheless, a
significant proportion of subjects can have normal transaminases [57]. It has been

proposed that an AST/ALT ratio greater than 1.0 is suggestive of advanced fibrosis [58].

Steatosis can be identified noninvasively with imaging technics such as magnetic
resonance imaging, ultrasound or computed tomography. Among these modalities,
magnetic resonance imaging is the most sensitive since it can detect as little as 5%
steatosis, but is at higher cost than other imaging tests. Ultrasound and computed

tomography can detect steatosis when it is higher or equal to 20% of the liver mass.

The diagnosis of NASH, characterized by steatosis, hepatocellular injury, inflammation
and eventual varying degrees of fibrosis, requires an invasive liver biopsy which can be
used to histological analyses. Liver biopsy is actually the only way to firmly diagnose
steatohepatitis. There are no approved noninvasive methods for the diagnosis of NASH
but many biochemical markers have been proposed to estimate the presence of NASH
such as liver enzymes (AST and ALT), markers of hepatocytes apoptosis (CK-18),
cytokines and adipokines (TNFa, IL-6, adiponectin, adipocyte fatty acid binding proteins),
serum prolidase enzyme activity, soluble receptor for advanced glycation end products
and oxidative stress markers [54]. Promising serum biomarkers and imaging techniques
are undergoing evaluation in clinical trials and may ultimately obviate the need of liver

biopsy to establish a diagnosis of NASH [14].
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Many histological scoring systems have been successively developed for the analysis of
liver biopsies and for the classification of patients with NAFLD and NASH. Among these
scoring systems, the NAS score (NAFLD activity score) has been proposed by the
Nonalcoholic Steatohepatitis Clinical Research Network and consists on the summation
of semiquantitative evaluation of steatosis, ballooning and lobular inflammation [59]. NAS
score ranges from O to 8. A score below 3 excludes a diagnosis of NASH while a score
higher than 4 confirms the presence of NASH. However, this score does not perfectly
match with the diagnosis of NASH. Although extreme values are closely linked to the
absence (NAS < 3) or the presence (NAS > 4) of NASH, a gray zone exists with intermediate

values (2 < NAS < 5) [60].

Recently, the SAF score (Steatosis Activity Fibrosis) has been proposed to simplify the
classification of liver lesions in patients with NAFLD [60]. The SAF score evaluates semi-
quantitatively and separately steatosis, inflammatory activity (ballooning and lobular
inflammation) and fibrosis [60]. In this system, steatosis score (S) assesses the quantities
of large or medium-sized lipid droplets, from 0 to 3 (S0: <5%, no steatosis; S1: 5%-33%,
mild steatosis; S2: 34%-66%, moderate steatosis; S3: >67%, marked steatosis). Activity
grade (A, scored from 0 to 4) is defined as the addition of hepatocyte ballooning (0-2) and
lobular inflammation (0-2). Fibrosis is assessed using the score described by NASH-CRN
as follows: stage 0 (FO, no fibrosis); stage 1 (F1: 1a or 1b zone 3 perisinusoidal fibrosis or
1c portal fibrosis), stage 2 (F2: perisinusoidal and peri-portal fibrosis without bridging),
stage 3 (F3: bridging fibrosis) and stage 4 (F4: cirrhosis) [59]. SAF score is a simple
scoring system that dissociates grade of steatosis, activity and fibrosis stages. This scoring
system seems more relevant than simply dichotomizing patients according to the absence

or the presence of NASH since it can identify special subgroups of patients difficult to
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classify, such as those with steatosis and perisinusoidal fibrosis, without cell injuries or
inflammation (S:1AoF1) or patients with inflammation and cell injuries without steatosis

(SoAs2Fany) [60]. The SAF score is therefore better than other scoring systems.

5. Pathogenesis

The pathogenesis of NASH and particularly how patients with simple steatosis progress
to NASH and then to cirrhosis or cancer only in certain individuals is still incompletely
understood [61-63]. A two-hit theory was proposed several years ago to explain the
pathogenesis of NASH [64]. In this theory, the first hit constituted by steatosis, requires a
second hit from other factors such as inflammation to initiates NASH development. This
view is now outdated since it is not certain whether NASH is always preceded by steatosis,
the pathogenic drivers are not identical among patients, the clinical manifestations are
highly heterogeneous between patients and many molecular pathways contributing to
NASH have been identified [14]. The pathogenesis of NASH is now considered as a “multi-

hit” or multifactorial process [14].

a- Mechanisms of liver steatosis

Initially, steatosis occurs when the import or synthesis of lipids exceeds their export or
their degradation. Normally, the liver eliminates excess lipids by [-oxidation or by
exporting them as VLDL (very low-density lipoprotein). In conditions of chronic energy
surplus, these adaptations are not sufficient to reduce fat accumulation in the liver and
are switched towards triglycerides synthesis which are stored in lipid droplets [62]. The
disposal of fatty acids in lipid droplets is an adaptive process to a supply of fatty acids that

exceeds the capacity to metabolize them [65].
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Free fatty acids (FFA) play a major role in the pathogenesis of NASH. The main sources of
fatty acids in the liver are plasma FFA arriving from dietary fatty acids and from the
adipose tissue. Metabolic and inflammatory events in the adipose tissue can drive the
pathogenesis of NASH since FFA, adipokines and adipocytokines can reach the liver
through the portal blood flow [14,66]. The second major source of free fatty acids in the
liver is the hepatic de novo lipogenesis from glucose and fructose [14,62,67]. The third
source of FFA is the breakdown of lipid droplets. PNPLA3 is involved in this lipolytic step,
and, as stated above, the PNPLA3-1148M variant is strongly associated with the
progression of NASH since it is associated with lipolysis abnormalities (see paragraph III-

A-3:risk factors) [14,41,42] (Figure 2).

Chronic exposure of the liver to fatty acids stimulates in turn the synthesis of triglycerides
in hepatocytes [67]. Insulin resistance and hyperinsulinemia in individuals with
metabolic syndrome (typically in obese and diabetic individuals), favor both lipid uptake
and synthesis leading to a progressive accumulation of lipids in the liver. The ability of the
liver to regulate fat metabolism becomes exceeded in this setting leading to the
accumulation of toxic lipid species (lipotoxicity) that initiates NASH progression [68,69]
(Figure 2). In turn, hepatic fat accumulation exacerbates insulin resistance and
hyperinsulinemia [70] which exacerbates fat accumulation in the liver [71] and promotes
inflammatory [72], fibrogenic [73] and mitogenic responses that can be carcinogenic [71]

(Figure 2).
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Figure 2: Lipotoxicity and liver injury in the pathogenesis of NASH (From Friedman SL
et al.,, Nature Medicine, 2018) [14]

b- Lipotoxicity and oxidative stress

At least three major events are involved in the progression of fatty liver to NASH,
including lipotoxicity, oxidative stress associated with the overproduction of reactive

oxygen species (ROS), and increased release of pro-inflammatory and pro-fibrogenic

mediators [74,75].

Lipotoxicity is defined as the dysregulation of the lipid environment or intracellular lipid
content/composition that leads to the accumulation of toxic lipids which in turn induces
organelle dysfunction, cellular injury and cell death [76]. Lipotoxicity is intimately linked

to liver inflammation which is a main feature distinguishing NASH from NAFL. In NASH,
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lipotoxicity is in part related to visceral adipose tissue and its secretory products.
Abnormal visceral adipose tissue function, primarily due to obesity, amplifies the release
of adipocytokines from fatty tissue, which can lead to systemic effects, such as low-grade
systemic inflammation and an altered metabolic state with insulin resistance. The
increased lipid content in visceral adipose tissue enhances FFA delivery from the
adipocytes into the liver, impairing the hepatic lipid content and promoting hepatic

insulin resistance and hepatocyte apoptosis [77-79].

Lipotoxicity can result in oxidative stress through diverse mechanisms. Mitochondrial
and peroxisomal fatty acid oxidation generate ROS thus favoring the vulnerability of
hepatocytes to other factors [74,80]. Damaged mitochondria fail to metabolize fatty acids
efficiently which accumulate in these organelles [81]. Accumulation of fatty acids within
mitochondria makes them more vulnerable to other factors, such as TNFa, that promotes
mitochondrial damages and the release of mitochondrial apoptotic factors [82]. Damaged

mitochondria also fail to produce ATP thus promoting cellular necrosis [83].

Changes in cell signaling are also induced and associated with lipotoxicity. Indeed, fatty
acids interact with innate immune receptors such as TLRs (Toll-like receptors) and
transcription factors thus inducing changes in signaling pathways that regulate
metabolism and inflammation [84-86]. This disrupts hepatocyte metabolic homeostasis
and potentiate liver cell injury and death [68,87] which is a key feature of NASH that
distinguishes it from NAFL [88]. Lipotoxicity also induces endoplasmic reticulum stress
[89] and impairs autophagy in hepatocytes (lipophagy specifically which is the ability to

regulate lipid content via autophagy) [87,90].
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NAFLD also includes alterations in carbohydrate metabolism which contribute to the
pathogenesis of NASH through glucotoxicity [76]. Excess carbohydrates activate lipogenic

pathways that stimulates de novo lipogenesis thus contributing to steatosis [91].

Lipotoxicity also acts on hepatic non-parenchymal cells including Kupffer cells, hepatic
stellate cells, cholangiocytes and liver sinusoidal endothelial cells (LSECs) [76,92]. FFA
activate macrophages after binding to TLRs (TLR2 and TLR4) thus inhibiting insulin-like
growth factor binding protein-3 which acts as an anti-inflammatory feedback [93].
Interestingly, Kupffer cell depletion inhibits steatosis [94] suggesting that liver
inflammation should be considered as a consequence and a causative trigger for steatosis
[94,95]. In hepatic stellate cells, lipotoxicity sensitizes them to TGF-[3, a potent fibrogenic
factors, via increased TLR4 signaling [96]. In cholangiocytes, lipotoxicity induces
apoptosis via pathways involving FOX03 and PUMA [97]. LSECs are main targets of
lipotoxicity since they are among the firstliver cells in contact with products derived from
the visceral adipose tissue including fatty acids, adipokines and adipocytokines. The
lipotoxic response of LSECs will be discussed later (see paragraph III-B-2: role of liver

LSECs in NASH).

Lysosomal pathways are also affected in NAFLD. Excess FFA exposure induces the release
of cathepsin B from the lysosomal membrane to cytosol which is involved in
mitochondrial dysfunction and apoptosis [98]. Lysosomal function can also generate ER

stress thus promoting apoptosis [99].

27



Oxidative stress results from elevated ROS levels during NAFLD and NASH. Higher ROS
levels could be explained by different mechanisms related to organelles dysfunction.
Interestingly, liver mitochondria of patients with NAFLD display abnormalities [74]. First,
mitochondrial and peroxisomal fatty acids 3-oxidation generate ROS that may be toxic by
themselves or indirectly by depleting cellular antioxidant reserves. Indeed, enhancement
of the mitochondrial fatty acid B-oxidation induces ROS overproduction if it is not
accompanied with an up-regulation of the activity of the mitochondrial respiratory chain.
Peroxisomal fatty acids oxidation is enhanced in NAFLD and constitutes the first
enzymatic step that produces H202 [74]. Secondly, CYP2E1, which is an enzyme located
in mitochondria and endoplasmic reticulum that produces ROS and affects mitochondrial
function, is induced in NAFLD [100]. Thirdly, the reduction of ROS detoxification favors
oxidative stress. Fourth, decreased expression and/or activity of antioxidant enzymes
such as superoxide dismutase can occur at the mitochondrial level thus promoting
oxidative stress [74]. Fifthly, high glucose levels promote ROS production in hepatocytes
[101]. Finally, another source of ROS may be attributed to the higher hepatic expression
of the inducible nitric oxide synthase (iNOS) during NAFLD as a consequence of TNFa
overproduction by activated cells. Nitric oxide can react with superoxide anions to
generate reactive nitrogen species, that perpetuate oxidative stress and impairs

mitochondrial function [74].

c- Mechanisms of liver inflammation

Liver injury result in wound-healing responses to replace dying hepatocytes [102].
Among these processes, inflammation, which includes the activation of resident immune

cells (Kupffer cells) and the recruitment of bone marrow-derived inflammatory cells from
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the bloodstream, fibrogenesis (matrix remodeling), angiogenesis, and the mobilization of

liver progenitor cells [103] (Figure 3).
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Figure 3: Lipotoxicity and NASH pathogenesis (Adapted from Machado and Diehl,
Gastroenterology, 2016) [62]

Liver inflammation can result at least from three major components including the
metabolic/inflammatory events occurring in the adipose tissue, the hepatic inflammatory

response to lipotoxicity, and the gut microbiota derived products.
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First, metabolic and inflammatory events in the adipose tissue contribute to liver
inflammation through FFA and adipocytokines, such as TNFa and IL-6, which reach the

liver via the portal venous blood, and activate inflammatory cells in the liver [104].

Second, lipotoxicity-induced hepatocellular injury directly results in inflammasome
activation in the liver [105]. Inflammasome is a multiprotein complex that responds to
DAMPs (damaged-associated molecular patterns) including fatty acids, and PAMPs
(pathogen-associated molecular protein) including products derived from the gut
microbiota [14,106]. Inflammasome activation in the liver links the initial metabolic
stress and subsequent inflammatory responses and fibrogenesis in NASH [106]. Hepatic
inflammasome activation leads to inflammatory cytokines production, such as IL-1(,

TNFa and IL-6, and promotes apoptosis through caspase-1 activation [14].

Injured hepatocytes in stressful conditions (oxidative stress, endoplasmic reticulum
stress and apoptosis) release signaling molecules to neighboring cells (Figure 3). These
signaling molecules include cytokines, DAMPs, microRNAs and Hedghog molecules
[62,107]. Hedgehog signaling is a key pathway involved in NASH. While hepatocytes in
healthy livers do not express detectable levels of sonic hedgehog, stressed hepatocytes
rapidly up-regulate sonic hedgehog mRNA and protein [108]. Hedgehog molecules can be
released directly in the extracellular environment or incorporated and released into
extracellular vesicles such as exosomes [109] that signal to other hepatocytes, Kupffer
cells, hepatic stellate cells, and LSECs [110-114] (Figure 4). For example, hedgehog
signaling induces expression of TGF-[3 by hepatic stellate cells [62] and stimulates LSECs
to produce vascular endothelial growth factor (VEGF) which promotes angiogenesis

[114]. These hepatic non-parenchymal cells have been shown to be both Hedgehog-
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producing and Hedgehog sensitive cells depending on their activation state, and to

participate to liver inflammation and fibrosis [109,114-116].
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Figure 4: Intercellular communications in the pathogenesis of NASH (Adapted from

Marra F et al.,, Journal of Hepatology, 2017) [76]

Finally, recent evidences point toward another tissue, the gastrointestinal tract, as a
source for liver inflammation [76] (Figure 5). Gut microbiota is defined as the complex of
microorganisms harbored by each individual in the gut [76] that contribute to digestion,
vitamin synthesis, resistance of the intestine to pathogens infection, regulation of
intestinal homeostasis and metabolic functions [117]. Normal gut microbiota confers
several physiologic benefits to the host but its composition can be influenced by several
factors such as ageing, diet and antibiotic use leading to dysbiosis [118] which is an
additional risk factor for NAFLD and NASH. Diet-induced dysbiosis has been
demonstrated in humans and rodents and decreased microbial diversity and complexity
correlates with obesity and NAFLD [117,119]. However, studies failed to define a clear

microbial signature and to correlate it with NASH stages and disease progression [76].

Apart from altered gut microbiota during obesity, studies have shown intestinal barrier

alterations and increased intestinal permeability during NASH, leading to bacterial
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translocation and increased levels of bacterial products such as lipopolysaccharide (LPS)
and unmethylated CpG DNA [120]. These gut-derived bacterial products as well as
bacterial translocation into the portal circulation is a major mechanism linking gut
dysbiosis with NASH since it can activate the immune system in the liver via pro-
inflammatory signaling pathways after binding to TLRs [121-123]. Intracellular signaling
mediated by TLRs activation induces the secretion of inflammatory cytokines involved in
liver injury and inflammation [124]. In addition to LPS, gut microbiota can expose the liver
to endogenous ethanol. Indeed, ethanol-producing bacteria in the gut and blood ethanol
concentrations are increased in patients with NASH when compared to healthy controls
and to patients with NAFL. This suggests a role of alcohol-producing microbiota in NASH

pathogenesis [125].
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Figure 5: Role of the gut microbiota in the pathogenesis of NASH (Adapted from Marra F
et al., Journal of Hepatology, 2017) [76]
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d- Mechanisms of liver fibrosis

Liver fibrosis is defined as the excessive deposition of extracellular matrix in the liver
parenchyma as a result of a long-standing wound healing process caused by
hepatocellular injury and inflammation. Sustained hepatic inflammation resulting from
liver injury is a major driving force for fibrosis progression. Distinct subsets of innate
(macrophages, dendritic cells), adaptive (B cells and T cells) and innate lymphoid cells
regulate the fibrogenic process [126]. However, excessive wound-healing responses can
be harmful by inducing the progressive replacement of liver parenchyma by scar tissue
(cirrhosis) and/or promoting liver cancer carcinogenesis (hepatocellular carcinoma)

[62]. Fibrosis is the major cause of liver-related death in patients with NAFLD [14].

Liver fibrosis is mediated by the activation of resident hepatic stellate cells. HSCs,
originally described by von Kupffer in 1876, are localized in the space of Disse, interposed
between liver sinusoidal endothelial cells (LSECs) and hepatocytes, and represent about
10% of all resident liver cells. In physiological conditions, hepatic stellate cells maintain a
quiescent non-proliferative phenotype and store retinoids such as vitamin A. In
pathological conditions, hepatic stellate cells switch their phenotype to an activated
myofibroblastic state. Activated hepatic stellate cells express smooth muscle a-actin (a-
SMA), exhibits high proliferative activity, are motile and contractile, and produce
proinflammatory and profibrogenic mediators, extracellular matrix proteins and
inhibitors of matrix degradation enzymes [62,127]. Interestingly, a recent study showed
that PNPLA3-1148M variant expression in hepatic stellate cells can modulate the
fibrogenic process by acting directly on hepatic stellate cells activation. PNPLA3-1148M is
expressed in hepatic stellate cells during the early phases of their activation and remains

elevated in fully activated hepatic stellate cells. This variant potentiates the profibrogenic
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features of hepatic stellate cells, providing a molecular mechanism for the higher risk of
progression and severity of liver diseases conferred to patients carrying this mutation
[42]. Several fibrogenic and proliferative cytokines regulating hepatic stellate cells
activation have been identified such as transforming growth factor-f (TGF-[8), platelet
derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and connective
tissue growth factor (CTGF) [127]. The extracellular stimuli of hepatic stellate cells
activation are derived from a number of cell types in the liver including hepatocytes, liver
sinusoidal endothelial cells (LSECs), macrophages, natural killers (NK) and NKT cells, B

cells and platelets [127].

TGF-f is considered as the most potent fibrogenic cytokine and is released by several cell
populations in the liver in a latent form [128]. TGF-f binds to TGF-f3 type 1 receptor in
hepatic stellate cells. Its binding induces TGF-BR1 phosphorylation which induces the
phosphorylation of downstream SMAD3. Activation of SMAD3 during hepatic stellate cells
activation promotes transcription of collagen [129]. TGF- also activates mitogen-
activated protein kinase (MAPK) signaling pathways, including extracellular signal
regulated kinase (ERK), p38 and c-jun N-terminal kinase (JNK), to promote hepatic
stellate cells activation. PDGF drives hepatic stellate cells proliferation and migration after
its binding to PDGFR-B. VEGF induces the proliferation of hepatic stellate cells [127]. CTGF
is a potent fibrogenic cytokine expressed at low level in normal liver but it is highly
upregulated in fibrotic liver. CTGF contributes to proliferation, migration, adhesion and

survival of hepatic stellate cells as well as to extracellular matrix production [130].

Other pathways regulating hepatic stellate cells activation include Hedgehog signaling
pathway and the interaction with extracellular matrix [127]. Hepatic stellate cells express

two types of collagen receptors, integrins and discoidin domaincontaining receptors
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(DDRs). Each type receives signals from extracellular matrix components to regulate cell
adhesion, differentiation, proliferation and migration [131,132]. Integrins can control the
release and activation of TGF-f. Integrin-f31 also regulates the profibrogenic phenotype
of activated hepatic stellate cells through the serine/threonine protein kinase PAK1 and
yes-associated protein 1 (YAP1) [133]. DDRs are tyrosine kinases receptor that signal in

response to triple helical collagen [127].

6. Treatments

As mentioned above, there is no approved therapy for NASH despite its prevalence and
severity. Available treatments only aim to control metabolic disorders associated with
NASH. The correction of metabolic syndrome factors, including overweight,
hyperlipidemia, hypertension and type 2 diabetes, should be approached as a
multidisciplinary process that involves several medical specialists (endocrinologists,
nutritionists and cardiologists). Two complementary therapeutic approaches may be
considered for the management of NASH. The first one is a non-pharmacological approach

based on lifestyle changes and the second one requires the use of medication.

a. Non-pharmacological approaches

- Diet and exercise

Non-pharmacological approaches are based on lifestyles changes. It is now admitted that
a weight loss of 5 to 7% from the initial body weight has a significant effect on steatosis
and the severity of NASH [134]. A randomized study showed an improvement in NAS
scores when weight loss was greater than 7% [135]. Insulin resistance is also improved
by physical activity. A study has shown that 6 months of moderate exercise without
weightloss improves insulin resistance in the adipose tissue and the liver [136]. However,

this first therapeutic line combining diet and physical exercise programs, remains very
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heterogeneous and its efficiency has yet to be determined in the long term, given the low

compliance of patients with this approach [134].

- Bariatric surgery

Bariatric surgery is the most powerful and effective treatment for achieving significant
and sustained weight loss in morbidly obese patients [137]. Recent studies point to its
high therapeutic potential in NASH [138]. The Swedish Obese Subjects study showed an
improvement of aminotransferases levels that persists up after 10 years following the
bariatric surgery [139]. Prospective studies have reported histological improvement of
NASH without fibrosis worsening in large cohorts of patients [138,140-142]. In the last

study, resolution of NASH occurred in 85% of patients subjected to the surgery [138].

b. Pharmacological approaches

- Insulin-sensitizers

The use of low-hepatotoxic drugs is needed when non-pharmacological approach fails to
correct metabolic factors. For example, Metformin is a biguanide that decreases
intrahepatic glucose production and increases its peripheral combustion. A controlled
study conducted on a low number of patients over 6 months showed an improvement in
glucose and lipid parameters but it did not improve aminotransferases or liver histology
[143]. Glitazones improve insulin-resistance in adipocytes, induce adiponectin which
exhibits anti-steatogenic effects [144]. Controlled studies using pioglitazone showed a
decrease in steatosis, ALT levels and necro-inflammatory lesions without effect on

fibrosis [145,146]. However, their tolerance profile is unsatisfactory [144].
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- New anti-diabetics

Glucagon-like peptide 1 (GLP1) is an incretin released by the small intestine that
decreases hepatic glucose production, induces satiety by delaying gastric emptying, and
has cardioprotective effects. GLP1 analogues have been tested in NASH. Armstrong and
colleagues have recently shown in a randomized, double-blind study in 52 patients that
liraglutide improves body weight, gamma GT and histological features of NASH and
improves key metabolic risk factors such as body weight and BM], glucose level and HDL
cholesterol. However, this drug had significant digestive side effects such as anorexia,
diarrhea and nausea [147].

GLP-1 has a very short half-life (less than 2 minutes) due to its degradation by dipeptidyl
peptidase 4 (DPP4). DPP4 inhibitors, such as exenatide [148] and sitagliptin [149] are

attractive tools for the treatments of NASH [150].

- Hepatoprotective agents

Chronic oxidative stress in the liver is one of the main mechanisms involved in the
progression from NAFL to NASH via the production of ROS. Vitamin E reduces oxidative
stress and has been shown to significantly improve steatosis, ballooning and liver

inflammation [145].

- Probiotics and prebiotics

Recent evidences point toward altered gut microbiota in the pathogenesis of NASH [76].
The use of probiotics (live micro-organisms that have positive effects on health when
administered) or prebiotics (food substances that induce the growth of certain probiotic
bacteria) to treat dysbiosis is thus an attractive therapeutic strategy in NASH. A recent

meta-analysis has shown that the use of probiotics such as Lactobacillus, Bifidobacterium,
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Streptococcus and VSL#3 reduces the intestinal permeability and endotoxemia [151].
These probiotics also reduce aminotransferases levels, insulin resistance and blood

cholesterol in patients with NAFLD [152,153].

c. Future therapeutic drugs

- Farnesoid X Receptor (FXR) Agonists

Bile acids synthesis requires nuclear hormone receptors such as FXR and TGR5 that have
arolein carbohydrates and lipids metabolism. FXR activation improves insulin resistance,
fatty acid oxidation and decreases hepatic inflammation [154]. A large study in 229
patients receiving the FXR selective agonist, obeticholic acid, for 72 weeks showed an
improvement in histological features of NASH [155]. However, side effects have been
reported such as severe pruritus observed in 17% of the patients in this study and
increased LDL cholesterol levels [155]. Phase I studies with other FXR agonists, such as

Px-102, are ongoing [156].

- Peroxisome proliferator-activated receptor (PPAR) alpha and delta agonists

The different isoforms of the PPARs nuclear receptors regulate the expression of genes
involved in glucose and lipid homeostasis: PPAR-a is involved in fatty acids oxidation,
PPAR-y is involved in the storage of triglycerides and inflammatory signaling and PPAR-
0 is involved in lipid homeostasis [157]. PPAR-® activation induces hepatoprotective
effects by improving hepatic metabolism, inflammation and fibrosis [157,158].
Elafibranor, a PPAR-a and -0 agonist, has been shown to induce resolution of NASH in
patients with a NAS score 2 4, without fibrosis worsening [159]. The PPAR-a component
increases fatty acid oxidation, whereas the PPAR-O component has anti-inflammatory

effects. The good tolerance of this molecule associated with the improvement of
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cardiovascular risk factors (insulin resistance, triglycerides, cholestérol) allowed a phase
[II study for this molecule. Other PPAR agonist molecules showing efficacy in mice are

emerging [156].

- Immune targets

Cytokines and inflammatory cells are involved in the pathogenesis of NASH. The C-C motif
chemokine receptor 2 (CCR2)-CCR5 chemokine axis amplifies the innate immune
response in the liver and links inflammation and fibrosis since it is involved in hepatic
stellate cells activation. Inhibition of the CCR2-CCR5 axis with Cenicriviroc (AURORA)
reduces short-term fibrosis progression as assessed in a clinical trial of NASH. However,
after 2 years of administration, the mean fibrosis stage was not significantly different
from that of patients on placebo [160]. This molecule is also being evaluated in a phase 3

trial.

B. Role of liver sinusoidal endothelial cells in nonalcoholic fatty liver disease

1. Liver sinusoidal endothelial cells (LSECs)

Liver sinusoids are a highly differentiated vascular bed lined by specialized endothelial
cells that have key physiological roles in endocytosis, immune function, and the rapid
transfer of substrates between blood and hepatocytes. Liver sinusoidal endothelial cells
are the most abundant non-parenchymal cells in the liver LSECs are perforated with
numerous transcellular pores, called fenestrae, and are not associated with basement
membrane [161,162]. Fenestrae are clustered in groups and have been termed sieve
plates. Fenestration patterns vary across the liver lobule, with larger but fewer fenestrae
per sieve plate in the periportal region and smaller but more numerous fenestrae per

sieve plate in the centrilobular region [163]. Porosity, the amount of LSECs surface
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occupied by fenestrae, is twice higher in the centrilobular region than in the periportal
region [163]. LSECs regulate the transport of macromolecules between the blood and

liver parenchyma including lipids and lipoproteins through fenestrae.

LSECs are at the interface between the blood derived from the visceral adipose tissue and
the gut on the one side, and hepatic stellate cells and hepatocytes on the other side. LSECs
closely communicate with these cells. This intercellular communication is important for
both LSECs and neighboring cells homeostasis [162]. For example, VEGF derived from
adjacent hepatocytes and hepatic stellate cells is crucial for the maintenance of fenestrae

and nitric oxide secreted by LSECs maintains hepatic stellate cells quiescence [163].

LSECs display high endocytic capacity and play a prominent role in the regulation of
whole liver homeostasis [164]. Accordingly, in the liver, not only Kupffer cells but also
LSECs are involved in waste clearance and these cells seem to complement each other.
LSECs represent the professional pinocyting cells, clearing the blood from soluble
macromolecules and small particles, while macrophages eliminate larger, insoluble

particles by phagocytosis [165].

LSECs undergo significant structural changes with aging that have been termed
pseudocapillarization and observed in humans, nonhuman primates, rats, and old aged
mice [166,167]. Pseudocapillarization includes a marked reduction in fenestrae, an
increase in endothelial thickness and altered expression of endothelial and extracellular
matrix proteins among which von Willebrand factor and collagen [166,167]. The
structure and function of LSECs are closely linked as defenestration is the first phenotypic

marker of LSECs dysfunction [168].
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Current view of the pathogenesis of NASH centers on the response of hepatocytes to
insulin resistance and lipotoxicity, immune system and hepatic stellate cell activation
being regarded as secondary events [14]. The vascular endothelium, representing the
interface between the blood and the other tissues of the body, is not only a physical
barrier but is implicated in different physiological roles, such as hemostasis, metabolites
transportation, inflammation, thrombosis, angiogenesis and vascular tone [169]. The
following sections will specifically focus on the role of LSECs in the pathophysiology of

NAFLD and its progression to NASH, cirrhosis and hepatocellular carcinoma.

2. Role of LSECs in simple steatosis

- Role of LSECs in lipid transfer in normal conditions

Dietary lipids present in the circulation have to be transported through the vascular
endothelium to be metabolized by tissues. In physiological conditions, LSECs are major
regulators of the bidirectional lipid exchange between the blood and the liver parenchyma
in two manners. LSECs fenestrae allow for efficient transfer of lipoproteins, small
chylomicron remnants and other macromolecules, from the sinusoidal blood to the space
of Disse, where they are taken up by hepatocytes [170-172]. Old studies using
radiolabeled lipoproteins showed that small chylomicron remnants cross over the liver
sieve while larger lipoproteins remains in the lumen of the sinusoid [173]. This primary
role of endothelial cells in lipid transfer is also illustrated by the observation that mice
deficient in VEGF-B, a key regulator of endothelial cell functions, show less accumulation
of labeled oleic acid in the liver and in other organs (heart and muscles) than wild type
mice, resulting in obesity since lipids that do not pass the endothelium accumulates in
the adipose tissue [174]. Although this study was not focused on the liver and liver

endothelial cells, it nicely illustrates the crucial role of LSECs in the uptake of fatty acids
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in physiology. Indeed, previous studies showed that LSECs lose their fenestrae when VEGF
pathway is disrupted [168,172,175] thus impairing the uptake of fluorescently labelled
chylomicron remnants [172]. LSECs also regulate lipid transfer through their high
endocytosis capacity as attested by their high ability to rapidly uptake oxidized or

acetylated low density lipoproteins [162,176,177].

- LSECs capillarization occurs early in NAFLD and promotes steatosis

LSECs undergo morphological and functional changes during liver steatosis. One of the
most remarkable phenotypic changes is the loss of fenestrae, also called defenestration or
sinusoidal capillarization, associated with the formation of a basement membrane on the
abluminal surface of LSECs. Several independent groups reported that sinusoidal
capillarization appears very early in NAFLD. Indeed, short-term exposure to a high-fat
diet (3 weeks) impairs the morphology of fenestrae in rats [178]. Miyao and colleagues
also demonstrated that defenestration begins after 1 week of choline-deficient, L-amino
acid-defined diet in mice [179]. Cogger and coworkers demonstrated in mice challenged
with several diets varying in content of macronutrients and energy that LSECs porosity
and fenestrae frequency are inversely correlated with dietary fat intake while fenestrae
diameter is inversely correlated with protein or carbohydrate intake [180]. In this study,
the authors also demonstrated a negative correlation between LSECs fenestrae
(frequency, porosity and diameter) and circulating free fatty acids (FFA) levels [180]. The
triggers of sinusoidal capillarization are not fully identified, but we can speculate that
excessive dietary macronutrients, including lipids and carbohydrates, could be
responsible for this [180]. This view is supported by in vitro studies suggesting that
defenestration occurs following excessive lipids exposition. For instance, exposure of

human primary LSECs with oxidized LDL (ox-LDL) reduces the diameter and the porosity
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of the fenestrae [181]. Another in vitro study showed that addition of FFA in the culture
medium (a mixture of saturated and unsaturated FFA) maintained fenestrae in rat
primary LSECs until 5 days, while LSECs cultivated in FFA free medium lose their fenestrae
[182]. Nevertheless, FFA alone does not maintain fenestrae at normal levels. Only about
5% of all FFA-treated cells expressed fenestrae in sieve plates and many of them
presented large transcytotic pores (>1um diameter while fenestrae measure about
150nm in diameter [161]). Primary LSECs are difficult to maintain in a differentiated state
in culture for scientific studies [161,162] and it seems difficult to extrapolate these in vitro
results to the in vivo observations since FFA acids concentrations and composition
depends on the metabolic state [183] and other factors, in addition to lipids, could be
involved in NAFLD setting. Recent evidences point toward the gut microbiota in the
pathogenesis of NAFLD. Cogger and colleagues showed that LSECs fenestrae were
inversely correlated with the abundance of Bacteroidetes in the gut and positively
correlated with the abundance of Firmicutes [180]. Moreover, it has been shown that a
single injection of endotoxin in rats induces a decrease in both diameter and number of
fenestrae [184] suggesting that gut microbiota-derived products may contribute to LSECs

capillarization.

In turn, capillarization impacts on liver steatosis (Figure 1). Plasmalemma vesicle-
associated protein (PLVAP) is an endothelial-specific integral membrane glycoprotein
required for the formation of endothelial fenestrae [185]. PLVAP deficient mice exhibit a
pronounced reduction in the number of LSECs fenestrae, associated with a decrease in the
sinusoidal permeability [185]. Herrnberger and collaborators demonstrated that the lack
of sinusoidal fenestrae causes pronounced microvesicular steatosisin 10 days old

breastfeeding mice. In three weeks old Plvap7/- mice, livers spontaneously develop
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extensive multivesicular steatosis [185]. These mice also had hyperlipoproteinemia, and
hypertriglyceridemia. A first hypothesis explaining this consequence of capillarization on
steatosis could be the fact that reduced LSECs permeability impairs the passage of
hepatocytes-derived very low-density lipoprotein toward the sinusoidal lumen thus
inducing cholesterol retention in the liver. However, these lipoproteins may escape from
the liver through the lymphatic system [186]. An alternative explanation could be that
LSECs capillarization might impair lipid metabolism in hepatocytes since very low-
density lipoprotein synthesis in the liver require triglycerides which in part derive from
chylomicron remnants derived from the blood. The impairment of the passage of
chylomicron remnants from sinusoidal blood to hepatocytes [172,185] might in turn
stimulate hepatic de novo lipogenesis as a compensatory mechanism thus inducing
steatosis. Moreover, chylomicron remnants and their dietary cholesterol will no longer
pass the sieve to inhibit HMGCoA reductase and the synthesis of cholesterol in

hepatocytes [187].

Taken together, these data suggest that features of metabolic syndrome are associated

with LSECs capillarization which promotes steatosis (Figure 6).

- LSECs dysfunction occurs early in NAFLD and promotes steatosis

Liver steatosis is associated with an increased portal pressure and intrahepatic vascular
resistance [188,189]. In patients, hepatic venous pressure gradient correlates with the
degree of steatosis [188]. Using Doppler flowmetry, Seifalian and colleagues observed an
impaired sinusoidal perfusion in fatty livers compared with healthy human liver grafts
[190]. Similar results were obtained in rabbits and rats with diet-induced steatosis with

an inverse correlation between hepatic parenchymal microcirculation and the severity of
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steatosis [191,192]. This increased intrahepatic vascular resistance has a mechanical and
a dynamic component. The mechanical part is due to the compression of the sinusoidal
lumen by enlarged fat-laden hepatocytes [188,193-195]. The dynamic part is due to a
liver endothelial dysfunction. In general, endothelial dysfunction is a pathological
condition defined as the inability of blood vessels to dilate in response to increased blood
flow. The loss of nitric oxide bioavailability due to eNOS inhibition generally indicates an

endothelial dysfunction [196].

Several lines of evidence show that LSECs dysfunction occurs in fatty livers and is involved
in the increase of intrahepatic vascular resistance during steatosis. Steatosis induced by
1-month administration of rich saturated fatty acids diet to rats is associated with blunted
activation of eNOS indicating an impaired capacity of LSECs to release nitric oxide under
these conditions [197]. In these rats, portal perfusion pressure in the liver is higher, and
the vasodilatory response to acetylcholine is reduced. These changes were observed in
the absence of inflammation and fibrosis suggesting that endothelial dysfunction is an
early feature associated with steatosis in NAFLD [197,198]. Likewise, eNOS activation and
liver nitric oxide content have also been shown to be reduced after 4 weeks of high-fat

feeding in mice [199].

Several mechanisms could account for this endothelial dysfunction in the liver. First,
LSECs dysfunction can be induced by the overabundance of lipids during steatosis. In vitro
experiments showed that ox-LDL stimulation of human primary LSECs downregulates
eNOS expression through the ox-LDL receptor LOX1 [181]. In addition, exposure of
primary LSECs to palmitic acid also attenuates nitric oxide bioavailability through
peroxynitrite production by NOX1 (a nitric oxide consuming enzyme highly expressed in

LSCEs of high-fat diet-fed mice) [200]. Second, insulin resistance is a key factor for LSECs
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dysfunction in NAFLD. In endothelial cells, insulin increases nitric oxide production via
the upregulation of eNOS and the activation of phosphatidylinositol-4,5-bisphosphate 3-
kinase and protein kinase B/Akt which activates eNOS via phosphorylation [201].
Interestingly, insulin resistance and LSECs dysfunction occur in rodent models of NAFLD
[197,202]. As reviewed elsewhere [203], insulin resistance can be detected early in the
course of the disease and contribute to its progression. Steatosis in rats induces insulin
resistance in the liver sinusoidal endothelium with an impairment of insulin dependent
vasodilation. This effect is due, on the one hand, to the downregulation of eNOS activity
[197], and to the upregulation of iNOS, the inducible form of nitric oxide synthase which
can cause endothelial dysfunction through increased nitro oxidative stress in the other
hand [203-205]. Interestingly, therapies augmenting nitric oxide availability in the liver
improve hepatic microcirculation. The V-PYRRO/NO, a diazeniumdiolate ion metabolized
in the liver that spontaneously decomposes to nitric oxide with a very short half-life at
physiological pH and triggering cyclic guanosine 3',5'-monophosphate (cGMP) synthesis
is a stable, hepatoselective nitric oxide-releasing prodrug that lacks systemic vasodilation
effects [206]. Kus and colleagues recently showed that three weeks treatment with the V-
PYRRO/NO improves hepatic microcirculation in mice with high-fat diet-induced
steatosis [207]. Therefore, LSECs dysfunction is a major event occurring in steatosis that

compromises intrahepatic vascular resistance.

In turn, LSECs dysfunction impacts steatosis since nitric oxide is involved in the regulation
of lipid metabolism in the liver (Figure 1). Nitric oxide deficiency in eNOS deficient mice
result in massive fat droplets deposition and increased triglycerides content in the liver
[199,208] suggesting that LSECs dysfunction worsens steatosis. Indeed, nitric oxide

contributes to the regulation of hepatic lipid content by limiting citrate synthesis in
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mitochondria [209]. In vitro, nitric oxide attenuates the synthesis of fatty acids in isolated
cultured rat hepatocytes by nitrosylation of acetyl-CoA [210] and AMP-activated protein
kinase activation [211-213] that inhibits glycerol-3-phosphate acyltransferase and
concomitantly triacylglycerol synthesis [214,215]. Interestingly, therapies augmenting
nitric oxide availability in the liver improve steatosis [199,216]. The V-PYRRO/NO or the
improvement of nitric oxide/cGMP signaling with the phosphodiesterase-5 inhibitor
sildenafil protect against liver steatosis in high-fat diet-fed mice, mimicking metformin
treatment. This anti-steatotic mechanism involves Akt activation and acetyl-CoA
carboxylase phosphorylation to inhibits de novo fatty acid synthesis [216,217]. Moreover,
simvastatin treatment also improves high-fat diet-induced steatosis in rats through

increased eNOS expression in the liver [218].

To summarize, steatosis is associated with LSECs dysfunction which in turn worsens

steatosis (Figure 6).
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Figure 6: Role of LSECs in simple steatosis
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- Angiogenesis and steatosis

Angiogenesis is defined as the formation of new vessels from preexistent vessels and is a
key event in the progression of NAFLD [219-223]. Vascular endothelial growth factor
(VEGF) is the master pro-angiogenic regulator of this process supported by hypoxia
inducible factors (HIF) activation in hypoxic areas [222]. Serum VEGF levels are higher in
patients with biopsy-proven steatosis than in healthy individual [220,221,223]. In animal
models, liver expression of VEGF levels and CD105, an endothelial cell marker, increase
after 3 days of methionine and choline deficient diet in obese and diabetic db/db
transgenic mice and after 1 week of this diet in C57BL6/] mice, before NASH apparition,
suggesting angiogenesis initiation [221]. However, three independent studies reported
that new vessels develops in the liver of patients with NASH but not in simple fatty and
healthy livers [224-226]. This suggests that the molecular events associated with the up-
regulation of angiogenic factors start early in the course of NAFLD while angiogenesis
appears later as will be detailed afterward in this review. Nevertheless, anti-angiogenic
treatment can prevent steatosis in murine models of NASH. Coulon and colleagues
demonstrated that anti-VEGFR2 treatment in C57BL/6 mice on methionine and choline
deficient diet reduces angiogenesis, improves the disrupted vasculature and decreases
steatosis both in a preventive and therapeutic setting. This is supported by in vitro
observations showing that anti-VEGFR2 treatment decreases lipid accumulation in fat

laden primary hepatocytes [221].

3. Role of LSECs in nonalcoholic steatohepatitis (NASH)

NASH is a lipotoxic condition in which hepatocytes and non-parenchymal cells generate
reactive oxygen species (ROS) and initiate robust inflammatory response that accentuates

liver injury [14,104].
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- LSECs in liver injury in NAFLD

Despite the chronic exposure of LSECs to lipid excess during steatosis, little is known
about their contribution in liver injury. In addition to hepatocytes which are a major
source of ROS in lipotoxic environment [14,104], some evidences suggest that LSECs
lipotoxic response also involves ROS generation which have been postulated to play a key
role in the progression of NAFLD [200,227]. Indeed, an old study detected the presence
of ROS in hepatocytes and in sinusoidal cells as well in NASH [228]. Second, a recent study
suggested that ROS generated by LSECs contributes to liver injury as demonstrated by the
attenuation of serum ALT level and hepatic cleaved Caspase-3 expression induced by
high-fat diet in NOX1 deficient mice. Of note, NOX-1 has been shown to be highly
expressed in LSECs in NAFLD [200]. This result is supported by in vitro observations
showing that exposure of murine LSECs to palmitic acid, thus mimicking NAFLD setting,
reduces nitric oxide bioavailability through the upregulation of NOX1 and peroxynitrite
production [200]. In addition, stimulation of human primary LSECs with ox-LDL increases
ROS generation after binding to LOX1 [181]. Therefore, ROS derived from LSECs in NASH

conditions contribute to hepatocyte injury.

- LSECs alterations promote liver inflammation

As detailed above, LSECs alterations arise very quickly in NAFLD and precedes liver
inflammation [179,197]. Capillarization appears during the simple steatosis phase and
precedes Kupffer cells activation [179]. In the same line, LSECs dysfunction also occurs
before inflammation [189,197,199]. Hepatic nitric oxide content falls prior to NF-kB
activation and TNFa, IL6 and ICAM-1 up-regulation in the liver [199]. eNOS deficient mice

exhibit an accelerated hepatic inflammatory response attested by NF-kB activation, TNFa
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and IL6 overexpression [199]. Interestingly, improving nitric oxide/cGMP signaling with
the phosphodiesterase-5 inhibitor sildenafil prevents liver inflammation in high-fat diet-
fed mice [199]. Simvastatin treatment also improves high-fat diet-induced liver injury and
inflammation in rats by inducing eNOS expression [218]. These results suggest that
capillarization as well as LSECs dysfunction are permissive for liver inflammation

establishment.

Several factors are involved in LSECs activation during NASH. Indeed, as a result of liver
injury, hepatocytes and inflammatory cells release inflammatory mediators that can
activate LSECs. Other triggers of LSECs activation are the products derived from the
visceral adipose tissue such as ox-LDL, FFA and adipocytokines including TNFa, IL6,
leptin and fatty acid binding protein 4 (FABP4). In vitro studies showed that ox-LDL and
FFA (palmitate) stimulation of LSECs induces NFkB and toll-like receptor-4 (TLR-4)
activation respectively [181,200,229] suggesting that lipid overabundance as seen in
NAFLD induces LSECs activation. Gut microbiota has also an emerging role in NASH as a
source for liver inflammation [14,104]. Studies showed increased intestinal permeability
during NASH, which could lead to elevated levels of plasma lipopolysaccharide (LPS)

[230] that has been shown to activate primary LSECs after binding to TLR-4 in vitro [231].

Activated LSECs acquire pro-inflammatory phenotype during NASH (Figure 2). LSECs
progressively overexpress adhesion molecules at their surface such as I[CAM-1, VCAM-1
and VAP-1. In obese mice, LSECs show increased expression of ICAM-1 and VCAM-1 and
the hepatic expression of cell adhesion molecules is increased in dietary-induced
steatohepatitis mouse models [226,232-235]. LSECs also produce a number of pro-

inflammatory mediators in NASH including TNFa, IL-6, [L-1 and MCP1 [226,231,236].

50



Activated LSECs acquire pro-inflammatory function during NASH and contribute to liver
inflammation (Figure 7). First, dysfunctional LSECs fail to maintain Kupffer cells
quiescence [199]. Second, the release of inflammatory mediators by LSECs contributes to
the inflammatory response by activating neighboring Kupffer cells on the one hand, and
by recruiting leukocytes (lymphocytes, monocytes, NK cells, NKT cells) from the blood on
the other hand, leading to the transendothelial migration of leucocytes into the
parenchyma that orchestrates the liver immune response with resident Kupffer cells
[237-239]. The detailed mechanisms of the interactions between leucocytes and LSECs
have been previously reviewed [240,241]. Briefly, LSECs express ICAM-1 and VAP-1 and
increasingly produce VCAM-1 allowing leukocytes transendothelial migration (Figure 7).
For example, VAP-1 play a key role in lymphocyte recruitment to the liver [234,242]. VAP-
1 is a 170kDa homodimeric glycoprotein constitutively expressed on hepatic sinusoids.
Weston and colleagues demonstrated in a cohort of 74 patients with histologically
confirmed NASH that serum sVAP-1 was significantly increased as well as well as VAP-1
expression in the liver tissue [234]. VAP-1 has been described as an important
chemoattractant for lymphocytes in both soluble (sVAP-1) and receptor forms in three
different animal models of steatohepatitis [234]. In vivo and in vitro studies showed
reduced leukocytes adhesion to hepatic sinusoids when ICAM-1, VCAM-1 and VAP-1 are

blocked or unfunctional [234,243].

To summarize, LSECs appear to try to compensate liver inflammation in the first line early
in NAFLD but this anti-inflammatory function is rapidly exceeded and switched towards
pro-inflammatory function. Lipotoxicity, dut microbiota-derived products and
inflammation induce LSECs inflammatory phenotype that contributes to liver

inflammation by releasing pro-inflammatory mediators on the one hand, and by
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overexpressing adhesion molecules in the other hand, that concomitantly recruits

immune cells which exacerbates liver inflammation and injury (Figure 7).
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Figure 7: Role of LSECs in liver inflammation in NASH

- Angiogenesis and liver inflammation in NASH

Pathologic angiogenesis increases with NASH progression [219,226,244,245] (Figure 8).
Serum VEGF and sVEGFR1 levels increase in patients with biopsy-proven NASH [220,246]
and several studies reported new vessels formation in the liver of patients with NASH
[224-226]. In animal models of NASH, mice exhibit a disrupted liver vasculature and

hepatic expression of VEGF and CD105 is increased [221].

Several mechanisms trigger angiogenesis during NASH. First, the chronic inflammation
sustains tissue hypoxia and promotes angiogenesis by inducing the transcription of
angiogenic genes modulated by HIF-1a [219,247]. Pro-inflammatory mediators also elicit

direct angiogenic response through the induction of HIF-1a transcriptional activity and
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VEGF production [219]. Moreover, cytokines and ROS can activate the MAPK/ERK
pathway, a signaling pathway involved in cell migration and angiogenesis [219]. Second,
mice fed the methionine and choline deficient diet have high circulating levels of
hepatocytes derived microvesicles which replicate the angiogenic effect of VEGF in vitro.
In vitro experiments showed that hepatocytes exposed to excessive amounts of saturated
FFA, that mimics steatosis, release microvesicles with pro-angiogenic activity on human
umbilical vein endothelial cells mimicking the cellular response to VEGF [248] thus
linking hepatocyte lipotoxicity to angiogenesis. Third, Angiopoietins are also key
regulators of angiogenesis. Although angiopoietins-1 and 2 contributes to vascular
stability and quiescence in physiological conditions, angiopoietin-2 promotes
pathological angiogenesis in inflammatory conditions [249]. Interestingly, Lefere and
coworkers recently showed that serum angiopoietin-2 levels were increased in patients
with NASH and correlates with the severity of the disease but not with fibrosis [226]. This
was confirmed in two murine models of NASH, namely the methionine and choline
deficient diet and the neonatal streptozotocin and 16 weeks of western diet [226].
Importantly, LSECs have been shown to be the main source of hepatic angiopoietin-2 in
NASH [226]. Angiopoeitin-2 levels increase during the progression of NASH and promote

angiogenesis [226].

In turn, angiogenesis promotes inflammation as the inhibition of angiogenesis by different
manner improves liver inflammation (Figure 8). Coulon and colleagues showed in a
mouse models of NASH that treatment with anti-VEGFR2 antibody improves liver
vasculature and decreases inflammatory gene expression, both in a preventive and
therapeutic manner [221]. Lefere and colleagues showed that blocking angiopoietin-

2/Tie2 interaction with L1-10 peptibody also inhibits pathologic angiogenesis, improves
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hepatic vasculature and alleviates liver injury and inflammation in methionine and
choline deficient diet-fed mice [226]. Importantly, this effect of L1-10 therapy is at least
mediated by an improvement of LSECs since L1-10 treatment downregulates VCAM-1,
ICAM-1 and MCP-1 expression in liver endothelial cells isolated from methionine and
choline deficient diet-fed mice [226]. This last result support the major proinflammatory
role of LSECs in NASH. Taken together, these results indicate that blocking pathologic
angiogenesis improve inflammation in NASH. Consistently, this anti-inflammatory effect
of anti-angiogenic treatment is not specific for NASH since it is observed in most models
of chronic liver disease (carbon tetrachloride, bile duct ligation and partial portal vein

ligation) [250-255].

To summarize, inflammation stimulates angiogenesis that in turn worsens it as attested

by anti-inflammatory effect of anti-angiogenic therapies (Figure 8).
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Figure 8: Angiogenesis in NASH
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4. Role of LSECs in NASH-related fibrosis

Liver fibrosis is defined as the excessive deposition of extracellular matrix in hepatic
parenchyma as a result of a long-standing wound healing process caused by
hepatocellular injury and inflammation and mediated by hepatic stellate cells activation
[14]. Hepatic stellate cells are nonparenchymal cells close to LSECs in the space of Disse
which store retinoids in physiological conditions and shift their phenotype to an activated
myofibroblastic state during liver injury to secret large amounts of extracellular matrix
compounds [127]. It is well established that liver inflammation triggers hepatic stellate
cells activation and consequently liver fibrosis [14,127]. As detailed above, LSECs are
major effectors ofliver inflammation in NASH. Therefore, LSECs are key players of hepatic
fibrosis by promoting liver inflammation. For example, LSECs overexpress VAP-1 during
inflammation which, in addition to its pro-inflammatory functions in NASH, is directly
involved in hepatic stellate cells activation [234]. VAP-1 is a strong profibrogenic stimulus
as demonstrated in methionine and choline deficient diet and high-fat diet-induced NASH.
VAP-1 inhibition or deficiency also attenuates liver fibrosis [234]. Another important
process that links endothelial cells to organ fibrosis is the endothelial-to-mesenchymal
transition which is the mechanism by which endothelial cells convert into myofibroblasts
and contributes to extracellular matrix deposition [256,257]. Endothelial-to-
mesenchymal transition occurs in various fibrotic cardiovascular and pulmonary diseases
[256-258]. This might happen during liver fibrosis but has been overlooked in NASH. Only
one study reported that endothelial-to-mesenchymal transitions occurs in alcohol and
hepatitis C virus-related cirrhosis [259]. Furthermore, LSECs contribute to liver fibrosis

through other mechanisms including capillarization and endothelial dysfunction.
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- LSECs capillarization promotes liver fibrosis

Capillarization is the main morphological change of LSECs considered as an integral part
of liver fibrosis. This phenotypic alteration is observed in patients and animal models of
NASH and precedes fibrosis [163,179,197,260-263]. Capillarization of LSECs not only
precedes fibrosis but also promotes its development. This is supported by the study of
Herrnberger and colleagues in which they demonstrated that PLVAP deficient mice, that
have a pronounced reduction in the number of fenestrae in LSECs, spontaneously develop
perisinusoidal liver fibrosis [185]. It is important to mention that PLVAP deficient mice

exhibit hyperlipidemia and severe steatosis that mimics NASH setting [185].

Most of the mechanistic knowledge about the role of LSECs in liver fibrosis in vivo comes
from chemical hepatotoxic models (such as carbon tetrachloride or thioacetamide
treatment) or from the bile duct ligation cirrhosis model. However, these models did not
reproduce the pathophysiology of NASH. Further studies are needed to better
characterize the role of LSECs in NASH-related fibrosis in vivo. Meanwhile, a wide body of
evidence based on in vitro studies allowed to understand the links between LSECs and
hepatic stellate cells. An important cross-talk occurs between LSECs and hepatic stellate
cells to regulate each other their phenotype. Healthy LSECs maintains hepatic stellate
cells quiescent while capillarized LSECs lose this ability [163,164] (Figure 9). A vicious
cycle between LSECs capillarization and hepatic stellate cells activation is likely to occur
during the fibrotic process. For example, in vitro experiments showed that capillarization
is a Hedgehog-dependent mechanism [264]. LSECs are both Hedgehog-sensitive and
producing cells. Ballooned hepatocytes increasingly produces hedgehog molecules [265].
Quiescent hepatic stellate cells are Hedgehog-sensitive cells while activated hepatic

stellate cells become Hedgehog-producing cells [266]. Activated hepatic stellate cells can
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release microvesicules loaded with Hedgehog signaling molecules that interact with
LSECs [267]. Inhibition of Hedgehog signaling prevents capillarization and partially
reverts LSECs phenotype from dedifferentiated to their differentiated state [264]. It is
tempting to speculate that during liver injury, Hedgehog ligands are released by epithelial
cells and LSECs thus activating LSECs and quiescent hepatic stellate cells by autocrine and
paracrine effects. Activated hepatic stellate cells can secrete Hedgehog molecules
promoting LSECs injury which in turn favors hepatic stellate cells activation promoting
the fibrogenic process. Moreover, healthy LSECs produce a modest amount of collagen
and fibronectin [268] while capillarized LSECs secrete fibrogenic factors such as TGF-1
and extracellular matrix proteins such as fibronectin and laminin that stimulate hepatic

stellate cells activation [162,269,270].

- LSECs dysfunction promotes liver fibrosis

Endothelial dysfunction appears very early in the course of NAFLD and precedes fibrosis
in animal models of NASH [189,197,199] suggesting that LSECs dysfunction is permissive
for hepatic fibrogenesis. Here again, in vivo analyses to assess the effect of endothelial
dysfunction on fibrosis in NASH-related fibrosis specifically are required. Meanwhile, in
vitro studies demonstrated that differentiated LSECs keep hepatic stellate cells quiescent
at least via nitric oxide production and can promote the reversal of activated hepatic
stellate cells from an activated state to quiescence as previously reviewed [163,164].
VEGF production either by HSCs and hepatocytes maintains LSECs differentiation
[163,164,271]. eNOS inhibition with L-NAME blocks the ability of LSECs to maintain
hepatic stellate cells quiescence [272,273]. Of note, LSECs cultured in the presence of L-
NAME capillarize and capillarized LSECs fail to maintain hepatic stellate cells quiescence

[163,272]. Moreover, healthy LSECs can reverse hepatic stellate cells activation while
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dysfunctional LSECs lose this ability. Indeed, activated hepatic stellate cells revert to
quiescence when they are cultivated with differentiated LSECs if endothelial function is
maintained with a soluble guanylate cyclase activator [168]. The mediator for this
paracrine effect on activated hepatic stellate cells has not been identified since nitric oxide
alone does not promote the reversion of activated hepatic stellate cells to quiescence
[168]. Interestingly, improving LSECs health with simvastatin ameliorates high-fat diet-

induced fibrosis in rats through increased eNOS expression in the liver [218].

To summarize, these data demonstrate that capillarization and LSECs dysfunction not
only precedes fibrosis, but are also permissive for it (Figure 9). LSECs are able to maintain
hepatic stellate cells quiescent as long they are differentiated so that differentiated LSECs

are gatekeepers of fibrosis.
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Figure 9: Role of LSECs in NASH-related fibrosis.

- Angiogenesis in NASH-related fibrosis
Angiogenesis is a key pathological feature closely associated with fibrosis in NASH
[224,225,244,274,245]. Kitade and colleagues described an up-regulation of hepatic CD34

expression, which is a widely used marker of angiogenesis, in patients with NASH and
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showed that angiogenesis is correlated with the grade of fibrosis [224,225]. The same
group demonstrated in rats that leptin-mediated neovascularization in the liver,
coordinated by VEGF, plays an important role in the progression of NASH and fibrosis

[274].

In NASH setting, angiogenesis is first stimulated by the progressive increase of tissue
hypoxia which is worsened by the fibrotic scar tissue thus activating the transcription of
hypoxia-sensitive pro-angiogenic genes modulated by HIF [219]. Second, leptin is an
adipocytokine increased in the serum of NAFLD patients [275] which, in addition to its
pro-angiogenic effect [274], exhibits direct pro-fibrogenic effect through the upregulation
of TGF-B in LSECs and Kupffer cells [276]. Third, fat-laden hepatocytes derived
microvesicles were found to act on endothelial cells and to promote pathologic
angiogenesis after their internalization as shown in vitro and in vivo in mice exposed to a
murine model of NASH [248,277]. Finally, angiopoietin-2 levels increase in NASH and

drive pathologic angiogenesis [226].

In turn, angiogenesis promotes fibrosis since the inhibition of angiogenesis prevents
NASH-related fibrosis (Figure 8). Indeed, pathologic angiogenesis can be inefficient to
correct liver hypoxia due to the immaturity and impermeability of neovessels [278]
thereby worsening liver fibrosis. First, in the study of Kitade and colleagues, neither
angiogenesis nor fibrosis was observed in the absence of leptin signaling in a rat model of
NASH [274]. Second, the blockage of the release of pro-angiogenic fat laden-derived
microvesicles or the inhibition of their binding to their target cells protects mice from
steatohepatitis-induced pathologic angiogenesis and results in a reduction of liver fibrosis
[248]. Third, Zhou and coworkers recently showed that specific deletion of prolyl-

hydroxylase-2 in endothelial cells promotes dietary-induced liver fibrosis in mice [279].
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Prolyl-hydroxylases are physiological inhibitors of angiogenesis by inducing HIFs
degradation [280]. Whether this pro-fibrotic effect of endothelial prolyl-hydroxylase-2
deficiency is induced by promoting angiogenesis remains to be determined. Meanwhile,
the authors showed that prolyl-hydroxylase-2 deficiency in endothelial cells also results
in angiopoietin-2 and TGF-f1 overexpression in the liver [279]. Fourth, two studies
reported that angiotensin-II receptor inhibition with telmisartan or candesartan inhibits
angiogenesis and fibrosis in the liver of choline-deficient, L-amino acid-defined diet-fed
rats [244,245]. Finally, Lefere and colleague demonstrated that blocking angiogenesis by
inhibiting angiopoietin-2/Tie2 interaction improves liver fibrosis in a preventive and
therapeutic manner in methionine and choline deficient diet-fed mice. Therapeutic
application of L1-10 peptibody also prevents liver fibrosis in diabetic mice with NASH
(streptozotocin and western diet model) [226]. Moreover, this anti-fibrotic effect of anti-
angiogenic treatments is not specific for NASH since it also prevents fibrosis in

hepatotoxic models of advanced liver fibrosis [250-255,281-287].

5. Role of LSECs in cirrhosis in NAFLD setting

Cirrhosis develops from liver fibrosis and is the severe pathological stage of all chronic
liver disease including NAFLD. It is estimated that 10-25% of steatohepatitis progress
into cirrhosis over 8-14 years with an increased risk of developing portal hypertension
liver failure, and hepatocellular carcinoma [288]. Liver fibrosis and cirrhosis involve
excessive production of extracellular matrix, which is closely related to LSECs injury.
Importantly, a gap in our knowledge exist about the mechanistic specifities underlying
the clinical outcomes of cirrhosis in NASH background since experimental models of
NASH-related cirrhosis are lacking. Indeed, available strategies to study cirrhosis in

NAFLD/NASH setting involve either long-term high-fat diet feeding (over 36 weeks) or
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require the use of chemicals hepatotoxic insults combined with dietary measures thus
bringing an “artificial pathophysiology” [289-292]. Therefore, most of the knowledge
about the role of LSEC in NASH-related cirrhosis is based on carbon tetrachloride,
thioacetamide and bile duct ligation models, as reviewed elsewhere [293,294]. We will

here focus on what is known about the role of LSECs in NAFLD-related cirrhosis.

Portal hypertension is the clinical manifestation of increased portal venous pressure and
a major complication of cirrhosis. It is responsible for most complications associated with
advanced NAFLD thus representing a leading cause of death [295]. Splanchnic
vasodilation is commonly associated with PHT in cirrhosis. Given that this review focuses
on the role of LSECs in NAFLD, this point will not be discussed. As stated above, sinusoidal
architecture becomes distorted in NAFLD and cirrhosis leading to increased intrahepatic
vascular resistance [219]. Observations made in clinical and experimental models of
NAFLD provide evidences that increase portal venous pressure may occur in NAFLD when
severe steatosis is either the only histological feature or minimal/mild fibrosis is present
[188,191,296-298]. Mechanisms responsible for the increase in sinusoids resistance
were addressed above and include a mechanic factor (consequent to fat and fibrosis
deposition), and a dynamic component related to capillarization, endothelial dysfunction
and increased vasoconstrictor production [219,298,299]. Strategies improving LSECs
demonstrated their benefits in alcoholic, hepatitis B and C and biliary-related cirrhosis
and portal hypertension as well as in experimental models of chemically and bile duct
ligation-induced cirrhosis and portal hypertension [300-305]. Further studies are needed
to investigate this potential in NASH-related cirrhosis. Interestingly, the gut microbiota is
an emerging factor which directly influences portal hypertension in NASH. Garcia-Lezana

and colleagues recently demonstrated that healthy microbiota restoration via fecal

61



transplantation improves NASH-induced PHT in rats through improvement of eNOS

signaling in the liver [306].

- Angiogenesis in cirrhosis

The progression from fibrosis to cirrhosis, the end-point of chronic liver diseases, is
distinguished by an abnormal angioarchitecture distinctive for cirrhosis. Vascular
structural changes are well established pathological hallmarks of cirrhosis [307]. The
analysis of cirrhotic livers indicates an increased number of vessels in the fibrotic septa
and surrounding regenerative nodules [307]. Angiogenesis contributes to progression of
fibrosis to cirrhosis in patients with chronic liver diseases [219] and cellular crosstalk
between LSECs, hepatic stellate cells and hepatocytes plays an important role in the
angiogenic process during the development of cirrhosis [253,282,308-310]. Anti-
angiogenic treatments have shown beneficial effects in bile duct ligation and carbon
tetrachloride-induced cirrhosis [250,251,253,286,287,311,312]. Here again, further

studies in NAFLD setting are required.

6. Role of LSECs in hepatocellular carcinoma in NAFLD setting

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and is a
leading cause death making it the third most frequent cause of cancer-related death. In
most cases, hepatocellular carcinoma develops within an established background of
chronic liver disease (70-90% of all patients). NASH is increasingly recognized as risk
factor for HCC and patients with cirrhosis are at highest risk of developing this malignant
disease [313,314]. Importantly, patients with metabolic syndrome and NAFLD also
develop HCC in the absence of underlying cirrhosis, suggesting oncogenic pathways

specific for NASH [16,315,316].
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- LSECs phenotype in hepatocellular carcinoma

As previously review, and regardless of the cause of the underlying liver disease, LSECs
within HCC are phenotypically and functionally different and the vascular changes
associated with HCC are characterized by sinusoidal capillarization and arterialization
[162,317]. First, endothelial cells present within HCC sequentially lose during tumor
progression their specific markers including stabilin-1, stabilin-2, LYVE-1 and CD32b (SE-
1), as observed in both human and murine HCC models [318]. Endothelial cells derived
from human HCC have a higher expression of integrins and a lower expression of [CAM-1

[319]. In the peritumoral tissue, LSECs also undergo changes including the loss of Stabilin-

2 and CD32b (SE-1) [318]. Second, healthy LSECs and LSECs derived from cancerous liver
exhibits different adhesive capacities. As compared to LSECs isolated from healthy human
liver, endothelial cells derived from human HCC exhibit a higher adherence capacity with
the human liver cancer cell line Bel-7402 in vitro and this adherence activity is inhibited
by antibodies against integrins (avf3 and ovf5) [319]. Furthermore, leukocyte
adherence is lower on LSECs from cancerous liver than on control LSECs [319]. These
data suggest that LSECs in HCC environment may promote cancerous cells recruitment
through integrins and inhibit inflammatory cells recruitment in the cancerous tissue,
while normal LSECs do the opposite, suggesting that LSECs may be permissive for HCC
development. Finally, LSECs can alter tumor-associated immune responses via their
ability to confer T cell tolerance towards cancer-associated antigens and to create an
immunosuppressive environment towards circulating antigen tumors cells [320,321].
However, the significance of these pathways in NAFLD-related HCC remains to be
confirmed since the experimental available data does not include this setting. Indeed,

little is known about the role of LSECs in this setting despite the fact that LSECs are among
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the first cells in contact with visceral adipose tissue-derived adipocytokines which may
play a key role in this setting [276,322]. For example, a link between leptin, angiogenesis,
NASH and HCC development can be made since HCC does not develop in the absence of
leptin signaling in rats [274]. Additional adipocytokines, such as FABP4 are increased in
patients with NAFLD, and correlates with liver inflammation and fibrosis [323].
Interestingly, Laouirem and colleagues highlighted that FABP4 is upregulated in HCC
samples from patients with metabolic syndrome and that tumor cell-lining endothelial
cells are the main source of FABP4 in human HCC. FABP4 from LSECs contributes to HCC
development since its specific inhibition reduces tumor growth in a xenograft mouse

model submitted to high-fat diet [324] (unpublished data).

- Angiogenesis in hepatocellular carcinoma

HCC is one of the most vascular solid tumors in which angiogenesis plays an important
role in its development, progression, and metastasis. Angiogenesis is required to provide
the nutrient and oxygen for tumor cells. HCC develops blood supply predominantly from
the arterial system because of its high need of oxygen. The expression of markers for
microvessel density has been reported to be associated with the development and
progression of HCC. In established HCC, microvessel density has been shown to impact on

prognosis of patients [325].

In NAFLD setting, angiogenesis is highly stimulated and promotes NAFLD-associated HCC
since the inhibition of angiogenesis by different manner prevents HCC development. First,
leptin-mediated angiogenesis has been demonstrated to be involved in HCC development
since neither angiogenesis nor HCC develop in the absence of leptin signaling in choline-

deficient, L-amino acid-defined diet-fed Zucker rats [274]. Second, Yoshiji and colleagues
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showed that the conventional anti-angiogenic treatment with sorafenib inhibits
preneoplastic lesions apparition in choline-deficient, L-amino acid-defined diet-fed rats
[326]. In this study, the authors also demonstrated that the combined treatment with low
doses of sorafenib and the angiotensin-II receptor inhibitor losartan successfully inhibits
preneoplastic lesions [326]. Third, Tamaki and colleagues demonstrated that
angiotensin-II receptor inhibition with telmisartan inhibits HIF-1a activity and VEGF
expression in the liver of 48 weeks choline-deficient, L-amino acid-defined diet-fed rats
[244]. In this study, telmisartan inhibited preneoplastic lesions and prevented HCC
development [244]. Finally, Lefere and coworkers recently showed that therapeutic
inhibition of angiopoietin-2 alleviates steatohepatitis and prevents NASH-associated HCC
progression in mice [226]. However, a recent study showed that trebananib treatment,
which sequesters both angiopeitinl and 2 and blocks their interaction with Tie2, in
addition to standard sorafenib treatment, did not improve the survival of patients with

advanced HCC [327].

C. Autophagy

1. Definition

Autophagy (from the Greek, “auto” oneself, “phagy” to eat) is an intracellular catabolic
process by which the dysfunctional cytoplasmic material joins lysosomes to be degraded
[328]. The term "autophagy" was first introduced more than 50 years ago by Christian De
Duve and was based on observations of the degradation of mitochondria and other
intracellular structures within lysosomes in the liver of rats [329]. Three types of
autophagy exist (chaperone-mediated autophagy, microautophagy and macroautophagy,
Figure 10) that are distinguished by their physiological functions and the mode of delivery

of the cytoplasmic material to lysosomes [330] (Figure 10).
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The scientific knowledge about autophagy has made significant progress in recent years
with major contributions from many scientific groups to our understanding of the
physiological significance of autophagy and the molecular events regulating this process.
Autophagy is involved in the removal of misfolded or aggregated proteins, damaged
organelles, such as mitochondria, endoplasmic reticulum and peroxisomes, and the
clearance of intracellular pathogens [331]. Autophagy is also important for the regulation
of the cellular energetic balance at critical times in response to nutrient stresses [331].

Autophagy occurs physiologically at basal level in all cell types and is rapidly activated in
conditions of nutrient deficiency or cellular stresses such as hypoxia or endoplasmic
reticulum stress. Under basal conditions, 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 [332]. The physiologic importance of autophagy as a
source of energy is highlighted by the death of total autophagy-deficient mice during the
neonatal period [333]. At birth, the placental nutrient supply is suddenly interrupted
confronting neonates to sever starvation up until lactation. Autophagy is immediately
activated at this time in various tissue, including the liver, the heart and muscles, and
maintained at high level for twelve hours to allows neonates to face the severe starvation.
This primordial role of autophagy in nutrient intake is supported by the fact that the
survival of autophagy deficient mice at birth can be prolonged by forced milk feeding that

provides amino-acids required for neonates’ survival [333].

During this physiological process, a portion of the cytoplasm is sequestered in a vacuole
to be degraded and recycled [334]. Autophagy primarily acts as a protective mechanism

preventing cell death and senescence [332]. In aging organisms, autophagy becomes
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insufficient, threatening cell functionality and survival [332]. However, in some specific
conditions, autophagy can lead to autophagic cell death or autosis which is distinguished
from apoptosis by the absence of chromatin condensation, DNA oligonucleosomal

fragmentation, and caspase activation [335-337].

2. Types of autophagy

a. Chaperone-mediated autophagy

Chaperone-mediated autophagy (CMA) was discovered later in 1981 [338]. CMA is a
selective form of autophagy where substrates bind to a cytosolic chaperone protein, heat
shock cognate 70 (HSC70) (Figure 10). Once bound to the chaperone, the substrate is
directed to the lysosomal surface where the interaction with the LAMP-2A protein allows
its internalization into the lysosomal lumen. The recognition of the substrates by HSC70
requires a pentapeptide pattern KFERQ or a KFERQ-like motif [339]. HSC70 recognizes
and binds to proteins with this sequence and directly targets them to the lysosomal
membrane where they interact with the cytoplasmic tail of LAMP-2A. The KFERQ motif
become accessible for recognition by chaperones after the unfolding of the protein in the
case of masked motifs in the core of the protein, after the separation of the proteins from
multiprotein complexes if the motif is masked in the protein-protein interaction region,
or when the proteins are released from the subcellular membranes in the case where the

motif is in the membrane binding region [340] (Figure 10).

LAMP-2A is present in the lysosomal membrane as monomers combined with other
proteins to form a multi-protein complex required for the translocation of the substrate.
The binding of the substrate induces the multimerization of LAMP-2A. During the
transition from monomers to multimers, the stability of LAMP-2A is maintained by its

interaction with HSP90 located at the luminal side of the lysosomal membrane [341]. The
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native substrate binds to LAMP-2A but cannot cross the lysosomal membrane without
unfolding. This unfolding step seems to be mediated by HSC70 [340]. Once the substrate
translocated into the lysosomal lumen, LAMP-2A multimers are rapidly disassembled into
monomers which will be available for new substrates [341]. Assembly / disassembly of
LAMP-2A is regulated by the interaction of GFAP and EF1a proteins in a GTP-dependent

manner [342].

CMA plays an important role in pathophysiology since disturbances of this process are
associated with various pathologies. For example, a decrease in CMA is observed in aging
and neurodegenerative diseases (Alzheimer's and Parkinson's), while it is abnormally
increased in some cancers. The modulation of this process has therefore high therapeutic

potential [340].

b. Microautophagy

De Duve and Wattiaux described the phenomena of macro and microautophagy in 1966
[343] in the liver of rats but the proper term “microautophagy” was introduced for the
first time in 1983 [344]. Microautophagy is a non-selective lysosomal degradative process
that involves the direct engulfment of the cytoplasmic cargo by autophagic tubes in the
lysosomal/late endosomal compartment. While the original observations of
microautophagy were made in the liver, most of our knowledge originates from studies
in yeast where its selectivity for lipids, organelles and nuclear portions has been reported
[345,346]. During the microautophagy process, the lysosomal membrane is randomly
invaginated and forms an autophagic tube to sequester portions of the cytosol. In
microautophagy, proteins carrying a KFERQ-like motif are also recognized by HSC70.
Contrary to CMA, the protein/chaperone complex directly binds to lipids at the

lysosomal/late endosomal membrane and are internalized in small vesicles. Vesicles form
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at the top of this tube, fuse and then bud to be founded in the lysosomal lumen and
degraded with their content by lysosomal hydrolases [344] (Figure 10). Microautophagy
allows the cell survival under nitrogen restriction conditions and the maintenance of
membrane homeostasis [344]. In yeast, microautophagy allows the degradation of
various organelles such as peroxisomes, mitochondria, lipid droplets and the nucleus, but
its contribution to organellophagy in mammals remains to be elucidated [347]. In
addition to the degradation of autophagic substrates, microautophagy also regulates the
size of lysosomes, via the consumption of excess membrane, which can come from the
fusion with autophagosomes during macroautophagy for example (see below paragraph

[1I-B.2.c: Macroautophagy) [344].

c. Macroautophagy

Macroautophagy is the main form of autophagy in cells. It allows non-selective
degradation of dysfunctional cytoplasmic material. My thesis is focused on

macroautophagy which will be referred to as autophagy thereafter.

Autophagy is initiated by the nucleation of a double membrane structure called the
phagophore. The phagophore extremities extend and fuse to form an autophagic vacuole
called the autophagosome that sequester the dysfunctional cytoplasmic material. The
autophagosome then fuses with lysosomes to form an autolysosome in which the
dysfunctional material is degraded by the lysosomal hydrolases and then recycled to
cytosol for synthesis of macromolecules or energy production [348] (Figure 10). Research
on yeast allowed to identify more than thirty proteins involved in the autophagic cascade
(ATG proteins), most of which have an orthologue in mammals [349,350]. The autophagic
process can be summarized in three stages: initiation/nucleation, elongation-closure and

maturation-fusion with lysosomes [348] (Figure 10).

69



a Macroautophagy

—

Expansion Completion

Phagophore/
isolation membrane

\ T
Metabolite

efflux Degradation

Sequestratibk ;

¢ Microautophagy

QQQ% LAMP-2A L Hsp70 Protein OKFERQ s Metabolite
chaperone motif transporter

b Chaperone-mediated autophagy

Figure 10: Types of autophagy (From Boya P et al., Nat Cell Biol, 2013) [351]

3. Molecular machinery of macroautophagy

a- Initiation/Nucleation

The process of autophagosome formation begins at the site of assembly of the phagophore
where ULK complex proteins (ULK1 or ULK2, ATG13, FIP200 and ATG101) assemble to

initiate the formation of autophagosomes [348] (Figure 11).

The phagophore originates through the assembly of proteins and lipids from different
organelles such as the endoplasmic reticulum, Golgi, mitochondria, endocytic system, or

plasma membrane. The cargoes are selectively recognized by autophagy adaptors, such
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as p62, which interacts with autophagic proteins, such as LC3, and allows selective
degradation of the ubiquitinated cargo by autophagy. Following a pro-autophagic
stimulus such as nutrient starvation, ULK1 and ULK2, which are functionally redundant,
dissociate from their negative regulator mTORC1, anchor to the membranes and

phosphorylate their targets ATG13 and FIP200 [348].

During the nucleation, the activated ULK complex targets the class III PI3K complex
constituted by Beclin 1, VPS15, VPS34 and ATG14 which produces a pool of
phosphatidylinositol 3-phosphate (PI3P) specific for autophagosomes. The regulation of
the Class III PI3K complex is mediated by proteins essential for macroautophagy that

interact with Beclin-1.

The anti-apoptotic protein BCL-2 binds to Beclin-1 and thus prevents its interaction with
PIK3(C3, thereby inhibiting macroautophagy [352]. Rubicon, another protein that binds to
Beclin-1, inhibits PIK3C3 activity in the class III PI3K complex via UVRAG [353]. Two
major positive regulators of class III PI3K complex are AMBRA1, that directly binds to

Beclin-1 [354], and SH3GLB1 / Bif-1, that interacts with Beclin-1 via UVRAG [355].

b- Elongation and closure

During the phagophore extension phase, the ATG12-ATG5-ATG16 complex is recruited to
the phagophore membrane where it performs E3 ligase activity to mediate the lipidation
of the soluble form of LC3, LC3I, with phosphatidyl-ethanolamine to generate the
insoluble lipidated form, LC3II, which is involved in the autophagosome membrane
extension [348]. Recent studies indicate that LC3 deacetylation as well as cytosolic
translocation of a nuclear pool are required for its lipidation, especially in starvation

induced autophagy [356].

71



LC3 is first synthesized as pro-LC3 and rapidly cleaved to give the soluble form LC3-1.
Upon autophagy activation, LC3l1 is cleaved by a protease, ATG4, that induces the exposure
of a C-terminus glycine residue which conjugates to the polar head of the phosphatidyl-
ethanolamine in a reaction that involves ATG3, ATG7 and the ATG12-ATG5-ATG16L
complex. ATG12 is activated by ATG7 and then conjugated to ATG5 by ATG10 (Figure 11).
Before the closure of the autophagosome, the ATG proteins dissociate from the membrane
but LC3II remains fixed and founded in the inner side of the autophagosome membrane

[357]. LC3II is commonly used as a marker of autophagy [358].

Another protein involved in the phagophore extension is the transmembrane protein
ATGO. In nutrient-rich conditions, ATGY is localized in the trans-Golgi network and
multivesicular bodies (late endosomes) [359]. In starvation conditions, ATG9 colocalizes
with autophagic markers [359]. The delocalization of ATG9 to autophagosomes depends
on class III PI3K and ULK1 activity while it is negatively regulated by p38a [359,360]. The
precise role of ATG9 and the mechanisms of ATGY9 vesicles trafficking are not fully
understood although current knowledge suggests a role of ATG9 vesicles as a source of

membrane for autophagic machinery [361].
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Figure 11: Signaling pathways involved in autophagosomes formation (From Fougeray

S etal,, Nat Rev Nephrol, 2015) [362]

c- Maturation/Fusion

Once formed, the autophagosome is directed to the lysosomal compartment to fuse and
deliver the cytoplasmic material for degradation. This succession of events is very
important and the fusion must occur only once the phagophore closed. If the fusion

machinery is recruited and activated before the closure of the phagophore, the material
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to be sequestered could be released or attached to the cytosolic side of the lysosomal
membrane. The fusion factors must therefore recognize only mature autophagosomes. A
potential signal could come from the LC3 protein. The deconjugation of Atg8 (LC3
homologue in yeast) from the outer autophagosome membrane is a fusion signal that
induces the removal of autophagy initiation machinery [363,364]. Indeed, the majority of
Atg8 is present on the inner membrane of mature autophagosomes [365] and the proteins
associated to the phagophore, such as ATG16 and ULK1 complex, are absent from the
mature autophagosome suggesting that they are removed before its fusion with

lysosomes [366].

The mature autophagosomes cross along the microtubule network in the direction of the
lysosomal compartment, fusing on their way with early and/or late endosomes
(multivesicular bodies) to form hybrid structures called amphisomes. These structures
progressively acidify, either because of the pH of the structures with which they fuse, or

due to the action of proton pumps on their surface [366].

The fusion process involves multiple protein complexes. For example, UVRAG can bind to
the endosomal attachment complex C-VPS (composed by VPS11, VPS16, VPS18 and
VPS33) to induce the fusion of autophagosomes with endosomes and/or lysosomes [367].
This process involves a positive regulation of the small GTPase Rab7 [367] which is
involved for the fusion process [368]. The ESCRT complex (Endosomal Sorting Complexes
Required for Transport), initially identified for its involvement in multivesicular bodies
biogenesis and the sorting of ubiquitylated proteins towards multivesicular bodies and
lysosomes [369], seems to be involved in the final steps of autophagosomes maturation.

Indeed, ESCRT is necessary for the autophagosome-lysosome fusion in human cells [370].
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Chen and colleagues demonstrated that TECPR1 (Tectonin beta-Propeller Repeat
Containing protein 1) is localized in mature autophagosomes and lysosomes. The loss of
TECPR1 induces the accumulation of autophagosomes. TECPR1 binds to PI3P, the
enzymatic product of VPS34 complex in an ATG5-ATG12 dependent manner. This binding
seems to be crucial for its function [371]. The fusion between autophagosome and
lysosome is mediated by SNAREs proteins. Syntaxin 17 is translocated to the outer
membrane of mature autophagosomes where it mediates the fusion with the lysosome by

interacting with its partners such as SNAP-29 and VAMP8 [372] (Figure 12).
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Figure 12: Role of syntaxin 17 (Stx17) in autophagosome-lysosome fusion (From

Itakura E et al., Autophagy, 2013) [373]
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The lysosomal proteins LAMP-1 and LAMP-2 play a key role in autophagosomes
maturation. LAMP-1 and LAMP-2 deficient mouse embryonic fibroblasts accumulate
immature and mature autophagosomes [374]. This effect is due to a defect in
autophagosomes trafficking through microtubules [375]. Moreover, a recent study
demonstrated that LAMP-2 is necessary for the expression of Syntaxin 17 by

autophagosomes [376].

In addition to the acquisition of the correct fusion machinery, the spatial organization of
autophagosomes and lysosomes seems to be a supplemental factor involved in the
maturation and the fusion steps. The effective fusion between lysosomes and
autophagosomes requires a coordinated positioning of these two organelles in the
perinuclear zone [377,378].

4. Signaling pathways and macroautophgy regulation

a. mTOR

mTOR (mammalian Target Of Rapamycin) is a major negative regulator of autophagy
through its serine/threonine kinase activity (Figure 13). Three independent groups
demonstrated that mTOR inhibits the ULK complex which initiates autophagy by
phosphorylating ATG13 and ULK1/2 in their inhibitory sites. mTOR inhibition induces an
increase of ULK1/2 kinase activity that phosphorylate ATG13 and FIP2000 inducing ULK

complex activation [379-381].

mTOR phosphorylates ULK1 at serine 758 residue and blocks its interaction with AMPK
which is necessary for ULK1 activation [382]. Moreover, mTOR may inhibit the stability

of ULK1 through the inhibitory phosphorylation of AMBRA1 [383].
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mTOR also regulates the VPS34 complex activity which is involved in the formation of
autophagosomes. VPS34 forms multiple complexes and plays a major role in vesicles
trafficking and autophagy induction. mTOR phosphorylates ATG14L in the VPS34

complex and inhibits the lipid-kinase activity of VPS34 thus inhibiting autophagy [384].

mTOR also regulates autophagy at transcriptional level since it modulates the subcellular
localization of TFEB (Transcription Factor EB), a major transcriptional regulator of
lysosomal and autophagic genes [385]. mTOR directly phosphorylates TFEB at serine 142

and 211 residues inducing its cytoplasmic sequestration [386,387].

b. Class I PI3K

Upstream of mTOR, the PI3K/AKT pathway modulates mTOR activity (Figure 13). Among
the numerous signaling pathways that activates mTOR, the class [ PI3K is the key element
in the response to growth factors such as insulin [388]. The class [ PI3K is a heterodimeric
complex composed by a regulatory subunit (p85) and a catalytic subunit (p110) that
activates AKT/PKB signaling through the PDK1 kinase activity. Once activated, AKT
promotes mTOR activity by suppressing the repressive action of TSC complex (tuberous
sclerosis complex, which is composed by TSC1 and TSC2) by phosphorylating TSC2 at
serine residue 939 [389]. TSC2 inhibition is associated with the activation of Rheb (Ras
homolog enriched in brain) that stimulates mTOR activity [390] which in turn inhibits

autophagy. Class I PI3K signaling is a major inhibitory pathway of autophagy (Figure 13).

c. AMPK

AMPK is an intracellular energy sensor involved in the regulation of the energetic
homeostasis in response to variations of the ATP/AMP ratio in the cells [391]. AMPK

activation is allowed by upstream regulators such as LKB1 [392]. AMPK is a major positive
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regulator of autophagy (Figure 13). Many studies linked AMPK activation to autophagy
induction in response to energetic stresses through its ability to suppress the repressive
action of mTOR [382]. AMPK directly phosphorylates TSC2 at threonine 1227 and serine
1345 residues inducing TSC complex activation. Activated TSC complex inhibits Rheb,
which is an mTOR activator, thus inducing autophagy [393]. Moreover, AMPK
phosphorylates Raptor inducing its sequestration via its binding to 14-3-3 protein and

mTOR inhibition [394].

AMPK also interacts with ULK1 and this interaction has been shown to be necessary for
autophagy induction [382]. This interaction is increased in cells treated with rapamycin
(which inhibits mTOR) suggesting that mTOR negatively regulates this interaction [382].
In addition to its direct interaction with ULK1, AMPK also induces ULK1 activation
through its kinase activity at multiple residues. Four AMPK phosphorylation sites have
been identified in ULK1 that mediates its activation. Egan and coworkers demonstrated
that the phosphorylation at serine 467 and 555 residues is essential for autophagic
activity [395] while Kim and colleagues shown that the activation of autophagy induced
by glucose starvation depends on the phosphorylation of ULK1 at serine 317 and 777

residues [382].

d. FOXO

The Forkhead transcription factors are a group that includes about hundred members in
humans and have various biological functions. In this group, the FOXO family includes
four members: FOX01, FOX03, FOX04 and FOXO6 that exhibit positive regulatory effects
on autophagy. In response to insulin or growth factors such as IGF1 (Insulin Growth

Factor 1), Akt/PKB is activated and directly phosphorylates FOXO members at three
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regulatory sites (Threonine 32, Serine 253 and Serine 315 for FOX03) inducing the
cytoplasmic sequestration of these transcription factors that become inactive [396].
Inversely, when insulin or growth factors are absent, Akt/PKB is inactive and FOXO
members are translocated to the nuclear compartment where they are transcriptionally
active [397-399]. Moreover, the cytoplasmic FOXO1 seems to positively regulate

autophagy independently of its transcriptional activity [400].

XBP1 negatively regulates autophagy through its action on FOX01 [401,402]. The stress
sensor IRE1a (also called ERN1) is involved in the unfolded protein response (UPR) and
catalyzes the splicing of Xbp1 mRNA to generate the XBP1 protein. XBP1 binds to FOX01
and regulates it negatively by inducing its proteasomal degradation [401,402]. FOX03
also stimulates autophagy in diverse cell types via the upregulation of several autophagic

genes but its functions on autophagy seems to depend on FOX01 [403].

e. p53

The tumor suppressor gene p53 plays a dual role in the induction of the autophagic
process [404]. In genotoxic stress conditions or when oncogenes are activated, p53
activation induces autophagy. P53 activates AMPK which in turn activates the TSC
complex that inhibits mTOR pathway [405]. P53 can also induce autophagy via its positive
regulation of DRAM which is a key lysosomal protein that mediates the pro-autophagic
and pro-apoptotic effects of p53 [406]. However, the pharmacological inhibition of p53,
the downregulation of its expression as well as its genetic deletion lead to autophagy
activation [407]. Interestingly, it has been established that it is the cytoplasmic form of
p53 that exerts the inhibitory functions on autophagy while the nuclear form of p53,

which is transcriptionally active, promotes autophagy [407]. Indeed, the reintroduction
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in p53 deficient cells of a cytoplasmic restricted p53 mutant inhibits autophagy while the
p53 mutants that accumulate in the nucleus fail to block autophagy [407]. Moreover, a
recent high throughput sequencing study showed that several genes involved in the

different steps of the autophagy are targets for transcriptional activation by p53 [408].

f. E2F1 and NFkB

E2F1 transcription factors are known for their roles in the regulation of genes involved in
the regulation of the cell cycle [409]. E2F1 activation also positively regulates autophagy
mainly through the induction of autophagy essential genes such as LC3, ULK1, ATG5 and
DRAM. E2F1 induces a direct transcriptional upregulation of LC3, ULK1 and DRAM by its
binding to the promoter of these genes while the regulation of ATG5 by E2F1 seems to be
indirect [410]. E2F1 can also binds to the promoter of Beclin-1 but its transcriptional
regulatory effect remains to be demonstrated [411]. BNIP3 is another E2F1 target gene
that positively regulates autophagy by disrupting the inhibitory binding of BCL-2 to

Beclin-1 [412].

NFkB also exerts regulatory functions on autophagy through its transcriptional activity.
NFkB can inhibits autophagy because it is constitutively fixed to the promoter of BNIP3
and blocks the recruitment of E2F1 transcription factor thus preventing BNIP3 gene
expression [413]. Inversely, when autophagy is activated, NFkB is removed from the
BNIP3 promoter that allows the binding of E2F1 and the expression of BNIP3 protein
[413]. Moreover, E2F1 also stabilizes the NFxB inhibitor IkB, thus inhibiting NFxB
activation [414]. To summarize, E2F1 and NFkB regulate autophagy by their competitive

functions for the binding to the promoter of BNIP3. However, NFkB can also induces some
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key autophagy genes such as Beclin-1 and SQSTM1 and positively regulates this process

[414]. Therefore, NFkB has a dual role in the regulation of autophagy.
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Figure 13: Regulatory mechanisms of autophagy (From White E] et al., Am J Cancer Res
2011) [415]

D. Autophagy in the liver

1. Autophagy in liver metabolism and homeostasis

The three types of autophagy (macroautophagy, microautophagy and CMA) co-exist in
hepatocytes. Macroautophagy and CMA have been largely studied and are involved in

liver metabolism. While the first observations of microautophagy were made in the liver
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the molecular mechanism and its physiological relevance in this organ remains poorly

evaluated.

Hepatic autophagy provides amino acids, lipids and carbohydrates required for the
cellular energetic balance. Autophagy also modulates hepatic metabolism by controlling
the levels of enzymes involved in glycolysis and lipolysis. Finally, a key role is attributed
to autophagy in the liver to control the number and the functionality of mitochondria,
which are essential players of energy homeostasis, via a selective form of autophagy called
mitophagy [416]. In these conditions, autophagy acts as a survival mechanism,
maintaining cellular integrity by regenerating metabolic precursors and clearing
subcellular debris. However, in some extreme conditions such as anorexia nervosa,
hepatocytes autophagy can lead to autophagic cell death also known as autosis which is

distinguished from apoptosis [337].

Starvation is the best-characterized trigger for both macroautophagy and CMA in the
liver. Starvation directly inactivates mTOR leading to macroautophagy activation in
hepatocytes which degrades in first-line proteins and organelles in bulk [416]. The
resulting amino acids are directly used for new protein synthesis or directed to the Krebs

cycle for ATP and glucose production [417] (Figure 14).

In addition to protein breakdown, hepatic autophagy can restore the energetic
homeostasis through lipids and carbohydrates hydrolysis since lysosomes contain a large
repertoire of hydrolases able to degrade these molecules [416]. Indeed, the type of cargo
enrolled in the autophagic process in the liver depends on the duration of the starvation.
Initially, macroautophagy degrades cytosolic proteins and organelles in bulk to restore

the pool of amino acids. When nutrient starvation persists, the cargo is shifted toward
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glycogen (glycophagy) and lipid droplets (lipophagy) to overcome the nutrient deficiency

[416] (Figure 14).

Therefore, in long-term starvation conditions, hepatic glycogen stock thus become an
important source of glucose that can be used to sustain a positive energetic balance in
absence of nutrients. Autophagy activation can mobilize this glycogen stocks in
hepatocytes to be hydrolyzed in lysosomes by a-glucosidase via glycophagy which is a
selective form of macroautophagy [416]. Glycogen breakdown during starvation may also

be processed after its delivery to lysosomes by microautophagy [418] (Figure 14).

Lipophagy is another selective form of macroautophagy that degrades triglycerides and
cholesterol stored in lipid droplets (Figure 14) to generates free fatty acids which can be
used as cellular fuel in prolonged nutrient starvation [90]. Importantly, lipophagy is also
activated when high levels of dietary lipids arrive to the liver. By this way, lipophagy
protects the liver against fatty acids-induced lipotoxicity [90]. This mechanism seems to
be regulated by the FFA sensor PPARa [419]. Interestingly, both lipophagy and CMA are
activated in response to acute increases in intracellular lipids. In contrast, the chronic
exposure to lipids inhibit both lipophagy and CMA via changes in lipid composition of the

autophagosomes and lysosomes membranes [420,421].

If starvation persists, the contribution of macroautophagy progressively decreases and
replaced by CMA [422]. Another way by which autophagy regulates cellular energetic
balance is the selective regulation of enzymes involved in metabolic pathways. In this
case, CMA seems to be a major mechanism for this process both in basal and starvation-
induced turnover of enzymes involved in lipid, carbohydrate and amino acid metabolism

[416] (Figure 14). Indeed, CMA deficiency in the liver leads to an increase of basal
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glycolysis through increased basal expression of glycolytic enzymes including
glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase, aldolase A, malate
dehydrogenase 1 or enolase 1 [423]. In the same line, CMA deficiency in hepatocytes leads
to the increase of lipogenic enzymes levels (which normally undergo degradation by
CMA). This may contribute to the pronounced steatosis observed in the liver of these
hepatic CMA-deficient mice which accumulate lipids because of the failure to perform
lipolysis [424]. CMA involvement in liver metabolic homeostasis seems to be crucial for
the adaptation to nutritional changes. Interestingly, CMA is activated both in starvation
conditions (to mobilize liver lipids) and in nutrient rich conditions (such as high fat diet

feeding) to protect the liver against lipotoxicity [416,424].

Finally, a key role is attributed to autophagy in the liver for the regulation of mitochondria
homeostasis. Mitochondria are key regulators of cellular metabolism through ATP
productions, FFA [3-oxidation, calcium storage and biosynthesis of phospholipids and
heme. Damaged mitochondria produce ROS that generates oxidative stress responsible
for cellular injuries and death. Maintenance of mitochondria health is therefore essential

for cellular homeostasis [416].

Damaged mitochondria can be removed via a selective form of macroautophagy known
as mitophagy [416]. Mitochondria damages induces PINK1 (PTEN Induced Putative
Kinase 1) accumulation on the mitochondrial membrane, which induces the recruitment
of the ubiquitin ligase PARKIN. In turn, PARKIN allows the ubiquitination of proteins
present in the outer mitochondrial membrane allowing their recognition by ATGs and the
subsequent mitochondria engulfment in autophagosomes [425]. The regulation of
mitochondria turnover is at least regulated by ULK1 phosphorylation which is mediated

by AMPK [395]. By this way, mitophagy contributes to restore cellular homeostasis,
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protecting hepatocytes against oxidative stress, preventing futile consumption of ATP by

damaged organelles, therefore reducing cellular damage and cell death pathways

activation [416] (Figure 1
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Once amino acids levels and /or energetic balance have been restored, mTOR reactivation

induces the phosphorylation of TFEB, preventing its nuclear translocation, thus inhibiting

the transcriptional program of autophagy [386]. Moreover, bile acids, which are the end

products of lipid metabolism, have an inhibitory effect on lipophagy both at the
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transcriptional level, through the nuclear sensor FXR [419], and by reducing the

autophagosome-lysosome fusion in hepatocytes [426].

2. Autophagy in nonalcoholic steatohepatitis

Given that autophagy is involved in liver metabolism and particularly in lipid droplets
breakdown, studies rapidly focused on its role in NASH which is characterized by chronic
lipid overload, liver injury with inflammation and varying degree of fibrosis.
Accumulating body evidence indicates that autophagy regulates the major steps of NASH

progression that highlights its high potential for therapeutic purposes.

NASH is associated with the metabolic syndrome which includes obesity, hyperglycemia
and/or type 2 diabetes, dyslipidemia and systemic hypertension. All these features of the
metabolic syndrome may have a negative effect on autophagy. For example, autophagy is
suppressed by hyperinsulinemia and insulin resistance in the liver of high-fat diet fed
mice and in hepatocytes in vitro. This effect is mediated by the inhibition of FOX01 which

normally up-regulates key autophagy proteins [398].

It is now well established that autophagy is decreased in fatty livers [416,427]. Indeed, an
increase in LC3II and p62 expression in the liver of obese patients with NAFLD and NASH
has been reported [428]. LC3II and p62 are both degraded at the end of the autophagic
process. Although LC3II accumulation suggests an activation of autophagy, p62
accumulation suggests a blockage of the final step of autophagy, i.e. the degradation phase.
Taken together, LC3II and p62 accumulation suggests a blockage of the autophagic flux.
This hepatic LC3II and p62 accumulation has been positively correlated with the severity
of the disease suggesting a progressive blockade of autophagic flux during NAFLD

progression [428]. Analyzes in patients with NAFLD and obese mice have shown that liver
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steatosis impairs autophagic degradation and lysosomal activity via an impairment of
autophagosomes acidification and the inhibition of cathepsin-L expression, resulting in a

decrease of lysosomal degradation of cargo delivered by all types of autophagy [429,430].

The increase in intracellular lipids reduces both macroautophagy and CMA as a result of
changes in intracellular membrane composition [420,421]. Changes in the lipid
compositions of the autophagosome membrane decrease their ability to fuse with
lysosomes thus reducing macroautophagic flux and the clearance of autophagosomes
[421]. This may explain the accumulation of LC3II and P62 seen in the liver of patients
with NAFL and NASH [428]. Moreover, high dietary lipids can alter the lysosomal stability

of CMA receptors such as LAMP-2A, leading to the reduction of CMA activity [420].

Other mechanisms have been proposed in murine models of NASH to explain the decrease
in macroautophagic flux in fatty hepatocytes such as 1) the overactivation of mTOR in
fatty livers, which is a major inhibitor of autophagy [431]; 2) increased expression of
calpain-2 (a calcium-dependent protease), which leads to the degradation of key
autophagy proteins such as ATG7 [432]; 3) elevated levels of methionine and S-
adenosylmethionine, which inhibit the autophagic lipids catabolism by modulating
lipophagy [433]. Impairment of macroautophagy and CMA in the liver both result in

marked steatosis [416].

In NASH, the effect of autophagy depends on the cell type. In hepatocytes and Kuppfer
cells, autophagy protects against fat accumulation, organelles injury, and displays anti-
inflammatory and anti-fibrogenic properties thus inhibiting NASH. By contrast,
autophagy in hepatic stellate cell enhances their fibrogenic functions [416,427] (Figure

15). Nothing is known about the role of autophagy in liver sinusoidal endothelial cells
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(LSECs) in chronic liver diseases including NASH despite the fact that these cells are
among the first liver cells in contact with products derived from the visceral adipose
tissue. In acute liver injury, indirect evidences suggest that autophagy in LSECs plays a

protective role against ischemia/reperfusion-induced liver injury [434].

a- Autophagy in hepatocytes

As stated above, autophagy impairment in hepatocytes first results in liver steatosis.
Several studies reported that macroautophagy alteration results in lipid breakdown
dysfunction and lipid droplets accumulation. This was highlighted in genetic models of
macroautophagy deficiency (Atg5 and Atg7 deficient mice) or by using pharmacological
inhibitors of autophagy (3-methyladenine) resulting in steatosis in both cases [90,432].
Macroautophagy inhibition also leads to mitochondrial damage, abnormalities in
proteostasis [432] and ER stress in hepatocytes [90,433]. Mitophagy is also impaired in
NASH resulting in a reduction of mitochondria turnover leading to altered mitochondria
quality control. This promotes oxidative stress through ROS generation and activation of

downstream inflammatory pathways such as NF-kB and inflammasome activation [435].

Conversely, autophagy overactivation by adenoviral-induced Atg7 overexpression or
hepatocyte-specific inhibition of Rubicon (a negative regulator of autophagosome fusion
through its interaction with Beclin-1) or treatment with pharmacological activators of
macroautophagy (carbamazepine or rapamycin) suppresses hepatic steatosis, ER stress

and insulin resistance in high fat diet fed mice [433,436,437].

In addition to macroautophagy, CMA is a major regulator of lipid metabolism and has been
shown to be altered in NAFLD [416]. Mice deficient in LAMP-2 specifically in hepatocytes

spontaneously develop massive steatosis as a result to an increase in lipogenic enzymes
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levels [423]. Steatosis may also result from reduced mitochondrial B-oxidation and
reduced secretion of VLDL (involved in lipids export from the liver), as demonstrated in
isolated hepatocytes from CMA-deficient animals [423]. Defects in proteostasis is also
observed when hepatic CMA is blocked and promotes the accumulation of oxidized

proteins thus contributing to perpetuate the chronic oxidative stress in the liver [438].

To summarize, a defect in hepatocytes autophagy is observed in NASH. Defective
hepatocytes autophagy perpetuates the dysfunctional lipid metabolism and promotes
oxidative stress, ER stress, inflammatory pathways activation and insulin resistance,
lipotoxicity and hepatocytes cell death which is a hallmark of NASH that distinguishes it
from NAFL. Therefore, autophagy in hepatocytes prevents from steatosis, oxidative stress,

inflammation and liver injury (Figure 15).

b- Autophagy in macrophages

Autophagy is a master regulator of inflammatory functions and immunity and can be
modulated by inflammatory mediators such as cytokines [439]. Autophagy controls the
differentiation of monocyte into macrophages and can regulate phagocytosis of
pathogens by macrophages [440]. When autophagy is inhibited in macrophages, these
cells exhibit a proinflammatory profile characterized the accumulation of ROS-producing
mitochondria that stimulate NRLP3 inflammasome pathway activation and consequent

IL-1p secretion [435,441].

Accumulating body evidence demonstrates that autophagy in liver macrophages is a
potent anti-inflammatory process protecting the liver against inflammation and
consequent fibrosis. Bone marrow-derived macrophages and peritoneal macrophages

from high-fat diet fed mice exhibit a decreased autophagy suggesting a generalized
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impairment of macrophage autophagy in obese mice [442]. ATGS5 deficiency in
macrophages specifically exacerbates liver inflammation induced by high fat diet feeding
and low doses LPS administration. This effect on liver inflammation is mediated through
the regulation of macrophages polarization since autophagy deficiency promotes the
polarization of hepatic macrophages into pro-inflammatory M1 phenotype on the one

hand, and reduces the M2 polarization in the other hand [442].

Moreover, experiments performed in Atg5 deficient mice in the myeloid lineage
specifically submitted to the carbon tetrachloride induced-hepatotoxicity model showed
that these mice exhibit a higher inflammatory response in the liver as compared to
littermate controls mice [443]. Inflammation in the liver generated by loss of macrophage
autophagy is sufficient to trigger liver injury and mediates fibrogeneis. Interestingly, mice
deficient in autophagy in the myeloid lineage show enhanced accumulation of liver
fibrogenic cells and an exacerbated fibrosis in the CCl4 fibrosis model [443]. In vitro,
hepatic myofibroblasts exposed to the culture supernatant of autophagy deficient
macrophages display a higher fibrogenic potential as a result of higher release of IL-1a
and (3 from autophagy deficient macrophages [443]. Inhibition of macrophage-dependent
inflammation by autophagy also prevents hepatic fibrosis [427]. Therefore, macrophage

autophagy is an anti-inflammatory and anti-fibrogenic pathway in the liver (Figure 15).

c- Autophagy in hepatic stellate cells

Hepatic stellate cells are the main players of liver fibrosis. Hepatic stellate cells store
retinoids in physiological conditions and shift their phenotype to an activated
myofibroblastic state in liver injury to secret large amounts of extracellular matrix
components. Contrary to other liver cell types, autophagy in hepatic stellate cells is

deleterious (Figure 15).
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Human and murine hepatic stellate cells display an increase in LC3II and a decrease in
p62 expression during their activation suggestive of an activated autophagic flux. This is
confirmed by the presence of a high number of autophagic vacuoles in these cells
[444,445]. Atg7 deficiency in hepatic stellate cells specifically (Atg7'ox/lox/glial fibrillary
acidic proteinCre mice) reduces hepatic stellate cells activation and liver fibrosis.
Autophagy activation in hepatic stellate cells contributes to their activation. Increased
autophagic flux in activated hepatic stellate cells induces the loss of lipid droplets
containing retinoids which is associated with the transdifferentiation of quiescent hepatic
stellate cells into myofibroblastic cells [444,445]. Lipid droplets breakdown via
autophagy generates FFA that increase ATP availability thus providing the cellular energy
required for hepatic stellate cells activation and transdifferentiation [444]. Potential
autophagy inducers favoring hepatic stellate cells activations include oxidative stress and

ER stress [444,445].

In addition to the lipogenic activity, autophagy also regulates the fibrogenic properties of
hepatic stellate cells through the regulation of their proliferation and their expression of
fibrogenic genes including Collagen1al, Collagen1aZ2, MmpZ2, Pdgf receptor and a-SMA.
Pharmacological inhibition of autophagy in hepatic stellate cells upon CCl4 or
thioacetamide treatment downregulates their proliferation and the expression of
fibrogenic markers in addition to avoid the loss of lipid droplets [444,445]. Taken
together, these results demonstrate that autophagy in hepatic stellate cells contributes to
fibrogenesis through lipophagic activity in the one hand, and by enhancing hepatic stellate
cells fibrogenic properties in the other hand. Therefore, hepatic stellate cells autophagy is

a pro-fibrogenic pathway in the liver (Figure 15).
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Figure 15: Role of autophagy in the liver depending on the cell type (Adapted from Gual
P et al., Am ] Physiol Cell Physiol, 2017) [427].
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IV-  THESIS WORK

A- Background, hypothesis and aims

Background:

The pathophysiology of NASH is not fully understood. Understanding how simple
steatosis evolves to NASH is some patients particularly is of utmost importance. Recent
studies demonstrated that endothelial alterations precede inflammation and fibrosis and
promote NASH [179,197]. The precise mechanisms triggering these endothelial

alterations remain to be determined.

Autophagy is a key process involved in the regulation of cellular homeostasis. Studies
demonstrated the role of autophagy in hepatocytes, macrophages and hepatic stellate
cells. In hepatocytes and macrophages, autophagy prevents liver injury and displays anti-
inflammatory and anti-fibrogenic properties. By contrast, in hepatic stellate cell
autophagy enhances fibrogenic functions [427]. Nothing is known about the role of

autophagy in LSECs in NASH specifically.

We recently demonstrated that autophagy in endothelial cells of large arteries is crucial
for endothelial cell homeostasis. Endothelial autophagy deficiency induces apoptosis and

endothelial activation and promotes atherosclerosis in mice [446].

Hypothesis:

Given that autophagy is a key process for endothelial cells integrity and that endothelial
alterations promotes NASH development, we hypothesized that autophagy in LSECs could

be impaired in NASH thus inducing endothelial alterations and promoting NASH.

93



Aims:

To test our hypothesis, we divided the project into 2 aims:

1- Evaluate autophagy in LSECs in NASH setting
a- Evaluate autophagy level in LSECs of patients without liver histological
abnormalities, with steatosis or with NASH.

b- Identify which mediators could modulate autophagy in LSECs in NASH setting.

2- Evaluate the consequences of endothelial autophagy deficiency
a- Evaluate the consequences of autophagy deficiency on the phenotype of LSECs.
b- Evaluate the effect of endothelial autophagy deficiency on the development of

NASH and advanced fibrosis in mice.
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B- Role of autophagy in LSECs in NASH
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Highlights
e Autophagy is defective in LSECs from patients with NASH
¢ Inflammatory mediators present in the portal blood could be responsible for this
defect
e Deficiency in autophagy induces LSECs inflammation, endothelial to
mesenchymal transition and apoptosis
e Deficiency in endothelial autophagy promotes liver inflammation and liver

fibrosis
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Abstract: (250/250)

Background and aims: Previous studies demonstrated that autophagy is protective in
hepatocytes and macrophages, but detrimental in hepatic stellate cells in chronic liver
diseases. Nothing is known about the role of autophagy in liver sinusoidal endothelial cells
(LSECs) in nonalcoholic steatohepatitis (NASH). 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 consequences of a deficiency in autophagy on LSECs
phenotype using cultured liver endothelial cells transduced with an Atg5 shRNA. We
analyzed the effect of a deficiency in endothelial autophagy 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 treated with carbon tetrachloride,
respectively.

Results: Patients with NASH had twice less LSECs containing autophagic vacuoles than
patient without liver histological abnormalities, or with simple steatosis. In vitro,
deficiency in autophagy enhanced endothelial inflammation, endothelial-to-
mesenchymal transition and apoptosis. In mice fed a high fat diet, deficiency in endothelial
autophagy induced liver expression of inflammatory markers and perisinusoidal liver
fibrosis. Mice deficient in endothelial autophagy treated with carbon tetrachloride
developed more perisinusoidal liver fibrosis.

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

favors more advanced stages of liver fibrosis.
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Nonalcoholic fatty liver disease is an expanding health problem with an estimated global
prevalence of 25% [1]. Nonalcoholic fatty liver disease is associated with obesity, insulin
resistance or type 2 diabetes and other metabolic abnormalities collectively termed the
metabolic syndrome [2]. Nonalcoholic fatty liver disease encompasses a spectrum of
conditions including simple steatosis and nonalcoholic steatohepatitis (NASH) which
includes in addition to steatosis, hepatocellular injury and inflammation with varying
degree of fibrosis [2]. NASH can progress to both cirrhosis and hepatocellular carcinoma
and is projected to become the most common indication for liver transplantation in the
next decade [3]. Despite its prevalence and severity, there is no approved therapy for
NASH and available treatments only aim to control associated conditions [4].
Understanding the pathophysiology of NASH and in particular how simple steatosis
progresses to NASH is thus of utmost importance.

Liver sinusoidal endothelial cells (LSECs) are highly specialized 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 [5-7]. Recent studies suggested that
alterations in LSECs precede the onset of NASH and promote its development. First,
several groups reported disruption of vascular architecture in nonalcoholic fatty liver
disease [8-10]. Second, LSECs capillarization and endothelial dysfunction precede
inflammation and fibrogenesis in murine models of nonalcoholic fatty liver disease [10-
15]. Third, angiogenesis plays a key role in the progression of NASH [8,16-19]. The
mechanisms underlying LSECs alterations in NASH remain unknown.

Macroautophagy (hereafter referred to as autophagy) is a major intracellular recycling
system. Under basal conditions, autophagy controls organelle and protein quality to

maintain cellular homeostasis. Under conditions of stress, autophagy acts as a survival
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mechanism, maintaining cellular integrity by regenerating metabolic precursors and
clearing subcellular debris [20]. This process modulates an expanding list of disease
processes [20]. In NASH and chronic liver diseases, the effect of autophagy depends on
the cell type [21]. In hepatocytes, autophagy protects against fat accumulation and
prevents liver injury by removing altered mitochondria and decreasing cellular stresses
[21,22]. Importantly, hepatocyte autophagy is reduced in NASH [21,23]. In macrophages,
autophagy displays anti-inflammatory properties and prevents hepatic inflammation and
fibrosis [21,24]. By contrast, autophagy in hepatic stellate cell enhances fibrogenic
functions [21,25]. Nothing is known about the role of autophagy in LSECs in chronic liver
diseases including NASH. In mild and severe acute liver injury, endothelial autophagy
plays a protective role [26,27].

This led us to test the hypothesis that autophagy in LSECs could be involved in NASH

development.
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Material and methods

Human samples.

Twenty-five patients who underwent a percutaneous or transjugular liver biopsy were
selected from a pathological database: 7 had no or mild abnormalities at liver histological
examination, 4 had simple steatosis and 12 had NASH. None of the patients had detectable
anti-hepatitis C virus 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 parameters are described in supplementary table 1. All patients gave
their consent. This study was approved by the Institutional Review Board of Paris North
Hospitals, Paris 7 University, AP-HP (N° 2017-013). The study conformed to the ethical
guidelines of the 1975 Declaration of Helsinki. For transmission electron microscopy
(TEM) analysis, liver biopsies were fixed with 1.7% glutaraldehyde dehydrated in ethanol,
cuted (90nm) with an ultramicrotome and embedded in grids. Observations were
performed at Cochin institute (Paris, France) with a transmission electron microscope
(JEOL 1011) equipped with a tungsten filament. Images were captured with digital
camera and Digital Micrograph software. For morphometric analysis, a minimum of 11
random LSECs per patient were taken in a blinded manner at a magnification of 40000x.
Electron microscopy pictures were assessed in a blinded manner. For TEM experiments,
the term autophagic vacuole was defined as vacuoles with an electron-dense content and
referred to autophagosome or autolysosome since it is often not possible to determine

from TEM images whether an autophagosome has fused or not with a lysosome [28,29].

Animal Models: All mice were on a C57BL/6 background (male and female) and were
housed on a 12 hrs light/dark cycle with ad-libitum access to food and water. All

experiments were conducted in accordance with the European Community guidelines for
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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 [30], with
Atg5lox/lox mice provided by N. Mizushima [31]. VE-cadherin is expressed during
embryonic development in hemangioblast, which is common progenitor to endothelial
myeloid cells [32]. To avoid the leak of ATGS5 deletion in myeloid cells, all mice used in this
study were irradiated and transplanted with a bone marrow from Atg5/o%/lox mice. For the
study of initial steps of NASH development, 12-week-old Atg5o¥/lox and Atg5lox/lex; VE-
cadherin-Cre mice were fed a control chow diet or a high-fat diet (Safe U8220 version 16)
containing 1.25% of cholesterol and 15% of cocoa butter (45% Kcal derived from lipids)
for 16 weeks (supplemental Figure 4). For the study of advanced stages of liver fibrosis,
Atg5lox/lox and Atg5'ex/lox; VE- cadherin-Cre mice received a single injection of clodronate
(clodronateliposomes.org) in addition to the bone marrow transplant. Mice were then
intraperitoneally injected with carbon tetrachloride (CCl4, Sigma Aldrich 319961)
suspended in peanut oil (Sigma Aldrich P2144) at 0.24mL/Kg, three times a week for 6
consecutive weeks (supplemental Figure 6). Control mice received intraperitoneal
injection of vehicle. At the end of each protocol, blood was collected from inferior vena
cava under isofluorane anesthesia. Mice fed a high fat diet were fasted for 6 hrs 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 for western blot experiments, as described below.
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Blood pressure measurement: Arterial blood pressure was measured every 30 seconds
at the tail of conscious mice using a CODA non-invasive blood pressure device (Kent
Scientific Corporation) (mean value of 15 measurements). Blood pressure was measured

for 3 consecutive days after 2 days of acclimation in the chamber.

Plasma preparation: On the day of euthanasia, mice were sedated with 2% isofluorane.
Blood was collected from the inferior vena cava using a 25-gauge x 1’ needle in a 1 mL
syringe pre-coated with 3.8% sodium citrate. Blood was centrifuged at 2500 g for 15
minutes at 18°C in order to pellet cells. Then, plasma was centrifuged a second time at
2500 g for 15 minutes at 18°C to pellet platelets and cell debris. Platelet free plasma was

aliquoted and stored at -80°C for biochemical measurements, as described below.

Plasma biochemical measurements: plasma alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels, fasting glucose, total cholesterol, high-density
lipoprotein (HDL)-cholesterol and triglyceride levels were measured in PFP by standard
methods with a multiparametric automate Olympus AU400 at the institute Claude

Bernard (Paris 7 University).

Hepatic lipid analysis: About fifty micrograms of frozen liver tissue were homogenized
by sonication in 1 mL of acetone. After overnight incubation at 4°C, samples were
centrifuged at 4000 g for 10 min. Triglyceride (Diasys, Holzheim, Germany) and total
cholesterol (Biomérieux, Craponne, France) contents were then measured in the
supernatant using enzymatic kits according to manufacturers’ instructions. Triglycerides
and total cholesterol content were normalized to the weight of the liver tissue used for

the lipid extraction.



Hammoutene A, et al. Liver endothelial autophagy in NASH 8/23

Histopathology: Liver samples were fixed in 10% formalin and embedded in paraffin. 3
pum thickness sections were made and stained with Hematoxylin and Eosin and Sirius red.
Images were taken using a light microscope (Nikon Eclipse E600) equipped with a digital
camera by using Archimed software. The Sirius red positive area was measured in at least
12 fields without vessels or capsule and quantified with Image] software. Steatosis was
scored on HE staining according to the following scoring system that assesses the
proportion of large or medium fat droplets containing hepatocytes: SO: <5%; S1: 5-33%j;

S2:34-66%; S3: >67%.

Transformed liver sinusoidal Endothelial Cells culture: The immortalized murine
LSECs cell line TSECs [33] was provided by Dr. Vijay Shah (Mayo Clinic, Rochester, MN)
and cultured on 0.2 % gelatin-coated slides (Menzel Glazer; Braunschweig, Germany) in
Dulbecco’s modified Eagle medium (DMEM) containing 1% endothelial cell growth
supplement (ECGS, Sciencell 1052), 5% fetal bovine serum, streptomycin (100 IU/mL),

penicillin (100 [U/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 at 8 pg/mL (Sigma Aldrich H9268) with
lentiviruses at multiplicity of infection (MOI) 2.5. Negative controls were lentiviruses
expressing a non-target shRNA used at the same MOI. Transduced cells were amplified
and selected using puromycine (Sigma Aldrich P9620) at 1 pg/mL during the
amplification period. shRNA expression was induced by treating the transduced cells with
Isopropyl -D-1-thiogalactopyranoside (IPTG, Sigma Aldrich; 16758) for 5 consecutive
days at 0.1 mmol/L. ATG5 knockdown was verified in all experiments. Experiments in

which ATGS5 extinction was lower than 30% were systematically excluded.
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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 [34]. Endothelial cell medium was perfused
for 24 hrs. Local shear stress was calculated using Poiseuille’s law and was 20 dynes/cm?.
To analyze the effect of mediators present in the portal blood on autophagy level, TSECs
were treated during the 24 hrs of shear stress with MCP1 (100 pg/mL, R&D systems), or
insulin (1 nmol/L, Sigma Aldrich), or TNFa (10 pg/mL, Peprotech), or IL6 (10 pg/mL,
Peprotech) or with the combination of TNFa and IL6 (10 pg/mL for each) at
concentrations similar to those reported in the portal venous blood in metabolic
syndrome [35-38]. In some experiments, cells were treated with chloroquine (300
umol/L) for 30 minutes before the end of the shear stress experiment in order to assess
autophagic flux. Effect of the deficiency in autophagy in TSECs on endothelial
inflammation, endothelial-to-mesenchymal transition and endothelial apoptosis was
tested in basal conditions as well as after exposure of TSECs to TNFa (1 ng/mL) for 12 hrs
before the end of the shear stress experiment. TSECs were then collected for Western blot

or RT-qPCR or flow cytometry, as detailed below.

Western blot: For in vivo experiments, about 50 mg of frozen mouse liver tissues were
homogenized in 650 pL RIPA buffer containing 150 mmol /L NaCl, 50 mmol /L TrisHCI, pH
7.4,2 mmol/L EDTA, 0.5% sodium deoxycholate, 0.2% sodium dodecyl sulfate, 2 mmol/L
activated orthovanadate, complete protease inhibitor cocktail tablet (Complet mini,
Roche, France) and complete phosphatase inhibitor cocktail tablet (Roche, France). The
homogenates were then incubated at 4°C for 45 minutes. For in vitro experiments, TSECs
were washed with cold PBS and scraped off in RIPA buffer. Lysates from liver samples and

TSECs were sonicated (15 seconds, 40 watts, Vibra Cell, Bioblock) and then centrifuged at
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12000 g for 5 min. Supernatants were collected and protein content was quantified using
the Lowry protein assay (Bio-Rad; Hercules, CA). Lysates were mixed with the reducing
sample buffer for electrophoresis and subsequently transferred onto nitrocellulose
membrane (Bio-Rad). Equal loading was checked using Ponceau red solution. Membranes
were incubated with primary antibodies (primary antibodies used are described in
supplementary table 2). After secondary antibody incubation (anti-goat, Santa Cruz
Biotechnology, INC, 1/5000; anti-rabbit or anti-mouse, Amersham, GE Healthcare, UK
1/3000), immunodetection was performed using an enhanced chemiluminescence kit
(Immun-Star Western C kit, Bio-Rad). Bands were revealed using the LAS-4000 imaging
system. Values reported from Western blots were obtained by band density analysis using
Image Gauge software (Fujifilm, Tokyo, Japan) and expressed as the ratio protein of

interest compared to GAPDH for whole cell extract.

Quantitative reverse transcription-PCR: mRNA from liver samples and TSECs were
extracted in TRIzol® reagent (Life technologies) according to manufacturers’ instructions.
cDNA synthesis was performed with QuantiTect Reverse Transcription Kit (Qiagen).
Quantitative polymerase chain reaction (PCR) was performed on Real-Time PCR System
StepOne Plus (Applied Biosystems) with Power SYBR Green PCR Master Mix (Eurogentec)
with the following parameters: 1 cycle at 95°C for 10s followed by 45 cycles at 95°C for
15s, 57°C-65°C (depending on each primer couple) for 30s and finally 72°C for 30s.
Primers sequences and corresponding annealing temperatures used are described in
supplementary table 3. Melt curve analysis was employed to confirm the presence of a
single PCR product. Liver expression of all genes has been normalized to Gapdh
expression for the high fat diet protocol. Gene expression in the CCl4 protocol and in

TSECs has been normalized using three housekeeping genes (Gapdh, Hprt and Ppia).
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Relative expression was calculated using the 2-delta-delta CT method. Geometric average
of normalization to each housekeeping gene was calculated for TSECs gene expression

analysis.

Flow cytometry: TSECs were washed with cold PBS and incubated with anti-VCAM-1
(R&D AF643, 0.25 pg/10° cells) antibody for 30 minutes at 4°C. After washing, cells were
incubated with an anti-goat AlexaFluor®594 secondary antibody (Invitrogen, 1/400) for
30 minutes and analyzed using a LSRII flow cytometer (BD Biosciences). Results were

expressed as mean fluorescent intensity.

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. Statistical analyses and figures were performed using
GraphPad Prism 6 software for Mac OS X. All tests were two-sided and used a significance

level of 0.05.
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Results

Autophagy is defective in LSECs in NASH

We first investigated liver endothelial autophagy in nonalcoholic fatty liver disease by
performing transmission electron microscopy on liver biopsies from patients. In patients
with NASH, LSECs contained autophagic vacuoles twice less frequently than in patients
with no or mild abnormalities at liver histological examination or in patients with simple
steatosis (Figure 1A and B), suggesting that NASH is associated with a defect in liver

endothelial autophagy.

We then sought to identify the mediators present in the portal blood accounting for such
a possible defect in liver endothelial autophagy. We used immortalized liver endothelial
cells, called TSECs [33], exposed to shear stress to mimic in vivo conditions. As presented
in Supplemental Figure 1, shear stress activated autophagic flux since LC31I/GAPDH ratio
was increased by shear stress and further augmented when the inhibitor of autophagic
flux, chloroquine, was added (Supplemental Figure 1). We observed that MCP1, insulin,
TNFa or IL6 alone, at concentrations similar to those found in the portal vein in rodents
and patients with metabolic syndrome [35-38], did not change LC3II/GAPDH ratio
(Supplemental Figure 2). Interestingly, the combination of TNFa and IL6 decreased
LC3II/GAPDH ratio (p=0.0002) (Figure 1C). Similar results were obtained in the presence
of chloroquine demonstrating that the combination of TNFa and IL6 decreased

autophagic flux (Supplemental Figure 2).

We then investigated the pathways by which TNFa and IL6 regulate autophagy in TSECs
and analyzed the AMPKa pathway, a master positive regulator of autophagy [39]. We
observed that the combination of TNFa and IL6 reduced p-AMPKa/GAPDH ratio (p=0.01)

(Figure 1D).



Hammoutene A, et al. Liver endothelial autophagy in NASH 13/23

Taken together, these results suggest that a defect in liver endothelial autophagy occurs

in NASH, following an inhibition of AMPKa activity induced by TNFa and IL6.

Deficiency in liver endothelial 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 using a genetic approach (transduction with

a lentivirus expressing an ATG5 shRNA; Figure 2A; Supplemental Figure 3 A-C).

We first tested whether autophagy regulates endothelial inflammatory responses. In
basal conditions, Rantes gene expression was higher in TSECs deficient in autophagy than
in control cells (p<0.0001), while Mcp1 gene expression was unchanged (Supplemental
Figure 3D). After exposure to the proinflammatory stimulus TNFa, TSECs deficient in
autophagy expressed 1.5-fold more Mcp1 (p=0.002) and 2.5-fold more Rantes (p=0.002)
than control TSECs (Figure 2B). Moreover, VCAM-1 expression at cell surface, evaluated
using flow cytometry, was higher in TSECs deficient in ATG5 than in TSECs transduced

with a control shRNA (p=0.001) (Figure 2C).

We also evaluated features of endothelial-to-mesenchymal transition. In basal conditions,
a-SMA, Tgf-f1 and CollagenlaZ gene expression was not affected by autophagy level
(Supplemental Figure 3E). After exposure to the proinflammatory stimulus TNFa, a-SMA,
Tgf-p1 and Collagen1aZ2 gene expression were higher in TSECs deficient in autophagy than

in control cells (p=0.002) (Figure 2D).

Finally, we assessed the effect of a deficiency in endothelial autophagy on endothelial

apoptosis. We observed that cleaved Caspase-3/GAPDH ratio was increased in TSECs
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deficient in autophagy in basal conditions (Supplemental Figure 3F) as well as after

exposure to the proinflammatory stimulus TNFa (p=0.0002) (Figure 2E).

Taken together, these results show that a deficiency in autophagy in liver endothelial cells
induces features of endothelial inflammation, of endothelial-to-mesenchymal transition

and endothelial apoptosis.

Deficiency in endothelial autophagy promotes NASH development
To assess the role of endothelial autophagy at early stages of NASH, Atg5'ex/lox and
Atg5lex/lox; VE-cadherin-Cre mice were fed a chow diet or a high fat diet for 16 weeks

(Supplementary Figure 4).

As expected in this mouse model reproducing early stages of NASH [40], steatosis,
markers of liver injury (plasma AST and ALT levels), and of liver inflammation (liver Mcp1
and VCAM-1 expression) were higher in Atg5"¥/lx mice fed a high fat diet than in Atg5/ox/lox

mice fed a chow diet (Figure 3 B-F), and markers of liver fibrosis were similar (Figure 4).

When fed a chow diet, mice deficient in endothelial autophagy had similar markers of liver
injury, of liver inflammation and of liver fibrosis as littermate controls (Figures 3 and 4).
When fed a high fat diet, mice deficient in endothelial autophagy had more frequently a
nodular liver surface (20% vs. 78% respectively, p<0.0001) (Figure 3A), higher markers
of liver inflammation (liver Mcp1 and Rantes gene expression and liver VCAM-1 protein
expression; Figure 3 D-F), and of liver fibrogenesis (liver a-SMA protein expression, liver
Tgf-p1 and CollagenlaZ gene expression, liver collagen staining with Sirius red) than
littermate controls, (Figure 4). Of note, liver fibrosis was mainly perisinusoidal in mice

deficient in endothelial autophagy (Figure 4E). In mice fed a high fat diet, deficiency in
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endothelial autophagy had no impact on markers of liver injury (AST and ALT levels)
(Figure 3C), or on liver steatosis assessed by histology (Figure 3B) or by liver triglyceride
content (Supplement Figure 5A). Liver cholesterol content was slightly lower in Atg5%x/lox;
VE-cadherin-Cre mice than in Atg5"/lx mice (Supplement Figure 5B).

Deficiency in endothelial ATG5 had no effect on body weight, organs weight, blood cell
count, arterial blood pressure, plasma cholesterol, triglycerides and glucose levels
(Supplemental Table 4). Only liver weight/body weight ratio was slightly lower in mice
deficient in endothelial autophagy fed a high fat diet than in littermate controls (p=0.01)

(Supplemental Table 4).

Taken together, these findings indicate that deficiency in endothelial autophagy induces

liver inflammation and promotes liver fibrogenesis.

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

To determine whether endothelial autophagy is also involved at more advanced stages of
chronic liver diseases progression, we treated Atg5o¥/lox and Atg5'ox/lox; VE-cadherin-Cre

mice with carbon tetrachloride (CCl4) or its vehicle for 6 weeks (Supplemental Figure 6).

As expected, markers of liver injury (plasma AST and ALT levels), of liver inflammation
(liver Rantes gene expression) and of liver fibrogenesis (liver a-SMA, Tgf-f1 and
CollagenlaZ gene expression, and liver collagen staining with Sirius red) were higher in
Atg5lox/lox treated with CCl4 than in Atg5'ex/lox treated with vehicle (Figure 5, Supplemental
Figure 7B-D).

When compared with littermate controls, mice deficient in endothelial autophagy had

higher levels of markers of liver fibrogenesis (liver a-SMA, Tgf-f1 and CollagenlaZ gene
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expression, and liver collagen staining with Sirius red) (Figures 5). Of note, liver fibrosis

was mainly perisinusoidal in mice deficient in endothelial autophagy (Figure 5D).

Deficiency in endothelial ATG5 had no effect on body and organ weight, on blood cell
count (Supplemental Table 5), on markers of liver injury (plasma AST and ALT levels)
(Supplemental Figure 7B) nor on markers of liver inflammation (liver Mcp1 and Rantes

gene expression) (Supplemental Figure 7C).

These findings demonstrate that deficiency in endothelial autophagy promotes liver

fibrosis development in more advanced stages of chronic liver diseases progression.
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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 reproduced by
low concentrations of inflammatory mediators present in the portal blood of patients with
metabolic syndrome. Such a defect in autophagy promoted liver endothelial cell
inflammation, endothelial-to-mesenchymal transition and apoptosis, favoring 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 those from patients with a simple steatosis
or with a normal liver. Although such a low number of autophagic vacuoles could result
from increased autophagic flux [41], this hypothesis seems very unlikely. Indeed, we
observed that cultured TSECs exposed to shear stress -to mimic induction of autophagy
existing in vivo- and to a combination of TNFa and IL6 at concentrations similar to those
observed in the portal blood of patients with metabolic syndrome [35-38] displayed a
decreased autophagic flux, as ascertained by chloroquine experiments. Moreover, we
showed that inhibiting autophagy in liver endothelial cells reproduces the increased
expression of Mcp1 and VCAM-1 reported in LSECs in mouse models of NASH [42]. These
results are a step forward in our view of liver autophagy, since autophagy had not been
assessed in liver endothelial cells in patients with liver disease. More generally, the impact
of metabolic syndrome on endothelial autophagy level has not been investigated in any
vascular bed, neither in patients nor in animals. If we and others showed that a defect in
endothelial autophagy favors atherosclerosis development, the impact of metabolic

syndrome on endothelial autophagy level is unknown [34,43].
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The second major finding in the present study was that a defect in endothelial autophagy
promotes NASH and liver fibrosis in mice. The effects we observed in this study were not
mediated by an effect of the defect in endothelial autophagy on metabolic risk factors, as
body weight, arterial blood pressure, plasma cholesterol and triglycerides as well as
fasting glucose levels were not different between mice deficient or not in endothelial
autophagy in basal conditions or when fed a high fat diet. This observation of a protective
role of endothelial autophagy completes 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 [21,22], that
macrophages autophagy is an anti-inflammatory pathway in the liver, with protective
anti-fibrogenic effects [21,24], and that, by contrast, autophagy is profibrogenic in hepatic
stellate cells [21,25]. It should be stressed that we included in this study both male and
female patients and animals, implying that the observed regulation and effect of

endothelial autophagy is a general process, not restricted to one gender.

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. It should be stressed that in both models, liver fibrosis was mainly
perisinusoidal, a feature typically observed in patients with NASH related fibrosis [44].
Classically, it is considered that liver fibrosis results from hepatic stellate cells activation
which is associated with the acquisition of a myofibroblastic phenotype characterized by
a-SMA expression by these cells [45]. The increase in a-SMA expression we observed in
the liver of high fat diet and CCl4-treated mice likely results in part from an activation of
hepatic stellate cells, possibly by the inflammatory mediators, including Rantes and Mcp1,

released by LSECs. However, we also provide evidence for an original complementary
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hypothesis that could account for the perisinusoidal location ofliver fibrosis we observed,
namely the fact that a-SMA overexpression could also result from endothelial-to
mesenchymal transition. Indeed, we demonstrated, using cultured TSECs, that a defect in
autophagy is associated with an overexpression of a-SMA in TSECs, together with an
overexpression of Tgf-f1 and CollagenlaZ, ie. typical features of endothelial-to-
mesenchymal transition. This suggests that the pool of hepatic myofibroblast in NASH
may not only originate from hepatic stellate cells, but also from endothelial-to-
mesenchymal transition, and might explain the typical perisinusoidal fibrosis associated
with this disease. While this phenomenon has been well described in fibrotic
cardiovascular and pulmonary diseases [46-48], rare studies described endothelial-to-
mesenchymal transition in the liver [49] 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 understanding of the role of liver
endothelial cells 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, endothelial-to-mesenchymal transition and apoptosis, thus
promoting liver inflammation and fibrosis at early and advanced stages of NASH (Figure
6). Liver endothelial autophagy level might be the missing link explaining why some
patients with simple steatosis progress to NASH and liver fibrosis while others do not.
Targeting specifically liver endothelial autophagy may be an attractive strategy for NASH

treatment.
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Figure 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), or from patients with NASH.
Arrows indicate LSECs. Arrowheads indicate autophagic vacuoles. Scale bar 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=7) or patients with
simple steatosis (n=4) or patients with NASH (n=12). Blue and red dots indicate males
and females respectively. Data are expressed as median + IQR. (C) Western blot analysis
of LC3II expression in TSECs exposed to shear stress and treated or not with TNFa and
IL6 (10 pg/mL each) for 24 hrs. n=8 independent experiments. (D) Western blot analysis
of p-AMPKa expression in TSECs exposed to shear stress and treated or not with TNFa
and IL6 (10 pg/mL each) for 24 hrs. n=7 independent experiments. In vitro data are
normalized to the untreated condition for each experiment and expressed as mean + SEM.

*p<0.05; ***p<0.001. TSECs, transformed sinusoidal endothelial cells.
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of ATG5 expression in TSECs (n=9). (B) Mcp1 and Rantes gene expression in TSECs (n=6). (C) Flow cytometry analysis of VCAM-1
expression in TSECs (n=9). (D) a-SMA, Tgf-f1 and Collagen1aZ2 gene expression in TSECs (n=6). cleaved Caspase-3 expression in TSECs
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Histological quantification of liver fibrosis. Atg5/¥/lox, chow diet: n=5; Atg5lox/lox;VE-
cadherin-cre, chow diet: n=6; Atg5"¥/lox, high fat diet: n=8; Atg5'e*/!ox;VE-cadherin-cre, high
fat diet: n=14. Blue and red dots indicate males and females respectively. Data are

expressed as median * IQR. *p<0.05; **p<0.01; ***p<0.0001; ns, not significant.
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endothelial cell inflammation (release of MCP1 and RANTES and overexpression of VCAM-1), endothelial-to-mesenchymal transition and
endothelial apoptosis, and eventually perisinusoidal liver fibrosis.
Abbreviations: AMPKa, AMP activated protein kinase; EndoMT, endothelial-to-mesenchymal transition; HSCs, hepatic stellate cells; MCP1,

monocyte chemoattractant protein 1; VCAM-1, vascular cell adhesion molecule 1.
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Sup Figure 1: TSECs exhibits autophagy under shear stress conditions. Western blot
analysis of autophagy in TSECs in static conditions or exposed to shear stress (20
dyn/cm?) for 2 4hrs. Starvation was used as a positive control for autophagy stimulation.
Chloroquine (300 uM) was added to the culture medium for the last 30 minutes. n=6
independent experiments. Data are normalized to the static condition for each
experiment and are expressed as mean + SEM. *p<0.05 vs static; **p<0.01 vs static $

p<0.05 vs static.
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Sup Figure 2: The combination of TNFa and IL6 impair autophagic flux in TSECs but
each cytokine alone does not alter autophagy. Western blot analysis of autophagy in

TSECs exposed to shear stress (20 dyn/cm?) for 24hrs and treated or not either with (A)



IL6 (10 pg/mL, n=3), (B) TNFa (10 pg/mL, n=2), (C) MCP1 (100 pg/mL, n=6) or (D)
Insulin (1 nmol/L, n=6) alone. (E) Western blot analysis of autophagy in TSECs exposed
to shear stress (20 dyn/cm?) for 24 hrs and treated or not with the combination of IL-6
and TNFa (10 pg/mL for each, n=2). Chloroquine (300 uM) was added to the culture
medium for the last 30 minutes (n=2). Data are normalized to the untreated condition for

each experiment and are expressed as mean + SEM. ns: not significant.
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Sup Figure 3: Autophagy deficiency in TSECs induces Rantes overexpression in
basal conditions. TSECs were transduced with a lentivirus expressing an Atg5 or a
control (CTL) shRNA and exposed to shear stress for 24 hrs. (A) Representative images of
western blot analysis of ATG5 and LC3 expression in TSECs. (B) Quantification of
ATG5/GAPDH and (C) LC3-1I/GAPDH ration. (D) Mcpl and Rantes gene expression



analysis in TSECs (n=13). (E) a-SMA, Tgf-f1 and Collagen1aZ gene expression analysis in
TSECs (n=13). (F) Western blot analysis of Cleaved-caspase 3 expression in TSECs (n=3).
Data are normalized to the shCTL condition for each experiment and expressed as mean

+ SEM. **p<0.001; **p<0.0001 vs shCTL; ns: not significant vs shCTL.
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Sup Figure 4: Experimental procedure: protocol to investigate NASH development in
Atg5lox/lox and Atg5'ex/lox; VE-cadherin-Cre mice fed a chow diet or a high-fat diet for 16

weeks.

>
o

ns

100 - 200 *%
n

— [m]

o 804 *k %\
é 3 § 2 150 m]
2O
8% 22
O 0 60+ 3 -
>0 o 9
235 o
2= < © 100 A
S o O +=
bl ns o2 ns
Qo > 40 4 =] 2
) g2
Q= QG a
[N [)
T o ° T 25

Em LN |
[ ] ° ;l: 7Y n
0 ' r . = 0 i : . .
Atg Glox/lox A tg 5lox/iox A tg glox/lox Atg 5lox/lox Atg 5on/lox A tg 5/ox/lox A tg 5(oxﬂox Atg 5on/lox
VE-cadherin-Cre VE-cadherin-Cre VE-cadherin-Cre VE-cadherin-Cre
Chow diet High fat diet Chow diet High fat diet
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Sup Figure 6: Experimental procedure: protocol to investigate fibrosis development in
Atgblox/lox and Atg5'ox/1ox;VE-cadherin-Cre treated with carbon tetrachloride (CCl4) or its
vehicle. CCl4 was administered by itraperitoneal injection at 0.24 mL/kg 3 times a week

for 6 weeks.
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Sup Figure 7: Deficiency in endothelial autophagy does not change liver injury and
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Supplemental Tables

Supplemental Table 1. Patients’ characteristics

Metabolic and morphological  Healthy controls Steatosis NASH
features (n=7) (n=4) (n=12)

Age (years) 41 (34 -45) 46 (33 -62) 51(39-59)

Male gender 3 (43%) 2 (50%) 7 (58%)

BMI (kg/m2)

23.2 (19.7 - 27.4)

25.3 (23.6 - 35.0)

28.4 (26.2 - 34.8) *

Fasting serum glucose (mg/dL) 88 (76 - 108) 92 (86 -115) 101 (88 - 130)
Serum cholesterol (g/L) 2.2(19-2.3) 1.5(1.2-2.2) 21(1.7-24)
Serum HDL cholesterol (g/L) 0.6 (0.4-0.7) 0.3 (0.3-0.5) 0.4 (03-0.4)
Serum LDL cholesterol (g/L) 1.4 (1.3-1.6) 0.9 (0.6 -1.3) 1.0 (0.8 -1.3)
Serum triglycerides (g/L) 0.9 (0.7 - 2.0) 1.3(1.1-1.7) 1.3 (0.9 -2.7)
Serum AST (x ULN) 1.1 (0.8-1.5) 0.9 (0.7 -1.9) 1.2 (1.0-1.9)
Serum ALT (x ULN) 1.8 (1.4-2.2) 1.6 (0.7 - 3.6) 1.3(1.0-2.2)

Data are expressed as median = IQR or frequency (%) for the gender.

*p<0.05 vs healthy controls.

Abbreviations: ALT, alanine aminotransferases; AST, aspartate aminotransferase; BMI,
body mass index; HDL, high density lipoprotein; LDL, low density lipoprotein; ULN,

upper limit of the normal.



Supplemental Table 2. List of antibodies used for western blots analyses

Antibody anti- Raised in Reference Dilution WB buffer
a-SMA Mouse Sigma Aldrich A 2547 1/1000 TBST milk

ATG5 Rabbit CST 8540 1/1000 TBST milk
Cleaved Caspase-3 Rabbit CST 9662 1/1000 TBST milk
GAPDH Mouse Millipore MAB374 1/20000 TBST milk

LC3B Rabbit CST 2775 1/1000 TBST milk
p-AMPKa (Thr172) Rabbit CST 2535 1/1000 TBST BSA

Abbreviations: BSA, bovine serum albumin; CST, cell signaling technology; TBST, tris

buffer salin 0.05 tween; WB, western blot.



Supplemental Table 3. List and sequences of primers used for gene expression

analyses.
Annealing
Gene Primer Sequence Temperature

a-SMA Forward 5'GAA CCC TAA GGC CAA CCG GGA GAAA 3 g‘)ci-)’)
Reverse 5'CCA CAT ACA TGG CGG GGA CAT TGA 3’

Atg5 Forward 5'TTC CGC AGT CGC CCCTGAAGAT 3' 62.4
Reverse 5'TCT GTT GGC TGG GGG ACA ATG CTAAT 3’

Collagenela2 Forward 5’ GCT GAG GGC AACAGCAGGTTCACCTAZ 61.3
Reverse 5’ GGA ACG GCA GGC GAG ATG GCTTATT 3’

Gapdh Forward 5" CGT CCC GTA GAC AAAATGGTGAA 3’ 61.9
Reverse 5 GCC GTG AGT GGA GTC ATA CTG GAACA 3

Hprt Forward 5 TGT GCT CAA GGG GGG CTA TAAGTT 3’ 57.4
Reverse 5 ACT TTT ATG TCC CCC GTT GACTGA 3’

Mcp1 Forward 5’ ATG CTT CTG GGC CTG CTG CTGTTCA 3’ 61.6
Reverse 5" GAG TGG GGC GTT AAC TGC ATC TG 3’

Ppia Forward 5" CAC-CGT-GTT-CTT-CGA-CAT-CA 3’ 60
Reverse 5’ CAG-TGC-TCA-GAG-CTC-GAA-AGT 3’

Rantes Forward 5" CCCCCG CACCTG CCTCACCATAZ 64.1
Reverse 5" AGG CAG CGC GAG GGA GAG GTA 3’

Tgf-p1 Forward 5" CGG AGA GCC CTG GAT ACCAACTA 3 58.8

Reverse 5’ GCC GCA CACAGCAGT TCT TCTCT 3’



Supplemental Table 4. Metabolic and blood cell count of 28 weeks old Atg5*/loxys,

Atg5lox/lox; VE-cadherin-Cre mice fed a chow diet or a high-fat diet

Fasting plasma glucose (mg/dL)

143 (124 - 159)

129 (104 - 145)

131 (119 - 150)

A tg 5lox/lox A tg 5lox/lox A tg 5lox/lox A tg 5lox/lox
Chow diet VE-cad-Cre High fat diet VE-cad-Cre
Chow diet High fat diet
(n=5) (n=6) (n=8) (n=14)
Morphological features
Body weight (g) 28 (26 -36) 31(28.5-34) 26 (22 -29) 26 (23 -30)
Male gender 3 (60%) 3 (50%) 3(37.5%) 7 (50%)
Liver weight/body weight (%) 45 (4.3-4.7) 3.6(3.2-4.8) 4.5(4.1-5.0) 33(125-44)%
Spleen weight/body weight (%) 0.1(0.1-0.3) 0.2(0.1-0.2) 0.2(0.1-04) 0.4 (0.2-0.5)
Kidney weight/body weight (%) 0.6 (0.5-0.7) 0.6 (0.4-0.7) 0.5(0.4-0.7) 0.5(0.5-0.6)
Heart weight/body weight (%) 0.4(04-0.5) 0.5(0.4-0.5) 0.4(04-0.5) 0.4 (04-0.5)
Metabolic features
Arterial blood pressure (mm Hg) NA NA 114 (103 -118) 102 (97 -112)

128 (75 - 137)

Platelets (103/mma3)

508 (371 - 760)

635 (512 - 746)

738 (643 - 839)

Plasma cholesterol (g/L) 0.7 (0.6 -0.7) 0.8 (0.5-0.9) 1.3 (1.1-1.6)** 1.1 (0.9 -1.3)
Plasma HDL cholesterol (g/L) 0.5(0.4-0.5) 0.5(0.3-0.6) 0.7 (0.5-0.9) 0.5(0.1-0.8)
Plasma triglycerides (g/L) 0.6 (0.3-1.0) 0.8 (0.5-0.9) 0.3 (0.2-0.4) ** 0.4 (0.3-0.5)
Blood cell count
RBC (103/mm3) 43(34-7.2) 6.7 (4.7 - 7.3) 5.0 (4.7 - 6.3) 5.1 (4.0-6.3)
Hemoglobin (g/dL) 6.1 (4.9 -10.3) 9.5(6.5-10.7) 7.0 (6.3-9.3) 7.5(5.8-9.2)
WBC (103/mm3) 3.2(1.7-5.3) 5.7 (3.9-6.8) 48(3.2-11.2) 5.9 (4.0 -9.0)
Neutrophils (103/mm3) 0.3(0.2-14) 0.7 (0.5-1.5) 0.7 (0.5-2.2) 0.9 (0.7 - 2.2)
Lymphocytes (103/mm3) 28(1.4-3.7) 45 (3.3-5.8) 4.0 (2.4 -8.6) 5.0 (3.2-6.6)
Monocytes (103/mm3) 0.1 (0.0-0.1) 0.0 (0.0 -0.0) 0.0 (0.0-0.2) 0.0 (0.0-0.1)

625 (445 - 724)



Data are expressed as median + IQR or number (%) for the gender.
** p<0.01 vs. Atg5'ex/lox, chow diet; $ p<0.05 vs. Atg5lox/lox, high-fat diet.
Abbreviations: HDL, high density lipoprotein; NA, not available; RBC, red blood cells;

WBC, white blood cells.



Supplemental Table 5. Metabolic and blood cell count of 28 weeks old Atg5x/loxys,

Atg5lex/lox; VE-cadherin-Cre mice treated with vehicle or carbon tetrachloride (CCl4)

Atg5lox/lox Atg5lox/lox Atg5lox/lox
Vehicle CCl4 VE-cad-Cre
CCl4
(n=4) (n=8) (n=12)
Morphological features
Body weight (g) 24 (23.1-24.5) 26 (20.7 -30.5) 24 (21.8-25.3)
Male gender 1 (25%) 4 (50%) 3 (25%)
Liver weight/body weight (%) 46(45-4.8) 44 (3.8-4.7) 39(34-44)
Spleen weight/body weight (%) 0.2 (0.2-0.3) 0.5(0.4-0.5) ** 0.4 (0.4 -0.5) **
Kidney weight/body weight (%) 0.6 (0.5-0.6) 0.7(06-0.7) * 0.6 (0.5-0.7)
Heart weight/body weight (%) 0.5(0.5-0.6) 0.5(0.5-0.5) 0.5(0.5-0.5)
Blood cell count
RBC (103/mm3) 7.8 (7.8-8.6) 8.1(7.6-84) 7.6 (7.1-8.3)
Hemoglobin (g/dL) 9.7 (9.3-12.2) 11.7(11.5-12.5) 11.8(11.1-12.6)
WBC (103/mm3) 8.4 (6.3-9.0) 11.5(8.5-13.7) 8.9 (6.1-11.6)
Neutrophils (103/mm3) 2.6 (23-4.7) 6.1(4.1-7.9) 44 (25-5.9)
Lymphocytes (103/mm3) 4.0 (3.6-5.6) 53 (3.9-5.5) 3.8(3.0-5.8)
Monocytes (103/mm3) 0.2 (0.1-0.2) 0.3 (0.2-0.3) 0.2 (0.1-0.3)

Platelets (103/mma3)

581(524 - 673)

460 (394 - 528) *

Data are expressed as median + [QR or number (%) for the gender.

* p<0.05 vs. Atg5o¥/lox vehicle; ** p<0.01 vs. Atg5'ex/lox, vehicle.

423 (288 - 517) *

Abbreviations: CCl4, carbon tetrachloride; RBC, red blood cells; WBC, white blood cells.



V- DISCUSSION AND PROSPECTS

Nonalcoholic steatohepatitis is an expanding health issue owing to its close association
with the worldwide epidemic of the metabolic syndrome. Its pathophysiology is still
incompletely elucidated. Understanding how simple steatosis progress to NASH is of
utmost importance. Several evidences have highlighted the pivotal role of LSECs in the
pathogenesis of NASH. Indeed, studies demonstrated that sinusoidal endothelial
alterations occur very early in the course of the disease, preceding the onset of NASH
[179,185,189,197,221,224-226,263,274]. These alterations include 1) capillarization of
LSECs, defined as the loss of the fenestrae and the formation of a basement membrane
[179,263], 2) endothelial dysfunction, characterized by the blunted activation of eNOS
and the reduction of NO bioavailability in the liver [189,197], 3) endothelial inflammation
which strongly contributes to liver inflammation [226] and 4) pathologic angiogenesis
[221,224-226,274]. All these alterations have been shown to promote NASH
development. However, the precise mechanisms underlying these alterations remained

elusive.

Autophagy is a gatekeeper of cellular homeostasis. Although the role of autophagy in the
different liver cells types has been studied [427], nothing was known about autophagy in
LSECs in chronic liver diseases. This led us to the first aim of this study which was to
analyze autophagy in LSECs in NASH. We demonstrated using liver biopsies from patients
that endothelial autophagy is defective in patients with NASH and that this defect occurs

specifically in NASH but not in steatosis.

We first aimed to identify which mediators could regulate autophagy in LSECs in NAFLD
setting. Because of LSECs are highly specialized endothelial cells that displays

morphological and functional specificities compared to other endothelial cells from large
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vessels or other microvascular endothelial cells [162], we used a murine cell line of
transformed LSECs (TSECs) that maintain some features of LSECs [447]. We exposed
these cells to shear stress to mimic physiological conditions. Shear stress is a physiological
mechanical stimulus which activates autophagy in endothelial cells in large vessels [446].
We confirmed that TSECs respond to shear stress stimulation. Indeed, TSECs exhibited a

complete autophagic flux when stimulated with shear forces.

NAFLD is associated with hyperinsulinemia and systemic inflammation. This led us to test
the effect of insulin and pro-inflammatory mediators (MCP1, TNFa and IL-6), involved in
the pathogenesis of NASH [14], on autophagy level in TSECs. To be close to the
pathophysiology of the disease, we treated the cells with each of these molecules at
concentrations reported in the portal venous blood in metabolic syndrome conditions
[448-451]. In this setting, none of these molecules had an effect on autophagy level in
TSECs when incubated separately with TSECs. However, the pathophysiology of NASH is
more complex and characterized by disturbances in a wide array of inflammatory and
metabolic molecules that act simultaneously on the cells. This led us to test the effect of
combined inflammatory mediators on autophagy level in TSECs. Interestingly, we
founded that the combination of TNFa and IL-6 at concentrations in the range of those

found in the portal vein of patients significantly impairs autophagy in TSECs.

Although a decrease in LC3II/GAPDH ratio is suggestive of a decrease autophagy
initiation, this may also result from an increase of the autophagic flux with an increase in
autolysosomal degradation since LC3II is degraded at the end of the autophagic process
in autolysosomes [452]. This can be analyzed by blocking the autolysosomal degradation,
i.e. the final step of autophagy, with chloroquine. In two independent experiments,

LC3II/GAPDH ratio was decreased in TSECs treated with TNFa and IL-6 when
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autolysosomal degradation was blocked with chloroquine, comparatively to untreated
cells (Supplemental Figure 2E). This suggests that TNFa and IL-6 inhibit autophagy
initiation since less LC31I accumulates when autolysosomal degradation is blocked with
chloroquine. This result did not reach the statistical significance due to the low number
of experiments (n=2). Further experiments will be performed to validate this result.
Furthermore, it would be interesting to test the effect of other combinations of metabolic

mediators associated with NASH such as insulin, glucose or ox-LDL.

To better characterize the mechanisms triggering the defect in autophagy in LSECs in
NASH, we aimed to identify which signaling pathways were modulated by TNFa and IL-6.
We tested the AMPKa pathway since it is a major positive regulator of autophagy [453].
Moreover, AMPKa has been shown to mediate shear stress-induced autophagy in
endothelial cells [446]. We founded that TNFa and IL-6 decrease the phosphorylation of
AMPKa suggesting that these inflammatory mediators inhibit autophagy in TSECs by
inhibiting AMPKa activation. This result further confirms that TNFa and IL-6 block the
initiation of autophagy since AMPKa signaling pathway is involved in the initial steps of
autophagy activation. Taken together, these results provide insights in the understanding
of how autophagy in LSECs can be regulated in NASH setting. The power of these results
is that they are based on pathophysiological concentrations of inflammatory mediators

making them relevant regarding to the pathological setting of the disease.

Another powerful regulator of autophagy is mTOR which is a major negative regulator
that blocks the initiation of autophagy [453]. As described in introduction, mTOR can be
negatively regulated by AMPKa in certain conditions [394]. Given that TNFa and IL-6

inhibit autophagy initiation through the inhibition of the AMPKa pathway, it is tempting
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to speculate that mTOR pathway could be overactivated in these conditions. Further

experiments will be performed to assess the effect of TNFa and IL-6 on mTOR signaling.

Finally, we generated a LSECs line deficient in autophagy by transducing TSECs with a
short hairpin RNA targeting Atg5. As illustrated in supplemental Figure 3, the knockdown
of ATGS in TSECs blunted the activation of autophagy by shear stress. We used these cells
to test the hypothesis that the deficiency in autophagy may induce alterations in LSECs
since we previously described that the lack of autophagy in HUVECs induces endothelial
inflammation [446]. We first conducted our experiments in unstimulating conditions.
Interestingly, Rantes expression was three times higher in TSECs deficient in autophagy
while Mcp-1 was not modulated. We then decided to better mimic the pathophysiology of
NASH by stimulating the cells. After exposure to the proinflammatory stimulus TNFa,
deficiency in autophagy in TSECs was associated with an overexpression of Mcp-1 and
Rantes suggesting that autophagy prevents inflammatory genes expression in conditions
of stress. It would be interesting to consolidate this result by measuring MCP-1 and
RANTES levels in the culture supernatant of these cells. Moreover, deficiency in
autophagy in TSECs also resulted in VCAM-1 which is a hallmark of endothelial
inflammation involved in leukocytes recruitment. This result is reminiscent of the
increased expression of cell adhesion molecules including VCAM-1 in dietary-induced
steatohepatitis mouse models of NASH [226]. Taken together, these results indicate that
deficiency in autophagy in LSECs induces endothelial inflammation. Activated endothelial

cells can in turn contribute to liver inflammation.

In addition, deficiency in autophagy in TSECs also promoted the expression of
endothelial-to-mesenchymal transition markers. This result in line with a previous study

showing that ATG7 deficiency promotes endothelial-to-mesenchymal transition in
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HUVECs [258]. Finally, deficiency in autophagy also promoted apoptosis in TSECs which
is in accordance with a previous study in which we demonstrated that ATG5 deficiency

promotes endothelial senescence and apoptosis in mice [446].

The second aim of this study was to analyze the consequences of the defect in endothelial

autophagy on NASH and liver fibrosis.

We first used a model of early NASH induced by a high fat diet to study the role endothelial
autophagy in NASH. This model presents the advantage that it resembles the
pathophysiology of human NASH because it includes some of the key systemic metabolic
disorders associated with the disease [289]. In mice fed a high fat diet, deficiency in
endothelial autophagy promoted NASH development, as attested by Mcp-1, Rantes and
VCAM-1 liver overexpression. Interestingly, these markers were also overexpressed by

TSECs deficient in autophagy.

Liver fibrosis was also increased in endothelial autophagy deficient mice in both high fat
diet model and CCl4-induced fibrosis. Liver fibrosis develops as a result of hepatic stellate
cells activation. Interestingly, we observed an overexpression of a-SMA in the liver of
endothelial autophagy deficient mice in both models suggestive of an overactivation of
hepatic stellate cells. The mechanisms linking endothelial autophagy to hepatic stellate
cells activation deserve further studies but we can speculate that defective endothelial
autophagy could promote endothelial dysfunction, which is permissive for hepatic stellate
cells activation. Indeed, healthy LSECs maintain hepatic stellate cells quiescence through
nitric oxide but lose this ability when endothelial dysfunction appears [454].
Interestingly, autophagy deficiency has been linked to endothelial dysfunction in HUVECs

[455]. Measuring endothelial function in the liver of endothelial autophagy deficient mice
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would be of great interest. Furthermore, we also provide evidence that o-SMA
overexpression could also result from endothelial-to-mesenchymal transition. We
demonstrated in vitro that autophagy deficiency is associated with a-SMA overexpression
in TSECs. This was associated with the overexpression of Tgf-f1 and CollagenlaZ2
consistent with endothelial-to-mesenchymal transition. This suggests that the pool of
hepatic myofibroblast may also originate from endothelial-to-mesenchymal transition in
NASH and liver fibrosis. While this phenomenon has been poorly described in the liver
[259], it occurs in fibrotic cardiovascular and pulmonary diseases [256,257]. Moreover,
deficiency in endothelial autophagy has been shown to promote endothelial-to-
mesenchymal transition and associated with pulmonary fibrosis in mice suggesting that
endothelial autophagy prevents organ fibrosis [258]. Altogether, these evidences indicate
that endothelial-to-mesenchymal transition is likely to occur in the liver in NASH thus

contributing to liver fibrosis.

Taken together, our in vivo and in vitro findings indicate that liver endothelial autophagy
displays anti-inflammatory and anti-fibrogenic properties and complete the picture of the
role of autophagy in chronic liver diseases. In physiological conditions, autophagy is
activated in LSECs and maintains endothelial homeostasis and the liver health while in
metabolic syndrome conditions, inflammatory and/or metabolic mediators present in the
portal venous blood induce a defect in autophagy in LSECs. The defect in autophagy in
LSECs induces in turn endothelial alterations. Altered endothelial cells strongly

contribute to liver inflammation and fibrosis thus promoting NASH and liver fibrosis.

This study could in part explain how patients with simple steatosis progress to NASH. It

is tempting to speculate that patients with steatosis in whom autophagy in LSECs is
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effective remain stable while patients with steatosis in whom autophagy in LSECs

becomes defective progress to NASH.

These findings extend the available knowledge about the role of LSECs in NAFLD showing
that endothelial cell alterations including capillarization, endothelial dysfunction,
endothelial inflammation and angiogenesis promote NASH development. Our results
indicate that the defect in autophagy in LSECs occurring in NASH is a mechanism
triggering endothelial inflammation and endothelial-to-mesenchymal transition (Figure
16). Further studies are required to assess the role of autophagy in LSECs in sinusoidal

capillarization, endothelial dysfunction, angiogenesis and vascular architecture.

Metabolic syndrome

Liver sinusoidal endothelial cell JAutophagy
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Endothelial-to-
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Capillarization . . ) mesenchymal
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Figure 16: Schematic illustration depicting the role of LSECs in NASH development.
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The ultimate challenge of this project will be to test the therapeutic potential of
endothelial autophagy in NASH and liver fibrosis. This could be done in vivo in mice
challenged with high fat diet in which autophagy in liver endothelial cells will have been
overactivated. This ambitious objective could be achieved by using adeno-associated
viruses (AAV) displaying a hepatic and endothelial tropism in which key autophagy genes,
such as Beclin-1, Atg5, Atg7 or Tfeb [456] will be inserted. The serotype AAV-5 is a good
candidate for this purpose since it displays hepatic tropism and has been shown to be
uptaken by LSECs [457,458]. Moreover, the challenge of targeting specifically LSECs could
be accomplished by submitting autophagic genes to the control of an endothelial specific
promoter. In this case, in addition to the uptake by LSECs in majority, autophagy gene will
be expressed only in endothelial cells. This therapeutic strategy could be tested both in a
preventive setting, by treating the mice concomitantly with the beginning of the high fat
diet administration, before the establishment of the disease, or in a curative manner, by
treating the mice after a long period of high fat diet administration, once the disease

established.
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It has been known for some time that atherosclerotic lesions prefer-
entially develop in areas exposed to low SS and are characterized by a
proinflammatory, apoptotic, and senescent endothelial phenotype.
Conversely, areas exposed to high SS are protected from plaque
development, but the mechanisms have remained elusive. Autophagy
is a protective mechanism that allows recycling of defective organelles
and proteins to maintain cellular homeostasis. We aimed to understand
the role of endothelial autophagy in the atheroprotective effect of
high SS. Atheroprotective high SS stimulated endothelial autophagic
flux in human and murine arteries. On the contrary, endothelial cells
exposed to atheroprone low SS were characterized by inefficient
autophagy as a result of mammalian target of rapamycin (mTOR)
activation, AMPKa inhibition, and blockade of the autophagic flux.
In hypercholesterolemic mice, deficiency in endothelial autophagy in-
creased plaque burden only in the atheroresistant areas exposed to
high SS; plaque size was unchanged in atheroprone areas, in which
endothelial autophagy flux is already blocked. In cultured cells and in
transgenic mice, deficiency in endothelial autophagy was character-
ized by defects in endothelial alignment with flow direction, a hall-
mark of endothelial cell health. This effect was associated with an
increase in endothelial apoptosis and senescence in high-SS regions.
Deficiency in endothelial autophagy also increased TNF-a-induced in-
flammation under high-SS conditions and decreased expression of
the antiinflammatory factor KLF-2. Altogether, these results show
that adequate endothelial autophagic flux under high SS limits ath-
erosclerotic plaque formation by preventing endothelial apoptosis,
senescence, and inflammation.

endothelial | autophagy | shear stress | atherosclerosis | inflammation

therosclerosis develops at arterial bifurcations and at the inner
part of curvatures where blood flow is low or disturbed,
whereas areas exposed to high blood flow, generating high laminar
shear stress (SS) on the endothelium, remain lesion-free (1-4). Low
SS is known to induce endothelial apoptosis, which in turn increases
their procoagulant and proadhesive phenotype for platelets (5-7).
Endothelial cells with senescence-associated phenotype are present
in low-SS areas (8, 9). Senescent endothelial cells exhibit a proin-
flammatory phenotype that may contribute to the initiation and
progression of atherosclerosis (9, 10). Low SS also stimulates en-
dothelial expression of adhesion molecules and the release of che-
mokines that contribute to leukocyte recruitment, the early steps of
atherosclerotic plaque formation (4, 11). However, the regulation of
endothelial phenotypes by SS remains not fully elucidated.
Macroautophagy (hereafter referred to as autophagy) is a
major intracellular recycling system. Under basal conditions,
autophagy controls organelle and protein quality to maintain
cellular homeostasis. Under conditions of stress, autophagy

www.pnas.org/cgi/doi/10.1073/pnas.1702223114

acts as a survival mechanism, maintaining cellular integrity by
regenerating metabolic precursors and clearing subcellular debris
(12). Autophagy primarily acts as a protective mechanism preventing
cell death and senescence (12). This process modulates an expanding
list of disease processes (12). Recent data indicate that mice de-
ficient in endothelial Atg7, a key protein in autophagy process, de-
velop more atherosclerotic plaques, but the mechanism remains
elusive (13). Several groups have investigated the effect of SS on
endothelial autophagy, with conflicting results. Most groups have
found that SS activates autophagy in cultured endothelial cells
(14-20), but a few investigators have compared the effects of
different SS levels and reported paradoxical findings (14, 16-18,
21). The rare analyses of animal vessels did not help in drawing
reliable conclusions (16, 18, 21). Importantly, the consequences of
defective autophagy on endothelium health, i.e., apoptosis, se-
nescence, and inflammatory phenotype, have not been thoroughly
investigated (14). This led us to test the hypothesis that autophagy
mediates the effect of SS on atherosclerosis development.

Significance

Atherosclerotic plaques tend to develop preferentially in areas
of the vasculature exposed to low and disturbed shear stress
(SS), but the mechanisms are not fully understood. In this
study, we demonstrate that inefficient autophagy contributes
to the development of atherosclerotic plaques in low-SS areas.
Defective endothelial autophagy not only curbs endothelial
alignment with the direction of blood flow, but also promotes
an inflammatory, apoptotic, and senescent phenotype. Fur-
thermore, genetic inactivation of endothelial autophagy in a
murine model of atherosclerosis increases plaque burden ex-
clusively in high-SS areas that are normally resistant to ath-
erosclerotic plaque development. Altogether, these findings
underline the role of endothelial autophagic flux activation by
SS as an atheroprotective mechanism.
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Results

Autophagy Is Defective in Endothelial Cells Exposed to Low SS. Given
the inconsistent in vitro results regarding the effect of SS on
endothelial autophagy (14, 16-18, 21), we first examined endo-
thelial autophagy level in isolated human and murine arteries by
assessing LC3 punctae labeling (22). In human carotid arteries,
LC3 staining was systematically less abundant in endothelial cells
exposed to a disturbed low SS compared with those exposed to
physiological high SS (7, 23, 24) (Fig. 14 and SI Appendix, Table
S1). In murine arteries, en face LC3 staining of the inner part of
the curvature of the aorta, exposed to a disturbed low SS, was
significantly lower than that in the linear part of the descending
thoracic aorta, exposed to a physiological high SS (Fig. 1B). This
difference was observed in males as well as in females. Endo-
thelial autophagy was then evaluated by measuring the LC3II/
LC3I ratio in low-passage cultured human umbilical vein endo-
thelial cells (HUVECs) exposed to 2 vs 20 dyn/cm? SS for as long
as 24 h (Fig. 1C). A difference between low and high SS
appeared after 12 h and was more pronounced at 24 h (Fig. 1C).
Similar results were also observed when expressing LC3 as a
ratio of LC3II to GAPDH (SI Appendix, Fig. S14) and when
measuring LC3 by flow cytometry analysis (SI Appendix, Fig.
S1B). Finally, transmission EM analysis revealed a lower number
of autophagic vacuoles in HUVECs exposed to low than to high

SS (n = 3; Fig. 1D). Altogether, these results demonstrate that
autophagy is reduced in endothelial cells exposed to low SS
compared with high SS.

Complete autophagy requires the fusion of autophagosomes
with lysosomes. To evaluate the autophagy flux, we treated
HUVECs with bafilomycin Al, an inhibitor of autophagic flux.
In HUVEC: exposed to high SS for 6 h, bafilomycin Al increased
the LC3II/LC3I ratio, attesting to a functional autophagic flux
under these conditions (Fig. 24). On the contrary, bafilomycin
Al had no effect under low SS conditions, suggesting a blockade of
the fusion between autophagosomes and lysosomes under these
conditions (Fig. 24). To confirm these data, we used a tandem
monomeric red fluorescent protein (mRFP)-GFP-LC3 assay as a
complementary strategy. In this assay, autophagosomes are labeled
with a yellow signal (mRFP-GFP-LC3), and their maturation into
autolysosomes is attested by a red signal as a result of the quenching
of GFP fluorescence in lysosomes. As shown in Fig. 2B, RFP fluo-
rescence was twofold lower in HUVECs exposed to low-SS com-
pared with high-SS conditions, attesting to a blockade of autophagic
flux under low SS. Similarly, colocalization of LC3 and the lysosomal
marker LAMP2 was lower under low-SS than under high-SS con-
ditions, confirming an impaired autophagic flux under low SS (Fig.
2C). We then investigated autophagic flux in vivo by injecting WT
mice with chloroquine, an inhibitor of autophagic flux. As shown in
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Fig. 1. Autophagy is defective in endothelial cells exposed to low SS (LSS). (A) LC3 en face staining of human endothelial cells isolated from endarterectomy

specimen. (Left) Typical longitudinal section of a carotid atherosclerotic plaque showing upstream (exposed to high physiological SS) and downstream
(exposed to low disturbed SS) parts. (Middle) Quantification. (Right) Representative images (green, CD31; red, LC3; blue, DAPI). (Scale bar, 10 pm.) Between
50 and 125 cells were counted per area for each patient. (B) LC3 en face staining of the aorta of 10-wk-old C57BL/6 mice (n = 6; green, CD31; red, LC3; blue,
DAPI). (Scale bar, 20 um). (Left) Quantification of LC3 area; data are given as median (horizontal bar) and interquartile range (error bar). (Right) Repre-
sentative images. (C) Western blot analysis of LC31I/LC3I ratio in HUVECs exposed to high SS (HSS) and low SS. Data are normalized to static conditions for each
time point (n > 5 per time point and per SS condition). Data are mean + SEM. (D) Transmission EM analysis of HUVECs exposed to high and low SS for 24 h.
Representative pictures of three independent experiments. Red arrows indicate autophagic vacuoles (*P < 0.05 and **P < 0.01).
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SS. Yellow bars represent autophagosomes, and red bars represent autolysosomes. Images are representative of three independent experiments in which more than
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orescent LAMP2 and LC3 staining on HUVECs exposed to high or low SS for 24 h. (Left) Quantification. (Right) Representative images (red, LC3; green, LAMP2; blue,
DAPI). Data are presented as mean + SEM (*P < 0.05, **P < 0.01, and ***P < 0.001). (D) LC3 en face staining of the aorta of 8-wk-old C57BL/6 male mice injected i.p. with
PBS solution or chloroquine (60 mg/kg/d; 48 h, 24 h, and 4 h before euthanasia; n = 7-9 per group; green, CD144; red, LC3; blue, DAPI). (Scale bar, 20 pm.) (Left)
Quantification of LC3 area. Data are given as median (horizontal bar) and interquartile range (error bar). (Right) Representative images.

Fig. 2D, chloroquine enhanced L.C3 staining in high-SS areas but had
no effect in low-SS areas, confirming the results obtained in vitro.
We then investigated the pathways responsible for this defect in
endothelial autophagy under low SS. Exposure to SS for as long as
24 h did not alter endothelial expression of the key proteins of the
autophagy pathway, namely Beclinl, ATGS, and ATG7 (SI Appendix,
Fig. S1C and Table S3). LAMP2 expression was also unaffected (S7
Appendix, Fig. S1C). The mammalian target of rapamycin (mTOR)
and AMPK pathways are master negative and positive regulators of
autophagy, respectively (25). Low SS increased 4EBP1 phosphor-
ylation, confirming the activation of mTOR pathway under these

Vion et al.

experimental conditions (26) (SI Appendix, Fig. S1D). Inhibition of
mTOR by using rapamycin increased autophagy level in HUVECs
exposed to low-SS condition (Fig. 34). Similarly, injection of
rapamycin into WT mice increased LC3 staining in endothelial
cells in low-SS areas (Fig. 3B). As previously described, we observed
reduced phosphorylation of AMPKa and of its substrate, acetyl-
CoA carboxylase, under low-SS conditions (26-28) (SI Appen-
dix, Fig. S1 E and F). To ascertain the implication of AMPKa in
the regulation of endothelial autophagy by SS, we evaluated
LC3 staining in endothelial cells from the aorta of mice deficient in
Ampkal (Fig. 3C). Endothelial LC3 staining in high-SS areas was
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Fig. 3. Decreased AMPKa activity and increased mTOR activity concurrent with endothelial autophagy defect under low SS (LSS). (A) Western blot analysis of LC31l/
LC3lI ratio in HUVECs exposed to low SS for 24 h in the presence or absence of rapamycin (0.5 pmol/L; n = 3; data are normalized to static condition and are presented
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euthanasia; n = 5 vs. n = 8, respectively; green, CD144; red, LC3; blue, DAPI). (Scale bar, 20 pm.) (Left) Quantification of LC3 area. Data are given as median
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significantly lower in Ampkal-deficient mice than in littermate WT
mice. Moreover, endothelial LC3 labeling was not different between
high- and low-SS areas of the aorta of Ampkal-deficient mice,
whereas it was significantly lesser in low-SS than in high-SS areas of
WT mice. These results support the hypothesis that the AMPKa
pathway mediates endothelial autophagy activation by high SS.

Taken together, these results demonstrate that the defect in
endothelial autophagy under low-SS conditions results from an
inhibition of the AMPKa and activation of the mTOR pathways
and is associated with a blockade of the autophagic flux.

Atherosclerotic Lesions in Hypercholesterolemic Mice Deficient in
Endothelial Autophagy. To assess the role of SS-induced auto-
phagy on atherosclerotic plaque development, Apoe™~;Atg5 ™",

E8678 | www.pnas.org/cgi/doi/10.1073/pnas.1702223114

VE-cadherin-cre and littermate controls were fed a Western
diet for 10 wk (SI Appendix, Fig. S2 A and B). In Apoe™'~;
Atg5"*1°x mice, atherosclerotic plaques formed preferentially
in the curvature of the aorta, whereas the descending thoracic
aorta was protected from lesion development (Fig. 4). Plaque
size increased by approximately 100% in the descending tho-
racic aorta of mice deficient in endothelial autophagy com-
pared with littermate controls (Fig. 4). This difference persisted
even after excluding plaques at the ostia of branching arteries,
which correspond to small areas of the descending thoracic
aorta where SS is low (SI Appendix, Fig. S2C). Unlike the
descending thoracic aorta, we observed no significant differ-
ence in plaque size in the aortic arch between the two strains

(Fig. 4).
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Endothelial deficiency in ATGS5 in the Apoe™~ mice had These data support a direct effect of endothelial autophagy on
no effect on arterial blood pressure and cholesterol levels, atherosclerotic plaque formation rather than an effect on sys-
body and organ weight, or blood cell count (SI Appendix, temic metabolic parameters.

Table S4). Serum glucose level was significantly higher in Taken together, these findings demonstrate that deficiency in
Apoe™'~:Atg5"M* VE_cadherin-cre mice than in littermate  endothelial autophagy promotes atherosclerotic plaque forma-
controls, but remained in the normal range, below 126 mg/dL.  tion in atheroresistant regions.

=

g E
Fig. 5. Deficiency in endothelial autophagy impairs
£ - endothelial cells’ ability to align in the direction of
f,r, s © flow. (A) Quantification of cell alignment in the di-
2 g < rection of flow on HUVECs treated with wortmannin
g < [high SS (HSS)] or with rapamycin [low SS (LSS)] or not

treated (red, CD144 staining; blue, DAPI; n = 4; more
than 900 cells analyzed). (Scale bar, 50 mm.) Kuiper
two-sample test: **K, < 0.01 vs. WT or high-SS control,
respectively; $$Kp < 0.01 vs. low-SS control. White ar-
rows represent flow direction. (B) Quantification of
cell alignment in the direction of flow (high SS) on
HUVEGs infected with an shRNA control or with an
shRNA targeting ATG5 (**Kj, < 0.01). (C) Quantification
of cell alignment in direction of flow in the linear part
of the aorta (high SS) of Atg57fox or AtgsTofiox.vE-
cadherin-Cre mice (green, CD144 staining; blue, DAPI;

@)

LSS
Atg 5ﬂox/ﬂox

.. g n =6; *K, < 0.05). (Scale bar, 10 um.) All panels display

£ g < representative images (Left) and quantifications

> E % E (Right), which are shown as rose-plot representations
438 >3 of endothelial axial polarity. Arcs represent cell angle
I < g with flow direction, red lines the mean of cell angle,

and blue triangles the percentage of cells aligned in
each direction. Each triangle represents a range of 10°.
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Deficiency in Endothelial Autophagy Disturbs Endothelial Alignment
in Response to Flow. The presence of lesions in areas that are
normally resistant to atherosclerosis suggested a role for defective
endothelial autophagy in the impairment of flow-dependent
atheroprotective mechanisms. We first examined endothelial cell
alignment, which is a hallmark of atheroresistant areas and plays
an important role in the flow-dependent activation of antiin-
flammatory vs. proinflammatory pathways (3, 29, 30). We observed
that HUVECG: failed to align with the direction of flow under high SS
when autophagy was inhibited by a pharmacological approach (i.e.,
wortmannin) or a genetic approach (ie., a lentivirus expressing an
ATGS shRNA; Fig. 5 A and B). Conversely, activation of autophagy
by using rapamycin in HUVECs exposed to low SS induced an
alignment in flow direction (Fig. 54). To investigate the relevance of
these findings in vivo, we generated two models of mice deficient
in endothelial autophagy, AtgY"*/**,VE-cadherin-cre and Atg7"*;
VE-cadherin-cre mice (SI Appendix, Fig. S3). In these transgenic mice,
deficiency in endothelial ATGS or ATG7 had no effect on arterial
blood pressure, serum glucose and cholesterol levels, or body weight,
but spleen and heart weights were slightly higher in A7/ VE-
cadherin-cre mice but not in A5\ VE-cadherin-cre (SI Ap-
pendix, Tables S5 and S6). In line with the observations made in
vitro, endothelial alignment in the direction of flow was disturbed
in high-SS areas of the aorta of mice deficient in ATGS or ATG7
(Fig. 5C and SI Appendix, Fig. S4).

Role of PECAM-1 and of the Primary Cilium in SS Dependent Regulation
of Endothelial Autophagy. One of the main flow sensors in endo-
thelial cells is the complex formed by PECAM-1 (CD31), VE-
cadherin, and VEGFR2 (31). As this complex is involved in cell
orientation under flow, we evaluated its contribution to the regu-
lation of endothelial autophagic flux. Decreasing PECAM-1 ex-
pression in HUVECs did not change the effect of high and low SS
on the LC3II/LC3I ratio (SI Appendix, Fig. S54). Similarly, LC3 en
face staining of the aorta of CD31~'~ mice showed the persistence
of the enhanced autophagy level in high-SS areas compared with
low-SS areas (SI Appendix, Fig. S5B). The primary cilium is another
mechanosensor expressed by endothelial cells (32) and differen-
tially regulated between high- and low-SS areas. Recent data in-
dicate that the primary cilium can regulate autophagy in epithelial
cells (33). To determine whether the primary cilium mediates the
effect of SS on endothelial autophagy in HUVECs, we silenced
KIF3a, a protein essential for primary cilium function, and exposed
these cells to high and low SS. As shown in SI Appendix, Fig. S5C,
the effect of SS on LC3II/LC3I ratio was not modified by the
deficiency in KIF3a. Altogether, these data indicate that the
mechanosensor mediating endothelial SS effect on autophagy is
neither PECAM-1 nor the primary cilium.

Deficiency in Endothelial Autophagy Promotes Endothelial Inflammation.
We then tested whether autophagy regulates endothelial inflam-
matory responses in high-SS conditions. Under control conditions,
expression of KLF2 and ICAM-1 and release of MCP-1 were not
different between HUVECs transduced with a lentivirus expressing
an ATGS shRNA and control cells (Fig. 6 A-C). By contrast, after
exposure to the proinflammatory stimulus TNF-o, HUVECs de-
ficient in autophagy expressed significantly less KLF2 and more
ICAM-1 and released more MCP-1 than HUVECsS transduced with
a control shRNA (Fig. 6 D-F). This effect was not associated with
an increase in autophagy level following TNF-o exposure (SI Ap-
pendix, Fig. S6). Altogether, these results establish that activation of
endothelial autophagy by high SS is required for curbing the re-
sponse to proinflammatory stimuli.

Deficiency in Endothelial Autophagy Leads to Endothelial Apoptosis.
Previous in vitro data have suggested that high SS-induced auto-
phagy could prevent apoptosis induced by H,O, in endothelial cells
(14). In WT mice, as expected, en face TUNEL staining showed
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Fig. 6. Deficiency in endothelial autophagy promotes endothelial in-
flammation. HUVECs were transduced with a lentivirus expressing an
Atg5 or a control (CTL) shRNA and exposed to high SS (HSS) for 24 h without
(A-C) or with (D-F) TNF-a (1 ng/mL) for the last 12 h. (A and D) Western blot
quantification of KLF-2 expression in HUVEC (n = 6 and n = 5, respectively).
Data are given as mean (horizontal bar) and SEM (error bar). (B and E)
Western blot quantification of ICAM-1 expression in HUVEC (n =4 and n =6,
respectively). (C and F) Quantification of MCP1 in the supernatants of
HUVEGs by ELISA (n = 8 and n = 6, respectively; *P < 0.05 and **P < 0.01).

more apoptotic nuclei in endothelial cells of the inner part of the
curvature of the aortic arch exposed to low SS than in those of
the linear part of the aorta exposed to high SS (7) (Fig. 74). In-
terestingly, the linear part of the aorta of mice deficient in endo-
thelial ATGS contained fivefold more apoptotic cells than the same
area of WT mice (Fig. 74). As p53 controls apoptosis, we analyzed
endothelial p53 expression in vivo. We exposed 13—17-wk-old mice
deficient or not in ATGS to a high-fat diet for 5 wk as reported
previously (9) (SI Appendix, Fig. S7A). We observed that mice de-
ficient in endothelial autophagy had twice as many p53-positive
nuclei in the linear part of the aorta as the controls (Fig. 7B).
These results show that activation of endothelial autophagy by high
SS prevents apoptosis.

Deficiency in Endothelial Autophagy Leads to Endothelial Senescence.
As p53 also regulates senescence, we thus evaluated the role of SS-
induced autophagy on endothelial senescence in cultured cells and in
mice. HUVECs exposed to low SS displayed higher senescence-
associated (SA)—f-gal activity than those exposed to high SS, con-
firming that low SS induces senescence in endothelial cells (9) (Fig.
84). Pharmacological inhibition of autophagy using wortmannin
under high SS increased endothelial senescence to levels similar to
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those of HUVECsS exposed to low-SS conditions (Fig. 84). Similarly,
inhibition of autophagy in HUVECs under high SS using a lentivirus
expressing an ATGS shRNA increased pl6 protein expression by
fourfold (Fig. 8B). Conversely, pharmacological activation of
autophagy using rapamycin under low SS reduced senescence to
a level similar to that of HUVECs exposed to high SS (Fig. 84).

To assess senescence in vivo, we performed pl6 en face staining on
the thoracic descending part of the aorta of AgY"**,VE-cadherin-cre
VS. Atg5ﬂ°"/ﬂ"x mice, and observed that mice deficient in endothelial
autophagy had twice as many p16-positive nuclei as the controls,
attesting to a more senescent phenotype (Fig. 8C). To confirm
these findings, we exposed 48-wk-old mice deficient in ATGS or
ATG7 and their littermate controls to a high-fat diet for 16 wk, a
regimen used to better evidence endothelial senescence in vivo
(34) (SI Appendix, Fig. STB). There was no difference in serum
glucose and cholesterol levels or in body and organ weight be-
tween mice deficient or not in endothelial autophagy for both
models except for a slightly lower liver weight in Ag5™ ", VE-
cadherin-cre mice and a slightly higher heart weight in Ag7™/*;
VE-cadherin-cre than in littermate controls (SI Appendix, Tables
S7 and S8). We evaluated senescence by en face SA—f-gal staining
in both mouse models. As expected, in control animals, endothelial
senescence was greater in the inner part of the curvature of the
aortic cross, corresponding to a low-SS area, than in areas exposed
to high SS (9) (Fig. 8D and SI Appendix, Fig. S7C). Interestingly,
mice deficient in endothelial ATGS as well as those deficient in
endothelial ATG7 had 2.5 fold more senescent endothelial cells in
high-SS areas of the aorta than littermate controls, whereas se-
nescence in low-SS areas was unchanged (Fig. 8D and SI Appendix,
Fig. S7C). Altogether, these data demonstrate that activation of
endothelial autophagy by high SS protects against senescence and
suggest that defective autophagy in low-SS areas is responsible for
premature senescence in these regions.

Discussion

This study demonstrates that a defect in endothelial autophagy oc-
curs in low-SS areas, impairing endothelial cell alignment in re-
sponse to flow and causing endothelial inflammation, apoptosis, and
senescence, thus favoring the development of atherosclerotic lesions.

The first major finding in this study was that low SS induces a
defect in endothelial autophagy as a result of mTOR activation

Vion et al.

and AMPKa pathway inhibition. Conversely, high SS strongly
activates autophagy. Previous analyses of the effect of various SS
conditions on endothelial autophagy gave conflicting results in
cultured cells (14, 16-18, 21). Fewer studies are available on
blood vessels, but their results either lack sensitivity, as they were
obtained with lysates from the entire arterial wall, where endothelial
cells are quantitatively negligible (16, 18, 21), or used p62 immu-
nohistochemistry, a molecule known to be regulated by SS (14, 16).
Our results fill this gap in knowledge, as we observed, in human
arteries, in aortas from mouse, and in cultured endothelial cells, a
lower autophagy level in endothelial cells exposed to low compared
with high SS. The difference in autophagic flux between the two
conditions is even larger than that reflected by the LC31I/ LC3I ratio
and the LC3 punctate signal we present. Indeed, under low SS,
autophagic flux is blocked, leading to LC3II accumulation. Al-
though sex differences in autophagy in various tissues have been
reported in certain settings, we observed the same regulation of
endothelial autophagy by SS in male and in female mice (35).
A second major finding in the present study was that a defect in
endothelial autophagy enhances atherosclerotic plaque development
specifically in high-SS areas where alignment of endothelial cells
in the flow direction was impaired, and inflammation, apoptosis,
and senescence were increased. We also tested major endothelial
mechanosensors and found that neither PECAM-1, which is part of
the PECAM-1/VE-cadherin/VEGFR2 complex, nor the primary
cilium were implicated in signal transmission for autophagy regula-
tion (3). The previously described endothelial dysfunction and lipid
retention associated with endothelial autophagy deficiency may also
contribute to atherosclerosis (13, 36). The effects we observed in the
present study were not mediated by an impact on cardiovascular risk
factors, as body weight, arterial blood pressure, and plasma choles-
terol levels were not influenced by the deficiency in endothelial
autophagy in basal conditions or under Western diet. Fasting serum
glucose levels were only slightly higher in Apoe™";Atg5™ " VE-
cadherin-cre mice compared with littermate controls. However, such
mild changes likely do not explain the effect we observed on ath-
erosclerosis. Our observation that the increase in the proatherogenic
phenotype and in plaque size in mice deficient in endothelial auto-
phagy was restricted to high-SS areas implies that, under high
atheroprotective SS, the autophagy level is high and prevents ath-
erosclerosis development. Conversely, under low atherogenic SS,
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bar, 100 pm.) Black arrow represents flow direction. The inner part of the cur-
vature is exposed to low SS, and the descendant linear part is exposed to high SS.
IPTG, isopropyl p-p-1-thiogalactopyranoside; NS, not significant (*P < 0.05, **P <
0.01, and ***P < 0.001).

endothelial autophagy is defective, resulting in cell death, senes-
cence, and inflammation, which favor atherosclerosis development.
The mechanisms linking SS-regulated endothelial autophagy with
these various cell processes deserve further study. We can yet
speculate that defective endothelial autophagy in low-SS areas in-
duces the accumulation of damaged mitochondria, which causes
increased formation of mitochondrial reactive oxygen species (37)
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and eventually apoptosis, senescence, and inflammation. Indeed, low
or disturbed SS is known to decrease mitochondrial respiration rate
and to increase mitochondrial membrane potential and superoxide
anion production in endothelial cells, which can lead to endothelial
apoptosis, senescence, and inflammation (11, 38, 39). Our results
provide insights in the understanding of the mechanisms regulating
plaque development preferentially in low- vs. high-SS areas. Our
findings showing atheroprotective effects of endothelial autophagy
are in line with previous studies showing that defective autophagy in
vascular smooth muscle cells and macrophages promotes athero-
sclerosis formation and/or development (40-43). Altogether, these
data indicate that inhibition of autophagy would be unfavorable as a
therapeutic approach in the treatment of atherosclerosis, whereas
stimulation of autophagy may be an attractive strategy.

In conclusion, low-SS atheroprone areas are characterized by
low and inefficient endothelial autophagy, which triggers a defect
in cell alignment as well as endothelial inflammation, apoptosis,
and senescence, thereby setting the stage for the initial devel-
opment of atherosclerotic lesions (Fig. 9). The defect in endo-
thelial autophagy observed in low-SS areas may thus be the
missing link between low SS and atherosclerosis development in
these specific regions.

Materials and Methods
The SI Appendix includes further details of the study’s materials and methods.

Endothelial Immunofluorescence in Human Carotid Arteries. Human athero-
sclerotic plaques obtained from five patients were remnants of the surgical
specimens routinely processed for pathologic examination following en bloc ca-
rotid endarterectomy surgery, which was performed after patient consent (S/
Appendix, Table S1). Institutional review board approval was not required for the
human specimens at the time the work was done. The upstream part was iden-
tified from the downstream area of the lesion by using a silk thread. Endothelial
cells from the upstream (i.e., high-SS) or downstream (i.e., low-SS) part of
the plaque were collected separately (7, 44). Cells were fixed in 4%
paraformaldehyde, permeabilized, incubated with an anti-LC3 antibody
(51 Appendix, Table S2), and costaining with anti-CD31 antibody and DAPI.

HUVEC Culture. Confluent HUVECs (passage 2-4; 10 different primary cul-
tures; Promocell) were cultured on 0.2% gelatin-coated slides in endothelial
cell basal medium containing growth factors, 1% FCS (Promocell), strepto-
mycin (100 1U/mL), penicillin (100 IU/mL), and amphotericin B (10 pg/L).

Plasmid Electroporation. DNA vector encoding the tandem mRFP-GFP-LC3 was
used to transiently express the RFP-GFP-tagged LC3 protein to monitor the
LC3 translocation and autophagosome fusion with lysosomes. In the absence
of autophagy induction, the LC3 fluorescent signals are evenly distributed;
upon autophagy induction, punctate fluorescent signals (i.e., yellow LC3 dots)
appear as a result of LC3 accumulation on the membrane of autophagosomes;
when fusion with lysosomes occurs, the punctate signal becomes red by acidic
degradation of the GFP. Transfection efficacy was assessed by expression of
fluorescent LC3 protein.

Lentiviral Transduction. Lentiviruses expressing inducible shRNA (Sigma-
Aldrich) were used to silence Kinesin-like protein (i.e., KIF3A), ATG5, and
CD31. HUVECGs were infected in the presence of hexadimethrine bromide with
lentiviruses. Negative controls were lentiviruses expressing a nontarget
shRNA used at the same multiplicity of infection as for the protein of interest.
Transduced cells were amplified and selected by using puromycin, and ShRNA
expression was induced by using isopropyl $-p-1-thiogalactopyranoside.

SS Experiment in Vitro. A unidirectional steady laminar SS was applied to
confluent HUVECGs by using a parallel plate chamber system as described else-
where (45). Endothelial cell medium previously filtered on a 0.1-um membrane
was perfused at different rates and for different times (1 min to 48 h). Local SS
was calculated per Poiseuille’s law and was 20, 2, or 0 dyn/cmz, corresponding to
high-SS, low-SS, or static conditions, respectively.

Immunofluorescent Staining and Immunofluorescence Microscopy in Vitro. To
assess autophagy flux, permeabilized cells were incubated with an anti-
LC3 antibody and an anti-LAMP2 antibody (S/ Appendix, Table S2) and then with
secondary antibody. For assessment of the morphology and orientation of
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Fig. 9. Schematic illustration depicting the links between SS, autophagy, and atherosclerotic plaque formation. Under high laminar SS, endothelial auto-
phagy is strongly induced and plays an antiapoptotic, antisenescent, antiinflammatory, and antiatherogenic role. Under low SS, a defect in endothelial
autophagy occurs as a result of an inhibition of the AMPKa and activation of the mTOR pathways together with a blockade of the fusion between auto-
phagosomes with lysosomes. This defect in endothelial autophagy leads to endothelial apoptosis, senescence, and inflammation, eventually increasing
atherosclerosis development. ICAM-1, intercellular adhesion molecule 1; KLF-2, Krtippel-like factor 2; MCP-1, monocyte chemoattractant protein 1. Solid lines
indicate up-regulated pathways. Dashed lines indicate down-regulated pathways.

endothelial cells under SS, HUVECs were stained with an anti-CD144 antibody.
Samples were costained with DAPI to identify cell nuclei.

Transmission EM. For transmission EM experiments, the term “autophagic
vesicle” refers to autophagosome or autolysosome, as it is often not possible
to determine from transmission EM images whether an autophagosome has
fused with a lysosome (46).

In Vitro LC3 Assessment Using Flow Cytometry. After exposure to SS, HUVECs
were permeabilized by using 0.2% saponin, which specifically extracts the non—
autophagosome-associated form of LC3 (47). Then, HUVECs were fixed in eth-
anol and incubated with an anti-LC3 antibody (47) (SI Appendix, Table S2).
Costaining with propidium iodide for 5 min before flow-cytometry analysis was
performed to identify live cells and exclude cell aggregates.

Senescence-Associated p-Gal Activity in Vitro. SA—p-gal activity was assessed
by flow cytometry by using a fluorogenic substrate (C;,FDG; Invitrogen).
After exposure to SS, HUVECs were pretreated with chloroquine diluted in me-
dium without Phenol Red to increase the internal pH of lysosomes to 6. C;,FDG
was then added to the medium. HUVECs were then washed and analyzed im-
mediately. Cells not treated with C;,FDG were used as a negative control.

Animal Models. All mice were on a C57BL/6 background with the exception of
Ampkal1™~ mice, which were on a mixed C57BI6/129 Sv background as a
result of embryonic lethality on C57BI6 background.

Mice constitutively deficient in endothelial autophagy were obtained by
crossing VE-cadherin-Cre transgenic mice provided by Oberlin et al. (48) with
Atg57°/flox mice provided by N. Mizushima as described by Hara et al. (49) or
Atg7/flox mice provided by Komatsu et al. (50). Baseline morphological
and metabolic features were observed, and endothelial apoptosis was
assessed, in 8-17-wk-old mice fed a chow diet. For p53 experiments, 13-17-
wk-old mice were fed a high fat diet for 5 wk (9). For assessment of endo-
thelial senescence, 42-54 wk-old mice were fed the same high-fat diet for
16 wk (34). For investigation of autophagic flux in vivo, 8-9-wk-old C57BL/
6 mice were injected i.p. with chloroquine (51), rapamycin (4 mg/kg/d for
two consecutive days), or vehicle. To investigate the effect of endothelial
autophagy on atherosclerosis development, mice constitutively deficient in
endothelial autophagy (Atg57°f°X;VE-cadherin-Cre) were crossed with
ApoE~"~ mice purchased from Charles River Laboratory. Thirteen-week-old
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mice were fed a Western diet for 10 wk. AMPKa7™'~ mice were described
previously (52). CD317"~ mice were provided by Duncan et al. (53). All ex-
periments were performed in accordance with the European Community
guidelines for the care and use of laboratory animals (no. 07430) and were
approved by the institutional ethical committee (no. 02526.02).

Senescence-Associated p-Gal Assay on Mouse Aortas. SA—f-gal staining was
performed by incubating the aortas for 48 h at 37 °Cin a CO,-free incubator
with a fresh staining solution containing 1 mg/mL X-gal. After staining,
aortas were mounted en face on glass slides and imaged by using a bright-
field Axiolmager Z1 microscope (Zeiss).

Red-0il Staining. Aortas were stained with a freshly prepared Oil Red O
working solution, differentiated by using 70% ethanol, mounted en face, and
then observed by using a bright-field microscope.

Murine Aortic Endothelial Cell Isolation. After exposure to type Il collagenase,
mouse aortic endothelial cells (MAECs) were collected from the aortas and
seeded in a 0.1% gelatin-coated plate in DMEM supplemented with 20% FCS.
MAECs were used for Western blot analysis after one passage.

En Face Immunofluorescence Microscopy on Mouse Aortas. Mouse aortas were
fixed with paraformaldehyde and permeabilized by using Triton X-100. Tissues
were then exposed to an anti-LC3, an anti-p53, or an anti-p16 antibody (S/
Appendix, Table S2) and then to the respective secondary antibody. To assess
apoptosis level, aortas were stained with the in situ cell death detection kit
from Roche (red). In all experiments, endothelial cells were recognized by their
morphology. Still, in most series of experiments, costaining with anti-CD31
antibody or anti-CD144 antibody was performed. In all mice, 8-10 images were
obtained from regions in the aortic arch exposed to low SS and the thoracic
aorta exposed to high SS.

Immunoblotting. HUVEC or MAEC lysates were mixed with reducing sample
buffer for electrophoresis and subsequently transferred onto nitrocellulose
for all blots except for p16, KLF-2, p-ACC, and ACC (PVDF membranes). Equal
loading was checked by using Ponceau red solution. Membranes were in-
cubated with primary antibodies (SI Appendix, Table S2). After secondary
antibody incubation, immunodetection was performed by using an en-
hanced chemiluminescence kit [Immun-Star Western C kit (Bio-Rad) or
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WesternBright Sirius (Advansta) for p16 blot], and bands were revealed by
using the Las-4000 imaging system. After initial immunodetection, mem-
branes were stripped of antibodies and reprobed with anti-GAPDH, anti-
actin, or anti anti-tubulin antibodies (S/ Appendix, Table S2).

Statistical Analysis. Data are expressed as mean + SEM for in vitro experi-
ments and as median (interquartile range) for in vivo experiments. Com-
parisons between different SS conditions or between control and
treatment conditions were performed by using a Wilcoxon test. Compar-
isons between groups of mice were performed by using the Mann-Whit-
ney U test. Comparison between sexes was performed by using a x* test.
Statistical analyses and figures were performed by using the SPSS statis-
tical package software for Windows (version 20.0; SPSS) and GraphPad
Prism 5 software, respectively. All tests were two-sided and used a sig-
nificance level of 0.05.
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Materials and methods

Endothelial immunofluorescence in human carotid arteries.
Human atherosclerotic plaques obtained from 5 patients were remnants of the surgical
specimen routinely processed for pathology following en bloc carotid endarterectomy surgery

performed after patient consent. Institutional Review Board approval was not required for the

specimens at the time the work was done. The surgeon identified the upstreaming from the

downstream area of the lesion using a silk threat. The clinical features of these patients are
presented in S| Appendix, Table S1. The plaques were immediately scraped off in order to
isolate endothelial cells. The upstream part of the plaque was defined as the area between
the beginning of the plaque and the site of maximal stenosis. The downstream part was
defined as the area between the site of maximal stenosis and the end of the plaque.
Endothelial cells coming from the upstream (high SS) or the downstream (low SS) part of the
plaque were collected separately (1,2). Plaques were included in this study when upstream
and downstream parts were clearly visible and occlusion was absent. We did not include
plaques with erosion or rupture because we could not determine whether the rupture
occurred in vivo or during the surgical manipulation of the specimen. Endothelial cells were
then pulled down on a slide using a cytospin centrifuge (Cytospin™ 4 Cytocentrifuge,
Thermo scientific), fixed in 4% paraformaldehyde and permabilized (0.01% triton-X100).
Cells were incubated with an anti-LC3 antibody (S| Appendix, Table S2) and then with
secondary antibody (anti-rabbit AlexaFluor594, Life technologies). Co-staining with anti-
CD31 antibody (using a secondary anti-goat AlexaFluor488 antibody, Life technologies) was
performed to identify endothelial cells. Cells were then co-stained with DAPI (0.1 ug/mL,
Sigma) in order to identify cell nuclei. Samples were analyzed using a Zeiss Axio Imager Z1

fluorescence microscope equipped with a Zeiss ApoTome system (Zeiss).

Human Umbilical Vein Endothelial Cell culture.
Confluent Human Umbilical Vein Endothelial cells (HUVEC; passage 2 to 4; 10 different

primary cultures were used; Promocell, Heidelberg, Germany) were cultured on 0.2 %
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gelatin-coated slides (Menzel Glazer; Braunschweig, Germany) in endothelial cell basal
medium containing growth factors, 1 % fetal calf serum (Promocell), streptomycin (100

IU/mL), penicillin (100 IU/mL) and Amphotericin B (10 ug/L) (Gibco).

Plasmid electroporation.

DNA vector encoding the tandem mRFP-GFP-LC3 was used to transiently express the RFP-
GFP tagged LC3 protein, in order to monitor the LC3 translocation and autophagosomes
fusion with lysosomes. In the absence of autophagy induction, the LC3 fluorescent signals
are evenly distributed; upon autophagy induction, punctate fluorescent signals (yellow LC3
dots) appear as a result of LC3 accumulation on the membrane of autophagosomes; when
fusion with lysosomes occurs, the punctate signal becomes red by acidic degradation of the
GFP. Cells were used at 50 to 60% confluence for cDNA transfection by use of Nucleofector
(Lonza/Amaxa) according to the manufacturer's instructions. Briefly, 5x10° HUVECs were
electroporated with 2 ug of plasmid, using the U-01 program, and then replated in endothelial
cell basal medium containing 1% fetal calf serum for 6h. The medium was then changed and
cells reached confluence within 48 hours. Transfection efficacy was assessed by expression

of fluorescent LC3 protein.

Lentiviral transduction.

Lentiviruses expressing inducible shRNA (Sigma Aldrich) were used to silence Kinesin-like
protein (KIF3A), ATG5 and CD31. HUVECs were infected in the presence of hexadimethrine
bromide (at 8 pg/mL) with lentiviruses at multiplicity of infection (MOI) 2.5 for KIF3a and
ATG5 or MOI 5 for CD31. Negative controls were lentiviruses expressing a non-target
shRNA used at the same MOI as for the protein of interest. Transduced cells were amplified
and selected using puromycine (Sigma Aldrich #P9620) at 1 ug/mL during amplification and
experiments. ShRNA expression was induced by treating HUVECs for 10 days using
Isopropyl B-D-1-thiogalactopyranoside (IPTG, Sigma Aldrich; #16758) at 1 mmol/L for KIF3A,

0.1 mmol/L for CD31 and 5 days at 1 mmol/L for ATGS5.
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Shear stress experiment in vitro.

A unidirectional steady laminar SS was applied to confluent HUVECs using a parallel plate
chamber system as described elsewhere (3). Endothelial cell medium previously filtered on a
0.1 um membrane was perfused at different rates and for different times (1 min to 48 hours).
Local SS was calculated using Poiseuille’s law and was 20, 2 or 0 dynes/cm?, corresponding
to high, low SS or static conditions, respectively.

In some experiments, cells were treated with Bafilomycin A1 (Vacuolar-type H+ -ATPase
inhibitor, 100 nmol/L) for 2 hours before ending the SS experiment in order to assess
autophagic flux, or with rapamycin (0.5 pmol/L, Sigma) or wortmannin (5 pymol/L, Sigma) in
order to modulate autophagy level. For inflammation experiments, cells were treated with
TNFa (1 ng/mL) 12 hours before the end of the flow experiment. In control conditions,
HUVECs were incubated with the same concentration of the solvent (DMSO). Cells were
then collected for Western blot, immunofluorescent microscopy or transmission electron
microscopy, as detailed below. For ELISA, the supernatant were collected after the SS
experiment, centrifuged for 15 minutes at 600g in order to remove cell debris and stored at -

80°C until analysis.

Immunofluorescent staining and Immunofluorescence microscopy in vitro.

After SS exposure, HUVECs were fixed with 4% PFA and permeabilized using 0.1% Triton
X-100 and blocked with 5% bovine serum albumin for 1 hour. To assess autophagy flux, cells
were incubated with an anti-LC3 antibody and an anti-LAMP2 antibody (S| Appendix, Table
S2) and then with secondary antibody (anti-rabbit AlexaFluor594 or anti-goat AlexaFuor 488
respectively, Life technologies). Autophagic flux was also assessed using cells transfected
with the tandem mRFP-GFP-LC3 plasmid and exposed to SS. Images were acquired using a
Leica SP5 confocal microscope (Leica).

For assessment of the morphology and orientation of endothelial cells under shear stress,
HUVECs were stained with an anti-CD144 antibody (S| Appendix, Table S2) and a

3
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secondary anti-goat AlexaFluor594 antibody (Life technologies). Samples were analyzed
using a Zeiss Axio Imager Z1 fluorescence microscope equipped with a Zeiss ApoTome
system (Zeiss).

For all the immunofluorescence experiments, samples were costained with DAPI (0.1 pg/mL,

Sigma) in order to identify cell nuclei.

Transmission electron microscopy (TEM).

Transmission electron microscopy observations were performed at the IFR83-Jussieu-Paris
core facility. Briefly, HUVECs were fixed with Karnovsky’s fixative adapted for vascular
tissues and cells (2% paraformaldehyde, 2.5% glutaraldehyde and 0.1 mol/L sodium
phosphate buffer, Electron Microscopy Sciences, Hatfield, PA). After dehydration in ethanal,
cells were embedded in Epon. Grids were analyzed with a transmission electron microscope
(EM 912 OMEGA, ZEISS) equipped with a LaB6 filament at 80 kV. Images were captured
with a digital camera (SS-CCD, Proscan 1kx1k) and with custom software.

For morphometric analysis, a minimum of 10 random fields per condition and per experiment
were taken in a blinded manner at a magnification of 23,200x (>450 ym? per condition and
per experiment). Electron microscopy findings were then assessed by 3 readers (ACV, PER
and AH) unaware of SS condition. For TEM experiments, the term autophagic vesicle refers
to autophagosome or autolysosome since it is often not possible to determine from TEM

images whether or not an autophagosome has fused with a lysosome (4).

In vitro LC3 assessment using flow cytometry.

After exposure to SS, HUVECs were permeabilized using 0.2% saponin for 10 minutes and
then washed 3 times with phosphate buffered saline (PBS). Saponin specifically extracts the
nonautophagosome-associated form of LC3 (5). Then, HUVECs were fixed in 95% ethanol
and incubated with an anti-LC3 antibody (S| Appendix, Table S2) and with an anti-rabbit anti-
rabbit AlexaFluor488 antibody as described (5). Costaining with propidium iodide for 5 min

prior to flow cytometry analysis was performed to identify live cells and exclude cell
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aggregates. HUVECs were analyzed using a LSRII flow cytometer (BD Biosciences), and

results were expressed as mean fluorescent intensity among live cells.

Senescence-associated beta-galactosidase activity in vitro.

SA-B-galactosidase activity was assessed by flow cytometry using a fluorogenic substrate
(C12FDG, Invitrogen). After exposure to SS, HUVECs were pretreated with chloroquine (300
pmol/L, Sigma) diluted in endothelial cell medium without phenol red for 1 hr in order to
increase the internal pH of lysosomes to 6. C,FDG (33 ymol/L) was then added to the
medium for 1 hr. HUVECs were then washed with PBS at 4°C, resuspended and analyzed
immediately using a LSR FortessaTM flow cytometer (BD Biosciences). Light scatter
parameters were used to exclude dead cells and subcellular debris. The Ci,-fluorescein
signal was acquired using the FL1 detector. Data were analyzed using FlowJo software to
determine the percentage of SA-B-gal positive cells. Cells not treated with C,FDG were

used as a negative control.

Animal models.

All mice were on a C57BL/6 background with the exception of Ampka1 -/- mice, which were
on a mixed C57BI6/129 Sv background due to embryonic letality on C57BI6 background.
Mice constitutively deficient in endothelial autophagy were obtained by crossing VE-
cadherin-Cre transgenic mice provided by M. Souyri (6), with Atg5™*"* mice provided by N.

Mizushima (7) or Atgyﬂox/ﬂox

mice were provided by M. Komatsu (8). For characterization of
baseline morphological and metabolic features and assessment of endothelial apoptosis,
mice were fed a chow diet and were euthanized between 8 and 17 weeks of age. For

assessment of endothelial p53 expression, 13 to 17 week old mice were fed a high fat diet

(D12492, 26.2% protein, 26.3% carbohydrate, 34.9% fat weight to weight, Research Diets)

for 5 weeks and were euthanized (9). For assessment of endothelial senescence, 42 to 54

week old mice were fed the same high fat diet for 16 weeks and were euthanized (10).
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To investigate the effect of endothelial autophagy on atherosclerosis development, mice
constitutively deficient in endothelial autophagy (Atg5™"*:VE-cadherin-Cre) were crossed
with ApoE” mice purchased from the Charles Rivers laboratory. 13 week-old mice were fed
a western diet (D12079B, 20% protein, 50% carbohydrate, 21% fat weight to weight,
Research Diets) for 10 weeks and were then euthanized. AMPKa7-/- mice were described
previously (11). CD371-/- mice were provided by T.W. Mak (12). All experiments were
performed in accordance with the European Community guidelines for the care and use of
laboratory animals (N°07430) and were approved by our institutional ethical committee
(02526.02).

For investigation of autophagic flux in vivo, 8 to 9 weeks old C57BL/6 mice were injected

intraperitoneally with chloroquine (60 mg/kg/day for 3 consecutive days, as described

previously (13)) or rapamycin (4 mg/kg/day for 2 consecutive days) or with the corresponding

vehicle.

Blood pressure measurement.

Arterial blood pressure was measured every 30 seconds at the tail of conscious mice using a
CODA non-invasive blood pressure device (Kent Scientific Corporation) (mean value of 15
measurements). Blood pressure was measured for 3 consecutive days after 2 days of

acclimation in the chamber.

Fasting plasma glucose and cholesterol levels.

Three days before sacrifice, mice were fasted for 6 hours. For blood glucose analysis, the
distal 1 mm of the tail was excised using sterile scissors. The first blood drop was discarded;
then serum glucose level was determined using OneTouch Ultra® reactive strips and
OneTouch Ultra® reader (Lifescan). For plasma cholesterol analysis, mice were
anesthetized with 2% isoflurane. Then, 75 uL of blood were collected from the peri-orbital
venous sinus using a heparinized microhematocrit tube (Hirschmann-Laborgerate). Blood

was then centrifuged twice at 2,500 g for 15 min at room temperature to prepare platelet free
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plasma and stored at -80°C until analysis. Plasma cholesterol level was determined using

the Cholesterol RTU™ commercial kit (BioMérieux).

Plasma preparation.

On the day of sacrifice, non-fasted mice were sedated with 2% isofluorane. Blood was
collected from the inferior vena cava using a 25 gauge x 1’ needle in a 1 mL syringe pre-
coated with 3.8% sodium citrate. The mice were then humanely euthanized. Blood was
centrifuged at 1,500 g for 15 minutes at 18°C in order to pellet cells. Then, plasma was
centrifuged at 13,000 g for 5 minutes at 18°C to pellet platelets and cell debris. Platelet free
plasma (PFP) was aliquoted and stored at -80°C for measurement of circulating levels of

inflammatory molecules.

Senescence-associated beta-galactosidase assay on mouse aortas.

Mouse aortas were collected fresh, micro-dissected under a Nikon SMZ 745 dissecting
microscope to remove extra fat and fixed for 8 min in 2% formaldehyde and 0.2%
glutaraldehyde in PBS. Beta-galactosidase staining was performed by incubating the aortas
for 48 hours at 37°C in a CO.-free incubator with a fresh staining solution containing 1
mg/mL X-gal, 0.2 mol/L citric acid/sodium phosphate, 5 mmol/L potassium ferrocyanide, 5
mmol/L potassium ferricyanide, 150 mmol/L NaCl and 2 mmol/L MgCl, at pH 6.0. After
staining, aortas were washed with PBS, mounted “en face” on glass slides and imaged using
a bright field Zeiss Axio Imager Z1 (Zeiss) microscope. Images were acquired at 100 X
magnification and the number of SA-B-gal positive cells/um? was quantified by two

independent operators (MK and JP) unaware of mice genotype.

Red-oil staining.
Mouse aortas were first injected with PBS then with PBS supplemented with 4%
paraformaldehyde, dissected and kept in PBS supplemented with 4% paraformaldehyde for

2 hours. Then, aortas were stained with a freshly prepared Oil Red O working solution (40%
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distilled water, 60% of a 5 g/L Oil Red O in isopropanol; Sigma) for 30 minutes under
agitation. Aortas were then differentiated using 70% ethanol for 5 minutes, mounted “en face”
on glass slides and then observed using a bright field microscope (Leica M165FC, camera

425). Plaque size was quantified using the ImagedJ software.

Murine aortic endothelial cell isolation.

The mouse vasculature was rinsed by injecting in situ 10 mL of Dulbecco's modified Eagle's
medium (DMEM) (Gibco) into the left ventricle. Aortas were then retrieved, injected with 1
mg/mL type Il Collagenase (Worthington) using a BD Insyte™ Autoguard™ catheter (BD)
and incubated at 37°C for 45 minutes. Mouse aortic endothelial cells (MAEC) were collected
by flushing the aortas with 10 mL DMEM, and then pelleted by centrifugation at 1000 g for 7
min before being seeded in a 0.1% gelatin-coated 12 well plate in DMEM supplemented with
20 % fetal calf serum (Gibco). After 24 hours, the medium was changed to Endothelial cell
growth medium MV with growth factors (Promocell) and 5% fetal calf serum. By flow
cytometry, we observed that 92% and 62% of the MAECs were positive for the endothelial
markers CD-31 and eNOS, respectively and 0% were positive for smooth muscle cell and
fibroblast markers (a-SMC-actin and ER-TR7, respectively). MAECs were used for Western

blot analysis after one passage.

En face immunofluorescence microscopy on mouse aortas.

Mouse aortas were injected in situ with PBS supplemented with 4% paraformaldehyde. After
dissection, the tissues were permeabilized using 0.2% Triton X-100 and blocked with 5%
bovine serum albumin for 20 minutes. To assess autophagy level, aortas were first incubated
with an anti-LC3 antibody (S| Appendix, Table S2) and then with secondary antibody (anti-
rabbit AlexaFluor594, Life technologies). To assess p53 and p16 localization, aortas were
first incubated with an anti-p53 or an anti-p16 antibody (S| Appendix, Table S2) and then with
secondary antibody (anti-mouse AlexaFluor594, Thermo Scientific, respectively). To assess

apoptosis level, aortas were stained with the in situ cell death detection kit from Roche (red,
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Neuilly-sur-Seine, France) according to manufacturer’s instructions. In all experiments,

endothelial cells were easily recognized by their morphology. Still, in most series of

experiment, a co-staining with anti-CD31 antibody (using a secondary anti-goat

AlexaFluor488 antibody, Life technologies) or anti-CD144 antibody (Santa Cruz

biotechnology sc-6458) was performed. In all mice, 8 to 10 images were obtained from

regions in the aortic arch exposed to low SS and the thoracic aorta exposed to high SS. For
all these immunofluorescence experiments samples were co-stained with DAPI (0.1 pg/mL,
Sigma) in order to identify cell nuclei. Samples were analyzed using a Zeiss Axio Imager Z1

fluorescence microscope equipped with a Zeiss ApoTome system (Zeiss).

ELISA.
Levels of MCP-1 in surpernatant of HUVECs were assessed by an ELISA assay (R&D,

human MCP-1 Duo-set DY279) following the manufacturer’s instructions.

Immunoblotting.

HUVECs or MAECs were washed with cold PBS and scraped off in RIPA buffer (150 mmol/L
NaCl, 50 mmol/L TrisHCI, pH 7.4, 2 mmol/L EDTA, 0.5% sodium deoxycholate, 0.2% sodium
dodecyl sulfate, 2 mmol/L activated orthovanadate, complete protease inhibitor cocktail tablet
(Complet mini, Roche, France) and complete phosphatase inhibitor cocktail tablet (Roche,
France)). Lysates were sonicated (15 seconds, 40 watts, Vibra Cell, Bioblock), and protein
content was quantified using the Lowry protein assay (Bio-Rad; Hercules, CA). Lysates were
mixed with the reducing sample buffer for electrophoresis and subsequently transferred onto
nitrocellulose (Bio-Rad) for all blots except for p16, KLF-2, p-ACC and ACC (PVDF
membranes, Thermo Scientific). Equal loading was checked using Ponceau red solution.
Membranes were incubated with primary antibodies (SI Appendix, Table S2). After
secondary antibody incubation (anti-goat, anti-rabbit, anti-rat or anti-mouse, Amersham, GE
Healthcare, UK 1/3000), immunodetection was performed using an enhanced

chemiluminescence kit (Immun-Star Western C kit, Bio-Rad, or WesternBright™ Sirius,
9
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Advansta for p16 blot) and bands were revealed using the Las-4000 imaging system. After
initial immunodetection, membranes were stripped of antibodies and re-probed with anti-
GAPDH, anti-actin or anti anti-tubulin antibodies (SI Appendix, Table S2). Values reported
from Western blots were obtained by band density analysis using Image Gauge software
(Fujifilm, Tokyo, Japan) and expressed as the ratio protein of interest compared to GAPDH,

actin or tubulin expression for whole cell extract.

Statistical analysis.

Data are expressed as mean = SEM for in vitro experiments and as median (interquartile
range) for in vivo experiments. Comparisons between different SS conditions or between
control and treatment conditions were performed using a Wilcoxon test. Comparisons
between groups of mice were performed using the Mann-Whitney U-test. Comparison
between genders was performed using a Chi-square test. Statistical analyses and Figures
were performed using the SPSS statistical package 20.0 software for Windows (SPSS Inc.,
Chicago, IL, United States) and GraphPad Prism 5 software, respectively. All tests were two-

sided and used a significance level of 0.05.

Data sharing.
The data that support the findings of this study are available from the corresponding author

on reasonable request.
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Age (yrs) 79 (72-85)
Male gender 4 (80)
Symptomatic plaques 2 (40)
Stroke 1 (20)
Amourosis 1 (20)
Cardio-vascular risk factors
Diabetes 2 (40)
Hypertension 3 (60)
Smoking 1 (20)
Dyslipidemia 4 (80)
Body mass index (kg/m?) 28.7 (21.9-35.3)
Treatments
Antiplatelet therapy 5 (100)
Statins 4 (80)
Beta-blockers 2 (40)
Angiotensin-converting enzyme inhibitors or
Angiotensin Il receptor antagonist 3 (60)
Calcium channel blockers 1(20)
Diuretics 2 (40)

Table S1. Patient’s characteristics. Data are expressed as median (interquartile range) or
frequency (%) (n = 5).
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Antibody anti- Raised in Reference Dilution WB Buffer IF buffer
4EBP1 rabbit CST 9452 1/1000  TBST milk -

phospho-4EBP1 rabbit CST 2855 1/1000 TBST BSA -
(Thr37/46)
AMPK rabbit CST 2795 1/1000  TBST milk -
phospho-AMPK rabbit CST 2535 1/1000 TBST BSA -
(Thr172)
ATG5 rabbit CST 8540 1/500 TBST milk -
ATG7 rabbit CST 2631 1/1000  TBST milk -
BECLIN1 rabbit CST 3495 1/1000  TBST milk -
CD144 goat Santa Cruz sc-6458 1/100 - PBS BSA
CD31 goat Santa Cruz sc-1506 1/200 TBST milk PBS BSA
CD41 rat BD 563317 1/20 PBS BSA
Pharmingen
ICAM1 goat R&D AF796 1/1000  TBST milk -
KLF-2 goat Novus NB-10- 1/500 TBST milk
biological 1051
KIF3a rabbit Abcam ab11259 1/2000  TBST milk -
ULK1 rabbit CST 4773 1/1000  TBST milk -
phospho-ULK1 rabbit CST 5869 1/1000 TBST BSA -
(Ser555)
LAMP2 goat Santa Cruz sc-8101 1/1000 TBST milk PBS BSA
LC3B rabbit CST 2775 1/1000 TBST milk PBS BSA
p16 mouse BD 51-1325GR  1/1000  TBST milk -
Pharmingen
p16 mouse Abcam Ab54210 1/1000 PBS BSA
GAPDH mouse Millipore mab-374 1/20000 TBST milk -
TUBULIN rat Abcam Ab6160 1/5000  TBST milk
ACTIN goat Santa Cruz sc-1616 1/10000 TBST milk -
p53 mouse CST 2524 1/1000 PBS BSA
p-ACC rabbit CST 3661 1/1000  TBST milk -
ACC rabbit CST 3662 1/1000  TBST milk -

Table S2. List of antibodies used for western blot analyses. Abbreviations: BSA, Bovine

Serum Albumin; CST, Cell Signaling Technologies; IF, Immunofluorescence; PBS,
Phosphate Buffer Saline; TBST, Tris Buffer Saline 0.05%Tween; WB, Western Blot.
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Duration ATG5/GAPDH ATG7/GAPDH Beclin1/GAPDH
of §§ HSS LSS P value HSS LSS P value HSS LSS P value
2 hrs 1.131£0.03 1.151£0.15 1.00 0.85+0.10 0.94+0.10 0.31 2.19£1.17 1.811£0.46 0.84
6 hrs 1.7410.33 1.201£0.37 0.13 1.051£0.11 0.86+0.19 0.63 1.5710.52 1.001£0.17 0.19
12 hrs 1.2410.19 0.94+0.06 0.31 1.061£0.12 0.94+0.19 0.43 0.94+0.17 1.0210.11 0.31
24 hrs 1.9310.53 1.60£0.33 0.30 1.0610.26 0.73+0.16 0.62 1.071£0.09 1.031£0.07 0.73

Table S3. Shear stress does not modulate ATG5, ATG7 or BECLIN1 expression in
HUVECs. Western blot analysis of ATG5, ATG7, BECLIN1. Data are normalized to static

condition and expressed as mean + SEM. n= 5 to 7 per time point and per shear stress

condition. There was no significant difference between HSS and LSS in any of these

parameters.
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ApoE-/-; ApoE-/-; Atg5flox/ﬁox; p
Atg5"x/lox VE-cadherin-Cre
value
(n=9) (n=11)
Metabolic and morphological
features
Body weight (g) 27.4 (24.3 - 34.8) 28.2 (25.8 - 31.4) 0.76
Male gender (%) 5 (55) 5 (45) 0.44
Arterial blood pressure (mm Hg) 79 (74 - 85) 78 (71 - 83) 0.81
Cholesterol (g/L) 8.9 (7.7 - 10.1) 10.0 (7.5 - 11.3) 0.087
Fasting serum glucose (mg/dL) 84 (77 - 109) 111 (102 - 125) 0.048
Spleen weight / body weight (%) 0.5(0.5-0.6) 0.5(0.4-0.6) 0.59
Kidney weight / body weight (%) ND ND -
Liver weight / body weight (%) 4.9 (4.7 -5.2) 5.0 (4.6 - 5.6) 0.49
Heart weight / body weight (%) 0.6 (0.5-0.6) 0.5(0.5-0.6) 0.59
Blood cell count
WBC (x10¥/mm?) 4.7 (4.0 -6.4) 5.4 (3.0 -9.4) 0.66
Lymphocytes (x10%/mm?) 2.9(2.3-3.3) 2.6 (2.1-4.4) 0.73
Monocytes (x10%/mm?) 0.2 (0.1-0.3) 0.2 (0.1-0.2) 0.45
Granulocytes (x10%/mm?) 2.1(1.1-2.8) 2.7 (0.9-3.9) 0.40
RBC (x10%/mm?®) 6.9 (6.2-7.7) 7.3(6.7-7.5) 0.80
Hemoglobin (g/dL) 9.8 (8.5-10.4) 10.1 (9.4 - 10.3) 0.66
Platelets (x10%/mm?) 626 (556 - 964) 656 (560 - 715) 0.88
Table S4. Metabolic features and blood cell count of 23 weeks old ApoE”; Atg5™"

vs. ApoE”; Atg5"/"°*; VE-cadherin-cre mice fed a Western diet for 10 weeks. Blood cell

count was available for 3 mice per group. Data are expressed as median (interquartile range)

or number (%) for the gender. There was no significant difference between both groups in

any of these parameters except for fasting glucose (p=0.048).

Abbreviations: ND, not determined; RBC, red blood cell; WBC, white blood cell.
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Atg5"e e VEiggdS:Z?:;Cre
(n=12) (n=10) P value
Metabolic and morphological
features
Body weight (g) 22.4(20.1-27.6) 21.5(19.9-25.0) 0.48
Male gender (number) 5(42) 4 (40) 0.079
Arterial blood pressure (mm Hg) 78 (73 - 82) 78 (75 - 81) 0.74
Cholesterol (g/L) 1.1 (0.9 - 1.4) 1.4 (1.1-1.8) 0.93
Fasting serum glucose (mg/dL) 134 (107 - 144) 125 (108 - 162) 0.93
Spleen weight / body weight (%) 0.4 (0.3-0.4) 0.4 (0.3-0.4) 0.27
Kidney weight / body weight (%) 0.6 (0.5-0.6) 0.6 (0.5-0.6) 0.80
Liver weight / body weight (%) 4.0 (3.8-4.2) 4.2 (3.5-4.5) 0.51
Heart weight / body weight (%) 0.6 (0.5-0.7) 0.6 (0.6-0.7) 0.91
Blood cell count
WBC (x10%/mm?) 4.3(3.2-5.3) 3.8 (2.7-4.8) 0.27
Lymphocytes (x103/mm?®) 3.4 (2.8-5.0) 3.5(2.7 -4.4) 0.89
Monocytes (x10%/mm?) 0.3(0.2-0.4) 0.2 (0.2 - 0.3) 0.29
Granulocytes (x10%/mm?) 0.2 (0.1-0.4) 0.2 (0.1-0.2) 0.30
RBC (x10*/mm?) 7.1(6.9-7.5) 6.9 (6.5 -7.6) 0.29
Hemoglobin (g/dL) 13.9(12.8-16.8)  14.3(12.7 - 15.4) 0.93
Platelets (x10*/mm?) 689 (602 - 733) 684 (572 - 787) 0.99
Table S5. Metabolic features and blood cell count of 10 weeks old Atg5"™* ys,

Atg5™°*°x. VE.cadherin-Cre mice fed a chow diet.

Data are expressed as median (interquartile range) or number (%) for the gender. There was

no significant difference between the two groups in any of these parameters.

Abbreviations: RBC, red blood cell; WBC, white blood cell.
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At 9 7flox/flox A tg 7flox/Ton;
VE-cadherin-Cre P value
(n=12) (n=10)

Metabolic and morphological

features
Body weight (g) 226(20.2-241) 21.0(19.6-21.7) 0.27
Male gender (number) 6 (50) 4 (40) 0.46
Arterial blood pressure (mm Hg) 77 (74 - 83) 81 (76 - 84) 0.49
Cholesterol (g/L) 1.5(1.1-1.7) 1.3(1.1-1.6) 0.51

Fasting serum glucose (mg/dL) 150 (139 - 171) 150 (124 - 156) 0.53

Spleen weight / body weight (%) 0.4 (0.3 - 0.5) 0.5 (0.5-0.7) 0.005
Kidney weight / body weight (%) 0.6 (0.5 - 0.6) 0.6 (0.6-0.6) 0.55
Liver weight / body weight (%) 5.0 (4.5-5.4) 5.1 (5.0-5.3) 0.64

Heart weight / body weight (%)  0.47 (0.45- 0.49) 0.54 (0.53 - 0.60)  0.001

Blood cell count

WBC (x10¥/mm?) 3.1 (1.5-4.4) 3.3(2.2-3.5) 0.66
Lymphocytes (x10%/mm?®) 2.8(1.1-3.1) 26(1.8-2.7) 0.98
Monocytes (x10%/mm?) 0.1 (0.0-0.1) 0.1 (0.1-0.1) 0.30
Granulocytes (x10%/mm?®) 0.5(0.1-0.9) 0.6 (0.2 - 1.0) 0.72
RBC (x10*/mm?) 6.9 (6.2-7.6) 6.1 (5.8-6.9) 0.079
Hemoglobin (g/dL) 9.5(9.1-10.6) 9.1(8.2-9.7) 0.18
Platelets (x10%/mm?) 657 (456 - 697) 617 (589 - 696) 0.64

Table S6. Metabolic features and blood cell count of 10 weeks old Atg7"/x

vs.
Atg7"/"°x, VE.cadherin-Cre mice fed a chow diet. Blood cell count was available in
Atg7™"%- and in 9 Atg7™"*: VE-cadherin-Cre mice.

Data are expressed as median (interquartile range) or number (%) for the gender

Abbreviations: RBC, red blood cell; WBC, white blood cell.
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At 9 5flox/flox A tg 5flox/Ton;
VE-cadherin-Cre P value
(n=7) (n=10)

Metabolic and morphological

features
Body weight (g) 47.1 (43.5-52.9) 44.2 (41.8-50.7) 0.49
Male gender (%) 7 (100) 10 (100) -
Cholesterol (g/L) 2.3(1.8-2.9) 3.0(2.2-3.4) 0.19
Fasting serum glucose (mg/dL) 132 (126 - 156) 134 (129 - 144) 0.65
Liver weight / body weight (%) 6.4(5.1-7.1) 4.4 (3.8-5.0) 0.022
Heart weight / body weight (%) 0.4(04-0.5) 0.4 (0.4 -0.5) 0.47

Table S7. Metabolic features of 64 weeks old Atg5"" vs. Atg5"*"°*; VE-cadherin-Cre
mice fed a high fat diet for 16 weeks.

Data are expressed as median (interquartile range) or number (%) for the gender.
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At 9 7flox/flox A tg 7flox/Ton;
VE-cadherin-Cre P val

Metabolic and morphological

features
Body weight (g) 54.2 (52.4 -59.6) 54.1(52.5-56.1) 0.69
Male gender (hnumber) 14 (100) 10 (100) -
Cholesterol (g/L) 25(1.9-3.0) 20(1.8-2.5) 0.31
Fasting serum glucose (mg/dL) 191 (171 - 207) 184 (159 - 203) 0.66
Liver weight / body weight (%) 5.3(4.5-6.4) 4.8 (3.7-6.0) 0.26
Heart weight / body weight (%) 0.3(0.3-0.3) 0.4(0.3-0.4) 0.028

Table S8. Metabolic features of 64 weeks old Atg7"/" vs. Atg7"*"°*; VE-cadherin-Cre

mice fed a high fat diet for 16 weeks. Data are expressed as median (interquartile range)

or number (%) for the gender.
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Supplementary Figure 1. Autophagy is defective in endothelial cells exposed to low shear stress. (A)
Quantification of LC3 Il compared to GAPDH (n > 5 per time point and per condition) in HUVECs
exposed to high shear stress (HSS) and low shear stress (LSS). Data are normalized to static condition
and are presented as mean + SEM. (B) Assessment of autophagy level in HUVECs exposed to HSS and
LSS for 24 hrs by measuring LC3 staining using flow cytometry (n = 5). Upper panel, quantification;
lower panel, representative histogram (gray represents HUVECs exposed to LSS and white HUVECs
exposed to HSS). (C) Autophagy related proteins expression in HUVECs exposed for 24 hrs to HSS and
LSS (n = 6 per condition). (D-F) 4EBP1, AMPKa and acetyl-CoA carboxylase (ACC) phosphorylations were
guantified by western blot in HUVECs exposed to high and low shear stress for 1 (4-EBP1) and 5 min
(AMPKa and ACC) (n = 6 for p-4EBP1 and p-AMPKa. n = 9 for p-ACC ). *, p < 0.05. MFI, mean
fluorescent intensity. Figure related to Figures 1 and 3.
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Supplementary Figure 2. ApoE-/-; Atg5flox/flox; VE-cadherin-Cre mice are deficient in autophagy in
aortic endothelial cells and display increased plaque burden in HSS areas. (A) Protocol to investigate
atherosclerosis formation in Apoe-/-; Atg5flox/flox and Apoe-/-; Atg5flox/flox; VE-cadherin-Cre mice. (B)
ATG5 and LC3 levels evaluated by western blot in murine aortic endothelial cells isolated from Apoe-/-;
Atg5flox/flox and Apoe-/-; Atg5flox/flox; VE-cadherin-Cre mice (representative of 2 pools of 4 mice). (C)
Quantification of “en face” red oil staining of atherosclerotic lesions in the aorta of these mice excluding
the ostia of branching points. *, p < 0.05. Figure related to Figure 4.
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Supplementary Figure 3. Atg5fox/flox, VE.cadherin-Cre and Atg7fo</flox, VE-cadherin-Cre mice are
deficient in autophagy in aortic endothelial cells. (A) ATG5 and LC3 levels evaluated by western blot in
murine aortic endothelial cells isolated from Atg5fo¥flox and Atg5fo¥flox: VE-cadherin-Cre mice
(representative of 2 pools of 4 mice). (B) representative images of LC3 en face staining of the aorta of 10
week old Atg5sflox/flox ys, Atgsflox/flox: \VE-cadherin-Cre mice (red, LC3; blue, DAPI; n = 5; bar scale, 10 pm; N
= 5). (C) ATG7 and LC3 levels evaluated by western blot in murine aortic endothelial cells isolated from
Atg7flox/flox and Atg 7f1ox/flox:\VE-cadherin-Cre mice (representative of 2 pools of 4 mice). (D) Representative
images of LC3 en face staining of the aorta of 10 week old Atg7Zox/flox ys, Atg7flox/flox. \/E-cadherin-Cre mice
(red, LC3; blue, DAPI; bar scale, 10 um).-Related to Figure 5.



Figure S4
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Supplementary Figure 4. Deficiency in endothelial autophagy impairs endothelial cells ability to align in
the direction of flow. Quantification of cell alignment in direction of flow in the linear part of the aorta
(HSS) of Atg7flox/flox or Atg 7flox/flox: VE-cadherin-Cre mice (green, CD144 staining; blue, DAPI; n = 5; bar scale

10 um). **Kp<0.01



figure S5

A o] — - B o8 HSS CD317- LSS CD317
. * e~ = /
2 T 1 .
@
i 1.54 PY
O I = 0.064
S | T g
3 T
-
054 = 0.041
[0
a LC3
005 Lss Hss Lss 8
shCTL shCD31 — 0.024 I_
0031‘— ‘
LC3 g s — 0.00 ; LY R a
R e —— HSS LSS :
GAPDH‘——-——‘ cDh31”
o 1
. T
©
= 1 1
1S} 1.0+
-
P
9 o5
0.0 HSS LSS HSS LSS
shCTL shKIF3a
KIF 32 S—— - — ]
LC3 |

LC3 ]| M o

GAPDH| -——|

Supplementary Figure 5. The mechanosensor mediating endothelial shear stress effect on
autophagy is neither CD31 nor the primary cilium. (A) Western blot analysis of CD31 and LC3 protein
expression in HUVECs transduced with a lentivirus expressing CD31 or control shRNA and exposed for
24 hrs to high and low SS (n = 5; shRNA induction: 0.1 mmol/L of IPTG). Data are expressed as mean *
SEM. (B) LC3 en face staining of the aorta of 10 week old CD31-/- mice (n = 6; green, CD144; red, LC3;
blue, DAPI; bar scale, 10 um). Left, quantification of LC3 area; Data are given as median (horizontal
bar) and interquartile range (error bar). Right, representative images. (C) Western blot analysis of
KIF3A and LC3 protein expression in HUVECs transduced with a lentivirus expressing KIF3a or control
shRNA and exposed for 24 hrs to high and low SS (n = 5, shRNA induction: 1 mmol/L of IPTG). *, p <
0.05. HSS, High shear stress; LSS, low shear stress.
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Supplementary Figure 6. TNF-a treatment does not change autophagy level in HUVECs exposed to
high shear stress. Western blot analysis of LC3 protein expression in HUVECs exposed for 24 hrs to

high SS with or without TNF-a treatment for 12 hrs (n = 6). NS, non significant; HSS, High shear stress.
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Supplementary Figure 7. Deficiency in endothelial autophagy increases senescence. (A) Protocol to
investigate endothelial P53 expression. (B) Protocol to investigate in vivo senescence. (C) “en face” 3-
galactosidase staining of the aorta of Atg7fiox/flox s, Atg7fiox/flox: VE-cadherin-Cre mice (n=13 and n=11
respectively). Bar scale, 100 um; black arrow represents the flow direction. The inner part of the
curvature is exposed to SS and the descendant linear part is exposed to high SS. Abbreviations: HSS, High
shear stress; LSS, low shear stress. ***, p < 0.001 (Mann Whitney test).
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ABSTRACT

Blood flowing in arteries generates shear forces at the surface of the vascular endothelium that control its
anti-atherogenic properties. However, due to the architecture of the vascular tree, these shear forces are
heterogeneous and atherosclerotic plaques develop preferentially in areas where shear is low or
disturbed. Here we review our recent study showing that elevated shear forces stimulate endothelial
autophagic flux and that inactivating the endothelial macroautophagy/autophagy pathway promotes a
proinflammatory, prosenescent and proapoptotic cell phenotype despite the presence of atheroprotective
shear forces. Specific deficiency in endothelial autophagy in a murine model of atherosclerosis stimulates
the development of atherosclerotic lesions exclusively in areas of the vasculature that are normally
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resistant to atherosclerosis. Our findings demonstrate that adequate endothelial autophagic flux limits
atherosclerotic plaque formation by preventing endothelial apoptosis, senescence and inflammation.

Cardiovascular diseases are the leading cause of death in west-
ern countries. Most of these events are due to complications of
atherosclerosis. Although risk factors for atherosclerosis are
systemic, atherosclerotic plaques develop in specific areas
where blood flow is disturbed and shear stress (SS) is low, such
as arterial bifurcations and at the inner part of curvatures. Con-
versely, areas exposed to undisturbed blood flow, generating
high laminar SS on the vascular endothelium, remain lesion-
free. Endothelial cells exposed to low SS express a prosenescent
and proinflammatory phenotype, thereby favoring atheroscle-
rotic plaque development, but intracellular mechanisms linking
these events remain elusive. Autophagy being generally a pro-
survival and antisenescence mechanism, we tested the hypothe-
sis that SS-induced autophagy could be the missing link
between low SS and atherosclerosis development.

We first observed an impressive effect of SS on endothelial
autophagy. High SS increases the number of endothelial auto-
phagosomes and LC3 puncta in murine and human arteries. In
addition, the LC3-ILLC3-I ratio in cultured endothelial cells
exposed to high SS is 5-fold higher than in cells in static condi-
tions and even higher than in those exposed to starvation.

These findings extended the results of previous studies showing
that SS increases endothelial autophagy in vitro. Using a RFP-
GFP-LC3 construct, we demonstrated in vitro that autophagic
flux is active under high SS but blocked under low SS condi-
tions; these findings were confirmed in vivo in mice treated
with chloroquine. We then investigated the master negative
and positive regulators of autophagy, namely the MTOR and
AMPK pathways. We observed that low endothelial SS is asso-
ciated with increased MTOR activity and decreased AMPK
activity, when compared to high SS conditions. The involve-
ment of these pathways in the regulation of endothelial autoph-
agy level by shear stress was further confirmed in vivo.

We then evaluated the role of high SS-induced autophagy on
atherosclerotic plaque development, and demonstrated that
hypercholesterolemic mice bearing an endothelial specific dele-
tion of Atg5 (apoe™’~; atgs"™; Cdh5/VE-cadherin-Cre),
develop larger atherosclerotic lesions only in normally athero-
protected areas exposed to high SS, when compared to littermate
controls. These results are in line with a previous report of larger
plaque size in mice deficient in ATG7 in endothelial cells,
although the effect of SS was not investigated in that study.
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This increase in plaque burden in areas normally resistant to
atherosclerosis suggests a role for defective endothelial autoph-
agy in the impairment of flow-dependent atheroprotective
mechanisms. A hallmark of atheroresistant areas is endothelial
cell alignment in the direction of flow. In mice lacking either
endothelial ATG5 or ATG7, we observed that endothelial cells
fail to align with the direction of flow in areas of high SS. Simi-
lar findings are observed in cultured cells where ATGS5 expres-
sion had been silenced using shRNA, or in cells treated with
wortmannin. Conversely, activation of endothelial autophagy
using rapamycin in cells exposed to low SS increases cell align-
ment with flow direction.

Endothelial proinflammatory activation is a critical step in
initiation and progression of atherosclerosis. We observed that
cultured endothelial cells deficient in autophagy display an
enhanced inflammatory response when stimulated with TNEF/
TNF« in the presence of high SS. Endothelial cells lacking
ATGS express significantly less antiinflammatory KLF2, more
proinflammatory ICAM1, and release more CCL2/MCP-1 than
control cells, therefore establishing that activation of endothe-
lial autophagy by high SS is required for curbing the response
to proinflammatory stimuli.

Atheroprone low SS is associated with a prosenescent and
proapoptotic endothelial phenotype. We observed a greater num-
ber of TUNEL- and TRP53/p53-positive nuclei in mice deficient
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in endothelial ATGS, attesting to increased endothelial apoptosis
in areas of high SS, when compared to littermate control mice.
Endothelial senescence in cells exposed to high SS in vivo and in
vitro was characterized by lower senescence associated-GLB1/
B-galactosidase activity and decreased nuclear CDKN2A/pl6
expression when compared to cells exposed to low SS. Interest-
ingly, pharmacological and genetic strategies compromising the
autophagic process increase endothelial senescence under high SS
both in cultured cells and in mice. Conversely, pharmacological
activation of autophagy using rapamycin in cultured endothelial
cells exposed to low SS decreases senescence.

Altogether, our data demonstrate that defective autophagy
in low SS areas is responsible for the preferential plaque forma-
tion in these areas, whereas its activation by high SS protects
against atherosclerosis by preventing endothelial inflammation,
senescence and apoptosis, and promoting endothelial align-
ment in the direction of flow.

Our findings, together with those from the literature,
enhance our understanding of the role of autophagy in athero-
sclerosis (Fig. 1). Indeed, deficiency in autophagy specifically in
macrophages increases apoptosis, oxidative stress, accumula-
tion of cholesterol crystals, and inflammasome activation in
lesional macrophages, thereby promoting plaque necrosis, and
worsening efferocytosis. Defective autophagy in vascular
smooth muscle cells also promotes diet-induced atherogenesis
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Figure 1. Atheroprotective role of autophagy in endothelial, macrophage and smooth muscle cells. LDL, low-density lipoprotein; MMP, matrix metalloproteinase.



by accelerating senescence and increasing metalloproteinase
production and chemokine release.

Altogether, these data indicate that stimulation of autopha-
gic flux constitutes an attractive therapeutic strategy for pre-
venting atherosclerosis development.
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Endothelial JAK2V6'7F does not enhance liver lesions in mice with
Budd-Chiari syndrome

To the Editor:
Budd-Chiari syndrome is defined as hepatic venous outflow
obstruction in the absence of congestive or restrictive heart
disease. Myeloproliferative neoplasms are the leading cause
of Budd-Chiari syndrome, diagnosed in 25-50% of such
patients."? In most patients with Budd-Chiari syndrome and
myeloproliferative neoplasms, Janus kinase 2 gene (JAK2)
V617F mutation is found in myeloid cells. JAK2Y6'?F has also
been detected in liver endothelial cells of patients with
Budd-Chiari syndrome, attributed to a common cell of origin
for myeloid and endothelial cells, called hemangioblast.>> In
Budd-Chiari syndrome, JAK2"%'7F is associated with poorer
prognostic features at presentation and earlier need for hepatic
decompression procedures.! This observation leads to the
hypothesis that JAK2Y®!7F enhances liver injury and fibrosis
induced by hepatic venous outflow obstruction, thus worsen-
ing Budd-Chiari syndrome.

In order to test this hypothesis, we applied a recently
described surgical model of Budd-Chiari syndrome to mice
expressing JAK2V®17FS JAK2V6!7F expression in myeloid cells
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promotes major vasodilation and hemostasis impairment,
making surgery extremely challenging in these animals.’”
Accordingly, we analyzed the endothelial component using mice
expressing JAK2V®!7F specifically in endothelial cells. We gener-
ated these transgenic mice by crossing conditional Jak2"®!"F
knock-in mice with inducible Cadherin5®Ef™? mjce. Recombina-
tion was induced in Jak2"%'7F knock-in - Cadherin5 82 (here-
after referred to as JAKY®'’F) mice by tamoxifen injection
(1 mg/day/mice intraperitoneously for five consecutive days,
two consecutive weeks) at the age of five weeks. Littermate
controls (hereafter referred to as JAK2"") received the same
treatment. Partial inferior vena cava ligation (pIVCL), or sham
surgeries were performed at the age of 12 weeks and mice were
sacrificed six weeks postoperatively (Fig. 1).° Based on previous
experiments using this surgical model, we included 8 to 10 mice
per group.® All experiments were performed in accordance with
the European Community guidelines for the care and use of
laboratory animals (N°07,430) and were approved by our insti-
tutional ethical committee (17-053).

As expected, JAK2YT mice undergoing pIVCL had higher
portal pressure, liver expression of profibrogenic genes and liver
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Fig. 1. Endothelial JAK2V®’"F does not enhance liver injury in mice after partial inferior vena cava ligation. Partial inferior vena cava ligation was
performed in 12-week aged male and female Jak2"®'"F knock-in - Cadherin5<¢-ER2 (JAKV®'?F) mice and in littermate controls (JAK2"T). Sham surgery was also
performed. All mice were on a C57BL/6 background. (A) Mice were sacrificed 6 weeks postoperatively. (B) Portal pressure, (C) serum ALT level, (D) liver TNFo,
(E) «SMA and (F) collagen1a:1 gene expressions were determined (supplementary CTAT Table) and (G) liver fibrosis was quantified (Sirius red positive areas).
Data are given as median (horizontal bar) and interquartile range (error bar). Comparisons between groups of mice were performed using the Mann-Whitney U
test. *p <0.05; **p <0.01; and ***p <0.001. ALT, alanine aminotransferase; JAK2, Janus kinase 2; pIVCL, partial inferior vena cava ligation; n.s., no significant

difference.
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fibrosis than sham mice, while showing no change in serum
aminotransferases or in liver expression of proinflammatory
genes (Fig. 1).° However, as shown (Fig. 1), the expression of
JAKY®'7F in liver endothelial cells did not affect any of these
parameters.

In conclusion, we found no evidence in an animal model
that endothelial JAK2V%"7F can explain the more severe pre-
sentation of patients with Budd-Chiari syndrome and
JAK2V6!7F The explanation for increased severity of these
patients should therefore be sought mostly in myeloid
JAK2Ve'’F Thus, future therapeutic strategies to improve the
management of patients with Budd-Chiari syndrome and
myeloproliferative neoplasms might focus on myeloid cells
rather than on endothelial cells. Beside the cytoreductive
agent hydroxyurea, treatments for myeloproliferative neo-
plasms now also include the JAK2/1 inhibitor ruxolitinib.
One phase II trial recently reported that ruxolitinib is safe
in patients with splanchnic vein thrombosis.® Whether ruxoli-
tinib is useful in this setting to improve patient outcomes
should be evaluated in larger studies.
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Primary cilia sensitize endothelial cells to BMP and
prevent excessive vascular regression

Anne-Clémence Vion'?3@®, Silvanus Alt!, Alexandra Klaus-Bergmann®3@®, Anna Szymborska®*®, Tuyu Zheng!@®, Tijana Perovic!®,
Adel Hammoutene*?, Marta Bastos Oliveira'®, Eireen Bartels-Klein'3, Irene Hollfinger!, Pierre-Emmanuel Rautou*>¢, Miguel O. Bernabeu”?@®, and

Holger Gerhardt?2391011®

Blood flow shapes vascular networks by orchestrating endothelial cell behavior and function. How endothelial cells read

and interpret flow-derived signals is poorly understood. Here, we show that endothelial cells in the developing mouse retina
form and use luminal primary cilia to stabilize vessel connections selectively in parts of the remodeling vascular plexus
experiencing low and intermediate shear stress. Inducible genetic deletion of the essential cilia component intraflagellar
transport protein 88 (IFT88) in endothelial cells caused premature and random vessel regression without affecting
proliferation, cell cycle progression, or apoptosis. IFT88 mutant cells lacking primary cilia displayed reduced polarization
against blood flow, selectively at low and intermediate flow levels, and have a stronger migratory behavior. Molecularly, we
identify that primary cilia endow endothelial cells with strongly enhanced sensitivity to bone morphogenic protein 9 (BMP9),
selectively under low flow. We propose that BMP9 signaling cooperates with the primary cilia at low flow to keep immature

vessels open before high shear stress-mediated remodeling.

Introduction
Efficient oxygen and nutrient supply through the formation of
a hierarchically branched network of blood vessels is essential
for vertebrate development. A primary vascular plexus initially
expands by sprouting angiogenesis (Isogai et al., 2003; Potente
etal., 2011) followed by vascular remodeling to adapt vessel orga-
nization, shape, and size; in its course, superfluous and ineffi-
cient connections are pruned away by active regression (Franco
et al., 2015). Mice with genetic inactivation of factors involved
in vascular remodeling die during midgestation (Potente et al.,
2011), demonstrating the critical importance of remodeling.
Nevertheless, the maintenance of redundant collateral vessels,
despite being poorly perfused in normal physiology, is critical for
recovery after injury; in this context, superfluous connections
become active, increase in size, and substitute damaged vessels
(Liu et al., 2014). Thus, excessive remodeling and the removal of
all nonperfused vessels carry long-term risk, whereas too little
remodeling impedes vascular function.

Cells need to respond appropriately to mechanical cues
to ensure healthy tissue development and homeostasis.

Endothelial cells (ECs) in particular are under constant
mechanical strains exerted by blood flow. Interestingly, ECs
are able to sense small variations in the direction, magnitude,
and regularity of blood flow-induced shear stress (Wang
et al., 2013; Givens and Tzima, 2016) and respond to such
changes by influencing vasculature remodeling (Culver and
Dickinson, 2010; Baeyens et al., 2016a). Adaptation of ECs
to flow is critical for the development and maintenance of a
well-functioning cardiovascular system; for example, in adult
mice flow-sensing through VEGFR3 controls vessel caliber
(Baeyens et al., 2015). However, how ECs sense and transduce
mechanical signals during vascular remodeling to achieve a
balanced network of blood vessels is still poorly understood
(Dolan etal., 2013). Vascular regression has been shown to rely
on axial polarization of ECs against the direction of blood flow
and their consequent migration from poorly perfused vessels
into well-perfused neighboring segments, thus removing
superfluous connections and reinforcing vessels that experi-
ence higher shear stress (Franco et al., 2015, 2016).
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Many structures and receptors have been identified as flow
sensors in ECs (Traub and Berk, 1998; Baeyens et al., 2016a).
Among them, the primary cilium has been shown to bend in
response to blood flow and to be required for flow sensing, thus
controlling endothelial function in both normal and patholog-
ical conditions (Goetz et al., 2014; Dinsmore and Reiter, 2016).
The primary cilium extends from the membrane of the cell
and is stabilized by a microtubule scaffold known as the axo-
neme. The ciliary axoneme is surrounded by the ciliary mem-
brane, a specialized compartment in which many receptors,
ion channels, and transporter proteins are embedded, where
they recruit second messengers and effectors (Satir et al., 2010).
Several intraflagellar transport proteins, including intraflagel-
lar transport protein 88 (IFT88), specific kinesin motors like
KIF3a, and other structural components like ARL13b, are essen-
tial for formation and maintenance of primary cilia (Nonaka et
al., 1998; Taulman et al., 2001; Hori et al., 2008). Their selective
deletion has been useful to investigate the role of primary cilia
in many cells. However, some cilia independent functions can
also be found for IFT88 and KIF3a (Delaval et al., 2011; Boehlke
et al., 2013, 2015; Borovina and Ciruna, 2013). In blood vessels,
the endothelial primary cilium extends into the lumen of the
vessels. Activation of the primary cilium by flow triggers cal-
cium signaling and nitric oxide production in vitro (Nauli et
al., 2008). In adult mice, loss of endothelial primary cilia aggra-
vates atherosclerosis caused by reduced nitric oxide synthase
activity (Dinsmore and Reiter, 2016). In zebrafish embryos, the
primary cilium acts as a mechanical sensor for ECs exposed
to low shear stress (LSS; Goetz et al., 2014) and contributes to
blood-brain barrier integrity (Kallakuri et al., 2015). Finally,
the maintenance of cilia has been described to be dependent on
flow (Iomini et al., 2004). During valve formation, for example,
extreme high shear stress (HSS) levels disrupt cilia, leading to
mesenchymal transition through activation of TGFB/ALKS sig-
naling (Ten Dijke et al., 2012). Interestingly, in other cell types,
the primary cilium has been shown to transmit signals coming
from the Notch, TGFB, and Wnt pathways (Goetz and Anderson,
2010; Gerhardt et al., 2016; Pedersen et al., 2016) by allowing
the clustering of kinases and their targets. Additionally, hair
cells forming the cochlea require a primary cilium to specifi-
cally position their basal body on one side of the nucleus, and
therefore polarize (Jones et al., 2008).

ECs are highly responsive to bone morphogenetic proteins
(BMPs) and TGFB, which share common effectors and engage in
signaling cross talk (Guo and Wang, 2009). Recent studies reveal
that the BMP pathway is important for flow-induced responses
through SMAD1/5/8 activity (Zhou et al., 2012; Laux et al., 2013;
Baeyens et al., 2016b). SMAD1/5 activation downstream of BMP
receptors can be induced by flow in the absence of ligand sug-
gesting a direct effect of mechanical forces on the BMP receptors
(zhou et al., 2012). In zebrafish, the BMP receptor ALKI, respon-
sible for SMAD1/5/8 phosphorylation, has been shown to trigger
a flow-sensitive BMP10 response (Laux et al., 2013) contributing
to EC migration against the blood flow (Rochon et al., 2016). Lat-
est studies identified that BMP9/10-induced signaling upon HSS
stimulation is dependent on the coreceptor Endoglin (Baeyens
etal., 2016b).

Vion et al.

Primary cilium and vascular regression

Here, we demonstrate that IFT88 and most likely the endo-
thelial primary cilium are essential for appropriate vascular pat-
terning by protecting nascent blood vessels exposed to LSS from
premature regression. Mechanistically, we show that ECs with
primary cilia show strongly enhanced BMP9-Smad1/5/8 signal-
ing selectively when exposed to LSS.

Results

Presence of endothelial primary cilia inversely correlates with
shear stress levels during vascular remodeling

To assess the distribution of primary cilia in the developing
vasculature of the mouse retina, we used immunofluorescence
staining for ARL13b. We identified cilia localizing within vascu-
lar staining and close to endothelial nuclei (Fig. 1 A) distributed
across all parts of the vascular plexus (Fig. 1, B and C), except in
tip cells at the sprouting front. Quantification in arteries, veins,
and plexus at different developmental stages showed that the
number of ECs with primary cilia decreased in arteries as the
vasculature developed (Fig. 1, B and C). In vitro, in confluent
monolayers of human umbilical vein endothelial cells (HUVECs),
~15% of cells showed an apical primary cilium under static condi-
tions. This percentage decreased with increasing shear stress lev-
els, dropping to 5% under HSS (Fig. 1 D). To investigate potential
population dynamics of ECs with cilia, we studied a zebrafish line
expressing a membrane reporter for ECs and GFP-tagged ARL13b
(Tg(kdr-l:ras-Cherrys916; B-actin::arl13b-eGfp)). Although most
of the luminal cilia in ECs were stable over the acquisition time
(Video1, 6 h), we identified several appearing (Fig. 1, E and F; and
Video 2) or retracting cilia (Fig. 1, E and F; and Video 3). Using
adenoviral expression of GFP-tagged ARLI3b in HUVECs, we
confirmed that only a fraction of ECs (10%) harbored a primary
cilium (Fig. S1, A and B). Time-lapse imaging revealed that most
of the ciliated cells remained so over the 5-h observation time
(Video 4; and Fig. S1, Band C) although, as in zebrafish, some cilia
retracted and others appeared de novo (Fig. S, Band C).

Primary cilia prevent vascular regression by maintaining
collective polarization of ECs
To assess the function of endothelial primary cilia in the retinal
vasculature, we performed genetic deletion of Ift88 specifically
in ECs. To do so, we bred mice expressing a tamoxifen-inducible
Cre recombinase under the control of the endothelial-specific
promoter of Pdgfb (Pdgfb-iCre-ERT2-Egfp; Claxton et al., 2008)
with mice expressing floxed alleles of Ift88 (Haycraft etal., 2007).
1ft88%/1; Pdgfb-iCre-ERT2-Egfp*/* offspring were then injected
with tamoxifen at postnatal day 1 (P1) and P3 to induce recombi-
nation of the floxed alleles (referred to as IFT88 iEC-KO). West-
ern blot analyses on lung ECs, quantitative PCR on retinal ECs,
and immunofluorescence staining of retinas confirmed deletion
of IFT88 and the loss of primary cilia, respectively (Fig. S1, D-F).
At P6, IFT88 iEC-KO mice showed decreased radial expansion
of the retinal vasculature (Fig. 2 A), decreased vascular density
(Fig. 2 B), and fewer sprouting cells at the front of the plexus
(Fig. 2 C) compared with littermate controls. This phenotype was
transient as retinas from P15 mice recovered from the decrease in
radial expansion and vascular density (Fig. S1G).
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Figure 1. Primary cilia are present in ECs, and their presence correlates with shear stress levels. (A) Primary cilia belonging to ECs were found in the
retinal vasculature. Top images present one z-stack (depth 0.26 um) showing the cilium within the vasculature and overlapping with Isolectin staining (red
outline on the right upper image highlights the cilium localization). Bottom images present the corresponding z-projection showing the cilium embedded in
the endothelial layer (black outline, Isolectin B4; blue outline, DAPI; green outline, VE-cadherin). The gray arrowheads indicate the cut-planes corresponding
to the z-stack visualization. (B) Retinas from mouse pups were collected at P3, P6, P11, and P15 and stained for VE-cadherin (EC junctions), ARL13b (primary
cilia), and DAPI (nuclei). The number of primary cilia present in the different areas of the vasculature was quantified over time and maturation of the vessels in
different animals (red, artery; magenta, plexus; blue, vein; n = 3 for each time point; median + interquartile range (IQ); two-way ANOVA. Data distribution was
assumed to be normal but this was not formally tested). Bar, 700 um. (C) Representative images are shown for each region. Green arrowheads, endothelial
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IFT88 is implicated in spindle orientation in HeLa and epithe-
lial cells (Delaval et al., 2011; Taulet et al., 2017) and is required
for orienting cell divisions during gastrulation (Borovina and
Ciruna, 2013). Using flow cytometry and propidium iodide
staining, we investigated whether ECs lacking IFT88 exhibit cell
cycle-related defects or increased apoptosis, two possible causes
for reduced vascular density. We found no changes in the propor-
tion of ECs undergoing apoptosis in retinas of iEC-IFT88 mice
compared with controls (Fig. S2 A). We confirmed these results
by staining retinas for cleaved caspase-3 (Fig. S2 B). The per-
centage of polyploid ECs and of ECs in G2-M was not increased,
suggesting that IFT88 expression levels do not interfere with
the final steps of cell division (Fig. S2 A). In contrast, the pro-
portion of ECs in GO-G1 was increased, whereas ECs in S phase
were decreased in IFT88 iEC-KO mice compared with controls.
However, we found that the proportion of ECs incorporating
5-ethynyl-2"-deoxyuridine (EdU) was increased in IFT88 iEC-KO
retinas (Fig. S2 D), suggesting that these cells may remain in S
phase for a longer period of time. Nevertheless, the number of
ECs forming the retinal vasculature in the remodeling area at P6
was not different between IFT88 iEC-KO and control mice (Fig.
S2 C), arguing against a role of proliferation or cell number in
regulating vascular density.

As previously described, the ultimate density of the retinal
vasculature is regulated by vascular regression (Franco et al.,
2015). In retinas, lumen loss (visualized by intercellular adhesion
molecule 2 [ICAM2] staining) and the presence of empty colla-
gen sleeves are indicators of vascular regression. We observed
that IFT88 iEC-KO retinas showed significantly more collapsed
lumens (Fig. 3 A) and more empty collagen sleeves than con-
trols (Fig. 3 B), suggesting that the decrease in vascular density
observed in IFT88 iEC-KO mice is caused by increased regression
of preexisting vessels. Interestingly, by analyzing the distribu-
tion of empty sleeves throughout the retina between vein and
artery (Fig. 3 C), we found that vessels in IFT88 iEC-KO retinas
preferentially regressed close to veins, whereas vessels in control
retinas preferentially regressed close to arteries (Fig. 3 D).

Previous work identified that vascular regression is regulated
by blood flow (Chen et al., 2012; Udan et al., 2013). Above a critical
threshold, flow induces axial polarization and migration of ECs
against the flow direction. In vessel segments exposed to low or
discontinuous flow, ECs migrate away from each other into adja-
cent vessels experiencing higher flow, leading to the regression
of the low-flow segment (Franco et al., 2015). To understand the
influence of the loss of endothelial primary cilia on vessel sta-
bility and regression, we evaluated the flow pattern and polarity
profiles in IFT88 iEC-KO retinas, combining in silico simulation

of blood flow patterns (Bernabeu et al., 2014, 2017 Preprint) and
in vivo polarity data (assessed by Golgi-nucleus axis direction;
Fig. S2 E, white arrows). The overall flow simulation pattern
was similar between control and IFT88 iEC-KO retinas (Fig. S2
F). By correlating local shear stress values obtained from these
simulations with axial polarity of the ECs in the same retinas, we
found that ECs in IFT88 iEC-KO retinas showed similar polarity
profiles as those in control retinas, both in regions of LSS and
HSS (Fig. 3 E). However, in areas of intermediate shear stress,
polarization against the flow was significantly reduced in ECs of
IFT88 iEC-KO retinas compared with controls (Fig. 3 E). Inter-
estingly, this range of shear stress prevailed precisely in the
areas of increased regression in IFT88 iEC-KO retinas (Fig. 3 F).
We further manually quantified the number of vessel segments
displaying two or more ECs oriented in opposite directions
(referred to as divergent polarity; Fig. 3 G). Localization of these
events was shifted significantly toward veins in IFT88 iEC-KO
retinas (Fig. 3 H). Together, the loss of flow-induced polarity
and increased regression preferentially in LSS areas (i.e., close
to veins) suggest that IFT88, very likely by supporting cilia for-
mation, contributes to flow sensing and vessel maintenance in
poorly perfused segments.

Primary cilium augments BMP9 responses in ECs and
decreases their migration speed

In search for the cellular and molecular mechanisms under con-
trol of the primary cilium in ECs, we silenced IFT88 in HUVECs
using siRNAs (Fig. S3 A), reducing the number of primary cilia
by 75% (Fig. S3 B). As the basal body of the primary cilium has
been shown in different cell types to be required for the acti-
vation of several signaling pathways (Goetz and Anderson,
2010; Gerhardt et al., 2016; Pedersen et al., 2016) as well as the
inhibition of the BMP7 pathway (Fuentealba et al., 2007), we
asked whether IFT88 silencing in ECs affected these pathways
under LSS using quantitative PCR for downstream targets.
First, we observed that the BMP pathway (SMAD6) was highly
up-regulated by LSS (Fig. 4 A). TGFB (SERPINI) and Notch (HES])
pathways were also up-regulated, but to lesser extent than BMP.
As in other cell types, PTCHI expression, a reference gene for
activation of the SHH pathway, was significantly decreased
(Fig. 4 A). Although Notch, TGFB, and Wnt (AXIN2) signaling
appeared unchanged (Fig. 4 A), BMP signaling was signifi-
cantly decreased in IFT88-deficient ECs compared with controls
(Fig. 4 A). Further, we investigated whether IFT88-deficient cells
were still responsive to BMP9 stimulation. Both IDI and SMADé6
expression were up-regulated by BMP9 stimulation (25 pg/ml)
in control cells (8- and 20-fold, respectively) but were reduced

primary cilia; orange arrowheads, primary cilia from surrounding cells. Bars, 20 um. (D) Monolayers of HUVECs were subjected to different shear stress condi-
tions for 24 h (n = 8; mean + SEM; two-sided Wilcoxon test) and then stained for VE-cadherin, ARL13b (primary cilia), and DAPI. The percentage of cells with a
PC within the monolayers was quantified. Representative images are shown for static (stat) and HSS conditions. Green arrowheads, endothelial primary cilia;
black arrow, flow direction. Bars, 20 um. (E) A 24- to 30-hpf zebrafish embryo of double transgenic line Tg(kdr-l:ras-Cherrys916; B-actin::arl13b-eGfp) was
used to identify the dynamics of endothelial cilia over time. First image shows the EC labeling (referred to as mCherry-CAAX). Second image shows the luminal
cilia (white arrowhead, disappearing cilia; light green arrowhead, stable cilia; dark green arrowhead, appearing cilia). Movie of the cilia dynamics is provided
in Video 1. Bar, 10 um. (F) Stills extracted from Videos 2 and 3 showing the retraction of the cilium (“retracting cilium”) or its formation (“appearing cilium").

Bars, 3 um. %, P < 0.05; **, P < 0.01. PC, primary cilium.
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by 50% after IFT8S silencing (Fig. S3 C). To understand if this
was related to a specific range of shear stress, we evaluated the
response of ECs to BMP9 under different shear stress conditions
(Fig. 4, B and C; and Fig. S3, D-F). A recent study demonstrated
that HUVECs exposed to shear stress show increased sensitivity
to BMP9 (Baeyens et al., 2016b). Indeed, when repeating the very
same dose-response study using semiquantitative Western blot
analysis of phospho-SMAD1/5/8 (p-SMAD1/5/8) levels, we con-
firmed the dramatic increase in the sensitivity of ECs to BMP9
stimulation when exposed to shear stress compared with static
conditions. Surprisingly, however, this effect was much more
pronounced at LSS values (not tested in Baeyens et al., 2016b).
We identified a half-maximal effective concentration (EC50) of
BMP9 of 1.26 pg/ml for ECs under LSS compared with 9.27 pg/
ml for ECs under HSS and 38.44 pg/ml for the static condition
(Fig. 4, B and C; and Fig. S3, D-F). Intriguingly, IFT88-deficient

Vion et al.
Primary cilium and vascular regression

control IFT88EC-KO  of the plexus in IFT88 iEC-KO mice and litter-
mate controls (expressed as vascularized area
normalized to control situation; WT, n = 5; KO,
n = 9; median * 1Q; two-sided Wilcoxon test).
(C) Representative images (black, IB4) and quan-
tification of the number of sprouting cells (orange
arrowheads) in IFT88 iEC-KO mice and littermate
controls (WT, n = 6; KO, n = 5; median  |Q; two-
sided Wilcoxon test). **, P < 0.01; ***, P < 0.001.
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cells completely lost this differential response to LSS and HSS,
displaying very similar sensitivities to BMP9 with values compa-
rable to control cells under HSS (EC50)0y shear 1Frss = 10.61 pg/ml;
EC50high shear tFTss = 7.89 pg/ml; Fig. 4, B and C; and Fig. S3, D-F).
These results demonstrate that IFT88, likely by supporting for-
mation of the primary cilium, equips ECs with a sharp sensitivity
to BMP9, selectively at LSS levels. Surprisingly, although further
increases in BMP9 levels eventually caused signal saturation,
only control cells exposed to LSS desensitized at the highest con-
centrations of BMP9, as indicated by a drop in p-SMAD1/5/8 lev-
els (Fig. 4, B and C; and Fig. S3, E and F). Together, this suggests
that ECs capable of forming a primary cilium are highly sensitive
to BMP9 with a unique dose-response curve at LSS values.

The activation of downstream target genes by p-SMAD1/5/8
requires their translocation to the nucleus. We therefore analyzed
nuclear translocation of p-SMAD1/5/8 by immunostaining at
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Figure 3. IFT88 iEC-KO mice show increased random vascular regression and loss of flow-induced polarity. (A) Retinas from P6 IFT88 iEC-KO and
littermate control mice were stained for ICAM2 (green) and with Isolectin B4 (red). Arrowheads show collapsed vessels. The number of collapsed lumens per
vascular area was quantified in both groups (n = 8; median + |1Q; two-sided Wilcoxon test; *, P < 0.05). Bars, 50 pm. (B) Retinas from P6 IFT88 iEC-KO and
littermate control mice were stained for Collagen IV (red) and with Isolectin B4 (green). Arrowheads show collagen empty sleeves. The number of empty sleeves
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different levels of shear stress. Stimulation with 10 pg/ml BMP9
strongly triggered translocation of p-SMAD1/5/8 to the nucleus
in control cells in all shear stress conditions and at a higher rate
at LSS and HSS levels (5.8- and 4.5-fold, respectively; Fig. 4 D)
compared with static conditions (1.7-fold; not depicted). Interest-
ingly, the pronounced translocation of p-SMAD1/5/8 after BMP9
stimulation under LSS was abolished upon silencing of IFT88. In
contrast, IFT88-deficient ECs exposed to HSS remained respon-
sive to BMP9 stimulation, but at lower levels than control cells
(3.6-fold increase instead of 4.5-fold; Fig. 4 D). Because IFT88
has been shown to have cilium-independent roles (Delaval et al.,
2011; Boehlke et al., 2015; Taulet et al., 2017), we evaluated the
effect of KIF3a silencing, another key protein in cilium mainte-
nance, on BMP signaling. First, we confirmed by qPCR that ECs
expressing shRNA targeting KIF3a was effective (Fig. S3 G). This
silencing led to a decrease in SHH activity (PTCHI and GLII), as
expected from the loss of the primary cilium (Fig. S3 G). Simi-
lar to the IFT88 silencing experiment, both IDI and SMAD6 gene
expression were up-regulated by 25 pg/ml BMP9 stimulation in
control ECs (four- and fivefold, respectively) but were reduced by
40% after KIF3a silencing (Fig. S3 H). Additionally, LSS-induced
translocation of p-SMAD1/5/8 into the nucleus was abolished in
KIF3a-deficient ECs, whereas HSS-induced translocation was
maintained (Fig. 4 E). These results suggest that in ECs, the abil-
ity to form primary cilia is critical for both SMAD1/5/8 phosphor-
ylation and nuclear translocation under LSS, but not under HSS.

Furthermore, staining for p-SMAD1/5/8 in the retina con-
firmed this observation; in the remodeling area p-SMAD1/5/8
was decreased in endothelial nuclei in the IFT88 iEC-KO mice
compared with controls (Fig. 4 F). Expression of Smadé and
Serpinl was also reduced in ECs extracted from IFT88 iEC-KO
retinas (Fig. 4 G) but the expression levels of receptors for BMP9
or TGFB (Alkl and Alk5) and the coreceptor Endoglin (Eng)
were unchanged (Fig. 4 G). Interestingly, in vitro, ALK appears
enriched around the cilium in ciliated ECs (Fig. 5 A); this spe-
cific localization close to the Golgi was reduced in nonciliated
ECs (Fig. 5 A). We also identified prominent phosphorylation of
SMAD1/5/8 at the basal body and along the cilium (Fig. 5 B) as
well as SMAD4 localization along the cilium (Fig. 5 C) upon LSS
stimulation in vitro.

BMP9/10 signaling through ALKI1 has been proposed as a
regulator of vascular remodeling by stimulating cell migration
against the flow and promoting EC quiescence in zebrafish (Laux
et al., 2013; Rochon et al., 2016). Given previous studies that
directional migration is a key factor during vascular regression
(Franco et al., 2015), we asked whether migration was affected

by IFT88 loss. Interestingly, Both IFT88-deficient and KIF3a-
deficient ECs migrated significantly faster than control cells to
close a scratch wound in vitro (Fig. 5, D and E). Trapping BMP9
in the medium using the ALK1-Fc receptor-body equally acceler-
ated wound closure of control cells but had no additional effect
on KIF3a-deficient ECs or IFT88-deficient ECs (Fig. 5, D and E).
These data highly suggest that BMP9 signaling is responsible for
the decreased migration in ECs capable of forming a primary
cilium. Finally, IFT88-deficient ECs, KIF3a-deficient ECs, and
ALK1-Fc receptor body-treated ECs harbored significantly more
ECswith along and continuous lamellipodium along the free edge
of the wound (Fig. 5, E and F). Such lamellipodia correlate with
higher speed of migration in other cell types (Lee etal., 1993) and
point toward changes in cytoskeletal organization during migra-
tion as a potential downstream target of BMP signaling through
IFT88 and KIF3a and hence likely through the primary cilium.

Discussion

Our present results identify that ECs display primary cilia in
a temporal and spatial pattern that correlates with particular
hemodynamic settings during vascular remodeling in the mouse
retina. Similar to earlier observations in the developing zebrafish
embryo (Goetz et al., 2014), we find primary cilia most frequently
in ECs exposed to LSS and moderate shear stress, whereas most
cells exposed to HSS do not show a cilium. This corroborates
several studies demonstrating that HSS disrupts endothelial pri-
mary cilia (Iomini et al., 2004; Egorova et al., 2011; Ten Dijke et
al., 2012). We show that even at lower shear values, cilia dynam-
ically form and disappear, suggesting that ECs may experience
differential or recurring phases of cilia expression during vas-
cular development. Dinsmore and Reiter (2016) reported that
genetic constitutive deletion of IFT88 in ECs has no effect on the
vasculature of the retina in newborns but causes the formation of
large atherosclerotic lesions in turbulent/LSS areas of the aorta.
In our present work, we find that inducible genetic deletion of
primary cilia in ECs during postnatal retina development causes
premature and widespread vessel regression.

Morphological telltale signs of apical shear forces experi-
enced by ECs are their elongated morphology and the polarized
positioning of their Golgi and centrosome ahead of the nucleus,
against the direction of flow (Vyalov et al., 1996). Accumulating
evidence indicates that this axial polarity coincides with direc-
tional cell migration against the flow (Ostrowski et al., 2014;
Franco et al., 2015; Rochon et al., 2016). Combined simulation
of hemodynamics (Bernabeu et al., 2014) and analysis of axial

was quantified in both groups (WT, n = 9; KO, n = 7; median # 1Q; two-sided Wilcoxon test; ***, P < 0.001). Bars, 70 um. (C) Representation of the method
determining the distance value for elements placed between a vein and an artery (0 = touching the vein, 1 = touching the artery). (D) The distribution of empty
sleeves was quantified in IFT88 iEC-KO mice and littermate controls (WT, n = 9; KO, n = 7; mean + SEM; one-sided Mann-Whitney U test). (E) Flow-induced
polarity profile depending on shear stress value in the retina of the IFT88 iEC-KO mice compared with littermate controls (n = 3; mean + SEM; O = perfect polarity
against the flow direction; 1.6 = random polarity; one-sided Mann-Whitney U test; *, P < 0.10; **, P < 0.05). (F) Visualization of simulated shear profiles in P6
IFT88iEC-KO and littermate control retinas. The color-coding is adjusted to highlight the intermediate shear range where ECs in the KO show reduced polarity
(shown in yellow, representative images of six animals). (G) Schematics showing examples of divergent polarity events in the remodelling plexus. Arrows,
polarity vectors; orange contours, regions of divergent polarity. (H) The density distribution of divergent polarity events was determined for both IFT88 iEC-KO
mice and littermate controls (n = 3; mean + SEM; one-sided Mann-Whitney U test; *, P < 0.10; **, P < 0.05). a.u., arbitrary unit.
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Figure 4. Loss of the primary cilium leads to increased migration and blocks the differential response to BMP9 under flow. (A) quantitative PCR was
used to assess levels of SHH (PTCHI), BMP (SMAD6), TGFB (SERPINE), Notch (HESI), and Wnt (AXIN2) signaling in ECs transfected with silFT88 or siCTR under
LSS conditions (n = 5; all conditions were normalized to 1 for siCTR under the static condition [red line, n = 4]; mean+ SEM; two-sided Wilcoxon test; *, P <
0.05). (B) Dose-response curves were generated for p-SMAD1/5/8 levels after BMP9 stimulation based on Western blot analysis (n = 3; mean: LSS = 2 dyn/cm?;
HSS = 20 dyn/cm?). (C) Representative images of the Western blots used for the dose-response analysis. Molecular masses are indicated on the images based
on prestained protein standard. (D) Representative images (red outline based on DAPI segmentation) and quantification of p-SMAD1/5/8 nuclear staining (PFA
fixation) in ECs transfected with siCTR or silFT88 and treated with 10 pg/ml BMP9 (the red line represents nontreated cell level of staining; n = 3; between
1,900 and 3,300 cells per condition; mean+ SEM [of cell individual values]; two-sided Mann-Whitney U test; ***, P < 0.001). Bars, 30 pum. (E) Representative
images and quantification of p-SMAD1/5/8 nuclear staining (PFA fixation) in ECs transfected with shCTR or shKIF3a and treated with 10 pg/ml BMP9 (the red
line represents nontreated cell level of staining; n = 3; between 1,900 and 3,300 cells per condition; mean+ SEM [of cell individual values]; two-sided Mann-
Whitney U'test; ***, P < 0.001). Bars, 30 um. (F) Representative images of immunofluorescent staining of p-SMAD1/5/8 in the retina of IFT88 iEC-KO mice or
littermate control and quantification of the nuclear signal in ECs. Positive staining in surrounding cells is still visible in the IFT88 iEC-KO retina (control, n = 5;
IFT88 iEC-KO, n = 7, blue: DAPI; red: p-SMAD1/5/8; green: Isolectin; mean+ SEM; two-sided Wilcoxon test; *, P < 0.05). Bars, 20 pm. (G) qPCR analysis was
performed on ECs extracted from IFT88 iEC-KO (gray) and littermate retinas (white; n = 7, mean+ SEM; two-sided Wilcoxon test; *, P < 0.05; ***, P < 0.001).

endothelial polarity has recently proven to be a powerful tool to
dissect the behavior of ECs during vessel regression (Franco et
al.,2015,2016). Our polarity analysis in vivo revealed a profound
reduction of axial polarity in IFT88-deficient ECs precisely

in the vascular plexus region that experiences intermediate
shear values and high levels of regression. Vessels experienc-
ing the highest shear stress, specifically arteries, showed the
most robust polarization against flow. This effect appears to
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Figure 5. Loss of BMP9 signaling through the cilium increases EC migration. (A) HUVECs were stained for ARL13b (primary cilium; red), ALK1 (green), and
DAPI (blue; methanol fixation, n = 2) under static conditions. Bars, 10 pm. (B) HUVECs were stained for acetylated tubulin (primary cilium; green), P-SMAD1/5/8
(red), and DAPI (blue; methanol fixation, n = 2) under LSS conditions. Bars, 10 um. (C) HUVECs were stained for ARL13b (primary cilium; red), SMAD4 (green),
and DAPI (blue; methanol fixation, n = 2) under LSS conditions. Bars, 10 pm. (D) A wound-closure assay was performed on ECs transfected with siCTR and
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be independent of the primary cilium, as it is not expressed at
these locations. Also, IFT88 mutants showed no change in axial
polarity in ECs in areas exposed to HSS and displayed normal
arterial morphologies.

Why then do some vessels lacking IFT88 show altered polar-
ity and premature regression? The BMP-ALKI-SMAD pathway
recently emerged as an important player in both endothelial flow
responses and vessel stability. The complete loss of BMP9/10-
ALK1 signaling reduces cellular quiescence in nascent vascular
networks, resulting in dramatic hypersprouting (Larrivée et al.,
2012), and triggers the formation of arteriovenous shunts (Laux
et al., 2013; Baeyens et al., 2016b). In zebrafish embryos, ALK1
deficiency has been shown to drive shunt formation by impair-
ing polarization and movement of ECs against flow (Rochon
et al.,, 2016). Loss of the coreceptor Endoglin, a flow-sensitive
enhancer of ALK1-BMP signaling (Baeyens et al., 2016b), also
triggers arteriovenous shunts, but it does not mimic the excessive
sprouting seen in ALKI mutants (Jin etal., 2017). Interestingly,
Endoglin profoundly increases EC SMAD1/5/8 phosphorylation
through BMP9-mediated Alkl activation, particularly under HSS
(Baeyens et al., 2016b), and promotes EC migration against the
flow (Jin et al., 2017). Our present work reinforces the idea that
BMP9-ALK1-SMAD1/5/8 signaling is intimately connected with
endothelial flow responses and polarized migration, but it sug-
gests the existence of a tunable range of shear and BMP sensi-
tivity involving distinct molecular mechanisms. Whereas Endog-
lin operates at high shear, we find that the cilium components
IFT88 and KIF3a, and likely the cilium itself, confer a particular
sensitivity to BMP9 at low shear levels. Given that arteriovenous
shunts form in high-flow regions, the differential involvement of
Endoglin and the cilium at high and low flow, respectively, may
also explain why IFT88 deficiency does not cause shunt forma-
tion. Mechanistically, how SMAD signaling promotes endothe-
lial polarity against flow remains unclear. Nevertheless, our data
identify, for the first time in ECs, the presence of phosphorylated
SMAD1/5/8 and SMAD4 along the primary cilium, a mechano-
sensitive structure that is linked to the polarized microtubular
organization of the cell and its Golgi position. In human mes-
enchymal stem cells, phosphorylated SMAD2/3 was detected at
the basal body of primary cilia, promoting signaling after TGFf
stimulation (Labour et al., 2016). In Xenopus laevis embryos,
SMADI is recruited to the base of the cilium for degradation and
signal termination (Fuentealba et al., 2007). In contrast, given
that ALKI-Fc treatment mimics IFT88 or KIF3a depletion, our
data point toward an activating process in ECs.

Interestingly, in IFT88-deficient ECs, p-SMAD1/5/8 levels
were identical between ECs exposed to LSS and HSS, whereas
nuclearlocalization was decreased only in LSS. This suggests that

the primary cilium, or IFT88, may also contribute to transport of
P-SMADI1/5/8 to the nucleus. The microtubule motors Kinesin
and Dynein actively transport SMADs to the activating receptor
kinases at the membrane and to the nucleus, respectively, (Chen
and Xu, 2011), and are also important for cilium-dependent
mechanisms (Verhey et al., 2011). Our data showing identical
effects of losing either of two unrelated essential components
of the primary cilium, and of inhibiting BMP signaling on cell
migration in vitro, together with the localization of BMP-ALK1-
SMAD signals at the primary cilium, favor the idea that it is the
primary cilium that mediates flow-dependent sensitization to
BMP, thereby affecting cell rearrangements. Conceptually, our
discovery of the primary cilium sensitizing ECs to the activity
of BMP-ALK1-SMAD signaling atlow shear levels, together with
the earlier findings of Endoglin performing a similar function at
high shear levels, suggest that critical endothelial responses to
the changing hemodynamic conditions across the remodeling
network are fine-tuned through the integration of mechano-
sensing and receptor kinases to ensure proper vascular pattern-
ing and flow distribution. How well and in which direction ECs
polarize and migrate as flow response appear to take center stage
in this morphogenic process. Future work will need to address
how the primary cilium sensitizes ECs to BMP and what down-
stream effectors of BMP signaling are critical for cell polarization
and stabilization of vessels during remodeling.

Materials and methods

Mice and treatments

The following mouse strains were used: C57/BLé]J, Ift887
(Haycraft et al., 2007), Pdgfb-iCre-ERT2-Egfp (Claxton et al.,
2008), and R26mTmG (Muzumdar et al., 2007). Mice were main-
tained at the Max Delbriick Center for Molecular Medicine under
standard husbandry conditions. Tamoxifen (Sigma-Aldrich) was
injected i.p. (20 pg/g animal) at P1 and P3. Eyes were then col-
lected at P4, P6, or P15 onwards. For C57/BL6] mice, eyes were
collected at P3, P6, P11, and P15. For EC proliferation assessment
in the retina, mouse pups were injected i.p. 2 h before collection
of eyes with 20 pl/g EAU solution (0.5 mg/ml; C10340; Invitro-
gen). Animal procedures were performed in accordance with the
animal license IC113 G 0117/15. The investigators were blinded to
allocation during experiments.

Fish maintenance and stocks

Zebrafish (Danio rerio) were raised and staged as previously
described (Kimmel et al., 1995). We used the double transgenic
line Tg(kdr-l:ras-Cherrys916; B-actin::arl13b-eGfp) by crossing
two previously described fish lines (Borovina et al., 2010; Phng et

Wilcoxon test; *, P < 0.05; **, P < 0.01). Bars, 100 pm. (E) A wound-closure assay was performed on ECs transfected with shCTR and shKIF3a, treated or not
with ALK1-Fc (25 ng/ml, for the duration of the wound experiment). Representative images were taken 9 h after the wound was made (green lines, wound at
t = 0; red lines, wound at t = 9 h) and the speed of closure was quantified (n = 7; mean + SEM; two-sided Wilcoxon test; *, P < 0.05; **, P < 0.01). Bars, 150 pum.
Bottom images of the panel highlight lamellipodia formation in shK/F3a, ALK1-fc, and shKIF3a+ALK1-fc condition compared with control. Bars, 60 um. (F) Rep-
resentative images of actin staining (phalloidin-Alexa Fluor 594; green, top panel; black, bottom panel) of the ECs leading the wound closure and quantification
of the number of cell with an undisrupted front lamellipodium (observed after 6 h of wound; n = 3; two-sided paired t test. Data distribution was assumed to

be normal, but this was not formally tested. *, P < 0.05. Bars, 60 um.
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al., 2013). The B-actin::arl13b-eGfp line was a gift from B. Ciruna
(University of Toronto, Toronto, Ontario, Canada).

Dynabead-mediated isolation of lung ECs from neonatal mice
Lungs of P6 mouse pups were removed, minced using a scal-
pel and digested with 2.2 pg/ml Dispase in HBSS with calcium/
magnesium for 60 min at 37°C. Digested tissues were homoge-
nized using a P1000 pipette and filtrated through a 40-pm cell
strainer. After centrifugation, the cell suspension was incu-
bated for 30 min at room temperature with 100 yl magnetic
Dynabeads (Invitrogen) that had been conjugated overnight with
anti-mouse CD144 antibody in PBS/EDTA 0.5 mM and 0.5% BSA.
Cells attached to the beads were collected using an MPC magnet
(Invitrogen) and washed three times with PBS/EDTA 2 mM and
0.5% BSA. Collected cells were then plated on 0.5% gelatin-coated
wells and treated with 1 uM tamoxifen (every 2 d) to induce dele-
tion once they reached confluency at P1.

Dynabead-mediated isolation of retinal ECs

from neonatal mice

Eyes of P6 mouse pups were removed, dissected in DMEM, and
digested with 1 mg/ml Collagenase-A for 10 min at 37°C. Digested
tissues were filtrated through a 40-ym cell strainer. The cell
suspension was incubated for 20 min at 4°C with 10 pl magnetic
Dynabeads (Invitrogen) per retina that had been conjugated
overnight with anti-mouse CD31 antibody in 0.5 mM PBS/EDTA
and 0.1% BSA. Cells coated with beads were collected using an
MPC magnet (Invitrogen) and washed three times with 0.5 mM
PBS/EDTA and 0.1% BSA. Cells not coated with beads were col-
lected as a negative control. Collected cells were then processed
for RNA extraction.

Cell culture and microfluidic chamber experiments

HUVECs (passage 2 to 6; PromoCell) were routinely cultured in
EBM-Bulletkit (Promocell). For siRNA experiments, HUVECs
were transfected with ON-TARGET smart pool control nontarget-
ing siRNAs (D-001210-02-20; Dharmacon) and siRNAs against
human IFT88 (L-012281-01-0005, siRNA 1: 5'-GAGAAUUAUAUG
AUCGUGA-3’; siRNA 2: 5'-AGGCAAAUGGAACGUGAAA-3', siRNA
3: 5'-~AGGAAGUGCUAGCGGUGAU-3’; siRNA 4: 5'-AGUAAAGGU
GAACGACUAA-3"; Dharmacon). HUVECs were transfected with
25 nM siRNA using Dharmafect 1 transfection reagent. In brief,
siRNA and Dharmafectl were diluted in Optimen medium in sep-
arated vials for 5 min and then carefully mixed. After 20 min,
the mix was added to the cells. For static experiments, cells were
used between 24 and 48 h after transfection. For flow experi-
ments, cells were cultured on 0.2% gelatin-coated slides (Menzel
Glazer), and unidirectional laminar shear stress was applied 36 h
after transfection using peristaltic pumps (Gilson) connected toa
glass reservoir (ELLIPSE) and the chamber containing the slide.
Local shear stress was calculated using Poiseuille’s law and aver-
aged to 2 (LSS) or 20 dyn/cm? (HSS). Cells were exposed to shear
stress for 45 min using EBM media (Promocell) and costimulated
with 0, 5, 25, 100, 500, and 1,000 pg/ml BMP9 (3209-BP-010;
R&D) under the different flow conditions for the dose-response
experiment (Fig. 4 C and Fig. S3, D-F), with 10 pg/ml for staining
(Fig. 4, D and E). For quantitative PCR under static conditions,

Vion et al.

Primary cilium and vascular regression

ECs were stimulated with 25 pg/ml BMP9 for 2 h. For wound
assays, ECs were treated with 25 ng/ml Alkl-fc (R&D) or vehicle
for the duration of the wound.

Adenoviral transduction

pENTR-Arl13b2 was a gift from T. Caspary (Emory University,
Atlanta, GA; plasmid 40871; Addgene). The cDNA of mEGFP was
inserted upstream of the Arl13b2 cDNA using the NEB Builder HiFi
DNA Assembly system (New England Biolabs). Arli3b-mEGFP
cDNA was then cloned into pAd/CMV/V5-DEST vector from the
ViraPower Adenoviral Expression system (ThermoFisher Scien-
tific). Replication-incompetent viral particles were produced in
293A cells following the manufacturer’s instructions.

Lentiviral transduction

Lentivirus expressing inducible shRNA (Sigma-Aldrich) was
used to silence Kinesin-like protein (KIF3A, shRNA sequence:
5'-CCGGCGTCAGTCTTTGATGAAACTACTCGAGTAGTTTCATCA
AAGACTGACGTTTTTG-3'). HUVECs were infected in the pres-
ence of hexadimethrine bromide (at 8 pg/ml) with lentivirus at
MOI 2.5. Negative controls were lentivirus expressing a nontar-
get shRNA used at the same MOI as for the protein of interest.
Transduced cells were amplified and selected using puromycin
(P9620; Sigma-Aldrich) at 1 ug/ml during amplification. Puromy-
cin treatment was stopped during experiments. shRNA expres-
sion was induced by treating HUVECs for 5 d using IPTG (16758;
Sigma-Aldrich) at 1 mmol/liter.

Western blotting

HUVECs were washed with cold PBS and scraped off in M-PER
(Mammalian Protein Extraction Reagent; Thermoscientific)
completed protease and phosphatase inhibitors (Roche). Lysates
were centrifuged and protein supernatant was quantified using
the Lowry protein assay (Bio-Rad). Lysates were mixed with
reducing sample buffer for electrophoresis and subsequently
transferred onto polyvinylidene fluoride membranes. Equal load-
ing was checked using Ponceau red solution. Membranes were
incubated with primary antibodies (see below). After incubation
with secondary antibodies (1:3,000; GE Healthcare), immunode-
tection was performed using an enhanced chemiluminescence
kit (SuperSignal West Dura; Pierce), and bands were revealed
using the Las-4000 imaging system. After initial immunodetec-
tion, membranes were stripped of antibodies and reprobed with
anti-GAPDH antibody. Values reported from Western blots were
obtained by band density analysis using Image Gauge software
(Fujifilm) and expressed as the ratio of the protein of interest
to GAPDH. The following antibodies were used: GAPDH (ref
MAB374, goat; 1:10,000; Millipore), IFT88 (ref 13967-1-AP, rab-
bit; 1:500; Proteintech), p-SMAD1/5/8 (ref 13820, rabbit; 1:500;
CST), SMADI (ref 385400, rabbit; 1:500; CST).

Immunofluorescence staining

Eyes were collected and fixed with 4% PFA in PBS for1h at4°C, and
retinas were then dissected in PBS. Blocking/permeabilization
was performed using Claudio’s blocking buffer (CBB; Franco et
al., 2013), consisting of 1% FBS (Gibco), 3% BSA (Sigma-Aldrich),
0.5% Triton X-100 (Sigma-Aldrich), 0.01% sodium deoxycholate
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(Sigma-Aldrich), and 0.02% sodium azide (Sigma-Aldrich) in
PBS at pH 7.4 for 1-2 h with rocking at 4°C. Primary antibodies
were incubated at the desired concentration in 1:1 CBB/PBS with
rocking at 4°C overnight and secondary antibodies were incu-
bated at the desired concentration in 1:1 CBB/PBS for 2 h at room
temperature. DAPI (Sigma-Aldrich) was used for nuclear label-
ing. Retinas were mounted on slides using Vectashield mounting
medium (H-1000; Vector Labs).

HUVECs were fixed using 100% cold methanol for 10 min (for
cilium staining) or PFA 4% for 10 min (for all other stainings)
and washed three times in PBS. Cells were then stained for 2 h
with primary antibodies in 1:1 CBB/PBS followed by incubation
for 1 h with secondary antibodies in 1:1 CBB/PBS (see list below).
DAPI (Sigma-Aldrich) was used for nuclear labeling. Cells were
mounted in Mowviol.

The following antibodies were used in vivo: ARLI3b (ref
17711-1-AP, rabbit; 1:500; Proteintech), cleaved caspase (ref
9661, rabbit; 1:200; CST), collagen IV (ref ab6586, rabbit; 1:200;
Abcam), ERG (ref ab92513, rabbit; 1:1,000; Abcam), GOLPH4 (ref
ab28049, rabbit; 1:500; Abcam), ICAM2 (ref 553326, rat; 1:200;
BD Biosciences), p-SMADI1/5/8 (rabbit; 1:200; CST; ref 13820),
vascular endothelial (VE)-cadherin (ref 555289; rat; 1/100; BD
Biosciences), Isolectin 488 (ref 121411, 1:400; Invitrogen), and
Isolectin 568 (ref 121412, 1:400; Invitrogen). The following anti-
bodies were used in vitro: acetylated tubulin (ref T6793, rabbit;
1:500; Sigma-Aldrich), ALK1 (ref AF370, goat; 1:500; RandD),
detyrosinated tubulin (ref AB3201, rabbit; 1:500; Millipore),
p-SMADI1/5/8 (ref 13820, rabbit; 1:500; CST), SMAD4 (ref
sc-7966, rabbit; 1:500; Santa Cruz;), p-SMAD1/5/8 (ref 13820,
rabbit; 1:500; CST), VE-cadherin (ref sc-6458, goat; 1:100; Santa
Cruz), and Phalloidin 568 (ref A12380, 1:100; Invitrogen).

Microscope image acquisition

Retina imaging

Images of retinas were taken using a LSM 780 inverted micro-
scope (Zeiss) equipped with a Plan-Apochromat 20x/0.8 NA Ph2
objective or with a Plan-Apochromat 63x/1.4 NA DIC objective
or using a LSM 700 upright microscope (Zeiss) equipped with a
Plan-Apochromat 20x/0.8 NA Ph2 objective. Both microscopes
were equipped with a photon multiplier tube detector. Images
were taken at room temperature using Zen 2.3 software (Zeiss).

In vitro imaging

Images from fluorescently labeled HUVECs were acquired using a
LSM 700 upright microscope equipped with a Plan-Apochromat
20x/0.8 NA Ph2 objective. Images were taken at room tempera-
ture using Zen 2.3 software.

Bright-field images were taken using a Leica DMIL LED
microscope equipped with a10x/0.22 NA Phl objective and a CCD
camera (DFC3000 G). Images were acquired at room tempera-
ture while the cells were still in their culture medium using LAS
X software (Leica).

Live-cell imaging

HUVEC cells were plated in ibidi slides 0.6 and infected with the
Arl13b2-mEGP virus. 48 h later, cells were stained with 1 uM siR-
DNA nuclear dye (Spirochrome) and incubated for an additional
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hour. Cells were subsequently imaged using an LSM 780 inverted
microscope (Zeiss) equipped with Plan-Apochromat 20x/0.8
NA Ph2 objective and the Definite Focus system. Time series of
single planes were acquired at five randomly selected positions
with 5 min resolution, 0.42 x 0.42 um pixel, and an open pinhole.
Images were taken at 37°C, 5% CO, using Zen 2.3 software. Images
were analyzed in Fiji (Schindelin et al., 2012).

Zebrafish live imaging

Zebrafish embryos (24-30 hpf) were dechorionated, anaes-
thetized with 0.16 mg/ml Tricaine methanesulfonate (Sigma-
Aldrich), mounted in 0.8% low-melting-point agarose (Life
Technologies), and immersed in E3 buffer with 1x Tricaine for
image acquisition. Live imaging was performed on a Yokogawa
CSU-W1 upright 3i spinning-disc confocal microscope using
a Zeiss Plan-Apochromat 63x/1.0 NA water-dipping objective
and a CMOS Cl11440-22cu camera (Hamamatsu Photonics).
Images were acquired using SlideBook 6 at a constant tem-
perature of 28°C.

Image analysis

In vivo, the primary cilia belonging to ECs were identified as
finger-like structures close to endothelial nuclei and localized
inside the vessel (luminal side of Isolectin- or VE-cadherin-
stained ECs). Veins and arteries of the retinal vasculature were
identified based on their distinct morphological characteristics,
with arteries showing dichotomous branching and a capillary
free zone and veins appearing wider and mostly unbranched,
surrounded by dense plexus. For quantifying the endothelial
cilium in the iEC-IFT88 retinas, primary cilia were quantified
only in veins, where their density was the highest in the control
retinas. The few residual endothelial primary cilium appeared
distributed along the vein. Lumen collapses were identified
as ICAM2-negative/Isolectin-positive vessel segments; empty
sleeves were identified as Collagen IV-positive/Isolectin-
negative vessel segments. EdU-positive ECs were identified as
cells positive for both ERG and EdU. EC density was assessed
in the remodeling plexus and quantified as number of ECs per
field of view. In vitro, the primary cilium was identified as a
finger-like structure protruding above the cell and either close
to the nucleus or on top of the Golgi apparatus. Translocation
of p-SMAD to the nucleus was quantified using Cellprofiler
(Broad Institute). In brief, nuclei were segmented based on the
DAPI staining, and the nuclear signal measured. For all animal
experiments, experimenters were unaware of the genotypes of
the animals while acquiring images. For zebrafish experiments,
images were analyzed using Fiji software. Z-stacks and time-
lapse sequences were first flattened by maximum intensity pro-
jection. XY drift was corrected using the MultiStackReg plugin
(B. Busse, National Institute of Child Health and Human Devel-
opment, Bethesda, MD). Fluorescence bleaching was corrected
by histogram matching.

Arteriovenous coordinate system

To characterize the position of events and structures within a
mouse retina, we introduced a vein-artery coordinate system,
which characterizes the relative position in the mouse retina
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with respect to the closest distance to arteries and veins. To
obtain this coordinate system, the position of the midlines of the
2D projections of veins and arteries were identified manually in
images of quarters of the retinas. For each point in the image,
the closest distance to any vein and artery are given by d, and
d,, respectively, and the corresponding arteriovenous distance is
thus defined by

dv/d, + d,.

Itis O on veins and 1 on arteries and scales linearly between veins
and arteries. The positions of empty collagen sleeves (Fig. 3, E
and F) and divergent regions (Fig. 4, E and F) were analyzed
within this coordinate system.

Mouse retina rheology model

Analysis of the axial polarity of ECs was performed by measuring
the angle formed by the nucleus-Golgi axis and the flow direc-
tion using a mouse retina rheology model (Bernabeu et al., 2014).
In brief, retinal vascular plexuses were stained for ICAM2 and
imaged following the previously mentioned protocol. The result-
ing images were postprocessed in Image] to isolate the luminal
region of interest, which was further processed with MATLAB
(MathWorks) to extract the image skeleton and compute vessel
radii along the network. Based on the computed image skeleton
and radii, a 3D triangulation of the plexus luminal surface was
generated with VMTK (Orobix srl). The computational fluid
dynamics software package HemeLB (Bernabeu et al., 2014) was
used to compute high-resolution estimates of pressure, velocity,
and shear stress across the domain. Shear stress values obtained
from simulation are impacted by the choice of inlet/outlet
boundary conditions on the simulated hemodynamics. Ideally,
one would use experimental measurements of flow rate and/
or pressure to close the system. We could not obtain these data
experimentally and relied on the data surveyed in Bernabeu et
al. (2014) obtained from adult animals. Therefore, shear stress
values in Fig. 4 C are theoretical values bound to our specific
settings. Flow visualization was generated with Paraview (Kit-
ware), and postprocessing of the results was performed with
custom-made MATLAB scripts.

Flow-induced polarity analysis

To analyze the coupling between the polarization of cells (given
by the Golgi-nucleus orientation) and the local direction and
velocity of blood flow (obtained by the polnet analysis), we aver-
aged the angles between flow and cell orientation after the bin-
ning with the local blood velocity. A deviation of O corresponds to
the case where the Golgi-nucleus vector is opposite to the blood
flow, whereas a deviation of m corresponds to the vectors being
in the same direction as the blood flow. Thus, if all cells at a given
flow velocity were perfectly polarized against the flow, the mean
deviation would be 0; if they were all polarized with the flow, the
mean deviation would be t; and if they were randomly polarized,
one would expect to find the mean deviation to be /2.

Cell cycle analysis of ECs from retinas
Eyes of Pé6 Ift88%1; Pdgtb-iCre-ERT2-Egfp™/";;R26-mTmG™¢/8
or Pdgtb-iCre-ERT2-Egfp™/";;R26-mTmG"/™8 mouse pups were
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collected, dissected in DMEM, and digested with 1 mg/ml Collage-
nase-A for 10 min at 37°C. Digested tissues were filtrated through
a 40-pm cell strainer, centrifuged and fixed with cold 100%
methanol. Cells were stored in 90% methanol at -80°C before
being further processed. Cells were then centrifuged to remove
methanol and resuspended in PI/RNase staining solution (Cell
Signaling) for 30 min before analysis by flow cytometry (LSRII;
BD). In brief, ECs were identified as GFP positive, cell doublets
were excluded, and the cell cycle was analyzed in the phycoeryth-
rin channel. Acquisition was done using DIVA software and anal-
ysis using Flow-Jo software.

Wound-closure assay

Previously transfected cells were passed into wound-healing
assay culture insert (ibidi) 24 h after transfection. After 24 h of
culture in the device, the insert was removed to make a wound
of ~450 pum. Images were taken at three different locations along
the wound at every hour for 9 h. The distance between both sides
of the wound was measured to calculate the speed of closure
over the 9 h. For staining experiments, cells were fixed 6 h after
removing the insert.

RNA extraction and real-time quantitative RT-PCR

RNA was extracted and purified using the Qiagen RNeasy kit fol-
lowing the manufacturer’s instructions for the experiment under
static conditions or using Trizol and the Direct-zol RNA kit (zymo
research) for experiments under flow. After measuring concen-
tration and purity, RNA was kept at -80°C before use. RT-PCR
was performed with 0.5 ug RNA using QIAGEN products and pro-
tocols; quantitative PCR was performed using Tagman products
and protocols. A set of three housekeeping genes was selected for
both human and mouse samples. Normalization was done using
the 2deltaCT method.

The following human Tagqman probes were used: IDI
(Hs03676575), SMAD6 (Hs00178579), SERPINI (Hs01126606),
IFT88 (Hs00167926), PTCHI (Hs00121117), GLII(Hs00171790),
KIF3a (Hs00199901), AXINZ (Hs00610344), HESI (Hs00172878),
UBC (Hs01060665), and HPRT (Hs02800695). The following
mouse Taqman probes were used: Ift88 (MmO1313467), Smadé
(MmO00484738), Serpinl (Mm00435858), Glil (Mm00494654),
Cdh5(MmO00486938), Gapd (Mm00484668), Ubc (Mm01201237),
and Hprt (Mm03024075).

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware. For in vivo experiments, two-sided Mann-Whitney ¢ tests
(unpaired, nonparametric) or two-way ANOVAs (data distribu-
tion was assumed to be normal, but this was not formally tested)
were used. For in vitro experiments, two-sided Wilcoxon ¢ tests
(paired, nonparametric) were used, except for p-SMAD translo-
cation, where a two-sided Mann-Whitney t test was used, and
for the lamellipodia quantification, were a two-sided paired
t test was used (data distribution was assumed to be normal,
but this was not formally tested). Details of the statistical test
used or each experiment can be found in the figure legends. The
investigators were blinded to genotype during experiments and
quantification.
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Online supplemental material

Fig. S1 shows the dynamic formation and retraction of cilia
in ECs in vitro. Additionally, it provides evidence for efficient
silencing of IFT88 in vivo both at the RNA and protein level,
as well as for the loss of endothelial cilia. IFT88 iEC-KO retina
displayed a normal vasculature at P15, suggesting recovery from
the earlier developmental defect. Fig. S2 shows the results of
flow cytometry, cleaved caspase-3, and EdU stainings of retinas,
together demonstrating that cell cycle or apoptosis changes are
unlikely the drivers of altered vascular density in cilia mutants.
It also provides a visual explanation of the in silico flow mod-
eling and the corresponding polarity analysis. Fig. S3 provides
evidence for IFT88 and KIF3a silencing efficiency in vitro,
additional graphic presentation for the dose-response curves
of ECs to BMP9 stimulation, and a table of EC50 values. Quan-
titative PCR results show that silencing KIF3a also affects the
BMP response of ECs. Video 1 shows that endothelial cilia are
luminal and dynamic in the zebrafish embryo. Video 2: shows
endothelial cilium formation in a zebrafish embryo. Video 3
shows endothelial cilium retraction in a zebrafish embryo.
Video 4 shows endothelial cilia dynamics in vitro.
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Paradoxical Suppression of Atherosclerosis in the Absence
of microRNA-146a

Henry S. Cheng, Rickvinder Besla, Angela Li, Zhiqi Chen, Eric A. Shikatani,
Maliheh Nazari-Jahantigh, Adel Hammoutene, My-Anh Nguyen, Michele Geoffrion, Lei Cai,
Nadiya Khyzha, Tong Li, Sonya A. MacParland, Mansoor Husain, Myron 1. Cybulsky,
Chantal M. Boulanger, Ryan E. Temel, Andreas Schober, Katey J. Rayner, Clinton S. Robbins,
Jason E. Fish

Rationale: Inflammation is a key contributor to atherosclerosis. MicroRNA-146a (miR-146a) has been identified as
a critical brake on proinflammatory nuclear factor «x light chain enhancer of activated B cells signaling in several
cell types, including endothelial cells and bone marrow (BM)-derived cells. Importantly, miR-146a expression is
elevated in human atherosclerotic plaques, and polymorphisms in the miR-146a precursor have been associated
with risk of coronary artery disease.

Objective: To define the role of endogenous miR-146a during atherogenesis.

Methods and Results: Paradoxically, Ldlr’- (low-density lipoprotein receptor null) mice deficient in miR-146a
develop less atherosclerosis, despite having highly elevated levels of circulating proinflammatory cytokines. In
contrast, cytokine levels are normalized in Ldlr”-;miR-146a~~ mice receiving wild-type BM transplantation, and
these mice have enhanced endothelial cell activation and elevated atherosclerotic plaque burden compared with
Ldlr”- mice receiving wild-type BM, demonstrating the atheroprotective role of miR-146a in the endothelium.
We find that deficiency of miR-146a in BM-derived cells precipitates defects in hematopoietic stem cell function,
contributing to extramedullary hematopoiesis, splenomegaly, BM failure, and decreased levels of circulating
proatherogenic cells in mice fed an atherogenic diet. These hematopoietic phenotypes seem to be driven by
unrestrained inflammatory signaling that leads to the expansion and eventual exhaustion of hematopoietic cells,
and this occurs in the face of lower levels of circulating low-density lipoprotein cholesterol in mice lacking miR-
146a in BM-derived cells. Furthermore, we identify sortilin-1 (SortI), a known regulator of circulating low-density
lipoprotein levels in humans, as a novel target of miR-146a.

Conclusions: Our study reveals that miR-146a regulates cholesterol metabolism and tempers chronic inflammatory
responses to atherogenic diet by restraining proinflammatory signaling in endothelial cells and BM-derived
cells. (Circ Res. 2017;121:354-367. DOI: 10.1161/CIRCRESAHA.116.310529.)

Key Words: atherosclerosis B endothelial cells B hematopoiesis B inflammation B microRNAs

Atherosclerosis is a chronic inflammatory vascular disease
characterized by the narrowing of blood vessels caused by
the growth of lipid-rich plaques.! The initiation of atherogenesis
relies on the recruitment of circulating leukocytes by activated
endothelial cells (ECs) to regions of deposited oxidized low-
density lipoprotein (LDL).> Activated ECs and leukocytes use
the nuclear factor x light chain enhancer of activated B cells

(NF-xB) signaling pathway to propagate inflammatory gene
expression, including induction of adhesion molecules, che-
moattractants, and cytokines to drive inflammation in the vessel
wall.>* NF-xB signaling is tightly controlled, and this includes
regulation by a network of microRNAs, which titrate the expres-
sion of signaling components post-transcriptionally.’ In particu-
lar, microRNA-146a (miR-146a) has been well characterized
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What Is Known?

MicroRNA-146a (miR-146a) suppresses inflammatory responses in
endothelial cells and bone marrow (BM)-derived cells by targeting
adaptor proteins in the nuclear factor x light chain enhancer of acti-
vated B cells signaling pathway.

Increased levels of miR-146a have been detected in human athero-
sclerotic plaques, and polymorphisms in the miR-146a precursor are
associated with risk of coronary artery disease.

Injection of exogenous miR-146a reduces atherogenesis in mouse
models.

What New Information Does This Article Contribute?

Deletion of miR-146a in BM-derived cells enhances the production
of proinflammatory cytokines, but paradoxically reduces circulat-
ing proatherogenic leukocytes, ultimately resulting in decreased
atherosclerosis.

miR-146a in BM-derived cells protects against high cholesterol diet—
induced hematopoietic progenitor cell exhaustion in the BM and pre-
vents extramedullary hematopoiesis and splenomegaly.

Circulating very-low-density lipoprotein levels are progressively de-
creased in mice lacking miR-146a in the BM, and this is accompanied
by enhanced inflammation in the liver and dysregulation of a newly
identified miR-146a target gene, sortilin 1 (Sort1).

Novelty and Significance

Elevation of miR-146a expression in atherosclerotic plaques in hu-
mans and polymorphisms in the miR-146a precursor that are asso-
ciated with coronary artery disease are suggestive of a role for this
microRNA in atherogenesis. Alithough numerous studies have placed
miR-146a among the echelon of anti-inflammatory microRNAs, the
role of endogenous miR-146a in atherosclerosis remains unknown.
Surprisingly, despite the ability of this microRNA to restrain cytokine
production in BM-derived cells, loss of this microRNA resulted in
reduced atherosclerosis. This was accompanied by hematopoietic
stem cell exhaustion and a corresponding reduction in levels of cir-
culating proatherogenic cells. Enhanced inflammatory signaling oc-
curred even though circulating levels of very-low-density lipoprotein
cholesterol were diminished in these mice. Within the vasculature,
miR-146a restrained endothelial activation, and loss of miR-146a
in the vasculature enhanced atherosclerosis. This study reveals a
critical function for a single microRNA in the control of the intensity
of inflammatory responses to hypercholesterolemia and highlights
the detrimental effects of unrestrained inflammatory signaling in
multiple organs: BM (hematopoietic stem cell exhaustion), spleen
(extramedullary hematopoiesis and splenomegaly), liver (cholesterol
homeostasis defects), and the vasculature (enhanced endothelial
cell activation and monocyte recruitment). Importantly, these find-
ings provide a further impetus to therapeutically augment miR-146a
expression/function in atherosclerosis.

Nonstandard Abbreviations and Acronyms

BM bone marrow

BMT bone marrow transplant

DKO double knockout

EC endothelial cell

HCD high cholesterol diet

HSC hematopoietic stem cell

HuR human antigen R

ICAM-1 intercellular adhesion molecule-1
IL interleukin

IRAK1 interleukin receptor—associated kinase 1
KO knockout

LDL low-density lipoprotein

LDLR low-density lipoprotein receptor
LPS lipopolysaccharide

miR-146a microRNA-146a

NCD normal chow diet

NF-xB nuclear factor x light chain enhancer of activated B cells
SELE E-selectin

sICAM-1  soluble intercellular adhesion molecule-1

SORT1 sortilin-1

TNF-o tumor necrosis factor-o.

TRAF6 TNF receptor—associated factor 6

VCAM-1 vascular cell adhesion molecule-1
VLDL very-low-density lipoprotein
WT wild type

in both ECs and leukocytes as a negative regulator of NF-xB
activity through its ability to target upstream adaptor proteins,

including TRAF6 (TNF receptor—associated factor 6) and
IRAKI1 (interleukin receptor—associated kinase 1).57

In This Issue, see p 311

Characterization of miR-146a—deficient mice has revealed
defects in multiple aspects of immune cell biology.*® Older
(>1 year) miR-146a”~ mice develop multiorgan inflamma-
tion, bone marrow (BM) failure, splenomegaly, and lymphoad-
enopathy.”'® When challenged by proinflammatory stimuli (eg,
lipopolysaccharide [LPS] or IL-1f3 [interleukin-1{3]), these mice
have exacerbated NF-kB—dependent inflammatory responses
and demonstrate expansion of proinflammatory Ly6C" mono-
cytes.®1%!! Interestingly, the hyperactivation of NF-kB caused by
low-grade inflammation during normal aging or through repeated
LPS challenge drives the proliferation and eventual exhaustion of
hematopoietic and progenitor stem cells in these mice, resulting
in eventual loss of circulating leukocytes and lymphocytes.'

The NF-xB pathway is activated in ECs, macrophages, and
smooth muscle cells within human atherosclerotic lesions.'
However, defining the role of NF-kB signaling in atherogenesis
has been complicated, as ablation of NF-kB activity in ECs re-
duces atherogenesis,® whereas inhibition within macrophages
enhances atherogenesis."* Of interest, recent studies have shown
that injection of miR-146a mimic into atheroprone mice reduces
atherogenesis, and it has been suggested that this is because of
suppression of macrophage NF-kB signaling.' The role of en-
dogenous miR-146a in atherogenesis remains undefined. Here,
we show that genetic ablation of miR-146a in BM-derived cells
reduces atherogenesis and that this is paradoxically accompa-
nied by enhanced circulating levels of proinflammatory cyto-
kines despite reduced levels of circulating LDL cholesterol.
Lack of miR-146a in BM-derived cells leads to monocytosis
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in response to high cholesterol diet (HCD), followed by BM
exhaustion, depleting circulating levels of proatherogenic cells.
Conversely, deletion of miR-146a in the vasculature promotes
atherogenesis by increasing endothelial activation. Thus, unre-
strained inflammatory signaling in miR-146a—deficient tissues
has diverse consequences during atherogenesis, and our stud-
ies emphasize the importance of tight control of inflammatory
pathways in the setting of hypercholesterolemia.

Methods

A complete description of Methods is included in the Online Data
Supplement.

Results

miR-146a Expression Is Increased in ECs and
Intimal Cells During Murine Atherogenesis

Ldlr~- (low-density lipoprotein receptor null) mice were placed
on a HCD for 18 weeks to visualize the expression of miR-146a
in atherosclerotic plaque (Figure 1A). In situ polymerase chain
reaction on aortic root cross-sections revealed that miR-146a
was expressed in intimal cells, including Mac-2* macrophages,
and was robustly expressed in CD31* ECs. The in situ signal
was specific for miR-146a, as staining was not detected in miR-
146a~~ mice (Figure 1A). Expression of miR-146a in the aortic
root seemed to progressively increase in the intima during the
progression of atherosclerosis (Online Figure I). The absence of

signal in the media implies that contractile smooth muscle cells
in the aortic root do not express miR-146a at sufficient levels to
be detected by this technique. In addition, using quantitative re-
verse transcriptase-polymerase chain reaction at an early stage
of atherogenesis (ie, Ldlr~~ mice, 4-week HCD), we found a
significant elevation of miR-146a expression in the lesser cur-
vature of the aortic arch, a region of the aorta where atheroscle-
rotic plaque forms, compared with regions that are protected
from atherosclerosis, namely the greater curvature of the aor-
tic arch and the descending thoracic aorta (Figure 1B and 1C).
However, miR-146a expression was at appreciable levels in all
regions examined (not shown), which may reflect the known
expression of miR-146a in the vascular endothelium.®

Global Deletion of miR-146a Activates
Proinflammatory Pathways Yet Suppresses
Atherogenesis and Is Accompanied by

Reduced Circulating LDL Cholesterol Levels

in Mice on HCD

To elucidate the role of miR-146a during atherogenesis, we
generated global double knockout (DKO; miR-146a~~; Ldlr~"")
mice by crossing miR-146a~~ mice with Ldlr~~ mice. Two
time points (12 and 18 weeks of HCD) were assessed to de-
termine the effect of miR-146a on the progression of athero-
sclerotic phenotypes (Figure 2A). Analyses of male and female
mice were grouped together as we found no significant dif-
ferences between sexes for the parameters measured, except
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Figure 1. MicroRNA-146a (miR-146a) is expressed in murine atherosclerotic plaques. A, Cross-sections of Ldlr’- or Ldlr’-;miR-
146a~- mouse aortic roots after 18 wk of high cholesterol diet (HCD). Expression of miR-146a, assessed by in situ polymerase chain
reaction (red) overlaps with Mac-2—positive macrophages (purple) and CD31-positive endothelial cells (ECs; green) in the intima, and
signal is absent in miR-146a~- mice. miR-146a expression during the progression of atherosclerosis is shown in Online Figure I. B,
Schematic of the aorta, indicating the aortic root (examined in A), the greater curvature (GC, atheroprotective) and lesser curvature (LC,
atherosusceptible) of the aortic arch and the descending thoracic aorta (DTA, atheroprotective). C, Expression of miR-146a (normalized to
U6 levels) in the specified regions of the aorta in Ldlr’- mice after 4 wk of HCD (n=5). LdlIr indicates low-density lipoprotein receptor.
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Figure 2. Reduced atherosclerosis in mice with global deletion of microRNA-146a (miR-146a). A, Schematic of high cholesterol diet
(HCD) regimen for Ldlr”’- and Ldlr’"-;miR-146a~- (double knockout [DKO]) mice. B, Weights of male mice after 12- or 18-wk HCD (n=3-5).
Weights of female mice were also unchanged between genotypes (not shown). C, Food consumption in mice (n=4 mice per cage). T is
18 wk of HCD. D, Percentage of Oil Red-O (ORO) regions quantified from aortic arches of Ldlr- and DKO mice after HCD for 12 or 18
wk. Representative images are shown to the right. The descending side of the aorta is to the right. Aortic root and descending thoracic
aorta analyses are shown in Online Figure Il. n=18 to 22 for 12-wk time point and n=4 for 18-wk time point. E, Circulating levels of
proinflammatory markers, IL-6 (interleukin-6) and soluble intercellular adhesion molecule-1 (sICAM-1) in wild-type and DKO mice (n=5-8).
F, Time course of plasma cholesterol measurements (n=3-5; 1 group of mice were used for weeks 1, 6, and 9, and a separate group was
used for weeks 12 and 18). Mice were fasted overnight before sample collection. G, FPLC (fast protein liquid chromatography) trace of
cholesterol content in lipoprotein fractions in plasma after 18 wk of HCD (pooled analysis of 5 samples). H, Intrahepatic cholesterol and
triglyceride levels in mice after 12-wk HCD (n=13-14). Eighteen-week HCD is shown in Online Figure IID. Bile cholesterol (n=3) and fecal
cholesterol (n=4) in mice after 18-wk HCD. I, Assessment of very-low-density lipoprotein (VLDL) secretion by measurement of triglycerides
and cholesterol in plasma after injection of Poloxamer 407 (12-wk HCD; n=4, 2). LdIr indicates low-density lipoprotein receptor.
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for body weight (not shown). At the 12-week time point, no
differences in body weight (Figure 2B) or aortic arch plaque
burden (Figure 2D) were observed between Ldlr~~ and DKO
mice. However, the circulating inflammatory marker, IL-6, was
elevated in the majority of DKOs at this stage, although the dit-
ference did not reach statistical significance (Figure 2E). By
18 weeks, despite no differences in body weight (Figure 2B)
or food intake (Figure 2C), DKO mice surprisingly had less
lipid plaque in the aortic arch (Figure 2D). This decrease in
atherosclerosis occurred despite signs of elevated systemic in-
flammatory signaling, including enhanced circulating levels of
soluble intercellular adhesion molecule-1 (SICAM-1) and IL-6
(Figure 2E). Atherosclerotic plaque formation was unaltered
in the descending thoracic aorta of DKO mice: this region is
typically protected from atherosclerosis (Online Figure ITA).
Plaque burden in the aortic root was also comparable between
groups (Online Figure IIB and IIC).

Unexpectedly, DKO mice displayed progressive lipid
metabolism defects, resulting in lower circulating total cho-
lesterol and LDL cholesterol. High-density lipoprotein levels
and triglyceride levels were modestly affected (Figure 2F).
Assessment of lipoprotein profiles by fast protein liquid chro-
matography (FPLC) revealed a striking decrease in cholester-
ol content in very-low-density lipoprotein (VLDL) fractions
(Figure 2G). Measurement of total cholesterol and triglycer-
ide levels in the liver revealed no significant differences at 12
weeks (Figure 2H) or 18 weeks of HCD (Online Figure IID).
Likewise, cholesterol levels in bile and feces were unchanged
at 12 weeks of HCD (Figure 2H). Assessment of VLDL secre-
tion from the liver suggested a decrease in cholesterol and tri-
glyceride secretion in DKO mice (Figure 2I). Taken together,
these data demonstrate that lack of miR-146a decreases cir-
culating VLDL/LDL cholesterol yet paradoxically enhances
inflammatory signaling in mice on a proatherogenic diet.

Deletion of miR-146a in BM-Derived Cells
Enhances Inflammatory Signaling, Yet
Paradoxically Suppresses Atherogenesis and Alters
Cholesterol Metabolism

Next, we performed BM transplantation (BMT) experiments
to elucidate the role of miR-146a in BM-derived cells during
atherogenesis. Ldlr”’~ mice were lethally irradiated and re-
constituted with either miR-146a** (wild-type [WT]) or miR-
146a™"~ (knockout [KO]) BM (Figure 3A). Reconstitution of
hematopoiesis after transplantation of WT or KO BM cells
seemed to be normal, as circulating levels of leukocytes and
lymphocytes were similar 8§ weeks after BMT, before the admin-
istration of HCD (Online Figure IIIA). Body weight was simi-
lar between the 2 groups after 12 weeks of HCD (Figure 3B),
as was food intake (Figure 3C). Although lipid plaque burden
was not significantly altered at early stages (ie, 4-week HCD),
mice receiving KO BM developed less lipid plaque in the aorta
after 12 weeks of HCD (Figure 3D; Online Figure IIIB), and
markers of macrophage content in the aortic arch were reduced
(Online Figure IIIC). Plaque burden in the descending thoracic
aorta (Online Figure I1IB) and aortic root (Online Figure IIID)
appeared to be unchanged. The decrease in plaque burden in
the aortic arch was paradoxically accompanied by signs of sys-
temic inflammatory signaling, with higher levels of circulating

SICAM-1, IL-6, and TNF-a. (tumor necrosis factor-a.) detected
in the plasma of mice receiving KO BM after 12 weeks of HCD
(Figure 3E), with a trend toward elevated IL-6 levels being
observed after 4 weeks of HCD (Figure 3E). These findings
suggest that loss of miR-146a expression in BM-derived cells
surprisingly results in reduced atherosclerosis, despite the abil-
ity of miR-146a to restrain inflammatory signaling. The similar-
ity in phenotypes observed in DKO mice and mice receiving
KO BM suggests that loss of miR-146a function in BM-derived
cells is the predominant contributor to the observed phenotypes.

Interestingly, we found a progressive decrease in total
cholesterol, LDL, triglycerides, and high-density lipopro-
tein levels in the plasma of mice receiving KO BM (Figure
3F). FPLC revealed a marked reduction in cholesterol con-
tent in VLDL fractions (Figure 3G). However, levels of total
and free cholesterol and triglycerides in the liver were not
significantly different (Figure 3H), neither were cholesterol
esters (not shown), and fecal cholesterol levels were also
unchanged (Figure 3H). To determine potential mechanisms
for the altered lipid metabolism, we assessed gene expres-
sion in livers of Ldlr”- and DKO mice (18-week HCD), and
Ldlr~~ mice receiving WT or KO BM (12-week HCD). We
observed an elevation of a macrophage marker (F4/80), as
well as several proinflammatory cytokines, such as IL-/f3 and
IL-6, and an increase in /L-10, in DKO livers and in the liv-
ers of Ldlr”~ mice receiving KO BM, compared with their
respective controls (Figure 3I). Importantly, dysregulation of
IL-6 and IL-10 has previously been implicated in altered lipid
metabolism.'>"'7 Indeed, we found that exposing primary he-
patocytes to IL-6 decreased triglyceride secretion (Figure 3J).
Acute phase response genes were elevated in DKO livers, but
not in recipients of KO BM (not shown). We also assessed
the expression of a panel of 84 lipid signaling and choles-
terol metabolism genes by quantitative reverse transcriptase-
polymerase chain reaction arrays. A small number of genes
were significantly dysregulated in either experimental group
(9 genes in DKOs compared with Ldlr~~ mice, and 19 genes
in KO BMT recipients compared with WT BMT recipients;
Online Figure IV; Online Table I). However, the only genes
that were significantly decreased in both models were ApoB
(apolipoprotein B; 1.25-fold decrease in DKOs versus Ldlr~"-
and 1.61-fold decrease in KO BMT versus WT BMT recipi-
ents) and Cnbp (CCHC-type zinc finger nucleic acid binding
protein; 1.43-fold decrease in DKOs versus Ldlr~- and 1.69-
fold decrease in KO BMT versus WT BMT recipients), but
these changes were modest. Although not on the quantita-
tive reverse transcriptase-polymerase chain reaction array,
we also assessed the expression of sortilin-1 (Sort/) because
it is a known regulator of circulating LDL levels that was
identified by genome-wide association studies in humans,'®
and it has been shown to promote IL-6 signaling and secre-
tion in macrophages in mouse models." Interestingly, Sort/
is also predicted to be an miR-146a target gene (Figure 3K).
We found that Sortl expression in the liver was elevated in
both models (2.21-fold increase in DKOs versus Ldlr~~ and
1.68-fold increase in KO BMT versus WT BMT recipients;
Figure 3I). Furthermore, we confirmed that Sort/ is a bone
fide miR-146a target gene by luciferase assay (Figure 3K).
Thus, loss of miR-146a from BM-derived cells perturbs
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Figure 3. MicroRNA-146a (miR-146a) in bone marrow (BM)-derived cells contributes to atherogenesis. A, Ldlr’- mice lethally
irradiated and given BM transplantation (BMT) from wild-type (WT BM) or miR-146a~'- (knockout [KO] BM) donors followed by high
cholesterol diet (HCD) for 4 or 12 wk. B, Body weights of female mice after 12-wk HCD (n=5-7). Weights of male mice were also
unchanged (not shown). C, Food consumption in mice (n=4 mice per cage). T, is 12 wk of HCD. D, Percentage of Oil Red-O (ORO)
regions per aortic arch measured by en face imaging after 4- or 12-wk HCD (n=9-11). Representative images of plaque burden in

aortas of Ldlr’- mice with WT BM (top) and KO BM (bottom) after 12-wk HCD are shown to the right. Aortic root and descending
thoracic aorta analyses are shown in Online Figure 1lIB and IlID. E, Circulating proinflammatory markers, soluble intercellular adhesion
molecule-1 (sICAM-1), IL-6 (interleukin-6), and TNF-a (tumor necrosis factor-a), measured by ELISA of plasma samples (n=4-7). F, Time
course of plasma cholesterol measurement in Ldlr”- mice receiving WT or KO BM (n=4-7; 1 group of mice was used for weeks 0 and

4, and a separate group was used for week 12). G, FPLC (fast protein liquid chromatography) trace of cholesterol content of lipoprotein
fractions from plasma after 12 wk of HCD (pooled analysis of 4 samples). H, Intrahepatic total cholesterol (TC), free cholesterol (FC), and
triglycerides (TG) after 12-wk HCD (n=4). Fecal cholesterol levels after 12 wk of HCD (n=8). I, Expression of inflammatory genes, Sort1,
and a macrophage marker (F4/80) from liver tissues. Shown is a heat map of quantitative reverse transcriptase-polymerase chain reaction
data (n=4-8). Values are relative to the controls for each group, as indicated. *Significant difference in expression. J, TG measurements in
the media of cultured primary mouse hepatocytes treated with recombinant mouse IL-6 for 6 h (n=4). K, The predicted miR-146a binding
in the human and mouse SORT7 3" UTR (untranslated region; above) and luciferase analyses in bovine aortic endothelial cells (BAECs;
n=>5). HDL indicates high-density lipoprotein; and Ldlr, low-density lipoprotein receptor.

cholesterol metabolism, potentially through dysregulated NF-
kB—dependent inflammatory pathways in the liver, including
macrophage accumulation and IL-6 secretion, and perhaps
through regulation of Sortl. Of note, despite the lower levels
of VLDL/LDL cholesterol, miR-146a~~ mice display an ex-
aggerated inflammatory response to HCD.

Diet- and Age-Dependent Hematopoiesis Defects in
miR-146a~- Mice

Strikingly, the spleens of DKO mice fed HCD for 18 weeks
(6-7 months of age) were =2.5x larger than Ldlr~~ mice on

the same atherogenic diet (Figure 4A). At earlier stages (ie,
12 weeks of HCD; 5-6 months of age) spleen weight was not
significantly changed (Figure 4A). Of note, aged miR-146a™"~
mice (>8 months of age) have previously been shown to spon-
taneously develop splenomegaly, which is accompanied by
BM hematopoiesis defects.'” Because we observed a spleno-
megaly phenotype in young mice on HCD, this suggests that
atherogenic diet may accelerate the development of spleno-
megaly. Similar to global KOs, mice receiving KO BMT and
fed HCD developed larger spleens and had pale femurs, sug-
gestive of BM dysfunction (Figure 4B and 4C). We previously
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Figure 4. Diet- and age-dependent splenomegaly in double knockout (DKO) mice. A, Spleen weight in Ldlr’- or DKO mice after 12
or 18 wk of high cholesterol diet (HCD; n=12-16 for 12-wk HCD; n=5 for 18-wk HCD). B, Representative images of spleens and femurs

in wild-type (WT) and KO bone marrow transplant (BMT) mice on HCD for 12 wk. C, Quantification of spleen weight in WT and KO BMT
mice on HCD for 12 wk (n=5-7). D, Mice were placed on HCD or normal chow diet (NCD) at 20 wk of age for 12 wk. E, Percentage of Oil
Red-O (ORO) region per aortic arch measured en face (n=3-4). Ldlr’- mice on NCD were from a separate experiment and are included for
comparison purposes (n=5). F, Representative images of spleens and femurs. G, Quantification of spleen weights (n=3-4). Ldlr”- mice on
NCD were from a separate experiment and are included for comparison purposes (n=5). H, Quantification of total CD45* cells in spleens
by fluorescence-activated cell sorting (FACS) analysis (n=3-4). LdIr indicates low-density lipoprotein receptor.

showed that prolonged hypercholesterolemia results in the
outsourcing of hematopoiesis from the BM to the spleen.? It
seems that this phenotype may be accelerated and exagger-
ated in miR-146a™"~ mice, even in the face of lower circulating
VLDL/LDL cholesterol levels.

To further investigate the effects of aging on splenomeg-
aly and atherogenesis, DKO mice were fed a 12-week HCD
regime starting at 20 weeks of age (rather than the typical 10
weeks of age; Figure 4D). In contrast to younger DKO mice,
which had unaltered plaque burden in the aorta after 12 weeks
of HCD (Figure 2D), older mice had reduced atherosclerosis
in the aortic arch after the same duration of diet (Figure 4E).
No differences in plaque formation were observed in the
descending thoracic aorta (not shown). This reduction in

aortic arch atherosclerosis was accompanied by splenomegaly
(Figure 4F and 4G). Importantly, the splenomegaly phenotype
at this age was dependent on exposure to HCD, as this was
not observed in DKO mice on a regular chow diet (Figure 4F
and 4G). The pale femur phenotype in older DKO mice also
seemed to be dependent on exposure to HCD (Figure 4F).
The increased spleen size in older DKO mice on HCD cor-
responded with an increase in splenic CD45* leukocytes
(Figure 4H). Intriguingly, these findings highlight a potential
relationship between the reduced atherogenesis observed in
DKO mice on HCD and development of splenomegaly and
pale femurs, suggesting that defective hematopoiesis may
contribute to the phenotype. Although previous studies have
linked splenomegaly with reduced circulating cholesterol,*
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the contribution of splenomegaly to reduced LDL cholesterol
in miR-146a™~ mice remains unclear. Although leukocyte
content in the spleen at 12 weeks of HCD was not signifi-
cantly different in DKOs (Online Figure VA) and spleens
were not significantly larger (Figure 4A)—despite reduced
levels of plasma cholesterol at this stage (Figure 2F)—mice
receiving miR-146a~- BMT had greatly enlarged spleens at
12 weeks of HCD (Figure 4C), which coincided with reduced
circulating LDL (Figure 3F). Furthermore, oxidized LDL
uptake and cholesterol efflux were similar in WT and miR-
146a~- macrophages (Online Figure VB and VC), suggesting
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that miR-146a—deficient macrophages seem not to be more
avid at sequestering cholesterol. However, expansion of mac-
rophages in the liver and spleen may contribute to the se-
questering of cholesterol from circulation. The contribution
of splenomegaly to cholesterol lowering in miR-146a~~ mice
will require further exploration.

Loss of miR-146a Leads to Reduced BM
Hematopoiesis While Promoting Extramedullary
Hematopoiesis in the Spleen in Mice Fed a HCD

The enlarged spleens in DKO mice on 18 weeks of HCD con-
tained more CD45* leukocytes and lymphocytes (Figure 5A;
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Figure 5. Global loss of microRNA-146a (miR-146a) inhibits bone marrow (BM) hematopoiesis and promotes extramedullary
hematopoiesis in the spleen. Increase of splenic (A) and decrease in BM (B) CD45* leukocytes and Ly6G~/CD115- lymphocytes in DKO mice on
diet for 18 wk, determined by fluorescence-activated cell sorting (FACS) analysis (n=5). C, Decrease of multipotent progenitor cells (MPPs) and
downstream progenitor cells (eg, Sca-1 [stem cells antigen-1]-negative progenitor [LS K], megakaryocyte—erythroid progenitor [MEP], common
myeloid progenitor [CMP], and granulocyte-macrophage progenitor [GMP]) in BM of double knockout (DKO) mice after 18 wk of high cholesterol
diet (HCD; n=5). D, Increase of splenic hematopoietic and multipotent stem cells in DKO mice after 18 wk of HCD (n=5; Online Figure VII). HPC
indicates hematopoietic progenitors cell; HSC, hematopoietic stem cell; Ldlr, low-density lipoprotein receptor; and LSK, lineage™ Sca-1+ Kit*.



8T0T ‘11 1090300 uo Aq 10 sewmnofeye//:dyy woiy pepeo[umo(]

362 Circulation Research August 4, 2017

Online Figure VI for flow cytometry gating strategies). This
was in contrast to the depletion of these cells from the BM of
DKO mice (Figure 5B). Previous studies have observed defects
in BM hematopoietic stem cell (HSC) longevity in aged (>8
months) miR-146a™~ mice, or in younger mice after repeated
challenge with LPS.!® Assessing the spectrum of hematopoi-
etic cells in the BM revealed normal levels of hematopoietic
progenitors cells 1 and 2 and HSCs, but levels of multipotent
progenitor cells were significantly decreased in DKOs (Figure
5C; Online Figure VIIA). The consequences of decreased
multipotent progenitor cell levels were further evident in the
decreased numbers of downstream progenitor cells (eg, Sca-1
[stem cells antigen-1]-negative progenitors, common myeloid
progenitors, granulocyte—-macrophage progenitors, megakaryo-
cyte—erythroid progenitors; Figure 5C). Taken together, these
data are suggestive of an HSC functional defect in the BM.
Interestingly, despite this defect in HSC function in the BM,
HSCs and downstream progenitor cells appeared in the spleens
of DKO mice on HCD for 18 weeks but not in Ldlr”~ mice
(Figure 5D), demonstrating that loss of miR-146a accelerates
extramedullary hematopoiesis. The dysregulation of hemato-
poiesis in the spleen and BM was accompanied by modest ef-
fects on circulating leukocytes, such as neutrophils and B cells,
although anti-inflammatory Ly6C'® monocytes were significant-
ly increased (Online Figure VIIB).

miR-146a in BM-Derived Cells Regulates BM
and Extramedullary Hematopoiesis and Levels of
Circulating Leukocytes and Lymphocytes
Similar to the nontransplanted DKO mice on 18-week HCD,
mice receiving KO BM accumulated more CD45* leukocytes
and lymphocytes in their spleens; however, this occurred after
just 12-week HCD (Figure 6A). The BM in these mice was
depleted of these cells by 12-week HCD (Figure 6B). This was
accompanied by elevated NF-xB signaling in the BM of KO
mice, as well as enhanced expression of TRAF6, an miR-146a
target gene (Figure 6C). Progenitors downstream of HSCs,
namely multipotent progenitor cells, Sca-1-negative progeni-
tors, common myeloid progenitors, granulocyte—-macrophage
progenitors and megakaryocyte—erythroid progenitors, were
diminished in the BM (Figure 6D), whereas extramedul-
lary hematopoiesis was evident in mice receiving KO BM
(Figure 6E). Correspondingly, mice receiving KO BM had
decreased levels of circulating atherogenic leukocytes, includ-
ing neutrophils, B cells, and Ly6C" monocytes, but levels of
atheroprotective Ly6C" monocytes were increased after 12
weeks of HCD (Figure 6F). Assessing circulating levels of leu-
kocytes and lymphocytes at earlier stages (ie, 4 weeks of HCD)
revealed monocytosis in mice receiving KO BM (Figure 6F),
suggesting that the reduction of hematopoiesis at later stages of
atherosclerosis is preceded by enhanced hematopoiesis at earli-
er stages, similar to previous studies that revealed HSC exhaus-
tion in KO mice in the context of repeated LPS stimulation. '’
We next assessed the functionality of WT (CD45.1) and
KO (CD45.2) BM-derived cells in a competitive 1:1 BMT.
After reconstitution of the BM compartment of lethally irradi-
ated Ldlr~”~ mice for 8 weeks, mice were placed on either nor-
mal chow diet (NCD) or HCD diet. Assessing circulating levels
of leukocytes in mice fed an NCD revealed that KO BM cells

preferentially contributed to neutrophil and Ly6C" monocyte
populations compared with WT BM cells (Figure 7A). A short
duration on HCD (4 weeks) expanded the leukocyte popula-
tions examined, and KO cells were predominant compared with
WT cells (Figure 7A). This was especially the case for neu-
trophils and Ly6C" monocytes. However, in mice that received
HCD for 12 or 32 weeks, the abundance of KO BM-derived
cells was decreased. WT BM-derived cells were less affected
(Figure 7A). This suggests that long-term HCD impairs the
ability of KO BM-derived cells to contribute to circulating leu-
kocyte populations. Assessing the abundance of WT versus KO
leukocytes in the aorta at advanced stages of atherosclerosis re-
vealed that neutrophils, macrophages, and monocytes (LyoC™
and Ly6C") seemed to be primarily WT BM derived, whereas
B- and T-cell populations had similar contributions from WT
and KO cells (Figure 7B). This was in contrast to the aorta in
mice fed an NCD, where the majority of the cells seemed to be
derived from KO cells (Figure 7B). Consistent with the reduced
abundance of KO BM-derived cells in the circulation and ath-
erosclerotic plaques in mice fed HCD, hematopoietic cells in
the BM seemed to be primarily of WT origin under conditions
of HCD feeding (Figure 7C). However, the opposite was ob-
served in mice fed an NCD (Figure 7C).

miR-146a in the Vasculature Restrains EC
Activation and Atherosclerosis

Deletion of miR-146a has a major effect on BM-derived cell
function, promoting systemic inflammatory signaling, extra-
medullary hematopoiesis, BM failure, and lipid dysregulation.
To further distinguish the role of miR-146a in BM-derived
cells versus the rest of the body, we transplanted lethally ir-
radiated Ldlr~- and DKO mice with miR-146a** (WT) BM
(Figure 8A). Transplanted mice were placed on HCD for 12
weeks. Interestingly, we found no differences in circulating
IL-6, SICAM-1, or TNF-a levels (Figure 8B) or circulating
cholesterol or lipoproteins (Figure 8C). This suggests that the
dysregulation of inflammation and circulating lipoprotein lev-
els are dependent on deletion of miR-146a from BM-derived
cells, rather than in other cell types, such as hepatocytes. In ad-
dition, no changes were observed in spleen size (Figure 8D).
Levels of leukocytes in the spleen and in the circulation were
also normalized, and only a modest decrease in leukocyte lev-
els in the BM was seen (Figure 8E). Interestingly, NF-xB—
dependent cytokines known to accelerate HSC proliferation
(ie, IL-6, TNF-a, and IL-10)!?22 were highly expressed in
the BM of Ldlr’~ mice reconstituted with KO BM, but this
was not observed in DKO mice reconstituted with WT BM
(Figure 8F). Finally, with the normalization of these param-
eters after transplantation of WT BM in DKO mice, lipid
plaque burden in the aorta was elevated compared with Ldlr~"-
mice receiving WT BMT (Figure 8G).

To determine whether miR-146a in the vasculature affects EC
activation in the aorta, we stimulated WT or KO mice with the
proinflammatory cytokine, IL-1[3. We found that miR-146a target
genes (eg, HuR [human antigen R] and TRAF6) were elevated
in the aortic arch of KO mice, and that levels of VCAM-1 (vas-
cular cell adhesion molecule-1), E-Selectin (SELE), and ICAM-
1 (intercellular adhesion molecule-1) were induced to a greater
extent in KO compared with WT mice (Online Figure VIIIA and
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Figure 6. MicroRNA-146a (miR-146a) in bone marrow (BM)-derived cells regulates BM and extramedullary hematopoiesis and
levels of circulating leukocytes and lymphocytes. Lethally irradiated Ldlr”- mice (mix of males and females) were reconstituted with
BM from wild-type (WT BM) or miR-146a~- (knockout [KO] BM) donors, followed by high cholesterol diet (HCD) for 12 wk. Increase

of splenic (A) and a decrease of BM (B) leukocytes and lymphocytes, as assessed by fluorescence-activated cell sorting (FACS)
analysis (n=5-7). C, Western blot of TRAF6 (TNF receptor-associated factor 6) and phospho-p65 (normalized to -actin and total p65,
respectively), in mice receiving WT or KO BM after 12 wk of HCD. Phospho-p65/p65 blots from WT/KO animals are from the same
membrane with identical imaging parameters. D, Decrease of a subset of multipotent stem cells, but no changes to the long-term
HSCs in the BM of mice receiving KO BM transplants (BMT; n=5-7). E, Increase of splenic hematopoietic and multipotent stem cells
in mice receiving KO BM (n=5-7). F, Early monocytosis (4-wk HCD), followed by a decrease in peripheral blood (PB) proatherogenic
cells (neutrophils, B Cells, and Ly6C" monocytes), and an increase of antiatherogenic Ly6C® monocytes after 12 wk of HCD (n=3 for
4-wk HCD; n=9-11 for 12-wk HCD). CMP indicates common myeloid progenitor; GMP, granulocyte-macrophage progenitor; HPC,
hematopoietic progenitors cell; HSC, hematopoietic stem cell; Ldlr, low-density lipoprotein receptor; LS°K, Sca-1 (stem cells antigen-

1)-negative progenitor; MEP, megakaryocyte—erythroid progenitor; and MPP, multipotent progenitor cell.

VIIIB). In the setting of atherosclerosis, we found that expres-
sion of adhesion and chemokine genes seemed to be elevated in
intimal cells of the aorta from DKO mice receiving WT BM com-
pared with Ldlr~~ mice receiving WT BM (Online Figure VIIIC).
These observations are consistent with our previous study that
demonstrated that miR-146a restrains EC activation.®

Discussion

363

miR-146a has been identified as a vital brake in inflam-

matory signaling pathways,

68,1024 and levels are elevated

in human atherosclerotic plaques.” Recent studies have
also uncovered a single-nucleotide polymorphism in the
miR-146a gene that influences miR-146a expression and
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Figure 7. MicroRNA-146a (miR-146a)-deficient cells seem to be outcompeted by wild-type (WT) cells in the bone marrow (BM),
circulation, and in atherosclerotic plaques in high cholesterol diet (HCD)-treated animals, but not in normal chow diet (NCD)-treated
animals. Competitive BM transplantation (BMT) was performed into Ldlr- recipients. A 1:1 mix of BM from WT (CD45.1) and knockout (KO;
CD45.2) was used. A, Peripheral blood was analyzed by fluorescence-activated cell sorting (FACS) after NCD or HCD for 4, 12, or 32 wk (n=8, 5,
4, 2, respectively). Comparison was made between WT and KO within each time point. B, Cells in the aorta (B) and the BM (C) were analyzed by
FACS in animals receiving NCD or HCD for 32 wk (n=2 per group). CMP indicates common myeloid progenitor; GMP, granulocyte-macrophage
progenitor; HPC, hematopoietic progenitors cell; HSC, hematopoietic stem cell; Ldlr, low-density lipoprotein receptor; LS™K, Sca-1 (stem cells
antigen-1)-negative progenitor; MEP, megakaryocyte—erythroid progenitor; and MPP, multipotent progenitor cell.

susceptibility to coronary artery disease.’** However, no
studies have directly assessed the function of endogenous
miR-146a during atherogenesis. Here, we report that de-
letion of miR-146a within BM-derived cells surprisingly
reduces atherosclerotic plaque formation, whereas dele-
tion of miR-146a in the vasculature enhances endothelial
activation and atherogenesis. These diverse phenotypes
arise from a common defect in distinct cellular compart-
ments, namely unrestrained NF-kB—dependent inflamma-
tory signaling.

To our surprise, ablation of miR-146a from BM-derived
cells reduced atherosclerosis, while paradoxically elevating
indices of systemic inflammatory signaling (ie, proinflam-
matory cytokines and sSICAM-1; an overview of miR-146a—
deficient phenotypes is given in Online Figure IX). This
increase in circulating cytokines would typically be accompa-
nied by abundant inflammatory immune cells in circulation.
However, we observed a decrease in proatherogenic cells, in-
cluding Ly6C" monocytes, T cells and neutrophils, and an in-
crease in atheroprotective Ly6C" monocytes. This implies that
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Figure 8. MicroRNA-146a (miR-146a) in the vasculature restrains endothelial cell (EC) activation and atherosclerosis. A, Schematic
of lethally irradiated Ldlr’- or double knockout (DKO) mice given bone marrow transplantation (BMT) from wild-type (WT BM) donors
followed by high cholesterol diet (HCD) for 12 wk. B, Circulating proinflammatory markers, soluble intercellular adhesion molecule-1
(sICAM-1), IL-6 (interleukin-6), and TNF-o. (tumor necrosis factor-a), measured by ELISA (n=5-8). C, Circulating cholesterol, high-density
lipoprotein (HDL), triglycerides (TG), low-density lipoprotein (LDL) and glucose levels after 12 wk of HCD (n=5). D, Quantification of spleen
weight after 12 wk of HCD (n=12-15). E, Fluorescence-activated cell sorting (FACS) analysis of myeloid cells from spleen, BM, and
peripheral blood (n=12-15). F, Gene expression in BM cells from BM transplanted animals (n=3-7). G, Percentage of Oil Red-O (ORO)
region per aortic arch measured by en face staining (n=11-14). Representative images are shown to the right. Data on EC activation in the

aorta are given in Online Figure VIII.

miR-146a—deficient leukocytes present in circulation are likely
to be especially proinflammatory, demonstrating that miR-146a
is important in quelling their activation. The paucity of circu-
lating immune cells is the consequence of defective BM he-
matopoiesis, which likely arises because of hematopoietic cell
exhaustion. Hypercholesterolemia stimulates hematopoiesis
in the BM and spleen to produce proinflammatory cells, such
as Ly6C" monocytes that contribute to plaque growth.?-30-
We find evidence of precocious monocytosis at early stages

of atherogenesis in mice that received miR-146a~~ BM. In
addition, transplanted miR-146a—deficient cells outcompete
transplanted WT cells in the BM and in circulation during
early atherogenesis. However, prolonged exposure to hyper-
cholesterolemia seems to lead to a defect in the contribution of
miR-146a™"~ cells to hematopoietic cell populations in the BM,
circulation, and in atherosclerotic plaques, implying that the
activation of BM hematopoiesis by HCD cannot be sustained
in the absence of miR-146a. Consequently, these mice initiate
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extramedullary hematopoiesis in the spleen. Although spleen-
derived Ly6C" monocytes can contribute to atherogenesis,”
the circulating cells generated in the spleen of mice receiving
miR-146a—deficient BM seem to be insufficient to compensate
for the reduction in leukocyte output from the BM.

Defects in hematopoiesis have previously been observed in
aged miR-146a~~ mice.!’ In this case, older mice (>8 months
of age) developed a progressive loss of hematopoietic stem and
progenitor cells as a result of increased NF-kB—dependent IL-6
production in the BM. Enhanced IL-6 production in miR-146a~"~
mice promoted hematopoietic cell proliferation leading to even-
tual exhaustion. This phenotype could be accelerated by repeated
challenge with LPS, which drives IL-6 production.'® Similarly, in
our model of atherosclerosis, we observed an increase in TRAF6
expression, NF-kB activity, and IL-6 expression (an NF-kB—
regulated cytokine) in the BM, as well as IL-6 protein levels in
circulation. Because hypercholesterolemia drives stress-induced
hematopoiesis**=* and premature HSC aging and senescence,*
it is likely that increased cycling of hematopoietic cells leads to
stem cell exhaustion in the absence of miR-146a.

A notable phenotype observed in both the global and BM-
restricted miR-146a loss-of-function models is the reduction
in VLDL/LDL cholesterol in circulation. Defects in choles-
terol homeostasis in miR-146a global KOs could be rescued
by transplantation of WT BM, demonstrating that miR-146a
in BM-derived cells, rather than hepatocytes, regulates lipid
metabolism. It is important to note that the defects that we
observe in miR-146a~~ mice (ie, enhanced levels of circulat-
ing cytokines, monocytosis, outsourcing of hematopoiesis to
extramedulary sites, splenomegaly, and eventual BM failure)
are known to be driven by hypercholesterolemia.”**>* That
we observe these phenotypes even in the face of lower VLDL/
LDL cholesterol suggests that it is not lower cholesterol per se
that is solely responsible for the decrease in atherosclerosis in
these mice, although it likely contributes. miR-146a~~ mice are
especially sensitive to the inflammatory effects of hypercholes-
terolemia (even though VLDL/LDL cholesterol levels are de-
creased), and the hematopoietic phenotypes that we observe are
not apparent in mice fed an NCD. The reduced atherosclerosis
seems to be at least partly attributable to an unchecked chronic
inflammatory response to hypercholesterolemia that drives BM
hematopoiesis defects and a decrease in circulating proathero-
genic inflammatory cells. The role of miR-146a in monocyte
recruitment and macrophage biology in the plaque has not been
explored here, but should be assessed in future studies.

We demonstrate that a lack of miR-146a seems to im-
pair VLDL secretion from the liver. This is accompanied
by macrophage accumulation, inflammatory gene expres-
sion (including IL-6), and an increase in Sort! expression
in the liver; each of which may contribute to the phenotype.
Although miR-146a—deficient BM-derived macrophages
have unaltered oxidized LDL uptake and cholesterol ef-
flux, the expansion of macrophages in the liver or spleen
may influence circulating cholesterol levels through cho-
lesterol sequestration. Altered VLDL secretion also occurs
in response to proinflammatory cytokines such as IL-6,37-%°
and we confirm that exposure to IL-6 reduces triglyceride
secretion from cultured primary mouse hepatocytes. Finally,

we identify Sortl as a novel miR-146a target gene. SORT1
has been shown to play an important, though controversial
role in VLDL secretion.*” Genome-wide association stud-
ies in humans identified SORT! as a causative gene in the
regulation of circulating LDL levels and risk of atheroscle-
rotic disease.'® Overexpression of SORTI1 in the liver of
mice enhances VLDL destruction in the liver and inhibits
secretion.'”® SORT1 can also bind extracellular LDL and di-
rect its catabolism.*' However, other studies have found that
deletion of Sortl in mice can also result in reduced LDL
levels,'* suggesting that the contribution of SORT1 to cho-
lesterol metabolism remains to be fully resolved. Finally, ad-
ditional studies found that lack of SORT1 in macrophages
can inhibit secretion and signaling of cytokines, such as IL-
6," whereas overexpression can enhance LDL uptake.* This
is of interest considering that Sort/ is likely dysregulated in
BM-derived cells in our miR-146a loss-of-function models.
Further studies will be required to delineate the contribution
of miR-146a—dependent SortI regulation within BM-derived
cells to the VLDL/LDL phenotype. Furthermore, additional
miR-146a target genes in BM-derived cells may contribute.

Our study emphasizes the important role that miR-146a
plays in controlling the output of inflammatory signaling
pathways in ECs and hematopoietic cells in the setting of an
atherogenic diet and further confirms the critical role of hyper-
cholesterolemia in hematopoietic cell stress. Our findings are
intriguing in light of polymorphisms in miR-146a in human
patients that alters susceptibility to coronary artery disease.
Furthermore, our studies suggest that elevating the expression
of miR-146a in BM-derived cells or ECs is likely to suppress
human atherogenesis by restraining NF-xB signaling, which
is in agreement with recent studies in mouse models.'**
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Résumé

La stéatohépatite non alcoolique (NASH) est définie par une accumulation

excessive de lipides dans le foie (stéatose), une atteinte hépatocytaire et une
inflammation hépatique avec ou sans fibrose. La NASH peut évoluer vers la cirrhose et le
carcinome hépatocellulaire. De récentes études ont montré que des altérations
endothéliales précedent l'atteinte fibreuse et inflammatoire de la NASH et favorisent le
développement de la maladie.
L’autophagie est un processus cellulaire par lequel du matériel cytoplasmique
dysfonctionnel rejoint les lysosomes pour y étre dégradé. L’autophagie a été étudiée dans
les différents types cellulaires du foie, mais le role de 'autophagie dans les cellules
endothéliales sinusoidales du foie (LSECs) n’a a ce jour jamais été évalué dans le contexte
des maladies chroniques du foie incluant la NASH. Le but de mon projet de these a été
d’évaluer le role de 'autophagie dans les LSECs dans 1a NASH.

Dans cette étude, j'ai démontré en utilisant des biopsies hépatiques humaines
qu’'un défaut d’autophagie dans les LSECs se produit spécifiquement dans la NASH. In
vitro, j’ai démontré que la combinaison de médiateurs inflammatoires tels que le TNFa et
I'IL6 inhibait I'autophagie dans les LSECs via I'inhibition de I'activité AMPKa. Le défaut
d’autophagie dans les LSECs induisait une surexpression de marqueurs d’'inflammation
endothéliale (Mcp1, Rantes et VCAM1), de transition endothélio-mésenchymateuse (-
SMA, Tgf-p1 et CollagénelaZ) et induisait I'apoptose des LSECs. In vivo, les souris
déficientes en autophagie endothéliale soumises a un régime alimentaire riche en
matieéres grasses présentaient une surface hépatique irréguliere, une augmentation de
I'inflammation hépatique (surexpression hépatique de Mcp1, Rantes et VCAM1) et plus de
fibrose hépatique (surexpression hépatique de a-SMA, Tgf-p1 et CollagénelaZ2 et plus de
déposition de collagene). Les souris déficientes en autophagie endothéliale traitées par
du tétrachlorure de carbone avaient également une fibrose hépatique augmentée
(surexpression hépatique de a-SMA, Tgf-f1 et CollagenelaZ et plus de déposition de
collagene).

En conclusion, cette étude démontre qu’un défaut d’autophagie se produit dans les
LSECs de patients atteints de NASH. Ce défaut peut étre attribué aux médiateurs
inflammatoires présents dans le sang portal de ces patients. Le défaut d’autophagie dans
les LSECs induit des altérations endothéliales (inflammation endothéliale, transition
endothélio- mésenchymateuse et apoptose) et contribue fortement a I’établissement de
I'inflammation et de la fibrose hépatique aux stades précoces et avancées des maladies
chroniques du foie. Le défaut d’autophagie dans les LSECs pourrait en partie expliquer
comment les patients atteints de NASH évoluent vers la NASH. Cette premiere observation
du roéle protecteur de l'autophagie endothéliale compléte les connaissances sur
I'autophagie dans les maladies chroniques du foie. Cibler 1'autophagie dans les LSECs
constitue une stratégie thérapeutique intéressante pour le traitement de la NASH.



