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1. Anatomy, structure and functions of the liver

1.1. Anatomy and structure

The human liver is a vital organ located in the rib cage under the diaphragm in the right upper
quadrant of the abdominal cavity. It is composed of two large lobes and represents the largest
solid organ of the human body. Its weight varies from 0.97 to 1.8 kg for men and 0.6 to 1.77
for women making up 2 to 2.5% of total body weight. Liver weight is significantly correlated
to body weight and body mass index (Gholamzadeh ef al., 2017; Mubbunu et al., 2018). The
liver to body weight ratio depends on many parameters such as the age, the gender and is finely
regulated to maintain homeostasis. The liver mass tends to rise in pathological contexts and
therefore can constitute a marker of hepatic injury, especially in the case of steatosis
characterized by an accumulation of fat in the liver (Simon et al., 2020). Anatomically, the
liver is strategically connected to the intestines via the portal circulation. Through this blood
network the liver represents the entry point of every nutrient and drug absorbed in the gut and
functions as a biochemical defense against toxic chemicals entering through the food. In fact,
unlike most other organs, the liver has two major sources of blood. It is connected to both
systemic and portal circulation with 80 % of the blood is provided through the portal vein while
the other 20 % arrive from the hepatic artery (Jenne and Kubes, 2013). The portal vein brings
nutrient-rich blood from the intestines and the hepatic artery that supplies oxygenated blood
from the heart. The hepatic lobule represents the functional unit of the liver. It is characterized
by its hexagonal shape and consists of layers of hepatocytes (Figure 1). Alongside hepatocytes
which represent the main hepatic parenchymal cell, the liver hosts biliary cells involved in bile
production and many other non-parenchymal cells such as hepatic stellate cells involved in
tissue repair and vitamin storage, or immune cells, which will be described in the following

section.
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Figure 1: Architecture of a hepatic lobule. The lobule is considered as a functional unit of the liver
characterized by a central vein and portal triads in periphery composed of a branch of the hepatic artery, the
portal vein and a bile duct (Abu Rmilah et al., 2019)

1.2. Liver cell populations

Liver cell populations can be grouped in two categories mainly, parenchymal and non-
parenchymal cells. Parenchymal cells comprise hepatocytes, the main hepatic cell type and
biliary epithelial cells. These two populations are responsible for the essential metabolic
functions of the liver. Additionally, the liver hosts several other populations of non-
parenchymal cells that can be further sorted in two categories: non-immune cells including
liver sinusoidal endothelial cells, and hepatic stellate cells, and immune cells such as

macrophages, natural killer cells, B and T lymphocytes.



Hepatocytes represents more than 80% of liver mass and about 60% of the total liver cell
populations. They are highly specialized epithelial cells with a polarity that enables their
functions of protein trafficking. Indeed, hepatocytes are characterized by a basal (sinusoidal)
membrane facing liver sinusoidal endothelial cells and an apical (canalicular) pole
characterized by distinct sets of surface proteins, receptors and channels (Schulze et al., 2019).
The sinusoidal domain contains various receptor tyrosine kinases like EGF receptor, lipid and
iron scavenging receptors.

Hepatocytes are further organized in rows and are connected to both highly oxygenated arterial
blood from the aorta via the hepatic artery (about 25% of the incoming blood supply) and
partially deoxygenated but nutrient dense venous blood from the portal vein (representing the
remaining 75% inbound blood) (Vollmar and Menger, 2009). Hepatocytes are further
organized in hexagonal lobules identified by 6 peripheral triads composed of a bile duct, a
hepatic artery and a portal vein converging to a central vein. This specific architecture makes
hepatocytes the first cells to be exposed to all substances absorbed through the gut, whether
they are nutrients or toxins. It allows degraded proteins, lipids and salts that are secreted from
the apical membrane of hepatocytes to be drained into the bile via small canaliculi of ramified
ductular network. Those specific features allow hepatocytes to perform essential hematological
filtering functions (Schulze ef al., 2019). Indeed, hepatocytes uptake many molecules such as
lipids, growth factors and also responsible for the production of most blood plasma proteins.
In addition, hepatocytes are major producers of serum proteins. Indeed, hepatocytes release
into the circulation numerous key proteins involved in the transport of other proteins and
cations like albumin, transferrin, plasminogen, fibrinogen, clotting factors, serum albumin
which is the most abundant secreted protein (Franko et al., 2019), and a-fetoprotein during
tumorigenesis. However, these properties can also put the liver at risk as it makes it more
vulnerable to injury mediated by an exposure to high levels of fat, gut-derived toxins, drugs
and alcohol.

Therefore, as highly specialized cells involved in metabolic functions, hepatocytes need
complementary help from other non-parenchymal hepatic cells to ensure non-metabolic

functions. These include liver sinusoidal endothelial cells.



Liver sinusoidal endothelial cells (LSEC) line hepatic sinusoids and constitute a unique
interface between blood, coming from both the hepatic artery and the portal vein, and the
hepatic parenchyma. These sinusoids are highly fenestrated vessels due to the loose cell
junctions between LSEC (Géraud ef al., 2012) and the absence of basal membrane, unlike the
fenestrated glomerular endothelial cells for example (Poisson et al., 2017). As LSEC represent
the interface between hepatocytes and the blood flow, they line the space of Disse and
contribute to lymphatic drainage within this interstice. This other feature may explain why
LSEC and lymphatic cells share characteristic surface markers and functional properties
(Knolle and Wohlleber, 2016).

LSEC are further organized in sieve plates making them permeable. Many factors like vascular
endothelial growth factor (VEGF) but also exogenous agents such as alcohol, diet and fasting
are known to induce dynamic changes in the size of hepatic fenestration (Shetty, Lalor and
Adams, 2018). This fenestrated organization of LSEC represent an interface that enables
bidirectional exchanges and the recycling of all kinds of proteins and lipids but also gut-derived
antigens coming from food or pathogens entering through the portal vein. It is therefore critical
for the liver to ensure that no damaging immune response is triggered against harmless antigens
while at the same time performing the clearance of invading pathogens. In this context, LSEC
play a critical role balancing tolerance and immune response. Indeed, in collaboration with
Kupffer cells, the liver resident macrophages which are tightly associated to LSEC, they
constitute the most efficient scavenger cellular system in the body (Serensen et al., 2015). The
first crucial step involves pathogen recognition receptors (PRR) which include the Toll-like
receptors (TLR) expressed on the surface of LSEC and that recognize antigens, damage and
pathogen-associated molecular patterns (DAMP and PAMP respectively) (Knolle and
Wohlleber, 2016). However, LSEC are also able to regulate inflammatory and immune
responses when they are chronically exposed to antigens like LPS for instance. Studies have
shown that LSEC chronically exposed to LPS had reduced nuclear translocation of NF-xB and
eventually lower leukocyte adhesion (Uhrig et al., 2005). It has also been shown that LSEC
have developed unique TLR signaling pathway different from classical antigen presenting
cells. This kind of regulatory mechanism avoid a constant activation of an inflamed state in the
liver in response to the permanent flow of antigens coming from the gut (Shetty, Lalor and

Adams, 2018).
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Alongside scavenger receptors, LSEC also express C-type lectin receptors such as L-SIGN
(Bashirova et al., 2001) and LSECtin (Liu et al., 2004). Interestingly, studies have identified
CD44 expressed on activated T-cells as a ligand for LSECtin and showed that CD44-LSECtin
bond inhibits T-cell activation, proliferation and functions. In fact, LSECtin knockout mice
displayed exacerbated T-cell immunity and liver damage (Tang ef al., 2009). This highlights
the ability of LSEC to modulate inflammation and might in part explain the unique

immunological status of the liver and its tolerogenic environment (Wu et al., 2010).

Biliary epithelial cells (BEC), also known as cholangiocytes, are the second major cell
population. They originally derived from bipotent hepatoblasts that differentiate into
hepatocytes and cholangiocytes around embryonic day 13. BEC are highly specialized
epithelial cells lining bile ducts and are mainly involved in bile production. They form a
complex network of interconnected and ramified tubes, often referred to as the “biliary tree”,
extending from the canals of Hering to the duodenum. This biliary network is estimated to be
as long as 2 km, in humans (Banales et al., 2019).

Along the biliary tree, BEC have been shown to be a heterogeneous population. Indeed, BEC
residing around to the canals of Hering tend to be immature and display progenitor cell features
as they contribute to the renewal of the epithelium and hepatic regeneration (Han et al., 2013).
Conversely, around larger bile ducts, BEC progressively show higher levels of differentiation
with a more distinct polarity, and expression of cellular receptor involved in hormone response,
namely.

In fact, biliary cells are polarized with basolateral and apical membrane domains that enable
key functions in molecule trafficking and bile production. This cellular organization allow BEC
to regulate the composition, pH and fluidity canalicular bile coming from hepatic canaliculi to
bile ducts through the canals of Hering. Indeed, BEC are involved in the absorption of bile
acids, glucose and amino acids, and the secretion of bicarbonate (HCO3") and water. During
postprandial periods, secretin is released by the S cells of the duodenum and stimulates BEC
via its G protein-coupled receptor expressed on their basolateral membrane. Secretin will
stimulate intracellular vesicle trafficking from the basal to the apical pole of the cell of

CI'/HCO3™ anion exchange protein 2 (AE2) and water channel aquaporin 1 (AQP1) involved
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in the release of HCO3™ and water in the bile duct lumen which contribute to the alkalization
and fluidization of the bile (Trampert et al., 2021).

Beyond necessary components like biliary acids, amino acids and minerals, the bile can carry
pathogens coming from the gut and the blood circulation and a wide variety of chemokines
released by immune cells in response to PAMP and DAMP. In this context BEC, which
constitutively express TLR (Fabris et al., 2017), play an important immunological role. Indeed,
they form a barrier through their tight junctions and produce immunoglobulins such as
secretory immunoglobulin A (IgA) which have been shown to contribute to the antimicrobial
defense within the bile ducts and intestine, and the clearance of systemic antigens. Indeed,
impaired hepatobiliary IgA secretion has been reported in chronic liver diseases (Banales et
al., 2019). However, in some cases of infection, intoxication, cholestasis or ischemia (O’Hara
et al.,2013), BEC can be activated which can lead to proliferation, fibrosis, inflammation and

the recruitment of other immune cells (Pinto et al., 2018).

Liver progenitor cells (LPC), also known as oval cells in rodents and characterized by their
oval shape and high nucleus to cytoplasm ratio, are located in canals of Hering. They originate
from hepatoblasts during fetal liver development. LPC are bipotent cells and are able to
differentiate into hepatocytes and biliary cells (Figure 2) (Tsuchiya and Lu, 2019). Their
activation and expansion called ductular reaction is part of the liver’s response to severe injury
upon impaired hepatocyte proliferation. However, some controversy remains about the exact
origins of these cells during ductular reaction as studies have shown that BEC and hepatocytes
could express LPC markers such as Sox9 (Ko et al., 2020). Additionally, evidence indicate that
mature and differentiated hepatocytes and BEC could undergoing metaplasia into a progenitor
state (Rodrigo-Torres et al., 2014; Tarlow et al., 2014). This has contributed to the emergence
of the hypothesis that there might be no LPC independent population in the liver but rather a
plasticity of hepatocytes and BEC that behave as facultative stem cells and can potentially
transdifferentiate into one another under certain circumstances (Michalopoulos and Khan,
2015). Ductular reaction is usually associated with the induction of infiltrating inflammatory

cells, activation of myofibroblasts and extracellular matrix accumulation (Sato et al., 2019).
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However, it is a very complex response that differs according to the injury context and the

origins of ductular cells still remain unclear.

a Hepatocytes

Acute severe or

Hepatoblast
. chronic injury

epatlc stem cell '@ Bile —=—

Blllary
epithelial cells

Stem cell markers

DIk1 c-Met CD4of
cD117 CD34 CD133
CD44H CDo0 EpCAM
Vimentin SSEA-4 Telomerase

Figure 2: Liver progenitor cell bipotential differentiation into hepatocyte and biliary cells. (a) Origin of LPC
during fetal liver development from hepatoblast. (b) Activation of LPC located in the canal of Hering after severe
injury and differentiation into hepatocytes and BEC, contributing to liver repair (Ko et al., 2020)

1.2.5. Hepatic stellate cells

Hepatic stellate cells (HSC), also known as Ito cells, are important cells involved in tissue
repair and inflammatory responses (Tsuchida and Friedman, 2017). They represent the hepatic
fibroblasts and are located in the space of Disse, the tiny area between hepatocytes and LSEC
(Figure 1). Their embryonic origin is still debated as they display marker genes of various
germ layers (Shang et al., 2018). They are described as fat storing pericytes represent 5 to 8%
of total liver cells. Although their exact role in normal liver is still being debated, HSC are
known to be responsible for collagen synthesis and vitamin storage. Eighty percent of all
vitamin A (retinol) contained in the body are stored within HSC lipid droplets (Senoo, Mezaki
and Fujiwara, 2017).

Lately, studies have revealed that HSC functions were more diverse. Indeed, HSC are sensitive

to inflammatory stimuli as they express complement receptor C5aR (Xu et al., 2013) and PRR,
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and can even act as antigen presenting cells (Weiskirchen and Tacke, 2014). For instance,
exposure to LPS induces NF-xB in HSC leading to their activation. Upon liver injury, HSC
can contribute to inflammation by producing reactive oxygen species and pro-inflammatory
cytokines (Fujita and Narumiya, 2016). Interestingly, HSC have also been shown to be key
regulators of the adaptive immune response as they express high levels of programmed death-
ligand 1 (PD-L1), also known as CD274 and B7-H1, which suppresses lymphocyte-mediated
immune responses. Conversely, quiescent HSC do not express PD-L1 that seem to be
upregulated after activation by IFN-y or contact with activated T cells (Yu et al., 2004; Li et
al., 2016).

Additionally, Activated HSC have been shown to be involved in liver regeneration by
producing angiogenic factors and remodeling the extracellular matrix, which support
endothelial cell and hepatocyte proliferation in liver regeneration (Jin et al., 2018; Kitto and
Henderson, 2021). This is further supported by murine knockout models inhibiting activated
stellate cells. When those mice undergo severe liver injury, regenerative responses of both
hepatocytes and oval cells are significantly impaired and more severe necrosis (Kalinichenko
et al., 2003; Pintilie et al., 2010; Shen et al., 2011).

However, when overly activated they can contribute to the development of fibrotic tissue and
cause liver fibrosis. Indeed, HSC have been shown to be major contributors to the development
of fibrosis (Hoffmann et al., 2020). However, several negative feedback pathways of liver
fibrosis have been described. For example, tissue inhibitor of metalloproteinase 1 TIMP-1,
mainly produced by HSC and KC during liver injury, protected hepatocytes against CCls-
mediated liver injury. In different contexts of liver injury characterized by sustained
inflammation and fibrosis, CB2 receptors, have also been identified as a novel negative
regulator of profibrogenic functions of IL-17, a key cytokine in the profibrogenic response
(Guillot et al., 2014). These findings bring interesting new opportunities to the care of liver

fibrosis.

The liver shelters a variety of immune cells from both the innate and adaptive immune systems.
Indeed, the liver holds the largest population of macrophages in the body (Ju and Tacke, 2016).

These hepatic macrophages, called Kupffer cells, reside in the lumen of sinusoids closely tied
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to endothelial cells (Figure 1). They play a role of sentinels as they are critical for systemic
response to gut-derived pathogens.

In addition, the liver harbors many cell types of the adaptive immune system including B and
T lymphocytes, natural killer T cells and yo T cells. The features and functions of these immune
cells will be described with more details in the third part.

This abundance of immune cells in the liver has led to propose the liver as an immunological
organ (Gao, 2016). Alongside its immunological properties, the liver also performs vital tasks

to maintain homeostasis by regulating metabolism and inflammation.

The liver is a vital organ that shelters a wide variety of cells. This translates into a large
spectrum of hepatic functions in metabolism, storage of nutrients, protein synthesis and

homeostasis monitored by the liver.

Dietary carbohydrates are metabolized in the digestive tract by glucosidase chain reactions into
glucose and absorbed to be transported to tissues to be used as energy in the form of ATP (Han
etal.,2016).

Glucose is transported from the intestines to the hepatocytes by glucose transporters. GLUT2
is the predominant glucose transport in the human liver (Adeva-Andany et al., 2016) and
enables bidirectional fluxes of glucose in and out hepatocytes. Beyond utilizing glucose, the
liver can release it into the blood stream, from stored glycogen (glycogenolysis) or by
synthesizing glucose from precursors including alanine, lactate and glycerol
(gluconeogenesis). This unique ability to store and release glucose is essential to provide
energy to all organs through periods of fasting. During postprandial windows, the liver switches
from a net output to a net intake of glucose which is operated by a decrease of glucagon levels

and an increase of insulin in the blood. This translates to glycogen accumulation and an

15



activation of glycolysis in hepatocytes. Glucose uptake by the liver is not dependent on insulin,
rather, hyperglycemia is the main factor inducing glucose transportation inside hepatocytes
(Chadt and Al-Hasani, 2020). Conversely, further away from the feeding windows, the liver
shifts from a glucose storage mode to a net glucose release. The pancreas starts releasing
glucagon, which in turns triggers a cascade of kinases leading to the breakdown of stored
glycogen into glucose, known as glycogenolysis (Han et al., 2016). Additionally, new
molecules of glucose are generated from carbon substrates to meet energy needs of all organs,
referred to as gluconeogenesis (Trefts, Gannon and Wasserman, 2017).

Within the cells, glucose is metabolized into glucose-6-phosphate by glucokinase enzyme
(Adeva-Andany et al., 2016). From this step, glucose-6-phosphate can follow different paths:
it can be transformed into uridine 5’ diphosphate (UDP)-glucose to be further utilized for
glycogen synthesis, and also UDP-galactose for protein glycosylation or UDP-glucoronate
(Egger et al., 2010) involved in the formation of glycosaminoglycans. On average, 50% of the
absorbed glucose is converted and stored as glycogen, representing the direct pathway of
glycogen synthesis. More than 70% of glycogen is formed via this direct pathway, alternatively
27% of the glycogen formation results from glucose derived from gluconeogenesis (indirect
pathway) (Rito ef al., 2018). The capacity of the liver to store glycogen is limited, therefore
excess dietary glucose is converted into fat by de novo lipogenesis in the liver, but represents
an energetically expensive pathway (Adeva-Andany ef al., 2016).

Altogether, these features make the liver a central organ in glucose metabolism. In addition,
lipid metabolism is another important hepatic function, processed either from excess glucose

intake or from ingested lipids.

The liver also plays a major role in the production of cholesterol and proteins that carry fatty
acids to other tissues throughout the body.

Lipid metabolism in hepatocytes mainly comprises three major pathways: first, lipid and fatty
acid uptake, along with fatty acid synthesis (referred to as de novo lipogenesis); second, lipid
storage, involving triglyceride synthesis and lipid droplet formation; and lastly, lipid
consumption, implicating fatty acid degradation (lipolysis), B-oxidation, and the synthesis of

lipoproteins.
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The hepatic bile secretion and lipoprotein synthesis facilitate the absorption of lipids assembled
in chylomicrons in the gut. Fatty acids will eventually be hydrolyzed into non-esterified fatty
acids (NEFA) by lipoprotein lipases or thioesterases and delivered to hepatocytes thanks to
transport proteins namely fatty acid transport protein, fatty acid translocase and CD36, or by
diffusion (Ruiz-Palacios et al., 2017). Inside hepatocytes, NEFA and fatty acyl-CoA are bound
to fatty acid binding protein and acyl CoA binding protein that carry them to either intracellular
compartments for metabolism or to the nucleus to further regulate the activity and nuclear
abundance of transcription factors.

After feeding, the liver also converts NEFA into triglycerides by assembling fatty acids and
glycerol with very low-density lipoproteins, released by hepatocytes into the bloodstream to
provide lipids to the whole body. Those glycerolipids also include phospholipids and
glycolipids. Glycerophospholipids represent the most abundant type of phospholipids. They
are mostly found in cell membranes where they constitute anchors for proteins in cell

membranes. They are also a source of physiologically active compounds such as eicosanoids.

The liver is also a key metabolic hub for energy homeostasis by performing de novo synthesis
of fatty acid (referred to as lipogenesis) from carbohydrates and acetyl-CoA. This pathway is
sensitive to insulin concentration and tissue sensitivity to insulin (Song, Xiaoli and Yang,
2018). In the body two tissues have the capacity to produce fatty acids: the liver and the adipose
tissue. While de novo lipogenesis in adipose tissue is directly involved in in situ fat
accumulation and energy storage, fatty acids in the liver are carried by lipoproteins and provide
energy and structural elements for membrane building. Additionally, the liver is the main site
of cholesterol biosynthesis. It is an essential component of cell membranes that maintains their
integrity and fluidity and serve as a precursor for the synthesis of bile acids, steroid hormones,
and vitamin D (Zampelas and Magriplis, 2019). Cholesterol is formed from acetyl-CoA via a
multistep metabolic process involving 3-hydroxy-methylglutaryl-CoA reductase (HMG-CoA-
R) which mediates the rate-limiting step that catalyzes the conversion of HMG-CoA into
mevalonic acid. However, excess of lipid accumulation in the form of triglycerides or
cholesterol inside hepatocytes results in fatty liver disease (also known as hepatic steatosis)
and atherosclerosis (Kim et al., 2014). Statins which are inhibitors of 3-hydroxy-methylglutaryl
CoA reductase represent the mainstay hypercholesterolemia and cardiovascular disease
treatment (Oliveira et al., 2016).

Conversely, in periods of fasting, the liver produces ketone bodies (including acetoacetate and

B-hydroxybutyrate) though the breakdown of fatty acids, in a process called ketogenesis.
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Ketogenesis occurs in conditions of low glucose levels in the blood, after exhaustion of stores

of glycogen and carbohydrate.

The liver stores vitamins A, D, E, K, and B12 and keeps significant amounts of these vitamins
stored in some cases several years as a backup. Unlike vitamin B12 which is a water-soluble
vitamin, vitamins A, D, E and K are liposoluble vitamins, their absorption in the form of
micelles is dependent on bile acids and dietary fats. Vitamin A is a family that comprises
retinol, retinal and pro-vitamin A carotenoids (such as beta-carotene). They have key roles in
the vision, maintenance of epithelial integrity, immune competence, reproduction.

Once in the intestine, enterocytes absorb them and combine them with triglycerides,
cholesterol, phospholipids and proteins, into chylomicrons formed in the Golgi and excreted
via exocytotic vesicles in the form of retinyl esters or directly as retinol (Hussain, 2014).
Chylomicrons then deliver the nutrients to the tissues and the excess is internalized by
hepatocytes. Several proteins such as low-density lipoprotein receptors and syndecan-1 (a
heparin sulfate proteoglycan) and apolipoprotein E, which facilitate chylomicron binding
(Stanford et al., 2009; Mondal et al., 2016; Saeed et al., 2017). Inside hepatocytes, retinyl ester
hydrolase will further hydrolyzed retinyl esters into retinol (Linke, Dawson and Harrison,
2005). Retinol is then delivered to hepatic stellate cells where it is esterified into retinyl esters
for storage inside lipid droplets (Saeed et al., 2017). This suggests that retinol constitutes the
active form of vitamin A and retinyl ester, the storage form.

Vitamin D is a secosteroid hormone involved in calcium homeostasis and bone structure. It can
be absorbed from dietary sources in the form of vitamin D2 (ergocalciferol) and D3
(cholecalciferol) or synthesized within the skin. Vitamin D from both sources is biologically
inactive. It is activated by two hydroxylation steps, the first one occurs in the liver and the
second in the kidney. Endogenous synthesis of vitamin D involves ultraviolet B light exposure
that catalyzes the stereoisomeric conversion of 7-dehydrocholesterol into pre-vitamin Ds. Pre-
vitamin D3 will be further converted to vitamin D3 (Elangovan, Chahal and Gunton, 2017).
Subsequently, vitamin D3 will by hydroxylated into 25-hydroxyvitamin D (25D) by CYP2R1
in the liver, that will in turn be converted to 1,25 dihyroxyvitamin D (1,25D) by CYP27B1 in

the kidney, which represents the active form (Keane et al., 2018). Interestingly, the levels of
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hepatic vitamin D receptors (VDR) VDL are low in normal liver and the distribution has been
shown to be in favor of BEC, KC and other non-parenchymal cells. Indeed, their VDR
expression is higher than that of hepatocytes indicating that non parenchymal cells might be
the main responders to vitamin D in the liver (Elangovan, Chahal and Gunton, 2017).
Vitamin E is another fat-soluble vitamin group essential for human health, involved in the
protection against reactive oxygen species, that includes 4 tocopherol and 4 tocotrienol
members. As a fat-soluble vitamin, the absorption, hepatic metabolism and cellular uptake are
similar to those of other lipids. After feeding, most vitamin E is carried by lipoproteins (namely
LDL and HDL) within chylomicrons to the liver. These vitamin E-rich vesicles will be stored
within LSEC, HSC and KC. Outside feeding windows, vitamin E will be transferred from
cytoplasm of liver cells to the plasma (in the form of a-tocopherol) via a-tocopherol transfer
protein (a-TTP) and transported through blood circulation by LDL and HDL transport proteins
(Schmolz et al., 2016).

Lastly, vitamin K is a family that comprises two members, vitamin K1 (phylloquinone)
synthesized in plants and vitamin K2 (menaquinone) derived from animals and bacteria
(Schubert et al., 2018). The metabolism of vitamin K occurs in the liver and follows that of
vitamin E, which include the uptake of chylomicrons by enterocytes, the packaging with dietary
lipids and the exocytosis into the lymphatic system (Shearer, Fu and Booth, 2012).

Alongside those vitamins, the liver also stores essential minerals including iron from
hemoglobin in the form of ferritin involved in the creation of new red blood cells, and copper.
Indeed, dietary iron is absorbed in enterocytes then loaded on transferrin (Tf) to circulate
throughout the body. Subsequently, iron is delivered to the liver which performs essential
function in maintaining systemic iron homeostasis. Indeed, the liver is an important site for the
storage of iron and the production of iron-related proteins including Tf, copper-dependent
serum ferroxidase (Cp) involved in the iron export into the circulation and ferritin that stores
and releases iron in a regulated fashion (Winn, Volk and Hasty, 2020). Iron enters liver cells
via transferrin receptor (Tfr). Tfr1 transcript stability is regulated by the IRP/IRE system. When
iron levels are low, more Tfr1 is translated allowing for increased iron uptake through Tf. When
iron levels are high, IRP are inactivated that leading to a reduction of Tfrl mRNA stability and
iron uptake. This mechanism allows a fine regulation of iron levels (Anderson and Shah, 2013).
Iron is then released into the blood stream via Cp in a copper-dependent manner (Doguer, Ha

and Collins, 2018).
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In fact, the liver is also a key organ in the supply, storage and excretion of copper. Copper is
an important mineral for the action of diverse enzymes involved in a wide variety of
physiologic functions (Bost et al., 2016). Seventy-five percent of the copper coming from the
portal vein is taken up by the liver where it enters hepatocytes by the human copper transporter
hCTR1 (Linder, 2020). The remainder reaches the peripheral circulation, bound to albumin
(Bost et al., 2016).

In addition to its role in the metabolism of nutrients and the storage of essential vitamins and
minerals, the liver is the site of production of bile which is vital to the survival of the organism.
The bile is a complex fluid secreted aqueous liquid by hepatocytes that acts as a surfactant to
extract lipids and lipophilic nutrients from the food and helps break down proteins for
digestion. The main function of bile are to facilitate the absorption of dietary fats in the
intestines, excrete cholesterol, harmful lipophilic xenobiotics and endogenous metabolites
(including bilirubin and bile salts) with a molecular weight superior to 300 Daltons that are not
excreted by the kidneys and finally to protect against enteric infections by carrying
immunoglobulin A (IgA), inflammatory cytokines that stimulate the gut immune system
(Chiang and Ferrell, 2020). Bile also carries vitamins; As detailed previously, vitamin D
metabolite (25-hydroxyvitamin D is secreted in the bile by hepatocytes and contributes to
calctum homeostasis (Gil, Plaza-Diaz and Mesa, 2018). Bile flows through bile ducts where it
is enriched by cholangiocytes and is stored in the gallbladder or directly delivered to the
intestinal lumen. Initially, hepatocyte secrete bile formed by water bile salts, electrolytes,
bilirubin and lipids like phospholipids and cholesterol (Chiang and Ferrell, 2020). Bile
salts have a hydrophobic and a hydrophilic part which help promote lipid emulsion in the
blood by forming micelles. Primary bile acids (cholic, chenodeoxycholic) are synthesized by
hepatocytes from cholesterol catabolism. They are further dehydroxylated by gut bacteria in
leading to the formation of secondary bile acids (deoxycholic acid and lithocholic acid). Both
primary and secondary bile acids are further conjugated with glycine and taurine by the liver
to form bile salts (Suga et al., 2017). At the cellular level, The sodium-potassium ATPase

localized on the basolateral membrane of the hepatocyte regulates sodium and potassium
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gradients (Boyer, 2013). Additionally, ion exchangers like the sodium-hydrogen exchanger

maintain a stable pH.

Protein synthesis and breakdown are essential to all cellular and organ functions We saw earlier
that the liver plays a major role in lipid-related protein synthesis, but it is also an organ
responsible for the production of many plasma proteins such as albumin which is a crucial
oncotic pressure regulator and proteins of the complement system involved in the innate
immunity.

In fact, 80 to 90% of all circulating innate immunity proteins, namely proteins of the acute
phase, complement system and secreted PRR, are produced within the liver by hepatocytes.
Liver-specific expression of these proteins results from the liver-specific transcription factors
that regulate the gene expression of these proteins (Gao, Jeong and Tian, 2008). In the context
of an inflammation or acute phase response, these inflammatory cytokines including IL-6,
TNFa and IFNy stimulate hepatocyte to produce high amounts of these innate immunity
proteins.

In addition, the liver has the capacity to break down proteins and metabolize their amino acids.
Metabolizing amino acid provides energy for hepatocytes but leads to nitrogenous wastes. one
of the mechanisms the liver uses to dispose of these damaging reactive nitrogenous molecules
is the urea cycle. Some specific amino acids can also serve as gluconeogenic substrates. This
enables the conversion of amino acids from tissues including skeletal muscle and intestines
into glucose, which is particularly pertinent to provide stable and sustained energy to glucose-

dependent organs in times of extended fasting (Trefts, Gannon and Wasserman, 2017).

The strategic location of the liver at the intersection between the portal system and general
circulation is one of the key features of this organ. In fact, the liver is known play a key oral in
processing and metabolizing all gut-derived substances and nutrients before releasing them into
the blood stream. The liver which hosts a high number of neutrophils is essential for the

clearance of bacteria and related toxins like endotoxin from the blood (Strnad et al., 2017).
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Hepatic neutrophils provide immune protection through their phagocytic properties and the
release of antimicrobial granule proteins (Protzer, Maini and Knolle, 2012; Heymann and
Tacke, 2016). Moreover, neutrophils have the capacity to form extracellular webs, known as
neutrophil extracellular traps (NET), of nuclear DNA associated with histones and proteases
that trap and kill bacteria (McDonald et al., 2012).

Liver macrophages perform erythrophagocytosis leading to hemolysis which contribute to the
renewal of the red blood cell pool.

Additionally, the liver produces key enzymes involved in the detoxification of the organism.
Indeed, through the portal flow the body is exposed to a variety of chemicals of many sorts
(including pharmaceutical drugs, household chemicals, food-derived antigens, environmental
contaminants) that can be toxic. These metabolic pathways in the liver can be mainly centered
around two phases of enzyme systems of drug metabolizing enzymes (DME) aiming to target
xenobiotics and lead to their excretion. DME are primarily produced by the liver, and in a much
lower extent in the kidney and intestine (Hodges and Minich, 2015). Among those DME,
cytochrome P450 superfamily of enzymes (CYP450) represents the first defense (phase I) used
to process all kinds of xenobiotics, steroid hormones and pharmaceuticals (Danielson, 2002).
CYP450 enzyme are involved in the oxidation of nearly 90% currently used drugs (Chen,
Zhang and Wei, 2011). The mechanism of action of CYP450 enzymes involves adding a
reactive group (namely hydroxyl, carboxyl, amino group) via oxidation, reduction, and
hydrolysis reactions (Guengerich, 2018). Variability in the expression of CYP450 enzymes can
have consequences on the organism’s response to a toxin or a drug. In fact, CYP450 genes are
subject to genetic polymorphisms that can lead to impaired expression and function of the
enzymes in the individuals. Clinical application of this knowledge about CYP450 enzymes
translates in the pharmacological understanding of drug interactions, side effects, and
interindividual variability in drug metabolism (Guengerich, 2018). In addition, many foods
(such as cruciferous vegetables, tea, curcumin, soybeans, garlic) have been shown to have
inhibitory or stimulatory properties over CYP450 enzymes (Hodges and Minich, 2015).
CYP450 family is composed of a variety of enzymes involved in specific metabolism
pathways. For instance, CYP1 family metabolizes procarcinogens, hormones, and
pharmaceuticals. CYP2 enzymes process drugs, xenobiotics, hormones, along with other
endogenous compounds including ketones, glycerol, and fatty acids. In this cytochrome family,
CYP2EI has been the center of many studies as it involved in the metabolism of ethanol
(Danielson, 2002). CYP3 substrate comprise caffeine, testosterone, progesterone, and

androstenedione procarcinogens including aflatoxin B1. Lastly, the CYP4 family seems to
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have an extrahepatic expression and is involved in the metabolism of medium chain
triglycerides and toxicants like phthalates (Hodges and Minich, 2015).

Once a xenobiotic has been processed by enzymes of phase I, it becomes hydrophilic and can
be conjugated. This second phase also called “detoxification phase” consists in the transfer of
hydrophilic compounds by their respective enzymes such as glucuronic acid (by glucuronyl
transferases), sulfate (by sulfotransferases), glutathione (by glutathione transferases), amino
acids (by amino acid transferases), an acetyl group (by N-acetyl transferases), and a methyl
group (by N- and O-methyltransferases) (Xu, Li and Kong, 2005). These phase Il reactions aim

at making the metabolites more hydrophilic to enhance their excretion in the bile and the urine.

The liver is also crucial for the homeostasis and functions of other organs. Indeed, the liver
contributes to optimal brain functions as loss of liver functions leads to chronic hepatic
encephalopathy and eventually coma. Hepatic encephalopathy also known as portosystemic
encephalopathy is a syndrome characterized by impaired brain function in patients with
advanced liver diseases. The mechanisms by which liver failure leads to brain dysfunction are
still unclear but several hypotheses have been proposed in the last few years.

First, ammonia is the best described neurotoxin linked to hepatic encephalopathy. In healthy
livers, ammonia produced by enterocytes or gut bacteria and released in the portal vein is
converted into glutamine, preventing its entry in the systemic circulation (Sawhney and Jalan,
2015). However, in advanced liver diseases, impaired hepatic functions lead to a buildup of
ammonia and is often associated with muscle wasting, as muscle represents an important
extrahepatic site for ammonia removal. This increase in ammonia blood levels is responsible
for astrocyte swelling mediated by the water channel protein aquaporin-4 (Wright et al., 2010).
As a consequence of hyperammonia, astrocytes start metabolizing ammonia into glutamine
leading to an increase in intracellular osmolarity, eventually resulting in brain edema (Jover et
al.,2006). In fact, glutamine levels are significantly higher in acute liver disease patients (Gorg,
Schliess and Haussinger, 2013). Ammonia has also been shown to disturb neuronal electric
activity through the inhibition of excitatory and inhibitory postsynaptic potentials (Ferenci,
2017).
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Other hypotheses of the link between the liver and brain dysfunction include alterations of
blood flow and the role of inflammatory mediators released in the blood stream, without being
associated with brain tissue infection necessarily (Ferenci, 2017). Cirrhotic patients are
characterized by weakened immune capacities and more prone to developing infections.
Although the underlying mechanisms are still not fully understood, infection is a risk factor of
hepatic encephalopathy (Merli et al., 2013). In addition, further investigations are needed to
determine whether the systemic release inflammatory mediators or infections on their own

contribute to hepatic encephalopathy.

Cirrhotic patients also have a higher risk to develop cirrhotic cardiomyopathy, highlighting the
importance of a healthy liver to maintain proper heart functions (Chayanupatkul and
Liangpunsakul, 2014). Indeed, cirrhotic cardiomyopathy is characterized by chronic cardiac
dysfunction that translates into hyperdynamic circulation with a higher splanchnic arterial
vasodilatation and lower systemic vascular resistance. Cirrhotic patients displayed lower

elevation of cardiac output and ejection fraction in response to exercise compared to controls.

Recently, new approaches to study organ interactions between the liver and the brain or the
lungs have recently been engineered (Skardal et al., 2017). These multi tissue-on-a-chip
platforms aim at predicting more accurately effects of drugs, chemicals, and proteins in the
body and reducing the costs of drug development as 90% of drugs that enter phase I clinical

trials eventually fail (Seruga et al., 2015).

This wide variety of liver functions and their major impact on the other organs and overall
homeostasis have been safeguarded by the evolution by imparting to the liver the remarkable
capacity to regenerate. This unique advantage allows the liver to recover any lost mass and

prevents jeopardizing survival of the organism globally.
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2. Liver regeneration

Strategically located as a hub between the portal system coming from the gut and the general
circulation, the liver is exposed to many kinds of harmful substances such as gut-derived toxins,
excess of fat and alcohol that can lead to severe liver injury. The proper execution of liver
function is crucial for body homeostasis (Michalopoulos and Bhushan, 2021). Therefore, it is
essential for the liver to regenerate in order to maintain its mass and functions. Liver
regeneration results from the ability of the liver to adjust its mass to the whole-body weight.
Indeed, after severe weight loss or weight gain and pregnancy, the liver size decreases and
increases respectively (Michalopoulos, 2013). It is defined as a process by which the liver
replaces lost tissue by the differentiation and/or proliferation of remaining cells. Unlike in
species like fish (Chu and Sadler, 2009), the liver of humans and rodents regenerate following
a compensatory growth mechanism that only recovers the mass but not the shape of the liver.
Indeed, following liver resection in humans and rodents, for instance, the remaining liver lobes
will undergo hyperplasia to compensate for tissue loss, but the resected lobes will not grow
back.

On the cellular level, there are mainly two regenerative pathways in the liver. First, the classical
liver regeneration is driven by healthy hepatocyte hyperplasia and proliferation. In fact, unlike
most somatic cells, a few cell types including megakaryocytes, cardiac myocytes, skeletal
muscle cells, and hepatocytes are polyploid cells which enables multipolar divisions into
diploid daughter cells (Wilkinson et al., 2019). Alternatively, when hepatocyte proliferation is
compromised following severe liver injury or massive tissue loss, hepatic regeneration involves
liver progenitor cells. They are characterized by stem-cell like features and are able to

differentiate into both hepatocytes and biliary cells.

Following loss of liver mass or acute injury, the liver has the ability to trigger regenerative
processes through the hypertrophy and proliferation of hepatocytes. Liver regeneration is a
unique feature of the liver. It is observed in all vertebrates including rodents (Michalopoulos

and Bhushan, 2021). This complex process is triggered by many parameters such as liver to
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body weight ratio when livers of small individuals are transplanted into larger ones but also
after a loss of tissue or function. Liver regeneration involves a myriad of cellular actors and is
finely regulated. In normal liver, hepatocytes are quiescent and less than 1-2% of hepatocytes
are in the cell cycle in homeostasis state. Following acute hepatic stress, hepatocyte
proliferation represents the default regenerative pathway in response to liver mass loss
(Michalopoulos, 2017). Hepatocyte polyploidy is a key factor that allows hepatocytes to
undergo division and self-renew to maintain hepatocyte pool (Wang et al., 2017). A key
endpoint of liver regeneration is the restoration of total number and mass of hepatocytes, the
main functional cells of the liver responsible for delivering most of the hepatic functions and
maintaining homeostasis (Walesky et al., 2020).

Liver regeneration is triggered by a wide variety of signals which can be classified into two

main categories: mechanical stimuli on the one hand and chemical stimuli on the other hand.

In humans, liver resection which consists in the surgical removal of a portion of the liver, is
commonly performed to treat multiple hepatic injuries.

Knowledge about the underlying mechanisms of liver regeneration has significantly grown
thanks to the model of PHx. In 1932, the first PHx in rats was reported. It was first performed
on humans only 20 years later (Kruepunga et al., 2019). This delay can be explained by the
fact that human liver is not lobated. Indeed, in rodents, the liver is composed of several lobes
that are easily removable after ligation (Figure 3). The most common PHx model is the 2/3

hepatectomy.
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Figure 3: Anatomy of the liver before and after 2/3 PHx in the mouse. The 2/3 hepatectomy model in the
mouse consists in the removal of the two biggest (median and left lateral) lobes (Abu Rmilah et al., 2019)

Depending on the proportion of the liver mass resected, different types of hepatocyte responses
are induced (Gilgenkrantz and Collin de ’Hortet, 2018): for example, 1/3 PHx stimulates
hepatocyte hypertrophy while 2/3 PHx triggers division and proliferation of remaining
polyploid hepatocytes (Figure 4) (Miyaoka et al., 2012).
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Figure 4: Mechanisms of liver regeneration depending on the volume of resected liver. Liver mass is restored
through hepatocyte-driven regeneration when remaining cells are sufficient: by hypertrophy or hyperplasia of
remaining hepatocytes following 1/3 and 2/3 hepatectomy respectively. Alternatively, liver mass recovery requires
the activation of the LPC compartment following 80% hepatectomy or above by triggering LPC expansion and
differentiation into hepatocytes and biliary cells (Gilgenkrantz and Collin de I’Hortet, 2018)

A common characteristics of partial hepatectomy models is the transient accumulation of fat in
in residual hepatocytes, known as steatosis (Rao et al., 2001; Kachaylo et al., 2017). Within
the few hours following PHXx, lipid accumulation occurs in the liver and has been shown to be
required for a proper liver regeneration. In fact, those lipids have been shown to provide fuel
for regenerating cells. Studies described that blockade of fat accumulation either by drugs or
in KO mice was associated with impaired liver regeneration (Yamauchi et al., 2003; Shteyer
et al., 2004). Although the underlying mechanisms regulating those lipid changes after PHx
still remain to be elucidated, lipid metabolism and liver regeneration are very sensitive to the
circadian rhythm (Atwood et al, 2011; Gooley, 2016). Indeed, the initiation of liver
regeneration is dependent on polyamine synthesis, which is required for the cell proliferation.
This includes several enzymes whose transcripts follow circadian oscillations revealing
hepatocytes’ autonomous internal clock that orchestrate liver regeneration (Atwood et al.,
2011). Additionally, histone deacetylase SIRT1 which is a central actor in many liver processes
such as glucose and lipid metabolism, but also cell proliferation, has been shown to be tightly

associated with circadian oscillations and responsible for regulating deacetylation of histone
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H3 in the promoter region of clock-controlled genes in a circadian pattern within hepatocytes

during liver regeneration in mice (Bellet et al., 2016).

The complexity of the regulation of liver regeneration translates into a large diversity of
molecular factors and mitogenic signals involved in this process.

One of the earliest biochemical changes following PHx is the induction of the activity
of urokinase plasminogen activator (uPA) that converts plasminogen to plasmin which
activates metalloproteinases (Mangnall ef al., 2004). This occurs widely across the tissue in
remnant lobes as early as 5 min after PHx. Although uPA was initially described in the
conversion of plasminogen to plasmin, it has been now shown to have a wider role in tumor
metastasis and liver regeneration by contributing to extracellular matrix remodeling and
angiogenesis (Drixler et al, 2003). In hepatocytes, beta catenin and notch-1 intracellular
domain (NICD) are induced inside the nucleus within the first half hour that follows PHx. The
use of RNA interference to block their expression impairs the regenerative response (Kohler et
al., 2004). Within 1h after PHx, it has been reported that Stat3 and NFkB are activated.
However, the blockage of these molecules does not seem to disturb the regenerative response.
This can likely be due to the presence of redundant signaling pathways that balance the loss of
proteins such as STATI assuming the function of STAT3). STAT3 and NF-kB are crucial
signaling molecules involved in the cell cycle of many cells. Their activation in hepatocytes
early after PHx contributes tremendously to the signaling pathways inducing their proliferation.
At 6h after PHx cyclin D1 activity is induced. TOR functions as a regulator of this activation
(Nelsen et al., 2003). The first signs of DNA synthesis are observed 12h after PHx in the rat,
and peak at 24h. In the mouse, the kinetic is shifted later by 612 h.

The early steps occurring within the first Sh following PHx are often being referred to as
“priming” (Fausto, 2000). In fact, this word describes both preparatory events for the entry into
the cell cycle and mechanisms orchestrating modifications of gene expression patterns within
hepatocytes allowing them to keep assuring their homeostatic functions. Among mitogens,
HGF and ligands of the EGFR represent the main direct mitogens inducing hepatocyte
proliferation, as they induce a strong mitogenic response in hepatocytes in primary culture.
HGF, EGF, and TGFa also induce hepatocyte proliferation and liver enlargement when
injected alone into intact normal mice and rats. In addition to these proteins, however, there are
other substances which, although not directly mitogenic to hepatocytes, enhance the effect of

the direct mitogens such as TNF. IL-6 family cytokines have been shown to be key players in
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both triggering and resolving the tissue damage and to promote liver regeneration (Schmidt-
Arras and Rose-John, 2016). In the partial hepatectomy (PHx) model, hepatocytes contribute
to IL-6 production, which is dependent on the HGF/cMET signaling pathway, thereby
promoting liver repair. IL-6 promotes liver regeneration by activating STAT3 via the classic
signaling pathway, but a recent study suggests that IL-6 trans-signaling through sIL-6ra also

controls liver regeneration after PHx.

As opposed to PHx, where tissue loss results from the surgical removal of a large portion of
the liver, xenobiotic hepatotoxicity induces necrosis of liver tissue. Therefore, the underlying
cellular and molecular mechanisms driving liver regeneration significantly differ.

The CCls model represents one of the most common models to study drug-induced liver injury
(DILI). Similarly to liver regeneration following PHx, CCla triggers a hepatocyte response with
a minor input from LPC as shown in a model of osteopontin-linked Cre to label LPC (Espanol—
Sufier et al., 2012). Although CCls is not a drug, it is a hepatotoxic compound cleaved by
cytochromes P450. The resulting products trigger oxidative damage to DNA, proteins, lipids,
and carbohydrates within hepatocytes leading to tissue necrosis. In fact, it is associated with
lipid peroxidation and cross links between lipids and proteins resulting in cell dysfunction and
membrane damage (Clemens, McGill and Apte, 2019). This cell damage is accompanied by a
production of cytokines such as IL-6 and TNF-a that amplify tissue injury (Sudo ef al., 2005).
In fact, TNF-a is a proinflammatory mediator rapidly produced by macrophages in response
to tissue injury. TNFR1 deficient mice exhibit significantly less CCls-mediated liver fibrosis
than the control mice. In addition, following CCls injection, TNFR1 deficient mice display no
increase of TGF-b2, a pro-fibrogenic factor involved in the activation of fibroblasts and the

production of extracellular matrix molecules, unlike the wild type group (Sudo et al., 2005).
However, these cytokines and growth factors, also found increased following PHx, are double-

edged swords as they have been shown to be beneficial for hepatocyte survival and liver

regeneration. Indeed, these pro-inflammatory mediators promote regeneration and tissue
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repair, however in case of chronic insult, sustained establishment of a pro-inflammatory
environment can lead to tissue damage (Cordero-Espinoza and Huch, 2018).

Gao et al. recently provided evidence suggesting that hypoxia-inducible factor 2a reprograms
hepatic macrophages to produce the hepatoprotective cytokine IL-6, thereby ameliorating DILI
in mice (Gao et al, 2020). Additionally, IL-6 has been shown to have hepatoprotective
properties by reducing MMP-2 expression involved in DILI-mediated tissue injury (Bansal et
al., 2005). In hepatocytes, IL-6 activates Stat3 signaling pathways. Studies showed that
following CCls exposure, TNFR1-deficient mice display reduced Stat3 signaling leading to a
delayed regeneration compared to the wild-type group. Similarly, as in the PHx model,
hepatocyte growth factor (HGF) is also upregulated after CCls exposure. HGF is produced by
hepatic non-parenchymal cells and is involved in regeneration following CCls injury. Indeed,
administration of antibodies against HGF resulted in dramatically reduced DNA synthesis in

mice injected with CCla.

2.2. Liver regeneration from liver progenitor cells

By contrast to surgical loss of liver mass or acute injury, upon severe or chronic tissue damage
characterized by a massive destruction of hepatocytes and chronic inflammation, the
proliferation of remaining hepatocytes is altered. Therefore, the classic regenerative pathway
through hepatocyte is compromised as proliferation of remaining and healthy hepatocytes is
not sufficient to restore the initial liver mass and hepatic functions. In these cases, liver

progenitor cells (LPC) activate to help restore liver tissue mass and functions.

2.2.1. Contribution of LPC to liver regeneration in

severe and chronic injury

LPC have been shown to have beneficial properties during liver regeneration by differentiating
into hepatocytes and biliary cells. Activation of LPC have been described in various liver
diseases such as NAFLD, ALD, viral hepatitis and cholestatic hepatitis (So ef al., 2020), all

characterized by an important loss of hepatocytes. In addition, following large tissue resection,
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when remaining hepatocytes cannot sustain a proper restoration of the liver mass, regeneration
is conducted from the conversion of biliary cells into progenitor cells (Figure 5) (Choi et al.,
2014; He et al., 2014).

This activation and expansion of the LPC compartment in the periportal areas of the liver is
usually referred to as ductular reaction and leads to the development of bile ductules and a
remodeling of the extracellular matrix as it is accompanied by the activation of myofibroblasts
and the infiltration of macrophages (Jakubowski et al., 2005; Boulter et al., 2012). Suppression
of LPC differentiation leads to impaired liver regeneration and recovery (Choi et al., 2017; Ko
et al., 2019) hence the importance of this LPC-mediated regenerative pathways.

Indeed, the role of LPC have been described in many contexts of liver injury such as acute
intoxication, hepatitis, cirrhosis, where hepatocyte regeneration is compromised, thanks to the
development of several murine models allowing to study these liver injuries and the impact of
LPC on liver regeneration. These models include drug-induced intoxication with 2-
acetylaminofluoren and retrorsine which are chemicals with strong inhibitory properties on
hepatocyte proliferation that lead to the induction of a robust LPC response and ductular
reaction. The murine model of choline-deficient ethionine-supplemented (CDE) diet also
recapitulates this chronic liver injury and leads to stimulation of liver progenitor cell
accumulation and proliferation. In this model, IL-27 has recently been shown to play a pivotal
role in liver regeneration by promoting progenitor cell differentiation into hepatocytes (Guillot
et al., 2018). In fact, IL-27 displayed a direct role on LPC in vitro by promoting their
differentiation into a hepatocyte-like phenotype. Alternatively, disruption of WSX-1 signaling
prevented LPC accumulation and further led to a significant reduction of macrophage
recruitment which are known to be central actors in the expansion of LPC. Those properties
highlight the essential role of IL-27 in liver regeneration by promoting the activation and
expansion of the LPC compartment.

LPC expansion has also been described in many contexts of hepatotoxin-derived necrotic
injury in centrilobular (like acetaminophen) or periportal (like allyl alcohol) areas (Doll¢ et al.,
2010). Carbon tetrachloride (CCl4) triggers liver injury by the breakdown of its metabolites
from cytochrome P450. The highly reactive metabolite triggers lipid peroxidation in the
hepatocytes which damages these (centrilobular) cells and induces necrosis. Under normal
circumstances, acetaminophen (AAF) and paracetamol (APAP) undergo biotransformation by
cytochrome P450 (glucuronidation and sulphation) and are excreted by the kidneys. After an
overdose, the toxic metabolites accumulate and create adducts with DNA and protein leading

to necrosis of the hepatocytes.
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In a model of mice fed a DDC diet that recapitulates human cholestatic disease, liver-specific
c-Met knockout mice showed a significantly reduced number of A6*/EpCAM™ hepatocyte-like
cells compared to c-Met wild-type mice, indicating that HGF/c-Met pathway may regulate LPC
differentiation into hepatocytes during liver regeneration (Ishikawa et al., 2012).

Notch and Wnt/B-catenin signaling have also been shown to play a role in LPC differentiation
(Gao et al., 2021). Indeed, macrophage-derived-Wnt3a increases Numb expression leading to
an inhibition of Notch signaling in LPC, which eventually promote their differentiation into
hepatocytes. Contrastingly, Jagl expression in myofibroblasts induces Notch signaling in LPC

and promote LPC differentiation into BEC (Boulter et al., 2012).

Recently, studies highlighted the interaction between LPC and the extracellular matrix as
matrix remodeling is required for the proliferation of LPC (Lukacs-Kornek and Lammert,
2017). These new insights represent interesting and promising therapeutic options to promote
LPC-mediated liver regeneration (Williams, Clouston and Forbes, 2014). Indeed, transgenic
mice expressing a mutated version of collagen I and fed a CDE diet displayed lower LPC
numbers and laminin deposition, another key component of the extracellular matrix (Kallis et
al., 2011). Interestingly, data suggest that the differentiation of LPC into hepatocytes is
associated with a disappearance of the basement membrane accompanied with changes in
adhesion molecule profile including the replacement of the biliary cell-specific alpha6 integrin
and connexin 43 with the hepatocyte-specific alphal integrin and connexin 32 (Paku et al.,
2004). Laminin have also been shown to be required for LPC to maintain their stem cell like
features. As shown in an in vitro study, LPC cultured without laminin for 7 days lost the
expression of pan-cytokeratin as opposed to the control cells cultured on laminin (Lorenzini et
al., 2010). In addition, the glycoprotein CD44, receptor of hyaluronic acid, has been reported
to be involved in LPC invasion and related to the maintenance of an undifferentiated phenotype

(Williams, Clouston and Forbes, 2014).
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Figure 5: Pathways of liver regeneration depending on the stimulus. Quiescent liver hosts liver progenitor
cells that can differentiate into hepatocytes and biliary cells. Following two-third hepatectomy, liver mass
recovery is mainly mediated by hepatocyte proliferation. Alternatively, in case of acute or mild injury, biliary
cells can dedifferentiate to restore liver mass along with hepatocyte proliferation. Lastly, when the liver suffers
from severe and chronic injury and hepatocyte self-renewal is compromised, LPC expand to restore a proper liver
mass (Macchi and Sadler, 2020)

2.2.2. Deleterious effects of sustained LPC activation in

the liver

Although LPC activation and expansion is a necessary alternative pathway to restore liver mass
when hepatocyte regeneration is compromised, this compensatory mechanism of regeneration
is slow and not very efficient. Additionally, LPC proliferation can also be detrimental and lead

to liver injury, promote fibrosis and contribute to liver cancer (So et al., 2020).

Implication of LPC in liver fibrosis. In a context of liver injury, amid significant hepatocyte

damage, LPC face the challenge of restoring lost or damaged liver tissue, as cellular and
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molecular mechanisms controlling homeostatic replacement of healthy tissue are disturbed. In
response to liver injury, LPC activation is associated with the activation of quiescent HSC into
profibrogenic fibroblast (So et al., 2020). Studies have shown a correlation between the number
of LPC and the severity of fibrosis in chronic liver diseases (Clouston et al., 2005; Richardson
et al.,2007). Indeed, the interaction of T helper type 1 (Thl) cells and LPC contributes to liver
fibrosis: Thl cells produce IFNy, which regulates LPC proliferation (Weng et al., 2013).
BALB/c mice deficient in Th1 signaling fed a CDE diet exhibited reduced LPC proliferation
and fibrosis compared to C57Bl/6 mice, which have normal Thl signaling. Supplementation
of [FNy increased both LPC number and fibrosis in the CDE model (Knight et al., 2007).
Recently, LPC regulation by a treatment with an angiotensin II type 1 receptor blocker leading
to a blockage of NOTCH signaling in LPC has shown improved fibrosis and better regeneration
by redirecting LPC differentiation toward hepatocytes (Kitade et al., 2019).

Implication of LPC in liver cancer. Liver cancer is the third most common cause of cancer
related death worldwide responsible for approximately 830,180 deaths annually and 905,667
new cases per year (Globocan 2020). Among primary liver cancers, hepatocellular carcinoma
represents about 70% and cholangiocarcinoma 15% (Massarweh and El-Serag, 2017). LPC
have been associated with liver cancer development (Libbrecht, 2006). Indeed, LPC markers
such as KRT7, KRT19, OV6, and EpCAM have been described in HCC (Liu, Yeh and Lin,
2020). Additionally, inhibition of LPC proliferation in chronically injured mouse livers
reduced tumor development (So et al., 2020).

Furthermore, the development of cancer recurrence, metastasis, and chemo/radioresistance has
been associated with the presence of cancer stem cells (CSC) The transformation of LPC has
been proposed as one possible origin of liver CSC (Nio, Yamashita and Kaneko, 2017). Data
indicate that LPC can generate lesions from regenerating nodules giving rise to aggressive
HCC. The expression of Sox9, a marker of LPC, correlates with degrees of liver injury and
fibrosis, and Sox9-positive cells have been reported to expand in early stages of human

hepatocarcinogenesis (Tummala et al., 2017).
These cellular processes are the site of complex immunological activity mediated by different

kinds of immune cells. Several cytokines produced by innate and adaptive immune cells

regulate the activation of hepatocytes and the LPC compartment.
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3.Role of the immune response in regenerating

livers

The liver is known to be an organ with essential immunological functions and has been
proposed as an immunological organ (Racanelli and Rehermann, 2006). Although the primary
role of the liver is not thought to be related to immunity, the liver also performs major
immunological tasks is the host of a wide variety of immune cells from the innate and adaptive
immunity including macrophages, natural killer, natural killer T, and yd T cells (Gao, Jeong
and Tian, 2008; Robinson, Harmon and O’Farrelly, 2016).

Among those immune cells, hepatic macrophages, also known as Kupffer cells, account for
about 30% of total non-parenchymal cells in the liver (Nguyen-Lefebvre and Horuzsko, 2015)
and are known as the largest population of resident macrophages as they represent 80% of all
macrophages in the body (Merlin ef al., 2016). At steady state, they perform essential tasks for
the liver and the entire organism including the control of LPS and endotoxins coming from the
intestinal tract through the portal vein, the phagocytosis of cellular debris and the overall

homeostasis of the liver.

Natural killer cells represent the major sinusoidal lymphocyte population in the liver (Mikulak
et al., 2019). NK cells are capable of recognition abnormal cells, infected by viruses,
transformed into tumor cells or cells in a state of stress, without excessively responding to the
permanent flow of gut-derived antigens (Zheng, Sun and Tian, 2018). There are mainly two
types of NK in the liver, conventional NK cells derived from the bone marrow and liver resident
NK cells derived from liver hematopoietic progenitor cells.

Recently, a classification of hepatic NK cells has been proposed on the basis of CD56 (NCAM-
1) expression, discriminating between CD567¢" and CD56%™ NK cell subsets (Scoville, Freud
and Caligiuri, 2017). CD56"ie" NK cells referred to as liver-resident NK cells are
characterized by the expression of transcription factors Eomes and Hobit (Peng and Tian,
2017). They produce low amounts of intracellular cytotoxic granules (such as perforin and

granzymes A-B) are also not capable of antibody-dependent cellular cytotoxicity in line with
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the absence of CD16 expression. However, they exert important regulatory functions through
secretion of chemokines and pro-inflammatory cytokines such as IFN-y, TNF-a in response to
different stimuli including IL-1f, IL-2, IL-12, IL-15, and IL-18 delivered by surrounding
immune cells like macrophages, DC, and T lymphocytes. NK’s main mechanisms of action are
finely regulated by a dynamic balance between activation and inhibitory receptors, respectively
aNKR and iNKR. The latter receptors bind to major histocompatibility complex class I (MHC-
I) on autologous cells that ensure tolerance towards own cells (Abel et al., 2018).

In a context of liver regeneration after PHx, NK cells have been shown to promote liver
regeneration and hepatocellular expansion (Hosoya et al., 2012). Following PHx, ATP is
released rapidly in the liver (Gonzales ef al., 2010). The extracellular ATP has been shown to
inhibit NK cells’ cytotoxic capacities through P2 receptors to prevent tissue damage (Graubardt
et al., 2013). Clearance of extracellular ATP stimulates NK cells’ cytotoxic capacities which
in turn enhances liver regeneration and tissue repair. Contrastingly with these beneficial
properties in regenerating livers following PHx, NK cells have been associated with a less
efficient hepatic regeneration in models of infectious-type stimuli. Indeed, in a context of
infection by the murine cytomegalovirus, depletion of NK cells has been associated with
enhanced regenerative capacities due to the reduction of IFN-y production known to induce
hepatocyte death and inhibit their proliferation (Li and Hua, 2017). Similarly, in an HBV
transgenic model, HBV has been shown to trigger NKT cell accumulation associated with
increased production of IFN-y and impairment of liver generation. The impairment of liver
regeneration was ameliorated in NKT cell depleted mice which also displayed reduced IFN-y
levels (Dong et al., 2007).

NK cells are also important actors in the crosstalk between the immune system and liver stem
cells. Their local secretion of cytokines stimulates oval cell expansion and has been proven to
promote tissue regeneration following acute liver damage. Indeed, mice lacking NK cells and
fed a CDE diet to trigger LPC expansion, display reduced ductular reaction (Strick-Marchand
et al., 2008).

The concept of “hepatoimmunology” was first proposed in 2002 by Mackay to acknowledge
the liver as a lymphoid organ (Mackay, 2002). In the context of liver regeneration after PHx,
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lymphocytes have been described as key players in stimulating hepatic cell proliferation and
promoting regeneration (L1 and Hua, 2017). Indeed, following PHx, TNF is rapidly produced
and TNFR1 signaling is essential for a proper induction of liver regeneration. RAG1™~ mice
show increased mortality and extensive hepatic injury, indicating that adaptive immune cells
are critical in regulating liver regeneration (Markose et al., 2018). Indeed, lymphotoxin
expression by T cells promotes liver regeneration through direct hepatocyte contact and via the
IL-6 pathway (Tumanov et al., 2009).

PHx characterized is characterized by tolerogenic immune cell activation and is also followed
by an increase in anti-inflammatory cytokines production such as IL-10 that controls
hepatocyte proliferation (Yin et al., 2011) and limits inflammation in the liver.

Interestingly, CD4 T lymphocytes colocalize with LPC in CDE fed mice. Consistently, T cell
deficient animals exhibited lower LPC numbers. The oval cell response in T cell-deficient mice
under CDE diet is associated with an activation and increased number of NK cells, showing
that T lymphocytes have a positive impact on liver regeneration in a non-infectious context, by
stimulating LPC expansion through their local cytokine production, namely IFN-y and TNF-a
(Strick-Marchand et al., 2008).

At steady state there are relatively low numbers of neutrophils in the liver (Williams et al.,
2010). After PHx, neutrophils numbers increase. They have been shown to be required for a
proper liver regeneration after PHx as ICAM-17- (a chemokine required for neutrophil
infiltration) display a delayed liver regeneration (Selzner et al., 2003). In addition, mice
injected with APAP display a substantial infiltration of neutrophils in the liver. Interestingly,
genetic depletion of neutrophils or administration of specific anti-Ly6G antibodies both
resulted in exacerbated liver injury and impaired liver regeneration (Yang et al., 2019).

Significant infiltration of eosinophil has also been reported in patients with APAP overdose
(Markose et al., 2018). Although very low inflammation is observed following PHx, some
cytokines necessary to trigger liver regeneration and described as pro-inflammatory are
upregulated like IL-4 which is secreted by eosinophils and has been shown to be important for
hepatocyte proliferation as mice lacking eosinophils display reduced hepatocyte proliferative

capabilities (Goh et al., 2013).
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Dendritic cells (DC) are professional antigen presenting cells. They represent approximately
1% of total non-parenchymal cells in the liver. They are mostly located in the periportal areas
(Freitas-Lopes et al., 2017). In the liver, DC can be classified into two subsets, classical DCs
(cDCs) and plasmacytoid DCs (pDCs). The latter is characterized by reduced expression of
MHCII which explain their limited ability to process antigens, whereas cDCs express higher
levels of MHCII and are very professional antigen-presenting cells (Li and Hua, 2017).
Dendritic cells, alongside KC, are known to play an important role in maintaining a tolerogenic
environment in the liver (Elchaninov et al., 2018). In a context of liver regeneration, DC have
been reported to expand within 6 hours following PHx and return to pre-PHx levels by 24
hours. Interestingly this expansion seems to be specific to liver dendritic cells since no
difference in DC number has been observed in the spleen following PHx (Castellaneta et al.,
2006). Estrogen is upregulated after PHx and is associated with an upregulation of estrogen
receptor on dendritic cells and contribute to their tolerogenicity and expansion (Castellaneta et
al.,2006). Interestingly, administration of FIt3L which increases liver DC numbers accelerated

liver regeneration.

Macrophages represent the largest immune cell population in the liver. Within the liver, KC
are located along the sinusoids tightly attached to endothelial cells. Thanks to this strategic
location, they represent the first cell population meeting gut-derived substances brought
through the portal vein. Every 10 hepatocytes is accompanied by about 3 macrophages (Lopez
et al.,2011). Therefore, it has long been assumed that macrophages play a crucial role in liver
functions and whole-body homeostasis. Indeed, in response to the microenvironment, KC can
produce a wide variety of cytokines and polarize into two main phenotypes: M1 pro-
inflammatory macrophages characterized by a great ability to present antigens, significant
production of IL-12, IL-23 cytokines and nitric oxide, and M2 anti-inflammatory macrophages

characterized by high production of IL-10 and low production of IL-12, IL-6 and TNF-a..
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Liver macrophage populations. Macrophages were initially described as phagocytic cells
capable of recognizing, engulfing and degrading pathogens and cellular debris. Since then,
distinct resident macrophage populations have been described in many tissues of the body
including the liver, in addition to bone marrow-derived circulating monocytes. Alongside
resident KC which originate from yolk sac-derived CSF1R" erythromyeloid progenitors, bone-
marrow derived monocytes circulate through the hepatic vascular network at steady state as
patrolling cells and infiltrate the liver tissue upon injury (Krenkel and Tacke, 2017; Cai, Zhang
and Li, 2019; Wen et al., 2021). Recently, several markers have been identified to discriminate
between KC and infiltrating macrophages. The ionized calcium-binding adapter molecule 1
(IBA1) has been described to be a common marker of both monocytes and KC as well as
monocyte and macrophage populations found in other organs of the body such as microglia
(Guillot, Buch and Jourdan, 2020). However, C-type lectin domain family 4 member F
(CLECA4F) has been identified as the most specific KC marker to date as it is not expressed by
monocytes. KC are commonly described as CD45'F4/80"CD11binermediate CLEC4F" cells
(Hsieh and Yang, 2009; Yang et al., 2013).

Contrastingly, CX3CR1, the G-protein coupled fractalkine receptor, is known to be expressed
by monocytes and capsular macrophages and absent from KC (Yona et al., 2013).

Recently, single-cell RNA-sequencing brought new insights to complex heterogeneity of
macrophages that reside in the liver. Liver resident KC are composed of two populations:
CD68"'MARCO™ KC characterized by a profile of genes contributing to the maintenance of
immune tolerance and regulation of inflammation while CD68"MARCO" KC display similar
transcriptional profile as recruited pro-inflammatory macrophages. Interestingly, both
populations seem to trigger weaker pro-inflammatory responses than CDI14" circulating

monocytes (Zhao et al., 2020).

The identification of these markers has led to a better characterization of hepatic macrophage
populations and emerging evidence suggests that while at steady state most macrophages
present in the liver are identified as KC, following tissue damage and inflammation, which
causes loss of KC, circulating monocytes infiltrate the hepatic parenchyma. For example, a loss
and decrease of liver KC has been reported in several contexts fulminant hepatitis including
infection with murine cytomegalovirus (Borst et al., 2018), or the bacterium Listeria
monocytogenes (Blériot et al., 2015), and in models of methionine/choline-deficient (MCD)
diet-induced nonalcoholic steatohepatitis (NASH) (Devisscher ef al., 2017) and hepatocellular
carcinoma (HCC) (Lefere et al., 2019). Several studies suggest that such KC loss is partially
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replaced by circulating monocytes (Nishiyama et al., 2015; Reid et al., 2016; Tran et al., 2020).
However, whether local KC proliferation or circulating monocytes restore liver macrophages

after partial hepatectomy (PHx) remains unclear (Figure 6).
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Figure 6: Potential sources of macrophages in different contexts of liver regeneration. /n the healthy liver at
steady state, hepatic macrophages mostly comprise KC. Following a stress either mechanic or induced by a
hepatotoxic compound, the liver undergoes a process of regeneration and tissue repair to recover lost tissue mass.
Although the underlying mechanisms driving hepatocytes and LPC have been well described using different
models of liver regeneration, the origins of repopulating macrophages remain to be elucidated.

Role of KC in regenerating livers from hepatocytes. Although their origin during hepatic
regeneration remains to be elucidated, KC are known to be a major source of cytokines in the
liver. Therefore, they are key players in regulating liver homeostasis and immune responses.

Impaired liver regeneration when KC are depleted. Indeed, pretreatment of mice with either
liposomal clodronate or gadolinium chloride to deplete or inhibit macrophages respectively,
resulted in impaired liver regeneration following PHx. Indeed, it has been reported in the
murine models of bile-duct ligation (BDL) and alcohol-induced liver injury that KC depletion
by liposome-entrapped clodronate leads to an impairment of DNA synthesis in the proliferating
hepatocytes (Osawa et al., 2010; Owumi et al., 2014). In addition, both TNF-a and IL-6 are
crucial to trigger hepatocyte proliferation (Schmidt-Arras and Rose-John, 2016) and KC-
depleted mice display lower levels those cytokines. Transfer of wild-type bone-marrow to IL-

6-deficient mice restores hepatocyte proliferation following PHx (Wen et al, 2021).
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Additionally, the absence of KC was associated with decreased NF-«B activation, which in
turn resulted in retarded liver regeneration (Abshagen et al., 2007). Of note, specific inhibition
of NF-kB in hepatocytes in a transgenic mouse model did not affect DNA synthesis (Chaisson
et al, 2002), indicating that KC-derived NF-«B has a greater impact on liver than
hepatocellular NF-xB activation.

Role of KC in regenerating livers from LPC. In toxic injuries, liver regeneration is a dose
dependent process, increasing with the extent of hepatic injury until a certain threshold where
hepatic injury leads to acute liver failure (Bhushan ef al., 2014). Indeed, upon liver injury,
necrotic hepatocytes are phagocytized by macrophages that stimulate liver regeneration
through Wnt signaling in nearby LPC (Boulter et al., 2012). In a context of liver injury induced
by the CDE diet, Kupffer cells have been shown to be key actors in LPC expansion. Indeed,
KC depletion reduced LPC proliferation and an adoptive transfer of monocytes led to a
restoration of LPC expansion in KC depleted mice (Elsegood et al., 2015). Interestingly,
macrophage therapy using bone-marrow transplant is associated with upregulated MMP-9 and
MMP-13 along with increased number of LPC and liver regeneration (Thomas et al., 2011).

Acute liver failure (studied through the APAP model) is characterized by heavy hepatocyte
necrosis: dying hepatocytes trigger inflammation by releasing “DAMP” signals (high-mobility
group box 1 protein and heat shock protein-70) which will be recognized by TLR on non-
parenchymal cells (Guicciardi et al., 2018). In chronically injured livers following a CDE diet,
invading macrophages have been associated with LPC expansion through the persistent
secretion of TNF-a. In such contexts, following hepatocytes deaths, KC are essential for the
engulfment and removal of debris. They start producing (TNF)-like weak inducer of apoptosis
(TWEAK) which binds to its receptor FGF-inducible 14 (Fn14), expressed on LPC leading to
their activation and expansion (So et al., 2020). Recently, WSX-1 deficiency, the IL-27
receptor, has been associated with a reduction of macrophages and less LPC leading to a less

efficient LPC-driven regeneration (Guillot ef al., 2018).

Although the importance of KC is widely known in liver regeneration, their origin and the
underlying mechanisms involved in their proliferation during liver regeneration remain
unclear. Additionally, their role on alternative pathways of regeneration from LPC and the

underlying mechanisms of the cytokines they produce are yet to be elucidated.
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4. PhD Publications

4.1. PUBLICATION 1: Kupffer cell restoration after partial
hepatectomy is driven by their local cell proliferation in

autocrine and paracrine IL-6-dependent manners

In this first publication, we brought new insights shedding lights on the origin of hepatic
macrophages during liver regeneration after PHx and uncovered the underlying mechanisms
driving their restoration. By using 10 different strains of genetically modified mice and
performing immunohistochemistry analyses, we proposed to address the question whether, in
regenerating livers post partial hepatectomy (PHx), liver macrophage restoration results from
circulating monocyte infiltration or local KC proliferation, and to uncover the involved
underlying mechanisms. By performing immunohistochemistry analyses, we demonstrated that
local KC proliferation and not circulating monocytes, restored liver macrophages after PHx.
This KC proliferation was impaired in //6 KO mice, which was restored after administration of
IL-6 protein, whereas KC proliferation was not affected in //4 KO and Csf2 KO mice. The
source of IL-6 was identified using hepatocyte- and myeloid-specific //6 knockout mice, which
revealed both hepatocytes and myeloid cells contribute to IL-6 production after PHx.
Moreover, KC proliferation was also impaired in myeloid-specific /16 receptor knockout mice
after PHx, suggesting that IL-6 signaling directly promotes KC proliferation. Studies using
several inhibitors that blocked IL-6 signaling pathways revealed that sirtuin 1 (SIRTI)
contributed to IL-6-mediated KC proliferation in vitro. Genetic deletion of the Sirt/ gene in
myeloid cells including KC impaired KC proliferation after PHx. In conclusion, our data
suggested that KC repopulation after PHx is driven by local KC proliferation independently of
circulating monocytes, which was dependent on IL-6 and SIRT1 activation in KC (Figure 7).
Although macrophages clearly play a role in sustaining and orchestrating hepatocyte-mediated
regeneration in a context characterized with very low and controlled inflammation and no
associated fibrosis or tissue injury, little is known about the involvement of macrophages in
alternative pathways of hepatic regeneration mediated by LPC often associated with an

inflammatory environment.
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4.2. PUBLICATION 2: Interleukins-17 and 27 promote
liver regeneration by sequentially inducing progenitor cell

expansion and differentiation

LPC accumulation is associated with inflammation and implicated in the pathogenesis of
chronic liver diseases. However, how inflammation regulates LPC/DR remains largely
unknown. Identification of inflammatory processes that involve LPC activation and expansion
represent a key step in understanding the pathogenesis of liver diseases. In the current study,
we found that diverse types of chronic liver diseases are associated with elevation of infiltrated
IL-17" cells and cytokeratin 19 (CK19)" LPC, and both cell types colocalized and their
numbers positively correlated with each other. The role of IL-17 in the induction of LPC was
examined in a mouse model fed a choline-deficient and ethionine-supplemented (CDE) diet.
Feeding of wild-type mice with the CDE diet markedly elevated CK197Ki67 "proliferating LPC
and hepatic inflammation. Disruption of the IL-17 gene or IL-27 receptor, alpha subunit (WSX-
1) gene abolished CDE diet-induced LPC expansion and inflammation. /n vitro treatment with
IL-17 promoted proliferation of bipotential murine oval liver cells (a liver progenitor cell line)
and markedly up-regulated IL-27 expression in macrophages. Treatment with IL-27 favored
the differentiation of bipotential murine oval liver cells and freshly isolated LPC into
hepatocytes. This study provided evidence for a collaborative role between IL-17 and IL-27 in
promoting LPC expansion and differentiation, respectively, thereby contributing to liver

regeneration (Figure 8).
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Figure 8: IL-17 induces liver progenitor cell proliferation while IL-27 favors their differentiation toward a
hepatocytic phenotype. Taken together, these data provide evidence of a collaborative role of IL-17 and IL-27
in promoting liver regeneration. IL-17 directly acts on LPCs to favor their proliferation. IL-17 also induces
macrophage IL-27 production, which enhances LPC differentiation toward hepatocytes (Guillot et al., 2018)
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4.3. PUBLICATION 3: Bile acid-activated macrophages
promote biliary epithelial cell proliferation through integrin

avp6 upregulation following liver injury

Cholangiopathies caused by biliary epithelial cell (BEC) injury represent a leading cause of
liver failure. No effective pharmacologic therapies exist, and the underlying mechanisms
remain obscure. We aimed to explore the mechanisms of bile duct repair after targeted BEC
injury. Injection of intermedilysin into BEC-specific human CD59 (hCD59) transgenic mice
induced acute and specific BEC death, representing a model to study the early signals that drive
bile duct repair. Acute BEC injury induced cholestasis followed by CCR2+ monocyte
recruitment and BEC proliferation. By using microdissection and next generation RNA
sequencing, we identified five genes that were most upregulated in proliferating BECs after
acute injury including MapkS8ip2, Cdknla, Itgh6, Rgs4, and Ccl2. Immunohistochemistry
analyses confirmed robust upregulation of integrin avp6 (ITGB6) expression in this BEC injury
model, after BDL, and in patients with chronic cholangiopathies. Deletion of Itgb6 gene
attenuated BEC proliferation post-acute bile duct injury. Macrophage depletion or Cecr2-
deficiency impaired ITGB6 expression and BEC proliferation. /n vitro experiments revealed
that bile-acid activated monocytes promoted BEC proliferation through ITGB6. Our data
suggest that BEC injury induces cholestasis, monocyte recruitment, and induction of ITGf6,
which work together to promote BEC proliferation, and that therefore represent potential

therapeutic targets for cholangiopathies (Figure 9).
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Figure 9: Monocyte-driven BEC proliferation in a context of biliary injury. BEC injury induces cholestasis,
monocyte recruitment, and induction of ITGB6, which work together to promote BEC proliferation and therefore
represent potential therapeutic targets for cholangiopathies (Guillot et al., 2021)
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5. Discussion

Collectively, this PhD work aimed at investigating macrophages’ contribution to liver
regeneration and unveiling the underlying mechanisms of their repopulation in regenerating
livers to restore their initial pool. In fact, liver macrophages represent one of the largest
macrophage population in the body and an important source of cytokines in the liver. However,
their number is significantly reduced after liver resection or liver transplantation. Therefore, it
is vital to restore their initial pool to maintain proper liver functions and overall homeostasis.
Our first study aimed at elucidating the origin of proliferating macrophages during liver

regeneration after PHx.

Origin of proliferating macrophages following PHx. Indeed, we first showed that liver KC
restoration after PHx is predominantly driven by local KC proliferation with minor contribution
from circulating macrophages. Our immunofluorescence analysis has shown that macrophage
proliferation peaked at 48h post-PHx, a few hours after that of hepatocytes occurring at 40h.
However, whether new macrophages are derived from circulating monocytes or resident KC
after PHx was not clear. In fact, the origin of repopulating hepatic macrophages has remained
controversial as recent studies have provided conflicting data about the capacity of monocytes
and KC to give rise to a fully regenerated pool of liver macrophages during liver injury
(Krenkel and Tacke, 2017; Wen et al., 2021). These conflicting findings might result from the
different models used to investigate the origin of hepatic macrophages. In a study where KC
were completely depleted in a healthy liver without PHx, KC restoration was achieved from
bone-marrow derived monocyte recruitment and differentiation into the liver (Scott et al.,
2016). In another study where all immune cells including KC in mice were depleted before
PHx by non-lethal 5 Gy irradiation, the authors suggest that monocytes were recruited into
partially hepatectomized livers and play a pivotal role in accelerating liver regeneration
(Nishiyama et al., 2015). However, under conditions where residual KC are preserved in the
remaining part of the liver after PHx, we provided several lines of evidence suggesting that
circulating monocytes are minor components contributing to restore the initial pool of KC.
First, using mice expressing GFP under the control of CX3CR1 promotor (a gene expressed on
monocytes and absent from KC) we observed that few CX3CR1 labelled monocytes were
recruited into regenerating livers after PHx. Second, Ccr2 deficiency in mice, which is a key

chemokine receptor for monocyte recruitment, had normal KC repopulation after PHx. Third,
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we assessed the phenotype of proliferating macrophages in our PHx model, focusing on IBA1
a pan-macrophage marker and CLEC4F a C-type lectin expressed on KC but not on monocytes.
Most macrophages found in the liver 48h post-PHx, at the peak of liver macrophage
proliferation, were IBATCLEC4F" KC, and few IBA*CLEC4F- infiltrating monocytes were
detected in regenerating liver after PHx. Lastly, CLEC4F" KC were capable of self-

proliferation following PHx.

Role of IL-6 in KC proliferation after PHx. Once the origin of the macrophages was
elucidated, we further investigated the underlying cytokines involved in their proliferation.
Although PHx is not characterized by a strong inflammatory response, several cytokines that
are involved in macrophage proliferation such as IL-6, IL-4 and CSF-2 are elevated post PHx
(Vassiliou et al., 2010; Markose et al., 2018). In the current study, we demonstrated that after
PHx, KC proliferation was impaired in //6 KO mice but not in //4 KO and Csf2 KO mice.
Administration of rIL-6 injection partially increased hepatocyte proliferation and interestingly,
fully restored KC proliferation in 7/6 KO mice after PHx. Collectively, our data suggested that
IL-6 but not IL-4 nor CSF-2 plays a critical role in promoting KC proliferation after PHx.

Although the elevation of IL-6 after PHx has been well documented, the source of this cytokine
during liver regeneration remains obscure. Previous studies suggest that PHx induces an
increase of gut derived LPS in the blood (Liu et al., 2015), which likely contributes to IL-6
elevation after PHx because LPS is well known to stimulate macrophages to produce IL-6. In
addition, one study suggests that LPS can also stimulate hepatocytes to produce IL-6 (Norris
etal.,2014). However, the exact sources of IL-6 after PHx remain unclear. In the current study,
we demonstrated that serum levels of IL-6 were reduced by approximately 50% in myeloid-
and hepatocyte-specific 7/6 KO mice, respectively, compared to WT mice after PHx. Thus, our
data suggest that after PHx not only hepatocytes represent a significant source of IL-6 as a
paracrine manner to promote KC proliferation, but KC could also be considered as an important

autocrine source of IL-6.

IL-6-mediated KC proliferation after PHx through SIRT1. Whatever the potential source of
IL-6 production, its deficiency significantly reduced KC proliferation after PHx as
demonstrated in the current study, suggesting that IL-6 is essential for KC repopulation after
PHx. Our further studies demonstrated that IL-6 signaling directly contributes to KC
proliferation because when IL-6 signaling pathway is abrogated only in myeloid cells,

including KC, in 7I6:M¥¢ KO mice, KC proliferation is partially impaired. Additional flow
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cytometry experiments could be performed to confirm the role of IL-6 on KC proliferation that
we show here; we have several lines of evidence that strongly support a stimulatory effect of
IL-6 on KC proliferation, such as IL-6 stimulation of KC proliferation in vitro and in vivo,
suppressed KC proliferation in IL6 KO, hepatocyte- or myeloid-specific 11-6 KO mice,
myeloid-specific I1-6R KO.

To explore the molecular mechanisms by which IL-6 stimulates KC proliferation, we used
several inhibitors to block IL-6 downstream signaling pathways. Interestingly, among these
inhibitors, the SIRT1 inhibitor showed the strongest inhibition to block IL-6 stimulation of KC
proliferation in vitro. Furthermore, we demonstrated that genetic deletion of Sirt/ in myeloid
cells including KC markedly reduced KC proliferation in vivo after PHx, and impaired liver
regeneration, as shown by the reduction of liver weight to body weight ratio and hepatocyte
proliferation in Sirt/ deficient mice. In addition, IL-6 treatment directly increased SIRT1
activity in macrophages, suggesting that SIRT1 contributes to IL-6 promotion of KC
proliferation during liver regeneration after PHx. A recent study also reported that SIRT1 plays
a role in stimulating macrophage proliferation as demonstrated by the findings that SIRT1
overexpression via transfection of Sir¢/ into bone-marrow derived macrophages was associated
with an increased macrophage proliferation in vitro; whereas SIRT1 blockade by
CRISPR/Cas9 gene editing or by nicotinamide injection in mice impaired respectively alveolar
and peritoneal macrophage self-renewal capacities (Imperatore et al., 2017). Interestingly,
previous studies have reported in the PHx model that age-related SIRT1 reduction and SIRT1
inhibition by short-interfering RNA (siRNA) were associated with a less efficient liver
regeneration (hepatocyte proliferation) after PHx (Jin et al., 2011). Collectively, SIRT1 not
only promotes KC renewal but also stimulates hepatocyte proliferation after PHx. In addition
to promoting macrophage proliferation, IL-6 signaling also plays an important role in
enhancing macrophage survival (Hunter and Jones, 2015). However, in the current study, no
enhanced KC apoptosis was observed in myeloid cell-specific //6r knockout mice compared to
WT mice, suggesting that I[L-6 is not required for KC survival after PHx or, alternatively, that
IL-6 trans-signaling might be contributing. Interestingly, our recent studies demonstrated that
IL-6 signaling is required for infiltrating macrophage survival but not KC survival in the liver
of high-fat diet-fed mice (Hou et al, 2020). Taken together, IL-6 is required for KC
proliferation but not for KC survival after PHx, which is probably because long-lived KC do
not need IL-6 signaling for survival.

In conclusion, our findings brought new insight on the origin of KC in regenerating liver after

PHx, showing local proliferation of remaining KC independently of circulating monocytes. In
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this process, KC proliferation is partly controlled by IL-6 produced by both hepatocytes and
KC, in regenerating livers, and IL-6 stimulates KC proliferation by increasing SIRT1 activity.
Additional studies regarding the interaction of IL-6 and other cytokines and growth factors
such as HGF which is known to be involved in hepatocyte proliferation after PHx could be

interesting insights to KC proliferation.

Upon chronic or severe injury, liver progenitor cells or activated cholangiocytes proliferate and
accumulate in the liver. This phenomenon, known as the ductular reaction, coincides with
intense and localized inflammation and fibrogenesis as part of the tissue response to chronic or
severe injury, in an attempt to repair or regenerate the bile ducts and liver architecture. Repair
mechanism dysregulation and exacerbation may lead to chronic inflammation, fibrosis, and
cirrhosis and may ultimately serve as a soil for liver cancer and organ failure. Although the
ductular reaction is widespread in virtually any chronic liver disease, and BECs represent a
crucial cell type implicated in liver function and architecture, there is a paucity of data on their
regeneration and interaction with other cell populations in liver disease, given the lack of

targeted BEC injury models.

Recruitment of monocytes to the injured area upon acute BEC injury. Inflammatory
monocytes are among the first responders after injury, clearing pathogens and cell debris and
initiating tissue regeneration. A recent study reported that macrophages play a crucial role in
inducing the ductular reaction, portal area fibrosis, and monocyte-driven inflammation in a
chronic (Mdr2”~ mice) mouse model of sclerosing cholangitis (Guicciardi et al., 2018). An
interesting finding in the current study was that monocytes were rapidly recruited in response
to sudden BEC death, as early as 3 hours after injury, and this recruitment may have been
induced by a number of factors, including the release of damage-associated molecular patterns
(DAMPs) and/or the production of chemokines (e.g., CCL2) by surrounding cells including
BECs and Kupffer cells (Tacke, 2017). Notably, we observed that recruited monocytes
expressed CCR2 (CCL2 receptor) and the chemokine receptor CX3CRI1. However, an
additional deletion of either Ccr2 or Cx3crl did not dramatically affect monocyte recruitment
in ILY-treated ihCD59BFCTG mice (data not shown), suggesting that monocyte recruitment
after acute BEC injury may be dependent on additional factors. Another possibility that we
have not excluded is that because of the redundancy of both receptors, deletion of 1 of them

was insufficient to affect monocyte recruitment. Despite this, Ccr2-deficient mice displayed
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reduced BEC proliferation, suggesting that CCL2 signaling polarized recruited monocytes
toward a regenerative phenotype.

Another important finding from the current study was that the recruited monocytes after BEC
injury were intimately interacting with collagen-producing cells in ILY -treated ihCD59BEC-TG
mice in vivo. First, liver macrophages isolated from ihCD59BECTG mice during BEC
regeneration tended to have increased Tgfbl gene expression. Second, by performing
immunohistochemical analyses in 2 strains of ihCD59BEC-TGCx3cr19*? and ihCD59BE
TGColl19F? double-mutant mice, we demonstrated that IBA* macrophages near damaged bile
ducts were in close contact with 0-SMA™ and collagen-expressing fibroblasts. Macrophages
and fibrogenic cells were so intimately colocalized that confocal microscopy led to a partial
staining overlap, raising doubts about the possibility that some cells may coexpress IBA1 and
a-SMA or GFP (collagen I). Intriguingly, flow cytometric analyses revealed that numerous
collagen-producing cells expressed macrophage markers such as CD45, CD11b, and F4/80 in
ILY -treated ihCD59BEC-TG Coll16FP double-mutant mice.

Monocyte-derived CCR2- macrophages enhance BEC repair through ITG6: a potential
role of bile acid. In the current study, we demonstrated that macrophage depletion
or Cer2 deficiency reduced BEC proliferation in iZCD59BE¢-T6 mice, indicating that the
recruited monocyte-derived CCR2* macrophages promote bile duct repair. Macrophages are
known partners of tissue regeneration through their extensive production of mitogens. Indeed,
our data showed that liver macrophages isolated at the peak of BEC proliferation
overexpressed Tweak, a known mitogen for BEC and liver progenitor cells (Jakubowski ef al.,
2005; Tirnitz-Parker et al., 2010; Karaca et al., 2014). Although fibrogenesis may lead to
fibrosis, it provides crucial signals for bile ducts to regenerate and should thus be regarded as
a part of normal bile duct regeneration, if it does not become excessive. This could partly
explain why our data indicated that macrophage depletion, which reduced both inflammation
and fibrogenesis, also impaired BEC proliferation, although the initial cell injury was identical.
Furthermore, by performing next-generation transcriptome sequencing specifically on
regenerating BECs and identified 5 genes, namely MapkS8ip2, Cdknla, ltgh6, Rgs4, and Ccl2,
that were most upregulated in proliferating BECs after acute injury. Given the small proportion
of BECs in the liver, these important gene expression changes would not have been detectable
using whole-tissue transcriptomics. Among these, ITGB6 has been implicated in promoting
BEC- and liver progenitor—mediated liver regeneration (Patsenker et al., 2008; Peng et al.,

2016). Furthermore, it was previously proposed in a chronic mouse model of congenital hepatic

53



fibrosis that macrophages are implicated in ITGB6 induction in chronically injured BEC
(Locatelli et al., 2016). Macrophage depletion or CCR2 deficiency impaired ITGB6 expression
and BEC regeneration. In addition, incubation with an ITGB6-blocking antibody reduced the
BEC proliferation in vitro that was induced by conditioned media from TLCA-treated
macrophages. Together, these in vivo and in vitro findings highlight an important role of
macrophages in promoting BEC regeneration through ITG6. In addition, in our model, hepatic
expression of fibronectin 1, a potent ITGB6 agonist (Patsenker et al., 2008) that is mainly
produced by hepatocytes and activated macrophages, was upregulated after acute BEC injury.
Thus, it is likely that activated macrophages promote BEC regeneration by expressing

fibronectin, which interacts with ITGB6 on BEC.

A hallmark of bile duct injury is cholestasis, which leads to accumulation of bile acids. In the
current study, we demonstrated that TLCA treatment directly upregulated ITGB6 expression
on BECs without affecting BEC proliferation, whereas conditioned media from TLCA-treated
macrophages enhanced BEC proliferation in an ITGB6-dependent manner. These data suggest
that bile acids can direct monocytes toward a regenerative phenotype, which stimulates BEC
proliferation via ITGB6. However, how bile acid—activated macrophages promote BEC

proliferation via ITGB6 remains unclear.

Upon severe or chronic liver injury, hepatocyte and BEC-driven regeneration is often
compromised. In these cases, an alternative regenerative process involving the LPC
compartment is engaged (Williams, Clouston and Forbes, 2014). The induction and
progression of this LPC-driven regenerative pathway is highly influenced by the
microenvironment and the cytokines released by immune cells during inflammation (Knight et
al., 2005; Gadd et al., 2014). In this inflammatory environment, Th17 lymphocytes have been
implicated in several types of liver diseases through the effects of IL-17 (Lafdil ef al., 2010).
Findings from our lab reported direct and indirect profibrogenic and proinflammatory effects
of IL-17 by stimulating both myofibroblasts and macrophages (Guillot ez al., 2014). It has been
further shown that IL-17-producing y6T lymphocytes were recruited during hepatocyte-driven
liver regeneration induced by PHx (Rao ef al., 2014).

Interestingly, macrophages have been identified as key players modulating liver inflammation
by producing IL-27, a cytokine shown to directly favor stem/progenitor cell differentiation in
different organs (Tanaka et al., 2015; Xu et al., 2015; Furusawa et al., 2016). Although the

importance of macrophage during liver regeneration has been well documented, especially

54



using macrophage depleted mice, the mechanisms involved in macrophage driven LPC

activation remain unclear.

In this context, the other goal of this PhD work was to study the role of liver macrophages on
LPC-mediated liver regeneration through the IL-27/WSX-1 axis, in a pro-inflammatory
context characterized by increased levels of IL-17.

In this third paper, we reported a correlation between IL-17-producing cell recruitment and the
severity of the DR, and we identified IL-17 as a cytokine with a central role in triggering LPC
compartment activation and proliferation. We also reveal that IL-17 is responsible for
macrophage-induced IL-27 expression that favors LPC differentiation into hepatocytes. We
therefore highlighted the collaborative work between IL-17 and IL-27 that is required to

properly achieve liver regeneration from LPC.

Role of macrophages in LPC expansion. We previously reported a role of IL-17 in polarizing
macrophages toward a proinflammatory M1 phenotype (Guillot et al., 2014). In this study, we
show that IL-17 deficiency causes impairment of macrophage cell recruitment in CDE-diet-
induced liver regeneration, resulting in reduced hepatic inflammation. This reduced
inflammatory response may explain the reduced liver injury observed at later time points in IL-
177/~ animals. These results are consistent with previous reports showing that macrophage
depletion by clodronate injections abrogates LPC accumulation and subsequent liver
regeneration during a CDE diet (Van Hul et al., 2011). The results obtained in vivo clearly
provide evidence that IL-17 deficiency alters LPC expansion, which fits with in vitro data.
However, neither IL-17 deficiency nor macrophage depletion (Elsegood et al., 2015) were
sufficient to completely abolish DR. This suggests that IL-17 could contribute to LPC
expansion by 1) directly promoting LPC proliferation and ii) indirectly through MI-
macrophage-induced production of required factors, e.g., TNF-a and IL-6, which support LPC
accumulation (Jakubowski ef al., 2005; Knight et al., 2005).

Role of macrophages in LPC-mediated differentiation through the IL-27/WSX-1 axis. In
addition to its function in triggering LPC activation in regenerating livers, we demonstrated
that IL-17 also induced IL-27 cytokine production by macrophages. Here, we showed a direct
role of IL-27 on LPC by favoring their differentiation into a hepatocytic phenotype in vitro
without a direct mitogenic effect. Additional experiments, such as lineage tracing in several

models, including CDE, or hepatocyte-specific MDM2 proto-oncogene (Mdm?2)-deficient
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mice, are required to conclude on the role of IL-27 effects on LPC differentiation in vivo.
Reduced LPC accumulation in WSX-17" mice was associated with a significant decrease in
recruitment of macrophages, which have been reported as essential actors in supporting LPC

expansion (Elsegood et al., 2015).

In conclusion, this PhD work and related publications have revealed new concepts on the
origins of hepatic macrophages during liver regeneration. It also shed light on the role of the
macrophage-mediated immune response during liver regeneration from hepatocytes and LPC
and different contexts of hepatic stress.

Our studies demonstrated that, despite their highly differentiated state, KC were able to
proliferate in regenerating livers following PHx. Additionally, we elucidated the underlying
mechanisms driving their proliferation by revealing the role of IL-6 and Sirt] interaction in the
stimulation of KC repopulation. Contrastingly, we showed in a model of BEC injury that
monocytes were recruited to promote BEC repair.

Alternatively, we demonstrated that hepatic macrophages were crucial for LPC-driver liver
regeneration by favoring their proliferation and differentiation into hepatocytes.

These interesting findings open new areas of investigation on the use of macrophage

modulation to improve liver regeneration.
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ABSTRACT

Kupffer cells (KC), the liver resident macrophages, originate from the fetal yolk sac and
represent one of the largest macrophage populations in the body. However, the current data on
the origin of the cells that restore macrophages during liver injury and regeneration remain
controversial. Here, we propose to address the question whether, in regenerating livers post
partial hepatectomy (PHx), liver macrophage restoration results from circulating monocyte
infiltration or local KC proliferation, and uncover the underlying mechanisms. By using several
strains of genetically modified mice and performing immunohistochemistry analyses, we
demonstrated that local KC proliferation mainly contributed to the restoration of liver
macrophages after PHx. The peak of KC proliferation was impaired in //6 knockout (KO) mice
and restored after administration of IL-6 protein, whereas KC proliferation was not affected in
114 KO and Csf2 KO mice. The source of IL-6 was identified using hepatocyte- and myeloid-
specific 7/6 KO mice, which revealed both hepatocytes and myeloid cells contribute to IL-6
production after PHx. Moreover, KC proliferation peak was also impaired in myeloid-specific 1/6
receptor KO mice after PHx, suggesting that IL-6 signaling directly promotes KC proliferation.
Studies using several inhibitors that blocked IL-6 signaling pathways revealed that sirtuin 1
(SIRT1) contributed to IL-6-mediated KC proliferation in vitro. Genetic deletion of the Sirt/
gene in myeloid cells including KC impaired KC proliferation after PHx. In conclusion, our data
suggest that KC repopulation after PHx is mainly driven by local KC proliferation, which is

dependent on IL-6 and SIRT1 activation in KC.

Keywords: IL-6, Sirtuin 1, liver regeneration, Kupffer cells, myeloid cells
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INTRODUCTION

The liver has unique capabilities to regenerate after injury or partial resection. These regenerative
functions are orchestrated by a variety of immune cells and mediators produced by these cells.'?
The liver is considered as an immunological organ as it concentrates a high density of immune
cells such as resident macrophages called Kupffer cells (KC), innate immune cells (eg. NK and
NKT cells), and lymphoid immune cells including T and B lymphocytes.>* Among those cells,
KC represent one of the largest macrophage populations in the human body,’ and represent about
30% of hepatic non-parenchymal cells.® Because KC play a wide variety of roles in metabolism,
toxin clearance, immunity, and inflammation, their quick restoration is critical in the clinical care
of liver diseases including injury mediated by alcohol, lipids, drugs, toxins, viruses, bacteria, and

7-10

ischemia, to ensure hepatic regeneration. However, their origin and the underlying

mechanisms leading to their restoration remain largely unclear or controversial.

Alongside resident KC which derive from the fetal yolk-sac, bone-marrow derived monocytes
circulate through the hepatic vascular network at steady state as patrolling cells and infiltrate the

liver tissue upon injury.””

Recently, several markers have been identified to discriminate
between KC and infiltrating macrophages. The ionized calcium-binding adapter molecule 1
(IBA1) has been described to be a common marker of both monocytes and KC as well as
monocyte and macrophage populations found in other organs of the body such as microglia.'
However, C-type lectin domain family 4 member F (CLEC4F) has been identified as the most

specific KC marker to date as it is not expressed by monocytes. KC are commonly described as

CD45"F4/80°CD11b™ ™ “CLEC4F" cells."*'* Contrastingly, CX3CR1, the G-protein coupled
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fractalkine receptor, is known to be expressed by monocytes and capsular macrophages and
absent from KC." The identification of these markers has led to better characterization of
hepatic macrophage populations and emerging evidence suggests that while at steady state most
macrophages present in the liver are identified as KC, following tissue damage and
inflammation, which causes loss of KC, circulating monocytes infiltrate the hepatic parenchyma.
For example, a loss and decrease of liver KC has been reported in several contexts fulminant
hepatitis including infection with murine cytomegalovirus'® or the bacterium Listeria
monocytogenes,'’ and in models of methionine/choline-deficient (MCD) diet-induced
nonalcoholic steatohepatitis (NASH)'® and hepatocellular carcinoma (HCC)."” Several studies

17,20-23
However,

suggest that such KC loss is partially replaced by circulating monocytes.
whether local KC proliferation or circulating monocytes restore liver macrophages after partial
hepatectomy (PHx) remains unclear.

The liver has remarkable ability to regenerate after tissue loss (such as PHX) or injury. **%
Previous studies suggest that PHx triggers the activation of KC which in turn start producing
cytokines such as tumor necrosis factor oo (TNF-a) and interleukin 6 (IL-6) that stimulate

. . . 2
%23 and finely regulate liver regeneration to reach a stable liver mass.*®

hepatocyte proliferation
Although the mechanisms of hepatocyte proliferation have been well described,”’ the underlying
mechanisms involved in macrophage replenishment remain unclear. As macrophages orchestrate
liver regeneration and interact with other hepatic cells in regenerating livers through the

production of cytokines,”*°

it is crucial to restore their pool to sustain the regenerative process.
In fact, studies have shown that liver regeneration is severely impaired when macrophages are

depleted.’'”* Among several cytokines produced by the liver during regenerative processes, IL-6
P g
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29,33 Indeed, deletion of the

is known to be a key regulator of the hepatic parenchyma restoration.
116 gene has been shown to cause liver failure in mice after PHx.** Interestingly, IL-6 is a
cytokine that targets several types of hepatic cells in addition to hepatocytes during

35,36

regeneration. IL-6 receptor is composed of two subunits, IL-6Ro and gp130. While gp130 is

ubiquitously expressed in the body, IL-6Ra is only expressed by a few cell types including

3336 1n addition, IL-6 can also bind to

hepatocytes, KC, hepatic stellate cells, and biliary cells.
soluble IL-6Ra to form a more stable IL-6/IL-6Ra. complex which can in turn bind to gp130
expressed on the cell membrane. This alternative pathway is called IL-6 trans-signaling and is
particularly important for IL-6 signaling in cells that do not express transmembrane IL-6Ra.
This trans-signaling pathway has been associated with better liver regenerative capacities.””®

However little information is available about the potential impact of IL-6 on KC during liver

regeneration following PHx.

In the current study, we demonstrated that no apoptosis was observed in KC in the remnant liver
after PHx and that restoration of KC during liver regeneration in this model mainly originates
from local proliferation of remaining KC, which occurred in an IL-6-dependent manner through
the activation of SIRTI. Finally, both hepatocytes and myeloid cells contribute to IL-6

production after PHx.
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MATERIALS AND METHODS

Animals

116 KO, 14 KO, Csf2 KO, Ccr2 KO mice on a C57BL6/J background and their wild-type
C57BL6J mice were purchased from the Jackson Laboratory (Maine, ME). Lyz<"“", 41p<"/*,
and Cx3crl* knock-in/knock-out mice were also purchased from Jackson Laboratory.

FP/GFP
]G G

Homozygous Cx3cr mice were bred with C57BL/6J mice to obtain heterozygous

Cx3cr1™" mice. Mice with specific deletion of the /67 gene in myeloid cells (71677 KO) were

f/f Cre/Cre

generated via the several steps of crossing //6r with Lyz mice as described previously.*
116" mice were generated as previously described.*” Mice with specific deletion of the /6 gene
in myeloid cells (/6™ KO) and hepatocytes (//6"° KO) were generated via several steps of
crossing 116" with Lyz"““" and 416“"““"* mice respectively. AlbCre line has been widely used to
delete genes of interest in hepatocytes, and we have previously demonstrated //6 in hepatocytes
is effectively deleted in 7/6"" KO mice.*' Effective deletion of /-6 in KC from //6™¥¢ KO mice

was confirmed in the current study (see result section). Myeloid-specific Sir¢/ knockout mice

(SirtI™*KO) were kindly provided by Dr. Xiaoling Li (NIEHS, NIH) as described previously.*

Eight- to 12-week-old mice were used for PHx. Free access to food and water was offered to the
animals and bacon softies were added on the floor to all animals after surgeries. PHx was
performed between 8 am and 1 pm, under sterile conditions. The animals were anesthetized with
isoflurane and buprenorphine (0.6 pg/g) was injected subcutaneously on the left side of the
abdomen. Alcohol and betadine were applied on the abdominal skin of the animals prior to the

midline laparotomy. The left and middle lobes of the liver along with the gall bladder were
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consecutively ligated at the base and resected. The abdominal wall and the skin were sutured
separately. BrdU (Sigma-Aldrich, St. Louis, MO) was injected intraperitoneally (50 pg/g) 2
hours before sacrifice. When indicated, recombinant IL-6 (2 pg/g) was injected intraperitoneally.
Recombinant human IL-6 was produced through recombinant DNA technology and purified as

described previously.*

All animals received humane care in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health, and all animal experiments

were approved by the NIAAA Animal Care and Use Committee.

KC isolation

KC were isolated from mouse livers as described by Marcela Aparicio-Vergara et al.** The liver
was first perfused with 50 mL of EGTA followed by 50 mL collagenase type I (0.075% in 1X
HBSS) perfusion solution. After perfusion, the liver was triturated and further digested with a
collagenase type I digestion solution (0.015%) for 10-20 min at 37°C on a shaker (90 rpm). The
obtained suspension was then filtered through a 70 pm nylon mesh and centrifuged for 5 min at
50 g. The supernatant containing the non-parenchymal cells was centrifuged at 500 g for 10 min.
The cell pellet was then resuspended in 8 mL of 40% Percoll, topped with 4 mL of HBSS and
then centrifuged at 1150 g for 17 min at 4°C. The interphase containing the non-parenchymal
cells was collected, washed with 1x HBSS and pelleted by centrifugation for 10 min at 500 g.
The obtained cell pellet was further processed by magnetic cell sorting (MACS) (endothelial cell
marker CD146 MicroBeads, Miltenyi) to remove sinusoidal endothelial cells as described by the

supplier’s instructions. The CD146 negative cell fraction was seeded in 6-well plates and
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cultured for 1 hour in RPMI supplemented with FBS (10%), penicillin (100 U/mL) and
streptomycin (100 pg/mL). Non-adherent cells were removed by washing, and the adherent cells

represented purified KC (the KC purity reached approximately 80%).

Cell culture

Freshly isolated KC and mouse macrophage cell line RAW cells were cultivated in RPMI +10%
FBS and deprived for proliferation assays. The inhibitors used in this study were: EX-527
(SIRT-1) at 200 uM, SB203580 (P38/AKT) at 20 uM, PD98059 (MAPK/ERK) at 100 uM, and
SP600125 (JNK) at 100 uM, (Selleck Chemicals Llc, Houston, TX). When indicated, cells were

stimulated by adding rIL-6 (100 ng/ml) to the medium.

SIRTI activity assay

RAW cell nuclei were extracted using the NE-PER nuclear and cytoplasmic extraction kit
(Thermo Scientific, Waltham, MA), and were further processed to collect nuclear SIRT1 and to
assess enzyme activity using the SIRT1 activity assay kit (Abcam, Cambridge, UK) according to

manufacturer protocol.

Immunofluorescent staining

Livers were collected after mouse euthanasia and were then placed in formalin for fixation. The
tissues were dehydrated in ethanol baths then embedded in paraffin. Tissues were sectioned one
day prior to staining and dried at 37°C. Deparaffinization and rehydration of the microsections
were realized using xylene and ethanol baths with decreasing concentrations. Tissue sections

were exposed to primary antibodies overnight at 4°C and secondary antibodies were applied for



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

1 hour at room temperature the following day after three washes of PBS. Antibodies: IBAI
(Abcam, Cambridge, UK), CLEC4F (Cell Signaling, Danvers, MA), F4/80 (Cell Signaling,
Danvers, MA), anti-rabbit Alexa fluor 488 #4412, anti-rat Alexa fluor 555 #4417 (Cell

Signaling), and streptavidin-conjugated 555 #S21381 (ThermoFisher, Waltham, MA).

BrdU staining was performed using the BrdU In-Situ Detection Kit #551321 (BD Pharmingen,
San Jose, CA). Biotinylated anti-BrdU primary antibodies were applied overnight at 4° after a
blocking step with goat serum for 1h. The following day, liver tissue sections were washed and

incubated with streptavidin coupled secondary antibodies for an hour.

ELISA assay

Blood was collected retro-orbitally from mice at the indicated times post-PHx. Serum was
separated by centrifugation. Mouse IL-6 ELISA kit (M6000B) from R&D systems (Minneapolis,
MN) was used to quantify serum IL-6 levels and ELISA was performed following

manufacturer’s instructions.

Mouse genotyping

For genotyping purposes, pieces of ear were collected and digested using the DirectPCR Lysis
Reagent (Ear) kit (Viagen Biotech, Los Angeles, CA). The genotyping protocol information is
described on the Jax website. For 7/6" mice, DNA was amplified using the following primers:
116" forward CCCACCAAGAACGATAGTCA and reverse GGT ATC CTC TGT GAA GTC

CTC.
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RNA extraction and quantitative reverse transcription PCR (RT-qPCR)

For gene expression and RNA extraction, snap frozen liver samples or freshly isolated KC and
RAW cell lines were placed in TRIzol reagent. Liver tissues were homogenized with beads in a
TissueLyser and collected in TRIzol. RNA was further extracted according to Qiagen RNEasy
Mini kit protocol and transcribed into cDNA. The primers used in this study were, for /6:
forward 5’-TCCATCCAGTTGCCTTCTTG-3’ and reverse 3’-
TTCCACGATTTCCCAGAGAAC-5’; 1l14: forward 5’-GGTCTCAACCCCCAGCTAGT-3’ and
reverse 3’-GCCGATGATCTCTCTCAAGTGAT-5’; Csf2: forward 5’-
GGCCTTGGAAGCATGTAGAGG-3’ and reverse 3’-GGAGAACTCGTTAGAGACGACTT-

5.

Statistical analysis

Results are expressed as mean = SEM, and statistical significance was determined by a two-
tailed Student t test or one- or two-way analysis of variance as appropriate, using PRISM 9.0
software. Significance between multiple groups was determined by ANOVA tests. All P<0.05

values were considered significant.
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RESULTS

Liver KC restoration after PHx is mainly driven by local KC proliferation independently
of circulating monocytes

To determine the kinetics of hepatocyte and macrophage proliferation, liver tissues were
collected from 0 to 72 hours after PHx and Bromodeoxyuridine (BrdU) incorporation was
analyzed by immunofluorescence (Figure 1A). Hepatocyte proliferation peaked at 40h after PHx
(Figure 1A, B) where approximately 30% of hepatocytes were BrdU'. Next, proliferating
macrophages were identified by a double immunofluorescence staining for both IBA1 (a pan-
macrophage marker) and BrdU (a proliferation marker), which revealed that liver macrophage
proliferation peaked at 48h after PHx (Figure 1A, C). At the peak, approximately 22% of total

macrophages were proliferating (Figure 1C).

To address the question whether restoration of the pool of liver macrophages following PHx
resulted from recruitment of circulating monocytes or from resident KC proliferation, we
performed double immunostaining with IBA1 and CLECA4F antibodies. IBA1 is expressed by
both KC and infiltrating monocytes, while CLEC4F is specifically expressed in KC.'*'* At 48h
after surgery, immunohistochemistry analyses of livers from sham or PHx mice revealed that
more than 97% of total IBA1" macrophages in the liver were found to also express CLEC4F
(Figure 1D, E), suggesting that macrophages found in the liver at the peak of proliferation after
PHx express KC specific marker CLEC4F, and very few CLEC4F IBA1" infiltrating

macrophages were observed.
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To further support the above conclusion, we used a murine model in which the green fluorescent
protein (GFP) gene was inserted under the control of Cx3crl gene promotor, to track the flow of
circulating monocytes. The GFP immunohistochemical staining (Figure 1F) on liver tissue
sections revealed that the number of GFP' infiltrating macrophages after PHx was low and
similar to that of sham mice (Figure 1G), suggesting that no significant monocyte infiltration
occurs after PHx. Furthermore, we investigated whether an impairment of circulating monocyte
infiltration affects macrophage restoration after PHx. To address this question, Ccr2 KO mice, in
which Ccr2 gene that encodes the key monocyte recruitment chemokine receptor CCR2, is
deleted, were subjected to PHx. Immunofluorescence analysis of liver tissue sections revealed
that both WT and Ccr2 KO mice had approximately 30% of IBA1" BrdU" liver macrophages
40h and 48h after PHx, there were no differences between these two groups (Figure 1H, 1),
suggesting that the peak of liver macrophage proliferation is not impacted when monocyte

chemotaxis is disrupted.

Both IL-4 and colony-stimulating factor 2 (CSF2) are not required for the peak of KC
proliferation following PHx

Both IL-4 and CSF-2 (also known as granulocyte-macrophage colony-stimulating factor: GM-
CSF) have been suggested to play an important role in macrophage proliferation and KC

45,46
renewal,

therefore we first tested whether IL-4 contributes to KC proliferation after PHx. As
illustrated in Figure 2A, hepatic expression of //4 as detected by RT-qPCR was comparable in
sham and PHx mice. //4 KO mice displayed a trend with lower KC proliferation 40h and 48h

after PHx compared to WT mice, but the difference was not statistically significant (Figure 2B,

C). Similarly, hepatic expression of Csf2 as detected by RT-qPCR was also comparable in sham
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and PHx mice (Figure 2D). Deletion of the Csf2 gene in Csf2 KO mice did not affect KC

proliferation post-PHx (Figure 2E, F).

IL-6 is required for the peak of KC proliferation following PHx

IL-6 has been shown to contribute to hepatocyte proliferation after PHx,*” we then proposed to
evaluate the potential impact of IL-6 on KC proliferation. Hepatic 7/6 mRNA expression levels
were upregulated in both sham and PHx groups with much higher levels in the latter group
(Figure 3A). To investigate the role of IL-6 in hepatocyte and KC repopulation after PHx, WT
and //6 KO mice were subjected to PHx, and hepatocyte and KC proliferation was assessed by
immunofluorescence staining (Figure 3B). All the WT mice survived 48h after PHx while the
survival rate in 7/6 KO group was 77%. The results showed that at 48h approximately 30% of
hepatocytes were BrdU" in WT mice while proliferating hepatocytes did not exceed 10% in 1/6
KO mice (Figure 3B, C). Moreover, intravenous injection of recombinant IL-6 (rIL-6) in PHx-
operated //6 KO mice partially restored hepatocyte proliferation (Figure 3C), suggesting that IL-6
plays an important role in promoting hepatocyte proliferation. Next, we examined KC
proliferation and found that 20% of IBA1" cells were BrdU" in WT mice, but they only
accounted for 6% in //6 KO mice (Figure 3D). Intravenous injection of rIL-6 fully restored the

peak of macrophage proliferation in PHx-operated 7/6 KO mice (Figure 3D).

Both hepatocytes and KC are major sources of IL-6 after PHx
To determine whether IL-6 is mainly produced by hepatocytes or myeloid cells, //6"* KO and
116™° KO were subjected to PHx. Effective deletion of /-6 in hepatocytes in /16"* KO mice was

reported previously.”' In addition, LyzCre has been used to effectively delete the interest genes
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in KC by many labs including ours.* Here we further confirmed the efficacy of //6 deletion in
KC, which was assessed by isolating KC from 7/6"" and 7/6™* KO mice injected with LPS along
with control 7/6"" mice injected with phosphate buffered saline (PBS). As LPS is a powerful
inducer of /6 expression, we showed that 7/6 mRNA levels were highly induced in KC isolated
from 7/6"" mice 3h after LPS injection compared to the PBS control group, while there was no
induction of 7/6 mRNA levels in the 7/6"*° KO mice injected with LPS (Figure 4A). Sera were
collected 3h and 6h following surgery and were subjected to ELISA analysis of IL-6 levels. As
illustrated in Figure 4B, serum IL-6 concentrations were approximately 600 pg/mL in the 16"
control mice, which were significantly reduced to approximately 200 pg/mL in both 76" KO
and 1/6™° KO mice. In addition, more than 20% of KC were proliferating (Brdu") in 116" control
mice 48h after PHx, while only ~15% of KC were proliferating in 7/6"* KO or 716" KO mice
(Figure 4C, D). Collectively these data showed that both hepatocytes and KC represent major

sources of IL-6 that contributes to KC proliferation.

Disruption of IL-6 signaling in KC impairs their proliferation without triggering their
apoptosis after PHx

To determine whether IL-6 leads to KC proliferation by direct or indirect effects, mice with
myeloid-specific 1/6r deletion (Z16:™° KO) were subjected to PHx. In the WT group, 100% of
the mice survived 48h post-PHx, while the survival rate was reduced to 85% in the 7/6:™"*¢ KO
group (n=7/group), however no significant difference in the liver to body weight ratio was found
between the two groups (Figure SA). Livers from PHx-operated 116r" and 116/ KO mice were
collected and subjected to immunofluorescence analysis to study hepatocyte and KC

proliferation. As illustrated in Figure 5B-D, hepatocyte proliferation as detected by counting
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BrdU" hepatocytes was comparable between 7/6:"" and 716/ KO mice, while KC proliferation

Mye KO mice than in

as detected by counting IBA"BrdU" cells was significantly lower in /67
116r"" control mice 48h after PHx. To determine whether this reduced number of accumulating
KC was due to increased apoptosis, we performed TUNEL staining on liver tissue sections and
found few TUNEL'IBA1" macrophages in both /67" and 116/ KO mic 48h and 72h post-

PHx (Figure 5E), suggesting that the reduced number of proliferating KC in 1/6r""*

KO mice was
not due to enhanced macrophage apoptosis but rather to an impairment of their proliferative

capacities.

IL-6 stimulates KC proliferation in vivo and in vitro

The above data suggest that IL-6 signaling in KC promotes KC proliferation after PHx. Next, we
asked whether IL-6 directly stimulates KC proliferation in vivo without PHx. To answer this
question, WT mice were treated with vehicle (PBS) or rIL-6. As illustrated in Figure 6A, B, rIL-
6 injection induced a significant increase of macrophage proliferation in the liver of WT mice,
without PHx, and no proliferating cells were detected after PBS injection. In addition, the
immunofluorescence analysis revealed that intravenous injection of rIL-6 led preferentially to an
induction of IBA1" macrophage proliferation rather than hepatocyte proliferation. To define
whether IL-6 signaling on KC is required for IL-6 stimulation of KC proliferation in vivo without
PHXx, 116r"" mice and 116/ KO mice were treated with rIL-6, without PHx, and we found that
macrophages in proliferation reached 10% in Z/6r"" mouse livers while this was reduced to 3% in
116r"° KO mice (Figure 6C, D), suggesting that IL-6 directly stimulates KC proliferation in vivo

by targeting IL-6R on KC even under normal conditions without PHx.

15



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

To further decipher the direct impact of IL-6 on macrophage proliferation, RAW macrophages
and freshly isolated KC were stimulated with rIL-6 in vitro. The immunocytochemistry analysis
revealed a basal level of 22% of BrdU" RAW cells after 48h of culture in the control condition
(vehicle), which was significantly increased to 35% under rIL-6 stimulation (Figure 6E, F).
Similarly, on purified KC, rIL-6 was able to significantly increase their proliferation from 6% to
15% (Figure 6G, H). These results reveal the existence of a direct proliferative effect of IL-6 on

KC in vivo and in vitro.

SIRTT1 is involved in IL-6-mediated KC proliferation

To further investigate the underlying factors involved in IL-6 signaling pathway leading to KC
proliferation, several inhibitors of downstream signaling pathways including SIRT1, p38/Akt,
MAPK/ERK and JNK were used (Figure 7A). As expected, rIL-6 induced RAW cell
proliferation when compared to the vehicle-treated cells. RAW cells exposed to both rIL-6 and
SIRT1 inhibitor showed a significantly reduced proliferation compared to RAW cells exposed to
rIL-6 alone, after 6h of culture (Figure 7A). No significant difference was reported with the other
inhibitors at both 3h and 6h time points. Next, we measured SIRTI activity on RAW cells
exposed to rIL-6 and found that RAW macrophages stimulated with rIL-6 displayed a
significantly higher SIRT1 activity when compared to the controls (Figure 7B). These results
strongly suggest that IL-6 mediates KC proliferation in a SIRT1-dependent manner. To further
confirm these results, mice with myeloid cell-specific deletion of Sirt! gene (SirtI™°KO) were
subjected to PHx. The analysis of liver weights at the time of sacrifice revealed that liver to body
weight ratios of Sirt/"" control mice were approximately 2.8, which were significantly reduced to

2.1 in SirtI™° KO mice, 48h post-PHx (Figure 7C). Additionally, liver regeneration was further
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analyzed by immunofluorescence and the results revealed that 48h post-PHx, hepatocyte

proliferation rate reached 20% in Sirt/"

mic, which was slightly but significantly reduced to
17% in Sirt/™Y* KO mice (Figure 7D,E). Interestingly, while over 20% of KC were BrdU" in
Sirt]"" mice 48h after surgery, this proliferation rate significantly dropped to less than 5% in
SirtI™*° KO mice (Figure 7D, F). Altogether these results suggest that SIRT1 is required for

proper KC proliferation mediated by IL-6 after PHx.
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DISCUSSION

In response to tissue damage, the liver has the unique ability to undergo a regenerative process
finely orchestrated by KC to maintain its mass and functions'”. As the total number of KC is
dramatically reduced following liver resection or partial liver transplantation, it is vital to restore
their initial pool. In the present study, we brought new insights shedding lights on the origin of
hepatic macrophages during liver regeneration after PHx, and on the underlying mechanisms of

their restoration.

Liver KC restoration after PHx is predominantly driven by local KC proliferation with minor
contribution from circulating macrophages

In this study we showed that macrophage proliferation peaked at 48h post-PHx, a few hours after
that of hepatocytes occurring at 40h. Whether new macrophages are derived from circulating
monocytes or resident KC after PHx was not clear. In fact, the origin of repopulating hepatic
macrophages has remained controversial as recent studies have provided conflicting data about
the capacity of monocytes and KC to give rise to a fully regenerated pool of liver macrophages
during liver injury.”® These conflicting data might result from the different models used to
investigate the origin of hepatic macrophages. In a study where KC were completely depleted in
a healthy liver without PHx, KC restoration was achieved from bone-marrow derived monocyte
recruitment and differentiation into the liver.* In another study where all immune cells including
KC in mice were depleted before PHx by non-lethal 5 Gy irradiation, the authors suggest that
monocytes were recruited into partially hepatectomized livers and play a pivotal role in
accelerating liver regeneration.”’ However, under conditions where residual KC are preserved in

the remaining part of the liver after PHx, we provided several lines of evidence suggesting that
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circulating monocytes are minor components contributing to restore the initial pool of KC. First,
after PHx, few CX3CR1 labelled monocytes were recruited into regenerating livers. Second,
Ccr2 deficiency in mice, which is a key chemokine receptor for monocyte recruitment, had
normal KC repopulation after PHx. Third, most of macrophages found in the liver 48h post-PHx,
at the peak of liver macrophage proliferation, were IBA'CLEC4F " KC, and few IBA"CLEC4F
infiltrating monocytes were detected in regenerating liver after PHx. Lastly, CLEC4F" KC were
capable of self-proliferation following PHx. In the current study, we have mainly examined the
peak of KC proliferation and have not traced KC at the later time points post PHx, so we cannot
rule out the contribution of infiltrating macrophages to liver macrophage restoration in this
model; however, we believe the infiltrating macrophage contribution at later time points post
PHx is still minor because partially hepatectomized liver is associated with little inflammation

and monocyte infiltration at later time points.

IL-6 plays an important role in promoting KC proliferation after PHx in autocrine and
paracrine manners
Although PHXx is not characterized by a strong inflammatory response, several cytokines that are

250 In the current

involved in macrophage proliferation such as IL-6 are elevated post PHx.
study, we demonstrated that after PHx, KC proliferation was impaired in //6 KO mice but not in
114 KO and Csf2 KO mice. Administration of rIL-6 injection partially increased hepatocyte
proliferation and interestingly, fully restored KC proliferation in 7/6 KO mice after PHx.

Collectively, our data suggest that IL-6 but not IL-4 or CSF-2 plays a critical role in promoting

KC proliferation after PHx.
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Although the elevation of IL-6 after PHx has been well documented, the source of this cytokine
during liver regeneration remains obscure. Previous studies suggest that PHx induces an increase
of gut-derived LPS in the blood,”' which likely contributes to IL-6 elevation after PHx because
LPS is well known to stimulate macrophages to produce IL-6. In addition, one study suggests
that LPS can also stimulate hepatocytes to produce IL-6.> However, the exact sources of IL-6
after PHx remain unclear. In the current study, we demonstrated that serum levels of IL-6 were
reduced by approximately 50% in myeloid- and hepatocyte-specific 7/6 KO mice, respectively,
compared to WT mice after PHx. Thus, our data suggest that after PHx not only hepatocytes
represent a significant source of IL-6 as a paracrine manner to promote KC proliferation, but KC
could also be considered as an important autocrine source of IL-6. Because KC and hepatocyte
proliferation were significantly impaired in both 7/6"° KO and /6" KO mice, it is plausible to
predict that KC and hepatocyte proliferation in double mutant mice with 7/6 deletion in both

hepatocytes and KC will be further decreased compared to those in single KO mice.

IL-6 promotes KC proliferation without affecting KC survival after PHx by enhancing SIRT1
activity

In the current study, we performed double immunofluorescence staining that can clearly detect in
situ KC and macrophage proliferation. By using this method, we demonstrated that KC
proliferation is reduced in //6 KO, hepatocyte- or myeloid-specific //6 KO mice, myeloid-
specific 7/6r KO, and that IL-6 stimulates KC and macrophage proliferation in vitro, clearly
supporting a direct stimulatory effect of IL-6 on KC proliferation in vivo and in vitro. The flow
cytometry experiment is an alternative method to detect KC proliferation, which could be also

performed to examine and confirm the role of IL-6 on KC proliferation in the future.
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To explore the molecular mechanisms by which IL-6 stimulates KC proliferation, we used
several inhibitors to block IL-6 downstream signaling pathways. Interestingly, among these
inhibitors, the SIRT1 inhibitor showed the strongest inhibition to block IL-6 stimulation of KC
proliferation in vitro. Furthermore, we demonstrated that genetic deletion of Sir¢/ in myeloid
cells including KC markedly reduced KC proliferation in vivo after PHx, and impaired liver
regeneration, as shown by the reduction of liver to body weight ratio and hepatocyte proliferation
in SirtI™* KO mice. In addition, IL-6 treatment directly increased SIRT1 activity in
macrophages, suggesting that SIRT1 contributes to IL-6 promotion of KC proliferation during
liver regeneration after PHx. A recent study also reported that SIRT1 plays a role in stimulating
macrophage proliferation as demonstrated by the findings that SIRT1 overexpression via
transfection of Sirt/ into bone-marrow derived macrophages was associated with an increased
macrophage proliferation in vitro; whereas SIRT1 blockade by CRISPR/Cas9 gene editing or by
nicotinamide injection in mice impaired respectively alveolar and peritoneal macrophage self-
renewal capacities.” Interestingly, previous studies have reported in the PHx model that age-
related SIRT1 reduction and SIRTI inhibition by short-interfering RNA (siRNA) were
associated with a less efficient liver regeneration (hepatocyte proliferation) after PHx.>*
Collectively, SIRT1 not only promotes KC renewal but also stimulates hepatocyte proliferation

after PHx.

In addition to promoting macrophage proliferation, IL-6 signaling also plays an important role in
enhancing macrophage survival.”> However, in the current study, no enhanced KC apoptosis was

observed in myeloid cell-specific //6r knockout mice compared to WT mice, suggesting that IL-6

21



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

is not required for KC survival after PHx or, alternatively, that IL-6 trans-signaling might be
contributing. Indeed, IL-6 receptor (IL-6R) exists in two forms: a transmembrane receptor (mIL-
6R) and a soluble receptor (sIL-6R). By binding to mIL-6R, IL-6 activates the canonical
signaling pathway and subsequently predominantly triggers anti-inflammatory responses. On the
other hand, in cells that do not express mIL-6R, IL-6 can activate the trans-signaling pathway via
binding to sIL-6R.> Interestingly, our recent studies demonstrated that IL-6 signaling is required
for infiltrating macrophage survival but not KC survival in the liver of high-fat diet-fed mice.”’
Taken together, IL-6 is required for KC proliferation but not for KC survival after PHx, which is

probably because long-lived KC do not need IL-6 signaling for survival.

In conclusion, our findings brought new insights into the origin of KC in regenerating liver after
PHx, showing local proliferation of remaining KC independently of circulating monocytes. In
this process, KC proliferation is partly controlled by IL-6 produced by both hepatocytes and KC,
in regenerating livers, and IL-6 stimulates KC proliferation by increasing SIRT1 activity. Future
studies on the interaction between IL-6 and other cytokines and growth factors such as
hepatocyte growth factor which is known to be involved in hepatocyte proliferation after PHx

could provide additional insights into the mechanisms implicated in KC proliferation.
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FIGURE LEGENDS

Figure 1: Liver macrophage restoration after PHx is mainly driven by local KC
proliferation. (A-C) Immunofluorescence on liver tissue sections from sham and PHx mice
(n=5-6/group), 32h to 72h after surgery and stained with antibodies against IBA1 (green) and
BrdU (red). Hepatocytes are identified by their large round shape nuclei and macrophages are
identified by IBA1 staining. Proliferating macrophages are highlighted by the arrowheads.
Quantification of hepatocyte and macrophage proliferation at the indicated time points is shown
in panels B-C. (D-E) IBA1 (green) and CLEC4F (red) immunofluorescence staining on liver
tissue sections from sham and PHx mice 48h after surgery (n=6/group). Quantification of
CLEC4F" and CLECA4F" cells among IBA1" cells in sham and PHx mice at 48h is shown in panel

157" mice

E. (F-G) GFP immunohistochemistry staining on liver tissue sections from Cx3cr
collected 48h after surgery (n=6/group). The number of CX3CR1°""" cells was counted and is
shown in panel G. Arrowheads represent CX3CR1“*"" infiltrating monocytes. (H-I)
Immunofluorescence on liver tissue sections from WT and Ccr2 KO mice collected 40h and 48h
after PHx (n=5-6/group) and stained with antibodies against IBA1 (green) and BrdU (red).
Arrowheads represent proliferating macrophages. Quantification of BrdU" IBA1" proliferating
macrophages is shown in panel I. BrdU was injected two hours before sacrifice in panels A, H.

Values are expressed as mean = SEM. * P<0.05, ** P<0.01, *** P<0.001 in comparison to

corresponding sham groups in panels B-C, and to CLEC4F" cells in panel E.

Figure 2: IL-4 and CSF-2 are not required for the peak of KC proliferation after PHx. (A)
Kinetics of /14 mRNA expression in liver homogenates by RT-qPCR from WT and 7/4 KO after

PHx. (B-C) Immunofluorescence on liver tissue sections from WT and //4 KO mice collected
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48h after PHx (n=6/group) and stained with antibodies against IBA1 (green) and BrdU (red).
Arrowheads represent proliferating KC. Quantification of KC proliferation in WT and //4 KO
mice at various time points is shown in panel B. (D) Kinetics of Csf2 mRNA expression in liver
homogenates by RT-qPCR from WT and Csf2 KO mice after PHx. (E-F) Immunofluorescence
on liver tissue sections from WT and Csf2 KO mice collected 48h after PHx (n=6/group) and
stained with antibodies against IBA1 (green) and BrdU (red). Arrowheads represent proliferating
KC. Quantification of KC proliferation in WT and Csf2 KO mice at various time points is shown
in panel D. Values are expressed as mean + SEM. BrdU was injected two hours before sacrifice

in panels B and E.

Figure 3: IL-6 is required for a proper KC proliferation after PHx. (A) Kinetics of //6
mRNA expression in liver homogenates from mice subjected to sham or PHx collected at
indicated time points and analyzed by RT-qPCR. (B-D) Immunofluorescence staining on liver
tissue sections from WT, /6 KO mice, and //6 KO mice with intravenous injection of rIL-6,
collected 48h after PHx (n=6-7/group). IBA1" (green) and BrdU" (red) cells depict proliferating
KC. BrdU was injected two hours before sacrifice in panel B. Quantification of proliferating
hepatocytes and KC 48h post PHx is shown in panels C and D, respectively. Values are

expressed as mean + SEM. * P<0.05, ** P<0.01, *** P<0.001.

Figure 4: Hepatocytes and KC are important sources of IL-6 after PHx. (A) RT-qPCR
confirms //6 deletion in KC from /6™ KO mice. /16 mRNA expression in KC isolated from
control 716" mice injected with PBS or LPS, and /6™ KO mice injected with LPS (3h

injection). (B) Serum IL-6 levels from 7/6"", 116" KO and /6™ KO mice 3h after PHx
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(n=6/group). (C-D) Immunofluorescence on liver tissue sections from /76", 7/6"? KO and 1/6""*
KO mice collected 48h after PHx (n=6/group) and stained with anti-IBA1 (green) and BrdU
(red) antibodies. BrdU was injected two hours before sacrifice in panel C. Arrowheads represent
proliferating KC. Quantification of macrophage proliferation in the liver 48h after PHx is shown

in panel D. Values are expressed as mean £ SEM. * P<0.05, ** P<0.01.

Figure 5: Liver macrophage proliferation is impaired in 76/ KO mice after PHx. (A)
Liver to body weight ratios of 116r"" and 116" KO mice post-PHx. (B) Immunofluorescence on
liver tissue sections from 2/6"" and 716/ KO mice subjected to PHx (n=6/group). Liver tissues
were collected 40h, 48h and 72h after PHx and stained with antibodies targeting IBA1 (green)
and BrdU (red). BrdU was injected two hours before sacrifice. Arrowheads represent
proliferating KC. Quantification of hepatocyte and KC proliferation from panel B is shown in
panels C and D. (E) Immunofluorescence on liver tissue sections from 116r"" and 116/ KO mice
48h and 72h after PHx stained with anti-F4/80 and TUNEL antibodies. Values are expressed as

mean = SEM. * P<0.05.

Figure 6: IL-6 stimulates macrophage proliferation in vive and in vitro. (A-B) Naive wild-
type mice (without PHx) were intravenously injected with PBS (control) or rIL-6, liver tissues
were collected 48h post injection (n=7/group) and were subjected to immunofluorescence
staining by using antibodies against IBA1 (green) and BrdU (red). Arrowheads represent
proliferating KC. Quantifications of BrdU" hepatocytes and BrdU" IBA1" cells are shown in
panel B. ND: not detected. (C-D) /6" and 116/ KO mice without PHx were intravenously

injected with rIL-6 (n=7/group), liver tissues were collected 48h post injection and were
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subjected to immunofluorescence staining by using antibodies against IBA1 (green) and BrdU
(red). Arrowheads represent proliferating KC. Quantification of proliferating KC in livers from
116/ and 116/ KO mice 48h after intravenous injection of rIL-6 is shown in panel D. (E-F)
Immunofluorescence staining of RAW cells 48h after exposure to rIL-6 or control medium
(vehicle), stained with antibodies against BrdU (green). Proliferating RAW cells are identified by
the arrowheads. Quantification of proliferating RAW cells is shown in panel F. (G-H)
Immunofluorescence staining of freshly isolated KC 48h after exposure to rIL-6 or control
medium (vehicle), stained with antibodies against IBA1 (green) and BrdU (red). The arrowheads
represent proliferating KC. Quantification of KC proliferation is shown in panel H. BrdU was
injected two hours before sacrifice in panels A and C, and added in the culture medium two hours
before collecting the cells in panels E and G. Values are expressed as mean + SEM. ***

P<0.001.

Figure 7: IL-6 stimulates KC proliferation by inducing SIRT1 intracellular mechanisms
following PHx. (A) RAW cell proliferation analysis by MTT assay 3h and 6h after exposure to
recombinant IL-6 (rIL-6) and the indicated inhibitors, or the vehicle control. (B) SIRTI
enzymatic activity in RAW cells after exposure to rIL-6 or control medium, recombinant SIRT1

ff
T and

(rSIRT1) activity is included as a positive control. (C) Liver to body weight ratios of Sirt/
SirtI™® KO mice sacrificed 48h post-PHx. (D) Immunofluorescence staining on liver tissue
sections from Sirt"" and SirtI™° KO mice 48h after PHx (n=6/group), stained with antibodies
against IBA1" (green) and BrdU" (red). Arrowheads represent proliferating KC. Quantification

of proliferating hepatocytes and KC from panel D is shown in panels E and F. Values are

expressed as mean + SEM. * P<0.05, ** P<0.01, *** P<0.001.
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RESPONSE TO REVIEWERS’ COMMENTS

Dear Editors,

We would like to thank you for your letter about our manuscript (CMI-2021-0054), received
on February 8, 2021 and the insightful and constructive comments on our work by expert
reviewers. We have improved the manuscript according to these suggestions.

Please find below a detailed point by point follow-up of all the comments (shown in blue), to
address the editors’ and the reviewers’ concerns. We updated the changes in the manuscript in

response to the reviewers’ comments, which appear highlighted in yellow .

Reviewer #1:

The data presented are convincing but I have one main concern. The authors use Lyz-Cre and
Alb-Cre mice but these mouse models have been shown to not be fully efficient in some
macrophages (Lyz-CRE) and be leaky (Alb-CRE). Could the authors sort the Kupffer cells
and the hepatocytes of both the Lyz-Cre x IL6-fl/fl and the Alb-Cre x IL6-f1/fl mice and check
the expression of IL6 by qPCR? This should validate the efficiency and specificity of these

genetic models.

Could the authors also sort any monocytes found during hepatectomy and check their 1L6
expression by qPCR and check whether this IL6 is comparable to the IL6 in hepatocytes and
Kupffer cells. Could the authors check whether the IL6 expression in Monocytes drops in the
Lyz-Cre x IL6-f1/f] or the Alb-Cre x IL6-{1/fl mice?

In practice the authors need to sort monocytes, Kupffer cells and hepatocytes from the Lyz-
Cre x IL6-fl/fl and the Alb-Cre x IL6-fI/fl mice and their littermate controls and check the
expression of IL6 by qPCR in the steady-state and during hepatectomy.

Answer: We thank the reviewer for pointing out this important question. Serum IL-6 levels

were dropped by more than 50% in AlbCrelL-6 KO or LyzCre IL-6KO, suggesting the //6



gene is effectively deleted in these KO mice (Fig. 4B). To further verify that Kupffer cells of
116™° KO mice do not express /16 as suggested by this reviewer, we have now performed RT-
PCR on isolated Kupffer cells from 7/6"" injected with PBS or LPS and //6™° KO injected
with LPS (see new Fig. 4A). In this new figure, we confirmed that //6 expression is highly
induced in Kupffer cells at 3h following LPS injection compared to the control exposed to
PBS, while there is no induction of 7/6 expression in Kupffer cells isolated from 7/6™"° KO
mice injected with LPS (Figure 4A). This demonstrates the efficacy of the LyzCre model to
specifically deplete //6 gene in KC.

We did not isolate Kupffer cells from hepatectomized mice because of the small number of
remaining KC after PHx, and we only had a very limited KO mice available due to partial

shutdown of our animal facility during the current pandemic.

Reviewer #2:

Kupffer cells (KCs) self-renew at the steady to maintain themselves on the long term
independently from monocytes. However, in some contexts, monocytes can participate to the
KC pool. To date, the mechanisms controlling KC numbers after partial hepatectomy (PHXx)
remains ill defined. In their manuscript entitled “Kupffer cell restoration after partial
hepatectomy is driven by their local cell proliferation in autocrine and paracrine IL-6-
dependent manners”, Ait Ahmed and colleagues addressed this question. The authors argue
that Kupffer cells increased their proliferate rate following PHx and thus did not rely on
monocyte input to increase their numbers. In addition, the authors report IL-6 and SIRT1

drives KC proliferation during PHx.

These results are interesting but need to be complemented by flow cytometry data, especially
since the immunostaining pictures provided to the reader are too low in quality to support the

authors conclusions.

Answer: First, we would like to thank the reviewer for the interesting remarks and
suggestions to improve our manuscript. The quality of the pictures was reduced for the initial
submission to meet CMI file size requirements. However, following your request, the pictures

are now reuploaded with higher definition.



We did not perform flow cytometry analyses from hepatectomized mice because of the small
number of remaining KC and limited amount of tissue after PHx, leading us to prefer
alternative exploratory methods such as IHC. Additionally, we only had a very limited KO

mice available due to partial showdown of our animal facility during this pandemic.

In addition, it would interesting to have information regarding how the liver regenerates in
mice in which PHx-mediated KC proliferation is blunted (mice lacking Il6ra or Sirtl in

myeloid cells).

Answer: We agree with the reviewer, to address the impact of Il6ra and Sirtl deletion on
liver regeneration, we have now measured liver regeneration by quantifying hepatocyte
proliferation post-PHx by immunofluorescence along with the liver to body weight ratio of

those mice (See new Fig. 5A,C and 7C,E).

Specific comments:

1. The materials & methods section is largely incomplete and sketchy. It is important to
provide the reader with the technical information necessary to understand and gauge the
experiments carried out by the authors.

Answer: We appreciate the reviewer pointing out these elements. We incorporated the

missing information to the manuscript.

Here is a non-exhaustive list of the information missing:
-Ccr2 KO mice are not mentioned in the materials & methods section.
Answer: Ccr2 KO mice are now mentioned in the animal section of the materials and

methods section.

-The source of 116 flox/flox and IL6ra flox/flox is not provided.
Answer: 116 flox/flox mice are now described with a reference explaining how we obtained

them. Similarly, IL-6ra flox/flox are now described with the reference regarding their origin.



-The BrdU staining protocol (used throughout the study) is not described in the method
section.

Answer: We have now included the protocol regarding BrdU staining:

“BrdU staining was performed using the BrdU In-Situ Detection Kit 551321 (BD
Pharmingen, San Jose, CA). Biotinylated anti-BrdU primary antibody was applied overnight
at 4° after a blocking step with goat serum for 1h. The following day, liver tissue sections

were rinsed in PBS and incubated with streptavidin coupled secondary antibody for an hour.”

-The KC isolation section does not mention the purity of the preparation. It is impossible to
isolate KC with high purity only by doing percoll gradient and centrifugations. This should be
acknowledged.

Answer: Indeed, this is an interesting point. KC are challenging to isolate as they are tightly
bound to endothelial cells and are very sensitive to in vitro culture. Based on the literature'~
and our experience in the laboratory, we developed and designed this protocol of KC isolation
(described in the material and methods section) that optimizes purity without compromising
cell viability. We have used magnetic cell sorting (MACS) (endothelial cell marker CD146
MicroBeads, Miltenyi) to remove sinusoidal endothelial cells as recommended by the
supplier’s instructions. KC purity was assessed by immunofluorescence on the basis of F4/80
expression showed that in our settings KC purity was 76%. It is very hard to go beyond 80%
when isolating KC. However, to exclude potential implications of undesired cell types in our
primary cell culture experiments, we also confirmed the results obtained on freshly isolated
KC with a murine macrophage cell line (RAW cells). We have now mentioned this in the

revised manuscript.

-The immunofluorescence staining section is incomplete. The secondary antibodies used
(source and fluorochromes) were not mentioned.

Answer: We thank the reviewer for pointing this out. The references of the secondary
antibodies have been added (anti-rabbit Alexa fluor 488 #4412, anti-rat Alexa fluor 555
#4417, Cell Signaling, Danvers, Massachusetts, and streptavidin-conjugated 555 S21381,
ThermoFisher, Waltham, Massachusetts).

2. There are several statements made in the introduction section that are not clear or even

sometimes inaccurate.



Lines 65-67: the authors stated “The liver contains at least two macrophage populations that
include resident KC and monocyte-derived macrophages”

This is inaccurate as there are no monocyte-derived macrophages in the steady state liver. Or
maybe the authors were making reference to the recently described liver capsular
macrophages. Please specify.

Answer: We appreciate this suggestion from the reviewer. In fact, alongside KC that
represent the main population of hepatic macrophages, bone-marrow derived monocytes
circulate through the hepatic vascular network at steady state as patrolling cells,™* and
infiltrate the liver in many contexts of injury. This is indeed a relevant nuance to add to the

manuscript. We have now mentioned this in the revised manuscript.

Along these lines the authors stated later “Contrastingly, CX3CR1, the G-protein coupled
fractalkine receptor, is known to be expressed by monocytes and absent from KC”. It is
important to note that liver capsular macrophages are CX3CR1 positive.

Answer: We agree with the reviewer, capsular macrophages are CX3CR1 high. To avoid any
confusion, we modified the sentence as follow:

“Contrastingly, CX3CRI1, the G-protein coupled fractalkine receptor, is known to be

expressed by monocytes and capsular macrophages and absent from KC”.

Lines 77-78: the authors stated “while at steady state most macrophages present in the liver
are identified as KC, following tissue damage and inflammation, which causes loss of KC,
circulating monocytes infiltrate the hepatic parenchyma”

It looks like the authors assume that liver inflammation is always associated with KC loss, but
this is not true. They should clearly specify the context during which KC loss has been
reported.

Answer: This is indeed an interesting point. We have now modified this in the revised
manuscript.

“For example, a loss and decrease of liver KC has been reported in several contexts fulminant
hepatitis including infection with murine cytomegalovirus'® or the bacterium Listeria
monocytogenes,’ and in models of methionine/choline-deficient (MCD) diet-induced

nonalcoholic steatohepatitis (NASH)" and hepatocellular carcinoma (HCC).”.”



3. Overall, there is no mention regarding the number of mice used for each experiment. This
should be added in the figure legends.
Answer: We have added the number of mice used for each experiment in the figure legend as

requested.

4. Figure 1.

The definition of the pictures provided by the authors is extremely low. Pictures in panel A
and B are blurry. It is thus impossible for the reader to appreciate if there is any colocalization
between BrdU staining and IBA 1+ cells. There is a similar problem with panel 1D, 1F and 1H
(all blurry).

First, the authors need to provided pictures with higher quality.

Then, KC proliferation data should be supported by the analysis of Ki-67+ KCs using flow
cytometry.

Answer: We agree with the reviewer, the quality of the pictures was reduced for the initial
submission to meet CMI requirements of file size. However, following your request, the

pictures are now reuploaded with higher definition.

Because the BrdU+IBA+ double positive cells are very clear and easy to identify and count
(see a representative photo below, BrdU red, IBA green), the lab is still partially shutdown
due to pandemic, and we do not have enough genetically modified mice that are ready for

experiments, so we did not perform flow cytometry analyses.

5. Figure 2.

The pictures provided in panel A are not equivalent in term of quality. Only the WT 48h
picture meets publication standard. The other pictures are blurry.

Answer: The pictures have now been uploaded with a better resolution.



The authors report in panel B a 2-fold decrease in proliferating macrophages 48h post PHx in
IL-4 deficient mice. The authors mentioned a trend in the text but it seems more important
than just a trend. What is the P value? How many mice were used in that experiment? Is it a
power issue?

Answer: This is an interesting comment. Nine mice per group were used. The P value is

0.0932. We have now included this P value in the figure.

gPCR analysis of 114 and Csf2 mRNA expression (as done for 116 in Figure 3A) should be
provided.

Answer: Thank you for pointing this out. We have now included a RT-qPCR analysis of 114
and Csf2 in Sham and PHx mice (Figure 2A and D, respectively).

6. Figure 3.

KC proliferation data obtained by flow cytometry are needed to further support the role of IL-
6 in KC proliferation.

Answer: This is a good suggestion. Unfortunately, we only had a very limited number of KO
mice in the lab now due to the partial shutdown of our animal facility during pandemic. To
breed a large number of these KO mice and perform new experiments will need at least 5-6
months. However, we have several lines of evidence that strongly support a stimulatory effect
of IL-6 on KC proliferation, such as IL-6 stimulation of KC proliferation in vitro and in vivo,
suppressed KC proliferation in IL6KO, hepatocyte- or myeloid-specific [1-6KO mice,
myeloid-specific [1-6R KO. In addition, the BrdU+IBA+ double positive cells are very clear
and easy to identify and count (a representative photo is shown above). We have now

included this in the discussion.

7. Figure 4.

As mentioned in point 5, the authors reported an almost 2-fold decrease in IBA+ BrdU+ cells
in IL-4 deficient animals (Figure 2A), but qualified it as a trend.

In Figure 4B, the impact of IL-6 deficiency in hepatocytes or myeloid cells is more modest
but was statistically different. Could the authors comment on that point?

Answer: We thank the reviewer for that interesting question. Indeed, the data show a 2-fold
decrease of IBA+ BrdU+ cells in I1L-4 deficient animals, but this difference did not reach

significance due to group heterogeneity. The reduction of both BrdU+ IBA1+ cells and



BrdU+ hepatocytes was greater and more homogeneous in //6 deficient animals (Figure 3B),
than in hepatocyte or myeloid-specific 11-6KO mice (figure 4B). This is probably because in
these cell-specific 11-6KO, IL-6 may still derive from alternative cell sources, as opposed to

global [I6KO mice in which IL-6 is absent.

Also, the authors should generate mice lacking IL-6 in both myeloid cells and hepatocytes to
assess whether these two cell types are the main drivers of the phenotype observed in IL-6
whole body knockout.

Answer: This is a great point. However, we did not generate double mutant mice with 11-6
deletion in myeloid cells and hepatocytes. Currently, our lab at the NIH is still partially
shutdown due to pandemic and to re-generate these mice will take 5-6 months or even longer.
Because our data demonstrated that KC and hepatocyte proliferation were significantly
impaired in both IL-6 Mye KO and IL-6 Hep KO mice, it is plausible to predict that KC and
hepatocyte proliferation in double mutant mice will be further decreased compared to those in
single KO mice.

we have now included this discussion in revised manuscript.

8. Figure 6 and Figure 7.
Again, all the pictures are blurry.
Answer: We agree with the reviewer, as indicated below, the pictures are now reuploaded

with higher definition.

9. The authors provided evidence that Il6ra and Sirtl in myeloid cells are necessary for KC
proliferation during PHx. However, information is missing regarding whether a defect in KC
proliferation impacts on liver regeneration.

Using LysM-cre x Il6ra flox/flox or LysM-cre x Sirtl flox/flox, can the authors report any
defect in liver regeneration following PHx?

Answer: We agree with the reviewer, to determine whether the defect of KC mediated by
Iléra and Sirtl deletion had an impact on liver regeneration, we have now included a
quantification of proliferating hepatocytes in I116r**¢ KO (Figure 5C) and Sirt1™* KO (Figure

7E) by immunofluorescence following PHx in the revised manuscript.

Minor comments:



- The authors mentioned that KCs would represent “80% of all macrophages in the human
body”. This is a quite old assumption we can find on the internet but what is the basis of such
calculation?

The intestinal tract is rich in macrophages and might contain even more of these cells than the
liver as the whole intestine is 8 to 10 meters long.

Answer: This is an interesting point of view. This percentage is cited in many references.
However, to be more cautious we rephrased the sentence as follow: KC represent one of the

largest macrophage populations in the human body.

- In the material and methods section, the strains genotypes are not well presented.

First, mice expressing the cre recombinase under the Lyzozyme M promoter (Lyz-cre) were
labelled Lyz-Cre+/+. However, the +/+ nomenclature usually means wild-type. Please use the
classical nomenclature.

Cx3crl knock-in mice should be marked as Cx3crl gfp/gfp and Cx3crl gfp/+.

[16Mye KO and Il16Hep KO would be better than [16Mye -/- and [16Hep -/-.

Answer: We thank the reviewer for this suggestion, as requested the names have been

updated.

- Line 168: RAW 264.7 cell instead of “RAW cell”

Answer: This has been changed.

Reviewer #3:

In this manuscript, the question how Kupffer cells are restored upon liver regeneration after
partial hepatectomy. The authors analyze circulating macrophages and liver resident
macrophages after partial hepatectomy. Using several strains of genetically modified mice
together with immunohistochemical analysis, the authors demonstrate that locally
proliferating Kupffer cell rather circulating monocytes are responsible for the restoration. The
proliferation of Kupffer cell was dependent on IL-6 but not on IL-4 or CSF-2. IL-6 from
hepatocytes and Kupffer cells was important for the proliferation response. Finally, the

authors were able to demonstrate that sirtuin 1 contributed to IL-6 mediated proliferation of



Kupffer cells in vitro. This was confirmed using sirtuin 1 knock-out mice, which showed

impaired Kupffer cell proliferation after partial hepatectomy.

This is a very interesting and important study, which addresses a longstanding open question.

There are some points, the authors might want to address.

Major points:

1. A central point of the manuscript is the efficacy of gene deletion in Kupffer cells. There is a
long debate in the field ranging from data that Lyz-Cre mice cannot be used for gene deletion
in Kupffer cells (see Maeda et al, Cell 2005; Fig. S6) to data, which demonstrate that Lyz-Cre
mice can be used for gene deletion in Kupffer cells (see Lanaya et al, Nat Cell Biol 2014; Fig.
3c). Therefore it should be demonstrated that breeding with Lyz-Cre mice indeed leads to
efficient gene deletion in Kupffer cells.

Answer: This is an interesting question. Actually, the data in Maeda et al Cell 2005 was
wrong (many results from this lab cannot be reproduced by others). LyzCre has been shown
to delete genes in Kupffer cells by many labs including ours. We have now stated this and
cited several references.

Below is an image from our previous publication (Feng et a. J Clin Invest. 2016;126:2321-
2333). In this paper, we developed Cre-inducible hCD59 mice, and crossed this line with
LyzCre mice, LyzCre deleted flox-stop-fox and subsequently induced hCD59 expression in
Kupffer cells (hCD59 staining in panel A). Injection of ILY toxin efficiently depleted
hCD59+ Kupftfer cells in panel B.
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Additionally, we included in the revised manuscript and figures, a quantification by RT-qPCR
of 116 expression in isolated Kupffer cells from //6"" injected with PBS or LPS and /6™ KO
injected with LPS. We confirmed that //6 expression is highly induced in Kupffer cells at 3h
following LPS injection compared to the control exposed to PBS, while there is no induction
of 116 expression in Kupffer cells isolated from 716" KO mice injected with LPS (Figure
4A). This demonstrates the efficacy of the Lyz™™ model to specifically deplete genes in

macrophages.

2. The authors describe hepatectomy experiments with IL-6-/- mice. They should shortly state
how many of the mice survived as compared to wt mice. How was survival of the IL6RMye-/-
mice?

Answer: We thank the reviewer for pointing this out. 100% of the WT mice survived after
PHx and the survival rate was reduced to 77% in IL-6 KO mice and 85% in IL6RMye-/-
mice, at 48h post-PHx.

3. It has been described that IL-6 after hepatectomy cooperates with hepatocyte growth factor
to stimulate hepatocyte proliferation. Is hepatocyte growth factor also involved in the
proliferation of Kupffer cells?

Answer: This is a very interesting point. C-met, known as HGF receptor is also expressed on

KC. HGF might be involved in the proliferation of KC. However we do not have data about



the effect of HGF on KC proliferation following PHx. We have now discussed this in the

revised manuscript and proposed this as future studies.

Minor points:

1. In myeloid targeted (Mye-/-) mice, did the authors use heterozygous or homozygous Lyz-
Cre mice?

Answer: In this study, we used heterozygous Mye+/- mice.

2. Did the authors quantitate the recombination efficacy in IL6Hep-/- mice? This should be
shown.

Answer: IL6Hep-/- mice were generated via the several steps of crossing AlbCre mice (the
Jax) and 11-6 flox/flox mice, and this AIbCre line has been widely used to delete interest genes
in hepatocytes. We have previously used AlbCrelL-6 Hep-/- mice, and demonstrated serum
IL-6 levels were markedly reduced in the KO mice, suggesting that 11-6 in hepatocytes is
effectively deleted (He et al. J Hepatol. 2021 Feb PMID: 33610678). We have now mentioned

this in the revised manuscript.

3. On p20, the authors mention IL-6 trans-signaling. This should be shortly explained.

Answer: This is indeed an interesting point. IL-6 receptor (IL-6R) exists in two forms: a
transmembrane receptor (mIL-6R) and a soluble receptor (sIL-6R). By binding to mIL-6R,
IL-6 activates the canonical signaling pathway and subsequently predominantly triggers anti-
inflammatory responses. On the other hand, in cells that do not express mIL-6R, IL-6 can
activate the trans-signaling pathway via binding to sIL-6R. We have now included this in the

revised manuscript.

We believe that by addressing the editor’s and reviewers’ comments, our manuscript has been
significantly improved, and we hope that the revised manuscript will be acceptable for
publication.

Thank you so much for your attention.

Bin Gao, MD PhD, FAASLD
Chief, Laboratory of Liver Diseases
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Interleukins-17 and 27 Promote Liver
Regeneration by Sequentially Inducing
Progenitor Cell Expansion and
Differentiation

Adrien Guillot,"*¢ Iméne Gasmi,"* Arthur Brouillet,"? Yeni Ait-Ahmed,"? Julien Calderaro
Sophie Lotersztajn,"? Jean-Michel Pawlotsky,"” and Fouad Lafdil'

12 Isaac Ruiz,"** Bin Gao,’

Liver progenitor cells (LPCs)/ductular reactions (DRs) are associated with inflammation and implicated in the pathogene-
sis of chronic liver diseases. However, how inflammation regulates LPCs/DRs remains largely unknown. Identification of
inflammatory processes that involve LPC activation and expansion represent a key step in understanding the pathogenesis
of liver diseases. In the current study, we found that diverse types of chronic liver diseases are associated with elevation of
infiltrated interleukin (IL)-17-positive (+) cells and cytokeratin 19 (CK19)* LPCs, and both cell types colocalized and
their numbers positively correlated with each other. The role of IL-17 in the induction of LPCs was examined in a mouse
model fed a choline-deficient and ethionine-supplemented (CDE) diet. Feeding of wild-type mice with the CDE diet
markedly elevated CK19*Ki67" proliferating LPCs and hepatic inflammation. Disruption of the IL-17 gene or 1L-27
receptor, alpha subunit (WSX-1) gene abolished CDE diet-induced LPC expansion and inflammation. In vitro treatment
with IL-17 promoted proliferation of bipotential murine oval liver cells (a liver progenitor cell line) and markedly up-
regulated IL-27 expression in macrophages. Treatment with IL-27 favored the differentiation of bipotential murine oval
liver cells and freshly isolated LPCs into hepatocytes. Conclusion: The current data provide evidence for a collaborative role
between IL-17 and IL-27 in promoting LPC expansion and differentiation, respectively, thereby contributing to liver
regeneration. (Hepatology Communications 2018;2:329-343)

Introduction

fter liver injury, normally quiescent hepato-
cytes are capable of self-renewal by entering
the cell cycle until restoring the liver paren-
chyma and initial functions. However, when the liver
is subjected to severe or chronic injury, hepatocyte-
driven liver regeneration is altered or insufficient, and
an alternative regenerative process involving the liver
progenitor cell (LPC) compartment is then engaged.”

In virtually all human liver diseases, LPC proliferation
is frequently observed within proliferative ductular cells
and is referred to as ductular reaction (DR), with an
important histologic and mechanistic heterogene-
ity.>® DR is defined as the proliferation of apparent
ductules that accompany leukocyte infiltration in
response to liver injury.”) In humans, the expansion of
biliary-like cells or LPCs is associated with severity of
chronic liver disease, regardless of the etiology.®”

While LPCs are reported as key cells promoting liver

Abbreviations: Alb, albumin; BMOL, bipotential murine oval liver; CDE, choline-deficient and ethionine-supplemented; CK19, cytokeratin 19;
DR, ductular reaction; FINF, hepatocyte nuclear factor; IL, interleukin; LPC, liver progenitor cell; Mcpl, monocyte chemoattractant protein 1;
MELD, Model for End-Stage Liver Disease; mRINA, messenger RNA; TAT, tyrosine aminotransferase; Th, T helper; TINF, tumor necrosis factor;

WSX-1, interleukin-27 receptor, alpha subunit; WT, wild-type.
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regeneration, in certain circumstances their presence is
also correlated with progressive fibrogenesis®? and
could contribute to hepatocellular carcinoma initia-
tion.1? Therefore, determination of the mechanisms
leading to LPC activation and controlling their expan-
sion represent a key step in understanding liver patho-
genesis development and may help to propose novel
therapeutic strategies.

The origin of LPCs is still subject to debate. How-
ever, most recent publications converge toward the
likelihood of LPC emergence from a stem/progenitor
cell niche located in the portal region around the canals
of Hering. LPCs can differentiate toward functional
hepatocytes and mature cholangiocytes in witro.
Numerous murine lineage-tracing models have sug-
gested that LPCs do not contribute to hepatocyte
regeneration in several experimental models of liver
injury, including 2/3 partial hepatectomy, bile duct
ligation, carbon tetrachloride intoxication, and a 3,5-
diethoxycarbonyl-1,4-dihydrocollidine diet. However,
after severe hepatocyte loss, biliary-like or liver progen-
itor cells can differentiate toward functional hepato-
cytes and mature cholangiocytes iz wivo in zebrafish
and in mouse models.*™*® Furthermore, in another
murine model using a choline-deficient and ethionine-
supplemented diet (CDE), Espanol-Suder et al.**
and Rodrigo-Torres et al.** found that LPCs contrib-
ute to hepatic regeneration with up to 2% of newly
generated hepatocytes arising from LPCs. It has
recently been demonstrated that differentiated cells
from such progenitors yield functional hepatocytes
characterized by  hepatocyte-specific =~ marker

HEPATOLOGY COMMUNICATIONS, March 2018

expressions, such as hepatocyte nuclear factor
(HNF)40.9 A contribution of LPCs to the restora-
tion of the parenchymal architecture and liver function
has been assumed in humans, and a recent study
reported long-term expansion of LPCs from human
liver and their conversion into functional hepatocytes
in vitro and with transplantation in vivo.

Activation of the LPC compartment is a complex
process that is not fully understood. The LPC response
can be divided into four steps: activation, proliferation,
migration, and differentiation.”® The induction and
progression of the LPC-driven regenerative process is
highly influenced by the microenvironment and the
cytokines released by immune cells during inflamma-
tion.""”) For instance, a recent study reported the asso-
ciation between portal inflammation and DR in
nonalcoholic fatty liver disease.?” Both innate and
adaptive immune cells recruited during the inflamma-
tory process are critical for the modulation of LPC-
driven liver regeneration, as demonstrated by numer-
ous studies using the CDE model. Van Hul et al.??
have reported that macrophage depletion by clodronate
injections attenuates fibrogenesis and LPC parenchy-
mal invasion. Furthermore, it has been shown that in
mice lacking T cells, the LPC response was drastically
weakened and mice succumbed to acute liver fail-
ure.??) The LPC compartment is also highly activated
during T-cell-mediated hepatitis induced by concanav-
alin A.®* Numerous cytokines constitute key links
between inflammation and LPC proliferation, such as
tumor necrosis factor (TNF)-o, TNF-like weak
inducer of apoptosis (TWEAK), interferon-gamma
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(IFN-y), interleukin-6 (IL-6), IL-22, and lympho-
toxin ﬁ.(24'28)

Among the key players in modulating liver inflam-
mation, T helper (Th)17 lymphocytes have been
implicated in several types of liver diseases through the
effects of IL-17A (IL-17) and IL-22.%%3% While IL-
22 has been reported as hepatoprotective,*? antifi-
brotic,*? and promoting liver regeneration from
LPCs,?® the potential role of IL.-17, notably in regen-
eration, has not been fully investigated. IL-17 is a
proinflammatory cytokine known to contribute to the
crosstalk between innate and adaptive immunity.
Recently, we and others reported direct and indirect
profibrogenic and proinflammatory effects of IL-17 by
stimulating both  myofibroblasts and  macro-
phages.®3*% Furthermore, it has been shown that IL-
17-producing gamma delta T (pdT) cells were
recruited during hepatocyte-driven liver regeneration
induced by partial hepatectomy.®® The authors
showed that IL-17-induced IL-6 production by mac-
rophages and dendritic cells, favored hepatocyte prolif-
eration, and could also be involved in LPC-driven liver
regeneration. To achieve hepatic regeneration from
LPCs, those cells need to proliferate but also to
undergo cell differentiation into mature cells. Interest-
ingly, several groups demonstrated that IL-27, a cyto-
kine mainly produced by macrophages, has been
shown to directly favor stem/progenitor cell differenti-
ation in different organs.®*>” TL-27 is a pleiotropic
cytokine belonging to the IL-12 family that signals
through its heterodimeric receptor composed of gp130
and IL-27 receptor alpha (WSX-1) subunits, mainly
expressed by immune and epithelial cells, including
hepatocytes.*” We therefore hypothesized that com-
munication between adaptive and innate immune cells
through IL-17 and IL-27 production, respectively,
could contribute to the achievement of liver regenera-
tion from LPCs.

In biopsies obtained from patients with various types
of liver diseases, IL-17" cells were identified in close
association with liver ductular cells, and their infiltra-
tion positively correlated with the degree of DR in our
study. To address the role of IL-17 and IL-27 in LPC
activation, proliferation, and differentiation into
mature hepatocytes, 1L-17-deficient (IL-17""7) and
WSX-1-deficient (WSX-1""") mice were fed a CDE
diet, and murine liver progenitor cells were used. Our
results showed complementary roles of IL-17 and IL-
27 in achieving the regenerative process of the liver by
inducing LPC proliferation and by favoring difterenti-
ation, respectively.
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Materials and Methods
HUMAN SAMPLES

Forty-three liver samples from patients with diverse
chronic liver diseases were analyzed. The study con-
formed to the ethical guidelines of the 1975 Declaration
of Helsinki. As required by French legislation, the study
was approved by the local ethics committee Ile de
France 1 (Institutional Review Board 2017-A01215-
48). Blocks of formalin-fixed paraffin-embedded sam-
ples from explanted livers were obtained from the
Department of Pathology of Henri Mondor University
Hospital (Creteil, France). For the assessment of cyto-
keratin 19 (CK19)" and IL-17" cell density, a training
set of 20 slides was first reviewed by two evaluators,
including a pathologist specialized in liver diseases. The
whole cohort was then analyzed independently by the
two evaluators using a semiquantitative score, and
patients were dichotomized into high versus low density
of stained cells for each labeling.

ANIMALS

We used 6-8-week-old male mice on a C57BL/6
background in this study. 11.-17/~ mice were gener-
ously provided by Professor Yoichiro Iwakura (Japan).
WSX-1""" mice were purchased from the Jackson Lab-
oratory. Mice were fed a control (choline-sufficient) or
choline-deficient diet (IMP Biomedicals, Illkirch, France),
and drinking water was supplemented with DL-
ethionine (0.15% weight/volume) (Sigma-Aldrich, Lyon,
France) in the CDE-fed group. Animals were killed at
indicated time points, blood was collected for serum
extraction, and the liver was either fixed in buffered for-
malin or snap frozen in liquid nitrogen. Experiments
were performed on at least four animals per group and
per time point. All animals were housed and fed ad /ibi-
tum in a pathogen-free animal facility and used in accor-
dance with protocols approved by the French ethical
committee (COMETH, Authorization N°12-079) and
under the supervision of authorized investigators.

STATISTICAL ANALYSIS

Results are expressed as mean = SEM, and statisti-
cal significance was determined by a two-tailed Stu-
dent 7 test or one- or two-way analysis of variance as
appropriate, using PRISM 4.0 software. Data were
considered significantly different for P < 0.05. Contin-
gency between CK19 and IL-17 staining and Model
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for End-Stage Liver Disease (MELD) scores were
assessed by Fisher’s exact test and Child-Pugh scores
by the chi-square test.

Results

DR CORRELATES WITH IL-17-
PRODUCING CELL
INFILTRATION IN HUMAN
DISEASED LIVERS

DR with LPC:s is frequently observed in several types
of liver diseases and is often associated with the inflam-
matory process.(3’20) In addition, IL-17" cells were
found in the livers of patients with chronic liver dis-
eases.??? To determine whether the proliferative
LPCs correlate with the number of infiltrating IL-17-
producing cells, a cohort of 43 patients with chronic
liver diseases from various etiologies was analyzed. Most
of the patients presented with mild inflammatory activ-
ity (86.1%, METAVIR score A1-A2) with severe fibro-
sis (93.0% METAVIR F4) (Supporting Table S1). On
paraffin-embedded liver tissues from these patients, we
revealed an infiltration of IL-17-producing cells sur-
rounding CK19" LPCs with a close interaction,
regardless of the etiology (Fig. 1). A score was defined

Cytokeratin 19
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semiquantitatively, and patients were classified into two
groups with a low and high degree of DR (Fig. 2A).
Similarly, IL-17" cells infiltrating the livers were scored
and classified into two groups with a low and high
degree of IL-17-expressing cells. A positive correlation
was found between the densities of these two cell types
(P<0.001) (Fig. 2B), with a majority of CK19 igh
patients having a high density of infiltrating 1L-17"
cells in the liver. In addition, patients with low CK19
and IL-17 scores were predominantly Child-Pugh class
A with a MELD score <15, whereas most patients
who were CK19™8" T1-17"¢" were Child-Pugh class B
or C with a MELD score >15 (Fig. 2C,D; Supporting
Table S1). Collectively, these data showed that
increased IL-17" cell infiltration is associated with
CK19" LPC accumulation in human DR and with a
less optimistic prognosis. These clinical observations led
us to hypothesize that IL-17 could promote LPC accu-

mulation in diseased livers.

DISRUPTION OF THE IL-17 GENE
IMPAIRS LPC ACTIVATION IN
REGENERATING LIVER

To determine the role of IL-17 in LPC-

compartment activation in regenerating livers, wild-

Autoimmune
hepatitis

Acute
Alcoholic
hepatitis

Alcoholic
cirrhosis

FIG. 1. IL-17-expressing cells and CK19" cells are localized in similar areas in diseased livers. Representative CK19 and IL-17
(brown color) immunostaining on human serial liver sections from diverse etiologies with an enlargement magnification field. Areas
where CK19™" cells accumulate are delimited with dotted lines on serial sections to highlight their proximity with I1.-17"-infiltrating

cells. Scale bar, 100 pm.
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type (WT) and IL-17"'" mice were subjected to the
CDE diet for 3, 10, or 21 days. In this model, expres-
sion of several inflammatory genes inducing Th17 cell
differentiation (IL-6, transforming growth factor /)
and specific markers, including IL-23 receptor (IL-
23R) and retinoic acid receptor-related orphan recep-
tor alpha (ROR-a) but not RORyt, were up-regulated
as early as 3 days and were maintained along with the
diet in WT animals (Supporting Fig. S1). LPC accu-
mulation was evaluated on liver tissue sections of both
WT and IL-17"/~ CDE-fed mice with CK19 immu-
nostaining (Fig. 3A). WT mice showed a significant
increase in CK19™ cells from day 3, with a progressive
accumulation along with the CDE diet. In contrast,
IL-17 deficiency was sufficient to significantly prevent
LPC accumulation as early as 3 days after the CDE
diet (Fig. 3A). This result has been confirmed in
another model of DR in a cholestatic environment
induced by bile duct ligation and section (Supporting
Fig. S2). Along the same line of evidence, messenger
RNA (mRNA) expression of LPC response-associated
markers  (alpha-fetoprotein  [AFP], M2-pyruvate
kinase), with the exception of the hematopoietic Thy-
1 cell surface antigen (Thyl) marker, were induced in

[ 1L-17 tov [ IL-17 High

COcpadcpB @cpCc [CMELD <15 lMELD >15

the liver from WT mice in the CDE model, reaching a
peak at day 3; such inductions were markedly reduced
in IL-17"" mice (Fig. 3B). Double-stained
CK197Ki67 " cells revealed proliferative LPCs reach-
ing 15% of the total CK19" counted cells in WT
mice, whereas no proliferating LPCs were detected in
IL-17""" mice after 21 days of the CDE diet (F1}g
3C,D). This reduced-LPC activation in IL-17"""
mice was not attributable to a difference in liver injury
as serum transaminases (alanine aminotransferase,
aspartate aminotransferase) and alkaline phosphatase
activities were similarly increased in WT and TL-17 "
" animals at earlier time points (Fig. 3E). No differ-
ence was observed on histologic analysis on hematoxy-
lin and eosin-stained liver tissue sections (Supporting
Fig. S3). In addition, food intake was assessed in both
groups and did not show any difference (Supporting
Fig. S4). Finally, despite a slight increase in
fibrogenesis-related gene expressions in livers of WT
CDE-fed mice, no obvious increase in sirius red stain-
ing was observed in those mice (Supporting Fig. S5A-
C). Taken together, these data showed that IL-17
deficiency is associated ~with reduced LPC
accumulation.
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IL-17 DEFICIENCY REPRESSES
LIVER INFLAMMATION,
INCLUDING IL-27 PRODUCTION

It is well established that the liver inflammatory
response triggered by macrophage recruitment and
activation tightly controls LPC expansion. To further
determine whether defective LPC accumulation, iden-
tified in IL-17"/" animals, could result from the
reduced liver inflammatory response, we evaluated
macrophage recruitment and the expression of their
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PCR and expressed as fold
change over control diet-fed
WT mice. (C,D) Liver tissue
sections were immunolabeled
with antibodies directed against
CK19 (red) and Ki67 (green),
and the percentage of proliferat-
ing CK19* cells was
determined. (E) Serum ALT,
AST, and ALP activities were
measured. *P<0.05, *P<0.01,
P <0.005, WT versus IL-
177" mice; each group n = 4-7
animals. Data represent mean =
SEM.  Abbreviations: ALP,
alkaline phosphatase; ALT, ala-
nine aminotransferase; AST,
aspartate aminotransferase; CT,
control; d, day; DAPI, 4',6-dia-
midino-2-phenylindole; ~ Mpk,
type 2 muscle pyruvate kinase;
gRT-PCR, quantitative reverse-
transcription  polymerase chain
reaction.

IL-17-"

14 21

secreted inflammatory mediators. While monocyte
chemoattractant protein 1 (Mcp1) and F4/80 mRNA
expressions were induced with a peak reached at 3 days
in WT, such induction was not observed in IL-17"""
mice (Fig. 4A). Furthermore, F4/80 immunostaining
in WT mice showed a 3-fold increase in macrophage
cell numbers infiltrating the livers 3 days after the
CDE diet; such infiltration was significantly lower in
IL-17"'" mice (Fig. 4B). Expressions of several
macrophage-associated inflammatory cytokines were

also assessed; in WT animals under the CDE diet, the
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Mepl

data revealed an up-regulated hepatic expression of
Tnfx, 116, and of Epstein-Barr virus-induced 3 (£4i3)
and 1/27p28, two subunits constituting the heterodi-
meric IL-27 cytokine (Fig. 4C). In contrast, the
expressions of those genes were not up-regulated in
mice lacking IL-17 expression (Fig. 4C). In addition,
treatment of RAW264.7 macrophages with recombi-
nant IL-17 significantly induced proinflammatory che-
mokine/cytokine mRNA expressions, including Mcp1,
Tnfa, 116, and Ebi3 and 1/27p28 (Fig. 4D). Altogether,
these data showed a key role of IL-17 in triggering the
well-described hepatic inflammatory response neces-
sary for LPC activation (e.g., Mcpl, Tnfa, 1/6) and
revealed an induced expression of IL-27 with a puta-
tive role in LPC-driven liver regeneration.

Tnfa 16 Ebi3 1127p28

WSX-1 DEFICIENCY REPRESSES
LPC-DRIVEN LIVER
REGENERATION

IL-27 is a cytokine with a well-known modula-
tory function in progenitor cell-mediated tissue
repair in other organs.***? To address the poten-
tial role of the IL-27-WSX-1 axis in LPC accu-
mulation, WT and WSX-1""" mice were subjected
to CDE-diet feeding. CK19 immunostaining on
liver tissue sections showed a strong inhibition of
LPC accumulation in WSX-1"/" animals when
compared with their WT counterpart from day 3
after the CDE diet (Fig. 5A). In agreement with
these CK19 immunostaining data, mRNA
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FIG. 5. WSX-1-deficiency represses LPC-driven liver regeneration. Wild-type and WSX-1""" mice were fed a CDE diet, and sam-
ples were collected at the indicated time points. (A) CK19™ cells were stained and counted. Scale bar, 100 um. (B) Hepatic mRNA
expressions of LPC-associated genes were measured by qRT-PCR. (C,D) CK19 (red) and Ki67 (green) staining and counting after
21 days of the CDE diet. *P<0.05, *P<0.01, WT versus WSX-1""" mice; each group n = 4-7 animals. Data represent mean =
SEM. Abbreviations: CT, control; d, day; DAPI, 4',6-diamidino-2-phenylindole; Mpk, type 2 muscle pyruvate kinase; qRT-PCR,

quantitative reverse-transcription polymerase chain reaction.

expressions of LPC activation-related genes (Afp,
Thy1) were not induced in WSX-1""" mice (Fig.
5B). Interestingly, proliferating CK19™ cells identi-
fied by CK19 and Ki67 double staining revealed
that 12% of CK19" LPCs were proliferating 21
days after the CDE diet in WT mice, while only
2.5% of proliferating CK19™" cells were counted in
WSX-1""" mice (Fig. 5C,D). This strongly sug-
gests an essential involvement of the IL-27-WSX-
1 axis in the LPC activation process.
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CDE DIET-INDUCED LIVER
INFLAMMATION IS REDUCED IN
WSX-1~"~ MICE

A disrupted IL-27 signaling pathway is associated
with reduced LPC accumulation after a CDE diet. To
better characterize the mechanisms that could explain
this observation, we evaluated liver injury and inflam-
mation. Serum transaminases and hematoxylin and
eosin staining on liver tissue sections showed similar
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injury in WT and WSX-1""" mice (Supporting Figs.
S6A and S4B). In addition, food intake was assessed
in both types of mice and did not show any difference
(Supporting Fig. S6C). Liver macrophages infiltrating
the liver after the CDE diet were quantified in WT
and WSX-1""" mice. Mceppl and F4/80 mRNA
expressions were significantly induced and peaked 3
days after the CDE diet in WT animals but not in
WSX-1""" mice (Fig. 6A). In addition, F4/80 immu-
nostaining of liver samples confirmed a 3-fold increase
in the number of macrophages infiltrating the livers of

] cControl
I 1L-27 treatment

Tnfa  Ebi3 1127p28

CDE-treated WT mice, but such increase was
completely abolished in livers of CDE-treated WSX-
177 animals (Fig. 6B). Analysis of inflammatory
cytokines revealed an increase in mRNA expression of
Tnfa, 116, Ebi3, and 1/127p28 in WT mice but not in
WSX-1""" animals. Moreover, IL-27-treated RAW
cells showed increased I/6, Tnfa, and Ebi3 but not
1127p28 mRNA expressions (Fig. 6D). Lastly, CDE-
induced Th1, Th2, and Th17 marker gene expressions
were significantly lowered in WSX-1""" compared to
WT mice (Supporting Fig. S7). This strongly suggests
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that the IL-27-WSX-1 axis is required to promote the
inflammatory response required for supporting the
LPC compartment.

IL-17 FAVORS LPC
PROLIFERATION WHEREAS IL-27
INDUCES EXPRESSION OF
HEPATOCYTE DIFFERENTIATION
MARKERS

As LPC accumulation was strongly altered in both
IL-17""" and IL-27"/" animals under the CDE diet,
we further deciphered the direct role of IL-17 and IL-
27 on LPCs in wvitro. Bipotential murine oval liver
(BMOL) cells, a well characterized LPC cell line, were
cultured in the absence or presence of either IL-27 or
IL-17. Cell viability and proliferation were evaluated
by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay
and showed that IL-17 potentiated BMOL cell
growth along with a 5-day culture while IL-27 had no
effect (Fig. 7A). To evaluate the potent role of IL-17
and IL-27 in LPC differentiation, hepatocytic cell dif-
ferentiation marker mRNA expressions, including
albumin (A4/%), tyrosine aminotransferase (7a#), and
Hnf4o were also assessed (Fig. 7B). Our data revealed
that IL-17 did not increase but instead decreased some
of those markers, including A/ and Tat expressions.
In contrast, BMOL treatment with IL-27 increased
Alb and Hnf#o. mRNA expressions (Fig. 7B). Simi-
larly, hepatocytic cell markers analyzed at protein levels
by western blot showed an increased expression of Alb,
TAT, and HNF4a in the presence of IL-27 (Fig.
7C,D). 1IL-27 did not potentiate the effects of the
hepatocyte-differentiation culture medium (Support-
ing Fig. S8). However, IL-17 treatment in similar con-
ditions reduced hepatocytic differentiating markers
consistently with results obtained in normal culture
conditions (Fig. 7B). To confirm the putative role of
IL-27 in differentiating LPCs into hepatocytes, freshly
isolated LPCs from mouse livers after a 21-day CDE
diet were cultured in the absence or presence of IL-27
or IL-17. The purity of freshly isolated LPCs was
assessed by flow cytometry and showed 94.8% epithe-
lial cell adhesion molecule (EpCAM)" CD45™ iso-
lated cells (Supporting Fig. S9). IL-27 treatment
strongly induced A/b, Tat, and Hnf#u mRNA expres-
sions when compared to nontreated controls. IL-17
treatment did not induce any of those hepatocytic
markers but diminished Hnf#ax mRNA expression
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(Fig. 7E). Similarly, HNF40 immunostaining on
freshly isolated LPCs showed a weak basal level in
control cells (Fig. 7F) while IL-27 treatment signifi-
cantly induced HNF4a expression. In contrast, IL-17
treatment completely abolished HNF4o expression.
Compared to BMOL cells that have been immortal-
ized, freshly isolated LPCs do not show significant
proliferation in witro in our basal culture conditions.
Therefore, no significant effect of 1L-17 or IL-27
treatment was obtained on proliferation assays (data
not shown). Taken together, these data demonstrate a
direct role of IL-17 in mediating LPC accumulation
while IL-27 plays a complementary role by favoring
LPC differentiation toward a hepatocytic phenotype.

Discussion

A large spectrum of growth factors and cytokines
has been reported to contribute to LPC niche activa-
tion, and some of these have been described as dis-
pensable due to redundant functions. In the present
study, we report a correlation between IL-17-
producing cell recruitment and the severity of the DR,
and we identify IL-17 as a cytokine with a central role
in triggering LPC compartment activation and prolif-
eration. We also reveal that IL-17 is responsible for
macrophage-induced IL-27 expression that favors
LPC differentiation into hepatocytes. We therefore
highlight collaborative work between IL.-17 and IL-27
that is required to properly achieve liver regeneration

from progenitor cells (Fig. 8).

ASSOCIATION OF DR WITH
INFLAMMATORY CELLS

In virtually all types of chronic liver diseases, biliary
and liver progenitor cell accumulation, referred to as
DR, is frequently observed.® In humans, LPC accu-
mulation is an important prognostic marker in
advanced liver diseases and is often associated with a
less optimistic outcome.*® Tn our study, comparison
of CK19™" with CK19"®" groups of patients revealed
a higher Child-Pugh and MELD score severity associ-
ated with increased LPC expansion. DR is accompa-
nied by recruitment of immune cells nearby, and
compelling findings in both animal and human studies
emphasize the pivotal role of inflammatory cytokines
in the LPC-driven regenerative process.!>>**3-2%
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expression was analyzed by (B) qRT-PCR after 6 hours or (C) by western blot after 24 hours of treatment. (D) Western blot quantifi-
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P <0.005. (D,E) Primary LPCs were cultured in the presence of 50 ng/mL recombinant IL.-17 or 1L.-27 for 24 hours. Hepatocyte
differentiation marker expressions were analyzed by (E) qRT-PCR and (F) immunocytochemistry using an anti-HNF4o antibody.
HNF4a™" cells were counted in each condition. Data represent mean = SEM. Abbreviations: CT, control; DAPI, 4',6-diamidino-2-
phenylindole; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; OD, optical density;

qRT-PCR, quantitative reverse-transcription polymerase chain reaction.
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FIG. 8. IL-17 induces liver progenitor cell proliferation while
IL-27 favors their differentiation toward a hepatocytic phenotype.
Taken together, these data provide evidence of a collaborative
role of IL-17 and IL-27 in promoting liver regeneration. IL-17
directly acts on LPCs to favor their proliferation. IL-17 also
induces macrophage IL-27 production, which enhances LPC dif-
ferentiation toward hepatocytes.

IL-17 IN LPC ACTIVATION AND
PROLIFERATION

Based on the clinical study of chronic liver diseases,
regardless of etiology, we report a positive correlation
between the degree of DR and the number of IL-17-
producing cells infiltrating the liver. The proximity
between IL-17" cells and LPCs led us to hypothesize
that IL-17 could be associated with LPC activation
and proliferation. Moreover, increased IL-177 cells
infiltrating the liver of CK19™&" patients aggravate
their Child-Pugh and MELD scores (Supporting
Table S1). Mixed phenotypes CK19"®" TL.-17°" and
CK19"" TL-17"" were found in few patients. The
source of IL-17-producing cells reported in human liv-
ers is heterogeneous and mainly includes Th17
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lymphocytes, 76 T cells, and neutrophils.2*2*3%33) T

mouse, we cannot exclude a different profiling of IL-
17-producing cell types, depending on the experimen-
tal model, when compared to human liver diseases.
However, in the murine model of CDE-diet-induced
liver regeneration from LPCs, we revealed an induced
expression of Th17-associated genes as early as 3 days
after a CDE diet in WT animals. Such induced
expressions were maintained along with the protocol
(Supporting Fig. S1), although IL-17 levels in the
serum or liver were not detectable by using currently
available kits (data not shown). In keeping with results
obtained in a previous work,*? our data strongly sup-
port the participation of Th17 cells in the hepatic pro-
duction of IL-17. Interestingly, we showed that in
mice lacking IL-17 expression and subjected to a
CDE diet, the capacity of LPCs to accumulate is dra-
matically altered when compared to WT animals.
Along the same lines of evidence, LPC treatment with
IL-17 promoted LPC expansion in witro. Further-
more, we previously reported a role of IL-17 in polar-
izing macrophages toward a proinflammatory M1
phenotype.(3 ) In this study, we show that IL-17 defi-
ciency causes impairment of macrophage cell recruit-
ment in CDE-diet-induced liver regeneration,
resulting in reduced hepatic inflammation. This
reduced inflammatory response may explain the
reduced liver injury observed at later time points in IL-
177" animals. These results are consistent with previ-
ous reports showing that macrophage depletion by
clodronate injections abrogates LPC accumulation and
subsequent liver regeneration during a CDE diet.?"
The results obtained in wivo clearly provide evidence
that IL.-17 deficiency alters LPC expansion, which fits
with in vitro data. However, neither IL.-17 deficiency
(Fig. 3A) nor macrophage depletion(44) were sufficient
to completely abolish DR. This suggests that IL-17
could contribute to LPC expansion by i) directly pro-
moting LPC proliferation and ii) indirectly through
M1-macrophage-induced production of required fac-
tors, e.g., TNF-a and IL-6, which support LPC accu-
mulation."”* T1.-17 has been detected in several
types of chronic liver diseases®”*® and was associated
with increased liver injury and fibrosis®*** and hepa-
tocellular carcinoma.*®*”) Our data highlight that a
sustained IL-17 inflammatory response lacking a dif-
ferentiating process may be responsible for incomplete
hepatic regeneration, with uncontrolled accumulation
of progenitor cells susceptible to undergo genetic and
epigenetic alterations and to initiate carcinogenic
processes.
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LPC-MEDIATED
DIFFERENTIATION THROUGH
THE IL-27-WSX-1 AXIS

In addition to its function in triggering LPC activa-
tion in regenerating livers, we demonstrated that IL-17
also induced IL-27 cytokine production by macro-
phages. IL-27 is also described as an IFN-y-like cyto-
kine that favors hematopoietic and neural precursor
differentiation through signal transducer and activator
of transcription 1(41’42); this is in addition to its proin-
flammatory*® or anti-inflammatory®” role according
to the pathogenesis. Numerous studies revealed antitu-
mor properties of IL-27 through the complex regulation
of immune response, and this cytokine has also been
reported to exert antiproliferative and anti-angiogenic
effects by directly acting on cancer cells.®” TL-27 has
also been shown to directly favor cardiac progenitor cell
differentiation,®” expansion and differentiation of
hematopoietic stem cells,*** and could support retinal
progenitor cell differentiation.®® In this model, we
showed that disruption of IL-27 receptor signaling also
prevented LPC accumulation. Alternatively, we showed
a direct role of IL-27 on LPCs by favoring their differ-
entiation into a hepatocytic phenotype in vitro without
a direct mitogenic effect. Additional experiments, such
as lineage tracing in several models, including CDE, or
hepatocyte-specific MDM?2 proto-oncogene (IMdm2)-
deficient mice, are required to conclude on the role of
IL-27 effects on LPC differentiation in wivo.1¥
Reduced LPC accumulation in WSX-1""" mice was
associated with a significant decrease in recruitment of
macrophages, which are reported as crucial actors in
supporting LPC expansion.*” We also showed a direct
effect of IL-27 on promoting proinflammatory cytokine
gene expressions in macrophages. These data suggest
that IL-27 may indirectly enhance LPC proliferation
through favoring macrophage activation and cytokine
production.

Taken together, in this present work we provide evi-
dence of a dual role of IL-17 in regenerating livers
from progenitors. IL-17 not only targets LPCs and
stimulates their proliferation but also promotes IL-27-
induced expression from macrophages, which contrib-
ute to LPC differentiation into a hepatocytic pheno-
type. These data shed light on the fact that both
proliferative and differentiating processes of LPCs are
essential to achieve liver regeneration. Our data also
suggest that lack of a differentiating process may lead
to immature LPC accumulation that is susceptible to
cell transformation into cancer cells.

GUILLOT ET AL.
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targets for cholangiopathies.

Introduction

The biliary tree occupies a substantial space in the liver and has
crucial functions such as the transport and maturation of bile (1).
Cholangiopathies led to approximately 16% of liver transplanta-
tions in the USA between 1988 and 2014 (2) and include primary
sclerosing cholangitis (PSC), primary biliary cholangitis (PBC),
biliary atresia, cholangiocarcinoma, sclerosing cholangitis of
critically ill patients (SC-CIPs), and coronavirus disease 2019
(COVID-19) cholangiopathy (1, 3). Classical clinical presentations
for these disorders include cholestasis and portal inflammation,
fibrosis, as well as portal hypertension and disturbances of the
liver microcirculation (4). Ductular reaction, which involves bili-
ary epithelial or liver progenitor cell proliferation as well as portal
inflammation and portal fibrosis, is observed in numerous hepa-
topathies and is notably associated with a poor outcome in chronic
liver diseases of various etiologies (5, 6). Although several studies
reported a potent role for immune cells in promoting the ductu-
lar reaction (5, 7-9), the precise mechanisms underlying bile duct
injury and regeneration have not been identified because of the
lack of a specific biliary epithelial cell (BEC) injury model.
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Cholangiopathies caused by biliary epithelial cell (BEC) injury represent a leading cause of liver failure. No effective
pharmacologic therapies exist, and the underlying mechanisms remain obscure. We aimed to explore the mechanisms of
bile duct repair after targeted BEC injury. Injection of intermedilysin into BEC-specific human CD59 (hCD59) transgenic mice
induced acute and specific BEC death, representing a model to study the early signals that drive bile duct repair. Acute BEC
injury induced cholestasis followed by CCR2* monocyte recruitment and BEC proliferation. Using microdissection and next-
generation RNA-Seq, we identified 5 genes, including Mapk8ip2, Cdkn1a, Itgb6, Rgs4, and Ccl2, that were most upregulated
in proliferating BECs after acute injury. Immunohistochemical analyses confirmed robust upregulation of integrin avpé
(ITGB6) expression in this BEC injury model, after bile duct ligation, and in patients with chronic cholangiopathies. Deletion
of the Itgb6 gene attenuated BEC proliferation after acute bile duct injury. Macrophage depletion or Ccr2 deficiency
impaired ITGB6 expression and BEC proliferation. In vitro experiments revealed that bile acid-activated monocytes
promoted BEC proliferation through ITGP6. Our data suggest that BEC injury induces cholestasis, monocyte recruitment,
and induction of ITGB6, which work together to promote BEC proliferation and therefore represent potential therapeutic

Several models have been used to study BEC injury, but they
are associated with chronic injury and inflammation and are not
specific for BEC injury (10). For example, multidrug resistance
gene 2-deficient (Mdr2-deficient) mice spontaneously develop
severe biliary fibrosis and have been extensively used to mimic
PSC progression, but the chronicity of this model impedes the
study of mechanisms that promote BEC repair (11). Extrahepatic
bile duct obstruction has also been induced by injection of bili-
atresone (12). More recently, a novel model of sclerosing cholangi-
tis has been described, consisting of intrabiliary injection of BV,
an antagonist of the inhibitors of apoptosis (IAP), and leading to
TRAIL toxicity and BEC damage (13). Using this model, Guicciardi
et al. showed that BEC damage is followed by CCL2-dependent
proinflammatory monocyte recruitment, which was prevented by
genetic deletion of the Ccr2 gene or using the CCR2/CCRS5 antag-
onist cenicriviroc (13). Impairment of CCL2-dependent monocyte
recruitment reduced liver injury and fibrosis in the BV6 model,
however, bile duct regeneration has not been characterized in this
model. Moreover, it has been shown that conditional deletion of
the murine double minute 2 (Mdm2) gene in bile ducts caused
BEC senescence, a classic feature in PBC and PSC, and subse-
quently increased macrophage activation and fibrogenesis (14).
These findings further argue in favor of a role for injured cholan-
giocytes to recruit immune and fibrogenic cells. Bile duct ligation
(BDL) surgery is another model widely used to explore cholan-
giopathies. In this model, cholestasis is induced by ligation and
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sectioning of the common bile duct. This procedure is associated
with intense hepatocyte death and large necrotic areas in the liver,
potent inflammation, and perilobular fibrosis (10, 11, 15). All these
models suffer from the lack of specific BEC damage or lead to irre-
versible liver injury that may prevent or obscure BEC-specific tis-
sue responses during bile duct regeneration.

To better understand the consequences attributable to a sole
BEC injury and to unravel the mechanisms underlying bile duct
repair through BEC proliferation after acute injury, we developed
a mouse model of inducible BEC death by overexpressing human
CD59 (hCD59) on BECs (biliary-specific hCD59-transgenic mice,
referred to hereafter as ihCD59%EC¢ TS mice). ihCD59%C1C mice
were generated by breeding floxed hCD59-knockin mice (i2CD59)
with Sox9CreERT* mice that express Cre recombinase under the
regulation of the Sox9 promoter following tamoxifen injection.
Injection of these mice with intermedilysin (ILY), a pore-forming
toxin that lyses hCD59-expressing cells exclusively by binding to
hCD59 but not mouse CD59, resulted in the acute, selective death
of BECs (16). ILY has a large pharmacological window with no
known off-target effects. Thus, ihCD59%T¢ mice represent an
innovative, biliary cell-specific model for studying BEC injury and
regeneration after specific cell-targeted acute death. Using this
model, we demonstrate here that acute and targeted BEC death
was sufficient to induce rapid monocyte recruitment, cholestasis,
and liver blood microcirculation impairment. Additionally, bile
acid accumulation in the portal area directly drove these recruited
monocytes to a regenerative phenotype, enabling these cells to
support BEC proliferation through integrin avp6.

Results

ihCD59%ECT¢ mice: a model of rapid and specific BEC injury and of
bile duct repair. In order to decipher the immunological mecha-
nisms implicated in bile duct injury and repair, and because most
mouse liver injury models are associated with strong injury to
both hepatocytes and BECs, we took advantage of our recently
developed model of targeted acute BEC injury in ILY-treated,
BEC-specific (ihCD59%¢1) mice (16) and characterized bile
duct repair after acute injury. As illustrated by H&E staining in
Figure 1A, ILY injection into i#CD59%5¢™¢ mice rapidly induced
mononuclear cell accumulation in the portal areas. In addition,
TUNEL staining revealed very localized and specific BEC dam-
age, as early as 3 hours after ILY injection. Neither necrotic areas
nor TUNEL* hepatocytes were observed in the parenchyma (Fig-
ure 1A), whereas alanine aminotransferase (ALT) and alkaline
phosphatase (ALP) serum levels only showed a limited increase
that was possibly attributable to a surrounding hepatocyte stress
response (Figure 1B). Acute BEC death led to a potent elevation
of the total bilirubin (TBIL) serum concentration, which peaked
between 6 and 9 hours after ILY injection (Figure 1C). Interesting-
ly, TUNEL staining and TBIL returned to normal levels 24 hours
after the initial injury, thus demonstrating that this procedure
yields a model of acute intrahepatic BEC injury (Figures 1, A-C).
Cholestasis was also evidenced by an increase in bile acid concen-
trations in liver homogenates (Figure 1C), and a dysregulation of
bile acid metabolism-related gene (Fxr, Gpbarl, Cyp7al, Cyp8bI)
expression (Figure 1D and Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/

The Journal of Clinical Investigation

JCI132305DS1). Moreover, portal hypertension and liver ischemia
are hallmarks of chronic liver diseases, cholestatic disorders, and
arterial thrombosis leading to liver failure (4). Here, we show that
acute BEC injury, per se, induced hypoxia-associated Hifla and
Angpt2 mRNA expression (Supplemental Figure 1B), decreased
liver microcirculation, and increased portal vein pressure (Figure
1E and Supplemental Figure 1C). Of note, we did not observe per-
sistent liver microcirculation impairment at later time points (data
not shown), which is in line with Hifla and Angpt2 mRNA expres-
sion and the rapid liver microcirculation recovery that occurred
after acute BEC injury. Moreover, there was a potent and rapid
elevation of the inflammation-related cytokines Il6, Tnfa, Il1b, and
Ccl2, which peaked 3 hours after ILY injection, indicating an early
and intense inflammatory response to acute BEC injury (Figure
1F). All these parameters remained unchanged in control i#/CD59
mice injected with ILY (data not shown).

Acute BEC injury alone triggers bile duct repair, i.e., portal fibro-
genesis and BEC proliferation. In our model of BEC injury, we
demonstrated that acute and targeted BEC injury is sufficient
to induce portal fibrogenesis after 48 hours. This was notably
shown by the increased Picrosirius red and a-smooth muscle actin
(0-SMA) staining (Figure 2, A-C) and the increased expression of
fibrogenesis-related genes (Figure 2D and Supplemental Figure
2). Furthermore, we found that hepatic expression of liver regen-
eration-associated genes including Afp, Pkm2, Cd133, and Tweak
(5) was upregulated 48 hours after BEC injury (Figure 2E). More-
over, we examined BEC proliferation by measuring BrdU incorpo-
ration into BECs. Asillustrated in Figure 2, F and G, BrdU incorpo-
ration into pan-cytokeratin® (panCK?*) cells peaked 48 hours after
ILY injection. BrdU incorporation into other cells, such as hepato-
cytes, was very rare (data not shown). To summarize these data,
our model of acute BEC death displays the classical histopathol-
ogy observed in patients with cholangiopathies, including portal
inflammation, fibrosis, and BEC proliferation, as well as cholesta-
sis and portal hypertension, and represents what we believe to be
a good model to study the early signals that drive bile duct repair.

Microdissection and RNA-Seq identify integrin avp6 as one of the
most upregulated genes in proliferating BECs after acute BEC injury,
which is also observed in patients with cholangiopathies. To identify
potential mechanisms implicated in bile duct repair after acute
cholangiocyte damage, we performed next-generation sequencing
and untargeted transcriptome RNA-Seq of purified regenerating
BECs 48 hours after ILY-induced injury. We adapted an innovative
staining protocol that allowed for next-generation sequencing of
the purified BEC’s transcriptome captured by expression microdis-
section (xMD) (Figure 3A and Supplemental Figure 3). Although
the differential gene expression and pathway enrichment analysis
revealed significant differences and notably potent induction in
organ regeneration and cell-cycle genes, we also observed a clear
increase in the expression of extracellular matrix component and
adhesion molecule genes (Figure 3, B and C, and Supplemental
Table 2). The 5 genes that were most upregulated in proliferating
BECs after acute injury included Mapk8ip2, Cdknla, Itgh6, Rgs4,
and Ccl2 (Figure 3D and Table 1). Ccl2 upregulation, which is in
line with data obtained using the BV6 model (13), could have con-
tributed to monocyte recruitment in our model. Cdknla, which
encodes p21, inhibits cell proliferation and is implicated in cellular
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Figure 1. ILY injection triggers a specific and rapid hCD59* BEC injury leading to liver blood microcirculation impairment and inflammation in

ihCD59%EC™ mice. ihCD59 (control group) and ihCD5985™ (injured) mice were injected intravenously with ILY (140 pg/kg). Mice were euthanized, and

samples were collected at the indicated time points after injection. (A) H&E and TUNEL staining was performed. Black arrows indicate injured bile

ducts. Scale bars: 50 um. (B) ALT and ALP serum levels were measured (n = 3-4 per group). (C) TBIL serum levels and liver bile acid concentrations were
measured (n = 3-6 per group). (D) Relative expression of cholestasis-associated genes from snap-frozen liver homogenates (statistical analyses are
shown in Supplemental Figure 1A). (E) Liver blood microcirculation from circled areas labeled 1and 2 and portal vein pressure were measured 6 hours
after ILY injection (n = 7-14 per group). Scale bar: 5 mm. (F) Relative expression of inflammation-associated genes from liver homogenates (n = 3-7 per
group). Data represent the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.005, compared with control ihCD59 mice, by 1-way ANOVA (B, C, and F)

and unpaired Student’s t test (E). ND, nondetectable.
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senescence, a known phenomenon implicated in the pathogenesis
of hepatobiliary diseases (17). The effects of Mapk8ip2 and Rgs4 on
cell proliferation have not been reported. In contrast, Itgh6 encodes
ITGp6 protein, which has been suggested to be a prognostic marker
in cholangiocarcinoma and to promote BEC and liver progenitor
cell proliferation in cholestasis and liver regeneration models (8,
18-21). Using quantitative reverse transcription PCR (qQRT-PCR),
we confirmed that mRNA expression of Itgh6 was highly elevated
in liver homogenates of ILY-injured animals (Figure 4A). Further-
more, ITGB6 immunostaining revealed very localized ITGB6 pro-
tein expression in BECs 48 hours after ILY injection (Figure 4B).
mRNA expression of the adhesion molecule fibronectin 1 (Fnl) (18),
an ITGB6 cognate binding partner, was also increased, whereas

:

BEC proliferation t test (C).

*

10

5

0

0 3 6 9 244872
ILY injection (h)

other integrins did not show a significant change at 48 hours (Fig-
ure 4C). Furthermore, immunohistochemical analyses revealed
that ITGB6 protein was strongly induced in ductular cells in patients
with a variety of chronic liver diseases (Figure 4D and Supplemental
Figure 4). Finally, we investigated whether macrophage and ductu-
lar cell accumulation, hallmarks of chronic liver disease, correlated
with ITGB6 expression in liver sections from patients with cholan-
giopathies (PBC and PSC). These studies revealed colocalization of
macrophages and ITG6 staining in CK19* cells in livers from these
patients (Figure 4, D and E).

Integrin ovp6 is critical for BEC proliferation in 2 mouse models
of bile duct injury induced by ILY-targeted hCD59 or BDL. Because
Itgb6 induction was so strong in our model of acute BEC inju-
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ry, we aimed to evaluate its functional role
in BEC proliferation by deleting the Itgh6
gene in ihCD59%E¢T¢ mice. Surprisingly, we
failed to generate ihCD59%°TC¢ Jtgh6-KO
mice ((hCD59ECTC Jtgh6*°) for unknown rea-
sons, so, instead, we generated thCD59VT¢
Itgh6¥° mice, in which ILY injection induced
both BEC and hepatocyte death, as revealed
by necrotic areas and mononuclear cell infil-
trates in the liver parenchyma (Supplemental
Figure 5 and ref. 16). Despite a previous study
describing the potential of ITGB6 as a target
to prevent chronic liver fibrosis (19), our data
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expression in BECs. The above data revealed
that acute BEC injury leads to myofibroblast
activation. Interestingly, we also observed
colocalization of fibrogenic cells and macro-
phages in the liver upon BEC injury and pro-
liferation, as demonstrated by immunostain-
ing with desmin (hepatic stellate cell marker)

Figure 3. xMD and RNA-Seq identify ITGp6 as one of the most upregulated genes in BECs after
acute, targeted BEC death. ihCD59 and ihCD5955™ mice were injected intravenously with ILY. (A)
Fresh-frozen liver tissue sections collected 48 hours after ILY injection were stained with a CK19
antibody using an RNA-friendly staining protocol, followed by purification of CK19* biliary cells by
xMD and transcriptome RNA-Seq analysis (1 = 2 in each group, as detailed in Supplemental Figure
3). Representative CK19 immunostaining on frozen liver sections and leftover versus lifted-off
samples are shown. Only purified BECs (lifted off) were used for RNA-Seq and analysis. Scale bar:
100 um. (B) GO term enrichment analysis of differentially expressed genes between the control
and injured groups. GO terms comprising integrin avf6 (/tgb6) are shown with a red star. (C) Heat-
map of differentially expressed genes between the injured and control groups. (B) Volcano plot of
expressed genes (RPKM >0.05). Differentially expressed genes (FDR <0.05) between the injured
and control groups are shown in red.

and IBA1 (Figure 6A and Supplemental Figure
8A). To further examine the colocalization of
fibrogenic cells and macrophages, we crossed
CollI°*® mice, in which collagen-producing
cells are labeled with GFP protein (17), with
1hCD59BECT6 mice to generate ihCD59BECTE
Coll1°* double-mutant mice. As illustrated in
Figure 6, B and C, and Supplemental Figure 8,
B and C, we observed colocalization of IBA1*
macrophages and collagen or a-SMA-express-
ing fibrogenic cells in our acute BEC injury
model. Additionally, a-SMA* and IBA1* cell
clusters were identified and quantified in sev-

:
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Table 1. Top-five induced and repressed transcripts in microdissected BECs from the ihCD59%“™ mouse model, 48 hours after

;

ILY injection
Name Identifier Fold change log fold change Pvalue FDR P value
Induced Mapk8ip 2ENSMUSG00000022619 169.27 74 879 x10° 0.02
Cdkna ENSMUSG00000023067 77.89 6.28 112x10™* 0.03
Itgb6 ENSMUSG00000026971 5149 5.69 1.09x10°® 771x10*
Rgs4 ENSMUSG00000038530 48.64 5.6 143 %10 5.82x 107
Ccl2 ENSMUSG00000035385 41.89 539 491x10° 0.02
Repressed Rgs16 ENSMUSG00000026475 -14.67 -3.87 5.59 x 100 136 x10°®
Cpnet ENSMUSG00000074643 -16.71 -4.06 3.59 x10°¢ 1.83% 107
Pdgfil ENSMUSG00000031595 -21.69 -4.44 293x10° 4.94 x10°
Ugtlal0 ENSMUSG00000090165 -411 -5.36 26010 0.05
Cyp3a4la ENSMUSG00000075551 -82.55 -6.37 6.38 x10® 2.84 x 1073

eral models of liver injury and in patients with variousliver diseases
(Figure 6D and Supplemental Figures 9 and 10), which suggests
that these inflammatory and fibrogenic cell clusters were more
prominent in models or diseases that specifically target BECs
rather than hepatocytes.

To decipher the potential role of myofibroblasts in inducing
BEC proliferation, we obtained collagen-producing myofibro-
blasts (MFBs) (CD45 GFP* cells) from carbon tetrachloride-
injected (CCl,-injected) CollI°** mice and performed cell sorting
(Supplemental Figure 11A). We then cocultured BECs with these
primary MFBs for 24 hours and found that coculturing with MFBs
did not affect BEC proliferation (Ki67 staining) but increased Itgh6
expression in BECs (Figure 6, E-G). Intriguingly, 48 hours after
injection of ILY into thCD59%ECT¢ Coll1°** mice, we also found the
presence of GFP* (collagen®) cells expressing monocyte-derived
macrophage (MoMF) markers such as CD45, CD11b, F4,/80, and
CCR2 (Supplemental Figure 11, B-D). This GFP* (collagen®) mac-
rophage population needs to be further characterized.

Macrophage depletion abrogates bile duct repair and ITGS6
expression in BECs. Monocyte/macrophage recruitment is a direct
consequence of tissue injury and is known to play crucial roles in
cell debris clearance as well as in the initiation of tissue regener-
ation and fibrosis in a classical immune response (22). To explore
the role of macrophages in BEC injury and bile duct repair, we
injected ihCD59%CT¢ and control mice with clodronate-loaded
liposomes to deplete monocytes and macrophages and evaluated
the tissue response to acute BEC death. We studied the effects of
macrophage depletion on BEC injury and repair 6 and 48 hours
after ILY injection, as we identified these time points to be the
peaks of bile duct injury and BEC proliferation, respectively. Mac-
rophage depletion was verified by the absence of F4/80 and IBA1
staining and reduced mRNA expression of the inflammation-
related genes Il6, Tnfa, and Il1b (Supplemental Figure 12). Mac-
rophage depletion did not influence liver or BEC injury, as
shown by similar TUNEL staining in panCK* BECs and simi-
lar ALT activity in the serum (Figure 7A and Supplemental Fig-
ure 13, A and B). However, and interestingly, serum TBIL levels
were lowered after macrophage depletion, as was total bile acid
accumulation in the liver of ihCD59%*¢ mice (Figure 7B). Fur-
ther, macrophage depletion reversed the downregulation of Fxr,

Cyp7al, and Cyp8bl and the upregulation of Gpbarl (Figure 7C
and Supplemental Figure 13C). These data indicate that macro-
phages did not participate in the initial injury caused by the ILY
toxin, but on the other hand may have exacerbated cholestasis.
Clodronate-mediated macrophage depletion led to significantly
reduced Picrosirius red and o-SMA staining 48 hours after ILY
injection (Figure 7D). Accordingly, fibrogenesis-related gene
expression was dramatically reduced in the clodronate-treated
mice (Figure 7E and Supplemental Figure 13D). Most import-
ant, our results revealed that macrophage depletion dramatically
decreased proliferation of the remaining BECs in our specific
BEC injury model (Figure 7F). As illustrated in Figure 7, G and H,
clodronate-loaded liposome injection drastically reduced ITGB6
staining and mRNA expression. Interestingly, when macrophage
depletion was performed 8 hours after injury, BEC proliferation
and fibrogenesis were reduced to a similar extent at 48 hours,
showing that the initial inflammation response was not solely
responsible for inducing portal regeneration, but that the extended
presence of macrophages was required for proper bile duct repair
(Supplemental Figure 14). Altogether, these data revealed a role
for macrophages in mediating ITGB6 upregulation in BECs.
Circulating CCR2* monocytes and not Kupffer cells are rapidly
rvecruited around damaged bile ducts, promoting BEC proliferation
and hepatic Itgb6 expression. Liver macrophages are composed of
resident Kupffer cells and MoMFs (23). To further characterize the
monocyte/macrophage population recruited around injured bile
ducts, we performed immunostaining for CLEC4F, which is used
to identify Kupffer cells, and IBAl, a pan-macrophage marker
of both Kupffer cells and infiltrating monocytes/macrophages
(24-28). Here, we showed that as early as 3 hours after acute
injury, IBAI*CLEC4F circulating monocytes were recruited
around damaged bile ducts, whereas IBA1*CLEC4F"* Kupffer cells
did not migrate toward the injured area (Figure 8A and Supple-
mental Figure 15). IBA1, panCK, and TUNEL costaining further
showed that there was a significant increase in direct contact
between monocytes and BECs following acute injury (Figure 8B
and Supplemental Figure 16). Moreover, MOMF numbers were
increased in the liver, as assessed by flow cytometry, whereas T
cell and neutrophil numbers remained constant, and these cells
did not accumulate in portal areas, demonstrating a potent role of
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Figure 4. Increased ITGP6 levels correlate with the ductular reaction in the ILY-ihCD59%*™ model and in human chronic liver diseases. (A-C) ihC059
and ihCO59%E¢™ mice were injected intravenously with ILY. (A) gRT-PCR analysis of relative expression of the Itgb6 gene in liver homogenates (n = 3-7 per
group). (B) ITGB6 immunostaining of BECs from ILY-treated ihCD59%“™ mice. Scale bar: 12.5 pm. (€) gRT-PCR analysis of relative gene expression of Fn1,
Itgb1, Itgb5, and Itgb8 in liver homogenates (n = 3-7 per group). Data represent the mean + SEM. *P < 0.05 compared with control ihCD59 mice, by 1-way
ANOVA. (D) Representative immunostaining images from 17 livers of patients with cholangiopathies (PBC and PSC), showing a correlation between CK19,
IBA1, and ITGP6 staining. Scale bars: 50 um. (E)ITGB6 and IBA1 staining was quantified, and a correlation was established using Pearson’s r.
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Figure 5. ITGp6 deficiency impairs

BEC proliferation but not early portal
fibrosis or inflammation in 2 models of
bile duct injury. (A-D) ihCD59V™ and
ihCD59VC [tgb6*® mice were injected
intravenously with ILY, and samples
were collected at the indicated time
points after ILY injection. (A) IBA1

(red) and a-SMA (green) staining and
quantitation were performed (n = 3-4
per group). (B) Liver mRNA expression of
fibrogenesis-related genes was assessed
by qRT-PCR (n = 4 per group). (C) panCK
(green) and IBA1 (red) staining was per-
formed, and cell clusters were quantified
(n = 3-4 per group). (D) panCK (green)
and BrdU (red) staining and quantitation
were performed (n = 3-4 per group).
White arrows indicate BrdU* BECs. (E)
WT and /tgb6*® mice were euthanized

3 days after BDL. Immunostaining

was performed on FFPE liver sections
(single-channel images are shown in
Supplemental Figure 7), and then mono-
cyte-derived IBA1*CLEC4F- macrophages
and proliferating BrdU*panCK* BECs
were quantified (n = 8 per group). Data
represent the mean + SEM. *P < 0.05
and **P < 0.01, by unpaired Student’s t
test (A, C, and E) and 1-way ANOVA (B
and D). Scale bars: 50 pm.

monocytic cells in the early immune
response (Supplemental Figures
17 and 18). These recruited cells
accumulating around injured bile
ducts also expressed the CX3CRI1
and CCR2 chemokine receptors,
as demonstrated in iACD59%CTC
Cx3crI®® and ihCD59®ECTC Ccr2RF®
reporter mice, respectively (Figure
8, C and D), and were F4/80" (data
not shown), further arguing for
monocyte recruitment rather than
Kupffer cell migration.

We also noticed that CX3CRI1°"*
and CCR2"™* cells were still present
around regenerating bile ducts 48
hours after ILY injection (Supple-
mental Figure 19). To elucidate the
function of these monocytic cells,
we first performed qRT-PCR analy-
ses of primary MoMFs isolated from
ihCD59%¢ TS mice 48 hours after ILY
injection and found that, compared
with macrophages isolated from
control livers, the activated MoMFs
had a proregenerative phenotype, as
characterized by increased expres-
sion of the Tweak gene, a known
mitogen for BECs (29), and a ten-
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Figure 6. Myofibroblast activation is closely related to macrophage accumulation and BEC proliferation and increases Itgb6 expression after acute BEC
injury. (A) ihCD59 and ihCD59%™ mice were injected with ILY, and desmin (green) and IBA1 (red) staining was performed on liver sections. White arrows
show close localization of IBA1* and desmin* cells. Scale bar: 50 um. BD, bile duct. (B) ihCD59Coll1°"" and ihCD595E¢™ Coll1°FP mice were injected with ILY,

and GFP (green) and IBA1 (red) staining was performed. White arrows indicate stained cell clusters. Scale bar: 50 um. (€) a-SMA (red) and IBA1 (green) or
collagen GFP (brown) immunostaining on serial liver sections. Arrows indicate cell clusters. Scale bars: 50 um. (D) a-SMA and IBA1 staining was performed,
and stained cell clusters were quantitated in the indicated models of liver injury or in liver sections from patients with chronic liver disease (n = 3-10 per
group). ILY-treated ihCD59%P™¢ and ILY-treated ihCD59% ™ mice represent hepatocyte and BEC injury models, respectively. Data represent the mean + SEM.
AH, alcoholic hepatitis; HCV/HCC, HCV infection and hepatocellular carcinoma; HAT, hepatic artery thrombosis. (E) Collagen I-producing (GFP*) CD45- MFBs
were sorted from CCl,-injected CollT°** mouse livers, placed in Transwells, and cocultured with SV40-transformed murine BECs. Ki67 staining was performed
in BECs after 24 hours (representative images are shown). Scale bar: 40 pm. (F) Ki67 staining was quantified (n = 4-8 per group). (G) /tgh6 mRNA expression
analysis was performed on BECs cultured with primary myofibroblasts (n = 4-8 per group). Data represent the mean + SEM. *P < 0.05 and ***P < 0.005, by

unpaired Student’s t test (F and G) and 1-way ANOVA (D).

dency toward increased expression of Tgfbl, a potent profibro-
genic cytokine (Figure 8E and Supplemental Figure 20). Interest-
ingly, those macrophages also overexpressed G protein-coupled
bile acid receptor 1 (Gpbarl), showing an increased sensitivity to
bile acid-mediated signals (Figure 8E and Supplemental Figure
20). We next aimed to better elucidate the role of MoMFs in bile
duct repair after targeted and acute BEC damage. We performed
an additional deletion of the Cx3cr1 or Ccr2 gene in thCD59PECTC
mice by generating ithCD598EC TS Cx3¢rI*© or ihCD59BECTS Ccr2¥0
double-mutant mice. Interestingly, the Ccr2-deficient mice had
reduced Picrosirius red staining and a tendency toward reduced
a-SMA staining (Figure 8F and Supplemental Figure 21A).

J Clin Invest. 2021;131(9):e132305 https://doi.org/10.1172/)CI132305

Moreover, fibrogenesis-related gene expression was reduced in
ihCD59BECTS Cer2X0 mice (Figure 8G and Supplemental Figure
21B). Strikingly and as shown in Figure 8, H-J, ihCD5 9516 Cp2X©
mice displayed reduced BEC proliferation and reduced hepatic
Itgb6expression48hoursafterILYinjection. However,we observed
no difference in BEC proliferation between iACD59%¢T¢ and
ihCD598ECT6 Cx3cr1¥© mice (data not shown).

In response to bile acids, infiltrating CCR2* macrophages pro-
mote BEC proliferation via the upregulation of ITGS6 expression.
Our data showed that CCR2* monocytes played an important
role in promoting BEC proliferation in vivo and that macrophage
depletion abrogated BEC ITGf6 expression in response to acute
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Figure 7. Macrophage depletion reduces cholestasis, fibrogenesis, BEC
proliferation and ITGf36 expression after acute BEC injury. Macrophages
were depleted in ihCD59%¢™ mice by clodronate-loaded liposome injection
(liposomes were injected as controls) 24 hours prior to ILY injection. (A)
Six hours after ILY treatment, TUNEL and panCK staining was performed
on paraffin-embedded liver sections, panCK*TUNEL* cells were quantified
(n =3-4in each group), and serum ALT activity was measured. Represen-
tative images are shown in Supplemental Figure 14B. (B) TBIL and total
intrahepatic bile acid concentrations were assessed. (C) Hepatic bile acid
metabolism-related gene expression was assessed by gRT-PCR 6 hours
after ILY injection (n = 3-4 per group). Statistical analysis is shown in
Supplemental Figure 14C. (D) Picrosirius red and a-SMA staining was per-
formed, and stained areas were quantified (n = 3-4 per group). Scale bars:
50 um. (E) Fibrogenesis-related gene expression was assessed by gRT-
PCR. Statistical analysis is shown in Supplemental Figure 14D. (F) panCK
and BrdU immunostaining was performed and quantified in livers from
clodronate-loaded liposome-injected ihCD59%™ mice and in ihCD595EC®
Ccr2*® mice, 48 hours after ILY injection (n = 4 per group). White arrows
indicate BrdU* BECs. Scale bar: 30 pm. (G) Macrophages were depleted

in hCD59%C™¢ mice by clodronate-loaded liposomes, followed by ILY
injection. ITGR6 immunostaining (brown) was then performed on mouse
liver sections. Scale bar: 50 um. (H) Liver /tgb6 mRNA expression from
clodronate-injected hCD59%<™ mice (n = 4 in each group). Data represent
the mean + SEM. *P < 0.05, by unpaired Student’s t test.

BEC injury. To understand the mechanisms involved and whether
macrophages directly stimulate BEC proliferation, we isolated
primary CCR2* MoMFs from ILY-treated ihCD59%¢T¢ mouse
livers and cocultured them with BECs, followed by the measure-
ment of BEC proliferation. The data in Figure 9, A and B, revealed
that coculturing with CCR2* MoMFs markedly enhanced BEC
proliferation, as demonstrated by increased Ki67 staining, and
thus showed that CCR2* macrophages from bile duct-injured liv-
ers can directly stimulate BEC proliferation. One of the charac-
teristics of bile duct injury is cholestasis, defined as the accumu-
lation of bile acids in the liver due to impaired bile export, which
was also demonstrated in our model (shown in Figure 1C). Nota-
bly, bile acids have been shown to direct macrophages toward a
proregenerative phenotype by targeting the farnesoid X receptor
(FXR) and the G protein-coupled bile acid receptor 1 (GPBARI,
also known as TGR5) (30, 31). Thus, we asked whether macro-
phages respond to bile acids to favor increased expression of
Itgb6 in BECs. To answer this question, we treated murine bone
marrow monocytes with taurolithocholic acid (TLCA), a potent
GPBARI agonist. The conditioned culture medium of these
cells was then transferred to BEC cultures, followed by evalu-
ation of BEC Itgh6 expression and proliferation. As illustrated
in Figure 9, C and D, and Supplemental Figure 22, TLCA alone
increased Itgh6 expression but did not induce BEC prolifera-
tion, whereas conditioned media from TLCA-treated monocytes
increased both BEC Itgh6 expression and proliferation. Simi-
larly, conditioned media from TLCA-treated RAW264.7 mac-
rophages increased BEC proliferation, as measured by an MTS
absorbance assay (Figure 9E). Furthermore, incubation with an
ITGB6-blocking antibody prevented the induction of BEC pro-
liferation by conditioned media from TLCA-treated RAW264.7
macrophages (Figure 9F). These data demonstrate that after
bile acid stimulation, MoMFs promote BEC proliferation via the
induction of ITGB6 (Figure 9G).
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Discussion

In the current study, we demonstrated that the ILY/ihCD59E¢T¢
BEC-specific death-inducing method (16) represents a model of
acute BEC injury, followed by bile duct repair. Unlike chronic injury
models, this method allowed us to characterize 2 stages of tissue
response to specific and targeted acute bile duct injury, consisting
of (a) an injury response stage including BEC death, liver microcir-
culation impairment, and monocyte recruitment and (b) a regen-
erative stage in which the remaining BECs proliferate concurrently
with portal fibrogenesis. This BEC proliferation in the regenerative
stage is dependent on the recruitment of circulating MoMFs and a
potent elevation in ITGB6 expression. In addition, we demonstrat-
ed that bile acids play a role in promoting macrophage polarization
toward a regenerative phenotype and in inducing cholangiocyte
ITGB6 expression. We have integrated all of these findings into a
model representing how acute BEC injury triggers the early tissue
response that induces BEC proliferation via the interaction of bile
acids, macrophages, and ITGB6 (Figure 9G).

Upon chronic or severe injury, liver progenitor cells or acti-
vated cholangiocytes proliferate and accumulate in the liver. This
phenomenon, known as the ductular reaction, coincides with
intense and localized inflammation and fibrogenesis as part of
the tissue response to chronic or severe injury, in an attempt to
repair or regenerate the bile ducts and liver architecture. Repair
mechanism dysregulation and exacerbation may lead to chronic
inflammation, fibrosis, and cirrhosis and may ultimately serve
as a soil for liver cancer and organ failure. Although the ductular
reaction is widespread in virtually any chronic liver disease, and
BECs represent a crucial cell type implicated in liver function and
architecture, there is a paucity of data on their regeneration and
interaction with other cell populations in liver disease, given the
lack of targeted BEC injury models.

Acute BEC injury rapidly leads to recruitment of monocytes to
the injured area, which interact with myofibroblasts. Inflammatory
monocytes are among the first responders after injury, clear-
ing pathogens and cell debris and initiating tissue regeneration.
A recent study reported that macrophages play a crucial role in
inducing the ductular reaction, portal area fibrosis, and mono-
cyte-driven inflammation in a chronic (Mdr27-mice) mouse model
of sclerosing cholangitis (13). An interesting finding in the current
study was that monocytes were rapidly recruited in response to
sudden BEC death, as early as 3 hours after injury, and this recruit-
ment may have been induced by a number of factors, including the
release of damage-associated molecular patterns (DAMPs) and/
or the production of chemokines (e.g., CCL2) by surrounding cells
including BECs and Kupffer cells (32). Indeed, as shown in the cur-
rent study, Ccl2, which encodes the key CCL2 chemokine, was 1
of the top 5 genes that were most strongly upregulated in regen-
erating BECs. Notably, we observed that recruited monocytes
expressed CCR2 (the CCL2 receptor) and the chemokine receptor
CX3CRI1. However, an additional deletion of either Ccr2 or Cx3crl
did not dramatically affect monocyte recruitment in ILY-treated
ihCD59PECTS mice (data not shown), suggesting that monocyte
recruitment after acute BEC injury may be dependent on addi-
tional factors. Another possibility that we have not excluded
is that because of the redundancy of both receptors, deletion of 1
of them was insufficient to affect monocyte recruitment. Despite
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Figure 8. Monocyte-derived CCR2* macrophages accumulate around
injured bile ducts after acute BEC injury, promoting BEC prolifera-

tion and Itgb6 expression. (A and B) ihCD59 and ihCD59%C™ mice were
injected intravenously with ILY for 3 hours. Liver tissues were collected

for immunofluorescence staining with IBA1 (red) and CLEC4F (green) or
with anti-panCK (green) and anti-IBA1 (red) antibodies. Double-stained
IBAT*CLEC4F* Kupffer cells appear in yellow, whereas IBAT*CLEC4F- MoMFs
appear in red in the upper panel of A. Double staining of anti-panCK
(green) and anti-IBA1 (red) antibodies on liver sections as shown in lower
panel A. The white arrow indicates an IBAT* monocyte in contact with a
panCK* BEC. Single-channel images are provided in Supplemental Figure
15. Scale bars: 20 um. panCK* and IBA1* cell clusters from A were counted
(n = 4 per group) as shown in B. (€) CCR2* and CX3CR1"* recruited mono-
cytes from ILY-treated ihCD59%CT¢ Ccr2RP or ihCD59BEC™C Cx3cr1°FP reporter
mice were counted as indicated (n = 5-7 per group). (D) Representative
images of RFP and GFP staining in liver tissues from ihCO598ET¢ Ccr2RFP
and ihCO595EC™C Cx3cr1°"° reporter mice, respectively. Scale bars: 30 um. (E)
Liver MoMFs (CD45*CD11b*CCR2MGR-1") were isolated from iACD59 and
ihCD59%T¢ mice 48 hours after ILY injection, and gene expression was
analyzed by qRT-PCR. Statistical analysis is shown in Supplemental Figure
20. (F) Picrosirius red and a-SMA staining was performed on liver tissues
from ILY-treated ihCO59%ET¢ and ihCD59%CT Ccr2C mice, and stained areas
were quantified (n = 4-7 per group). Representative images are shown in
Supplemental Figure 21A. (G) Fibrogenesis-related gene expression was
examined by gRT-PCR. Statistical analysis is shown in Supplemental Fig-
ure 21B. (H) panCK and BrdU immunostaining was performed on
ihCD595¢T¢ and jhCD595EC™ Ccr2® mouse livers 48 hours after ILY injection
(n = 4-6 per group). Scale bar: 30 um. (1) panCK*BrdU* BECs were counted.
() Itgh6 mRNA expression in livers from ILY-treated ihCD59%™ and
ihCD59%E¢TC Ccr2*© mice (n = 6-9 in each group). Data represent the mean +
SEM. *P < 0.05, **P < 0.01, and ***P < 0.005, by unpaired Student’s t test.

this, Ccr2-deficient mice displayed reduced BEC proliferation,
suggesting that CCL2 signaling polarized recruited monocytes
toward a regenerative phenotype. As evidenced by our data, acute
BEC injury did not lead to the accumulation of neutrophils around
damaged bile ducts. This was quite different from chronic liver
injury-induced classical wound responses that are associated with
significant neutrophil infiltration (9). Indeed, it was proposed
very recently that during alcoholic hepatitis, recruited neutrophils
aggravate cholangiocyte injury through the binding of BEC inte-
grin 1 (ITGP1) with neutrophil membrane proteins, leading to
a loss of the type 3 inositol 1,4,5-trisphosphate receptor (ITPR3)
and increased cholestasis (33). On the other hand, our data sug-
gest that the moderate and localized BEC injury in ILY-treated
ihCD59%¢T¢ mice preferably leads to a monocyte-driven
response, highlighting the required and beneficial roles of mono-
cyte recruitment without the induction of potentially detrimental
neutrophilic activation during bile duct repair.

Another important finding from the current study was that the
recruited monocytes after BEC injury were intimately interacting
with collagen-producing cells in ILY-treated ihCD59%¢¢ mice
in vivo. First, liver macrophages isolated from iACD59%< ¢ mice
during BEC regeneration tended to have increased Tgfbl gene
expression. Second, by performing immunohistochemical analy-
ses in 2 strains of ihCD59¥5¢TCCx3cr1°™ and thCD59"CTColl1°*
double-mutant mice, we demonstrated that IBA* macrophages
near damaged bile ducts were in close contact with a-SMA* and
collagen-expressing fibroblasts. Macrophages and fibrogenic cells
were so intimately colocalized that confocal microscopy led to a
partial staining overlap, raising doubts about the possibility that
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some cells may coexpress IBA1 and a-SMA or GFP (collagen I).
Intriguingly, flow cytometric analyses revealed that numerous
collagen-producing cells expressed macrophage markers such
as CD45, CD11b, and F4/80 in ILY-treated thCD59®ECTS Coll1°F®
double-mutant mice. Using the BDL model and Mdr27- mice, Kis-
seleva’s group implicated portal fibroblasts as well as circulating
fibrocytes in the development of portal fibrosis (34, 35). Fibro-
cytes are defined as bone marrow-derived CD45* circulating cells
that can infiltrate tissues and produce collagen and have notably
been observed in wound healing and fibrosis in multiple organs
including the liver (34-36). The origin of fibrocytes is still subject
to debate. Monocyte-derived, collagen-producing cells have been
implicated in the wound-healing response or fibrosis in several
organs, including skin, lung, kidney, and liver, and although their
characterization varies among studies, they are commonly identi-
fied as CD45*CD11b*collagen I* (37). In the liver, this phenotype
may not only contribute to fibrogenesis but may also support BEC
regeneration by providing mitogens and by participating in extra-
cellular matrix (ECM) deposition, a known requirement for chol-
angiocyte regeneration (12, 38-40). However, more studies are
needed to confirm and characterize these potential monocyte-de-
rived, collagen-producing cells in our models.

Monocyte-derived CCR2* macrophages enhance BEC repair
through ITGB6: a potential role of bile acid. In the current study,
we demonstrated that macrophage depletion or Ccr2 deficiency
reduced BEC proliferation in ihCD59%™¢ mice, indicating that
the recruited monocyte-derived CCR2* macrophages promote bile
duct repair. Macrophages are known partners of tissue regenera-
tion through their extensive production of mitogens. Indeed, our
data showed that liver macrophages isolated at the peak of BEC
proliferation overexpressed Tweak, a known mitogen for BECs and
liver progenitor cells (29, 41, 42). Although fibrogenesis may lead
to fibrosis, it provides crucial signals for bile ducts to regenerate
and should thus be regarded as a part of normal bile duct regen-
eration, if it does not become excessive. This could partly explain
why our data indicated that macrophage depletion, which reduced
both inflammation and fibrogenesis, also impaired BEC prolifer-
ation, although the initial cell injury was identical. Furthermore,
using the approach of RNA-friendly xMD, we were able to perform
next-generation transcriptome sequencing specifically on regen-
erating BECs and identified 5 genes, namely Mapk8ip2, Cdknla,
Itgb6, Rgs4, and Ccl2, that were most upregulated in proliferating
BECs after acute injury. Given the small proportion of BECs in the
liver, these important gene expression changes would not have
been detectable using whole-tissue transcriptomics. Among these,
ITGB6 has been implicated in promoting BEC- and liver progeni-
tor-mediated liver regeneration (8, 18, 19, 21). Furthermore, it
was previously proposed in a chronic mouse model of congenital
hepatic fibrosis that macrophages are implicated in ITGB6 induc-
tion in chronically injured BECs (43). For these reasons, we fur-
ther focused on the role of ITGB6 in BEC proliferation in our ILY/
IhCD59ECTS acute BEC-specific death model. Immunohisto-
chemical analyses confirmed a robust upregulation of ITGB6
expression in this BEC injury model as well as in patients with
chronic cholangiopathies, correlating with intense monocyte-
derived macrophage recruitment in the portal area. Deletion
of the Itgh6 gene attenuated BEC regeneration after acute BEC
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Figure 9. Monocyte-derived CCR2* macrophages promote BEC proliferation through ITGp6 in vitro. (A) Sorted primary MoMFs (CD45*CD11b*CCR2M"GR-1")
isolated from 48-hour ILY-treated ihCD59%™ mouse livers were cocultured with BECs for 24 hours. BECs were then fixed in 4% paraformaldehyde, and
Ki67 staining was performed (representative images are shown). Scale bar: 40 um. (B) Ki67* BECs cultured with primary MoMFs were counted (n = 4-8

per group). (C and D) Bone marrow-derived macrophages (BM-MFs) were isolated and stimulated with TLCA (20 uM). Conditioned media (CM) were then
transferred to BECs. BECs were also directly treated with TLCA (20 uM). ltgb6 mRNA expression in BECs was assessed in C; Ki67 staining of BECs was
analyzed in D. (E) RAW264.7 murine macrophages (RAW) were similarly treated with TLCA, and conditioned media were transferred to BECs, or BECs were
directly treated (Direct trt) with TLCA (20 uM). BEC numbers were assessed by an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium)] absorbance assay (n = 5 per group). (F) RAW264.7 conditioned media were added to BEC culture with or without an
ITGB6-blocking antibody, followed by measurement of BEC proliferation (n =10 per group). Data represent the mean + SEM. *P < 0.05 and **P < 0.01, by
unpaired Student’s t test for B-E, compared with the TLCA vehicle condition, and for F, compared with the ITGB6-blocking antibody control condition. (G)
Proposed mechanisms by which BEC injury alone triggers the early signals that induce BEC proliferation via the interaction of bile acids, macrophages, and
ITGB6. BEC injury leads to the release of chemoattractants (e.g., CCL2) and DAMPs, which rapidly recruit and activate circulating CCR2* monocytes to the
injured area. Macrophages induce portal fibrogenesis and further increase bile acid release. Macrophages, myofibroblasts, and bile acids upregulate ITGB6
expression in BECs, which contributes to BEC proliferation. The illustration in G was created using Servier Medical Art templates, which are licensed under
a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.
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injury and BDL. Macrophage depletion or CCR2 deficiency
impaired ITGB6 expression and BEC regeneration. In addition,
incubation with an ITGB6-blocking antibody reduced the BEC
proliferation in vitro that was induced by conditioned media from
TLCA-treated macrophages. Together, these in vivo and in vitro
findings highlight an important role of macrophages in promot-
ing BEC regeneration through ITGB6. In addition, in our model,
hepatic expression of fibronectin 1, a potent ITGB6 agonist (18)
that is mainly produced by hepatocytes and activated macro-
phages, was upregulated after acute BEC injury. Thus, it is likely
that activated macrophages promote BEC regeneration by
expressing fibronectin, which interacts with ITGB6 on BECs.

A hallmark of bile duct injury is cholestasis, which leads to
accumulation of bile acids. In the current study, we demonstrated
that TLCA treatment directly upregulated ITGB6 expression on
BECs without affecting BEC proliferation, whereas conditioned
media from TLCA-treated macrophages enhanced BEC prolif-
eration in an ITGB6-dependent manner. These data suggest that
bile acids can direct monocytes toward a regenerative pheno-
type, which stimulates BEC proliferation via ITGB6. However,
how bile acid-activated macrophages promote BEC prolifera-
tion via ITGB6 remains unknown. It has been shown that acti-
vated macrophages produce fibronectin 1 (18), but we did not
detect Fnl upregulation in TLCA-treated macrophages (data not
shown), although we observed Frl upregulation in the liver after
acute BEC injury. Therefore, it is possible that other unknown
ITGB6 ligands are involved in BEC proliferation induced by
TLCA-treated macrophages. Programmed death ligand 1
(PD-L1) is a potential candidate, since it has been shown to
promote bladder cancer cell proliferation through ITGB6 (44).
PD-L1 expression has been detected on macrophages (45). We
observed the presence of PD-Ll-expressing cells in both nor-
mal and regenerating conditions and demonstrated the pres-
ence of PD-L1*'IBA1* macrophages in close contact with BECs,
48 hours after acute BEC injury and 3 days after BDL surgery
(Supplemental Figure 23). The Hippo pathway, notably impli-
cating YAP and TAZ, and c-Met have been reported to be crit-
ical in controlling the ductular reaction (46-49). However, we
did not observe a reduction in those 3 pathways in Itgh6%° mice
compared with WT mice after acute BEC injury (Supplemental
Figure 24). Collectively, but tentatively, our data suggest that
PD-L1, but not YAP/TAZ or c-Met, may contribute to macro-
phage-mediated promotion of BEC proliferation through the
upregulation of ITGR6.

Conclusions and potential thevapeutic implications. By taking
advantage of a BEC-targeted and specific, acute injury model,
we identified the early signals from recruited monocyte-derived
CCR2" macrophages to promote bile duct reparative processes
through the induction of ITGB6-mediated BEC proliferation.
These findings complement previous studies demonstrating the
relevance of ITGB6 in chronic biliary injury models and highlight
the role of ITGB6 in early and acute bile duct injury. Our results
underline the potent role of BEC injury in generating immune
responses that dysregulate liver microcirculation. Portal hyper-
tension remains a challenging and major complication of liver
cirrhosis and has been associated with potent bile duct injury,
e.g., after liver transplantation (4). Our findings suggest that BEC
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injury, per se, can lead to liver microcirculation dysregulation and
increased portal vein pressure. We observed the impairment of
liver microcirculation at early time points but not in the later
reparative phase, suggesting that the proinflammatory immune
reaction without fibrosis may be sufficient for portal hyperten-
sion. Additional studies will be required to unravel potential new
therapeutic targets to modulate the immune response, poten-
tially ameliorating cholestatic liver damage and enhancing graft
survival. Finally, bile duct damage may accompany virtually any
liver injury. As shown by our data, further attention should be
drawn to bile duct-related injury and repair mechanisms not only
in cholestatic disorders, but also in other liver diseases.

Methods

Mice. Two- to 4-month-old male and female mice were used
in this study. We generated BEC-specific hCD59-transgenic
(ihCD59%ECT6) mice as previously described (16). Tamoxifen was
prepared in corn oil and injected intraperitoneally (50 mg/kg) into
ihCD59%ECTS mice every 2 days for a total of 3 injections to induce
BEC hCD59 expression. ILY was administered once by tail vein
injection (140 pg/kg) after a 1-week tamoxifen washout period.
Liver-specific hCD59-transgenic (ihCD59"V™®) mice, in which
hCD59 is expressed on both hepatocytes and BECs, were generated
by crossing ihCD59 mice with albumin-Cre-transgenic mice (The
Jackson Laboratory). ihCD59 mice were generated on a C57BL/6
background, and littermate control mice were used for ihCD59ECTC
and ihCD59"VTS mice. Integrin avp6-deficient (Irgh6*°) mice on a
C57BL/6 background were provided by Dean Sheppard’s laborato-
ry (UCSF, San Francisco, California, USA) (50). ihCD59*V-6 [tgh6*©
double-mutant mice were generated via several steps of crossing of
ihCD59"VT6 mice with Itgh6X° mice. Itgh6¥° (with Cre™ ihCD59) lit-
termates were used as controls for the ihCD59V1¢ [tgh6%° double-
mutant mice. Hepatocyte-specific hCD59-transgenic (ihCD59HEPT6)
mice were generated by injecting 5 x 10'° genome copies per ihCD59
mouse of AAV8-TBG-PI-Cre-rBG (Perelman School of Medicin at
the University of Pennsylvania, Philadelphia, Pennsylvania, USA)
(16). Hepatocyte injury in these mice was induced by 3 daily ILY
tail vein injections (140 pg/kg). Mice were euthanized 48 hours
after the last injection. The Sox9CreERT", Cx3crI®™, Ccr2®* mouse
strains that express tamoxifen-inducible Cre, GFP, or RFP under
the Sox9, Cx3crl, or Ccr2 promoters, respectively, were purchased
from The Jackson Laboratory. Homozygous Ccr2®* mice were used
as Ccr2-KO animals, and heterozygous Ccr2®* mice were used as
CCR2reporter mice. Cx3¢r1°™ and Ccr2®? mice were on a C57BL/6]
background as described on The Jackson Laboratory’s website.
CollI°** mice expressing GFP under the Collal promoter were
described previously in the C3H/C57B1 strain (51). All mouse
strains used in this study were backcrossed for at least 5 generations
on a C57BL/6] background. Tamoxifen- and ILY-injected ihCD59
littermates were used as negative controls.

Other mouse liver injury models included carbon tetrachloride
(CCl,) injection and BDL. CCl, was injected once (1 mL/kg, diluted
10% v/v in corn oil), and samples were collected 72 hours later. BDL
and sectioning was performed as previously described (52), and tis-
sues were collected 3 or 7 days after surgery.

Macrophage depletion was performed by intravenous injection
of 70 mg/kg clodronate disodium-loaded liposomes (FormuMax).
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Mice were injected with 30 pg/g BrdU (MilliporeSigma) 2 hours before
euthanasia to assess cell proliferation.

Monocyte cell culture. Primary monocytes were isolated from bone
marrow as previously described, using the mouse Monocyte Isolation
Kit (BM) (Miltenyi Biotec, Bergisch Gladbach). RAW264.7 murine
macrophages were obtained from the American Type Culture Collec-
tion (ATCC). Cells were treated with TLCA at a final concentration of
20 uM or with vehicle (0.5%o0 dimethyl sulfoxide, MilliporeSigma).

Liver myofibroblast sorting. CollI°™® mice were intraperitoneally
injected with CCl,(1 injection of 0.5 mL/kg diluted 25% v/v in corn
oil, every 3 days) to induce liver myofibroblast accumulation. Twenty-
four hours after the last injection, livers were perfused with GBSS
containing 0.5 g/L collagenase IV (Millipore Sigma), collected and
minced with scissors, and further digested for 20 minutes at 37°C
under agitation in GBSS containing 0.5 g/L collagenase IV and 0.5g/L
pronase (MilliporeSigma). Cells were then passed through a 70 um cell
strainer, and hepatocytes were removed after 3 consecutive low-speed
centrifugations (60g for 5 minutes). Red blood cells were lysed using
ACK Lysing Buffer (Thermo Fisher Scientific). CD45- (Colll) GFP*
cells were sorted. The antibodies used for flow cytometry are listed
in Supplemental Table 1. Myofibroblasts were then transferred onto
Transwell plates and incubated with preattached BECs overnight.

MoMFs. Monocyte-derived CCR2" macrophages (CD45'CD-
11b*CCR2MGR-1™) were isolated from i#CD59%*¢™ mouse livers 48
hours after ILY injection.

BEC culture and proliferation assay. SV40-transformed BECs were
provided by Gianfranco Alpini’s group (Indiana University School of
Medicine, Indianapolis, Indiana, USA) (53). Cell culture supernatant
from activated monocytes or RAW264.7 cells were collected, centri-
fuged to remove potential cell debris, supplemented with 2% heat-
inactivated FBS and blocking ITGB6 antibody (Abcam) as indicated,
and then added to the BEC culture. Following treatments, the cells
were fixed in 4% paraformaldehyde for 15 minutes and then incubated
with an anti-Ki67 antibody (Dako, Agilent Technologies) in 5% normal
goat serum and 0.3% Triton X-100. Cell proliferation was assessed
using a colorimetric MTS Assay Kit (Cell Proliferation, Abcam).

Immunohistochemical and multiplex immunofluorescence staining.
Formalin-fixed, paraffin-embedded liver samples were sectioned and
stained as described in the Supplemental Methods. For BDL samples,
multiplex immunostaining was performed as previously described (27).

Staining and microdissection of BECs. BECs were stained for micro-
dissection using a modified immunohistochemistry protocol that pre-
serves RNA integrity for further next-generation sequencing. Brief-
ly, ihCD59BEC-TG and ihCD59 (control) mice were intravenously
injected with ILY, and the liver was dissected 48 hours later, imme-
diately mounted with O.C.T. and frozen on dry ice and then stored
at -80°C. Fresh-frozen liver sections (12 um thick) were used, and a
solution containing 1 mg/mL BSA and 0.1% Tween-20 was used for
blocking and permeabilization. BECs were stained with the monoclo-
nal anti-cytokeratin-19 antibody (TROMA-III, Developmental Stud-
ies Hybridoma Bank) and revealed with an HRP-conjugated, anti-rat
secondary antibody and DAB substrate (both from Vector Laborato-
ries). Every step was performed at 4°C, except for the DAB reaction
and dehydration, which were performed at room temperature. Block-
ing and antibody mixes contained 0.5 U/L RNase Inhibitor (Applied
Biosystems). Incubation durations were kept short: 30 minutes for
blocking and permeabilization, 1 hour for the primary antibody, and
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30 minutes for the secondary antibody. The capture was achieved by
xMD, as previously described (54). Laser irradiation consisted of 5 dis-
charges at intensity level 5, against a white background with a SensEpil
lamp (Home Skinovations).

BEC RNA purification, amplification, and next-generation sequenc-
ing. Total RNA was purified using a PicoPure RNA Isolation Kit (Ther-
mo Fisher Scientific), including DNase treatment. Preferential mRNA
amplification was performed using the Ovation RNA-seq System
V2 (NuGEN). The amplified material was quantified and its quality
assessed using Qubit (dsDNA HS Assay Kit, Thermo Fisher Scientif-
ic) and Bioanalyzer (High Sensitivity DNA Kit, Agilent Technologies),
respectively. The amplified material was sheared to approximately
150 bp fragments using Covaris microtubes and a sonicator (Cova-
ris S2). Sequencing libraries were made using the Ion Plus Fragment
Library Kit and Ion Xpress Barcode Adapters (IonTorrent, Thermo
Fisher Scientific). Quantification and quality were assessed as in the
previous step, as well as with the Ion Library TagMan Quantitation Kit
(IonTorrent, Thermo Fisher Scientific). Sequencing was performed
using Ion P1 Hi-Q kits and the Ion P1 Chip Kit, version 3 in an Ion Tor-
rent Proton sequencer.

RNA-Seq bioinformatics analysis. CLC Genomics Workbench (QIA-
GEN Bioinformatics, version 10) was used to map sequencing reads to
the mouse reference genome (Mm10) and for subsequent analysis. All
steps were run using default settings for RNA-Seq analysis. Only pro-
tein-coding genes (21,950 genes) with an expression value of reads per
kilobase per million mapped reads (RPKM) of 0.5 or higher were con-
sidered for the analysis (8483 genes). Filtering on a FDR-corrected P
value of 0.05 or lower and a fold change greater than 2 resulted in 135
genes. Pathway and Gene Ontology (GO) term enrichment analysis was
performed using DAVID (55). RNA-Seq data are available in the NCBI’s
GenBank via BioProject (accession number PRJNA510784).

Liver microcirculation and portal vein pressure. Hepatic microcircu-
lation was assessed by the laser speckle contrast approach as described
previously (52). To measure mean portal pressure, a polyethylene can-
nula (PE-8) connected to a fluid-filled pressure catheter (ADInstru-
ments) was introduced into the portal vein. After stabilization, pres-
sure signal was recorded using the PowerLab data acquisition system
and analyzed by LabChart 7 Software (ADInstruments).

Statistics. Results are expressed as the mean + SEM (n = 3-10 per
group as indicated), and statistical significance was determined by
a 2-tailed, unpaired Student’s ¢ test or 1-way ANOVA as appropriate
(GraphPad Prism, GraphPad Software). Results were considered sig-
nificantly different for P values of less than 0.05. For RNA-Seq data
analysis, a FDR-corrected P value was used. Correlations were calcu-
lated using Pearson’s r.

Study approval. Mice were cared for in accordance with NIH
guidelines. The study was approved by the IACUC of the NIAAA.
Normal human liver samples and chronic liver disease tissues were
obtained from donor livers or recipient livers during liver transplan-
tation from the Liver Tissue Procurement and Distribution System at
the University of Minnesota (Minneapolis, Minnesota, USA), with the
patients’ written informed consent (supported by the NIH contract
HHSN276201200017C).
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