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INTRODUCTION



1.1 Remarks on liver fibrosis and fibrogenesis

Liver fibrogenesis is a dynamic and highly integrated molecular, cellular and tissue process
that, irrespective of the etiology, results in a progressive accumulation of extracellular matrix
(ECM) components and drives the progression of chronic liver disease (CLD) (Novo et al.,
2017, Parola and Pinzani 2019). Liver fibrogenesis is sustained by the activation of hepatic
myofibroblasts (MFs), a heterogeneous population of proliferative, migratory and
profibrogenic cells that also modulate inflammatory/immune response and angiogenesis
(Parola and Pinzani, 2019; Lee et al., 2015; Seki and Schwabe, 2015).

Liver fibrosis can develop primarily from three major conditions resulting in chronic liver
injury, including chronic infection by hepatotropic viruses (hepatitis B and C viruses), chronic
toxic injury from excessive alcohol consumption, and metabolic-related injury, such as non-
alcoholic fatty liver disease (NAFLD) and its progressive form, non-alcoholic steatohepatitis
(NASH) (Byass, 2014; Marcellin and Kutala, 2018; Thrift et al., 2017; Younoussi et al. 2018,
Golabi et al., 2023). NAFLD/NASH is becoming the leading cause of chronic liver disease
worldwide (Younoussi et al. 2018, Golabi et al., 2023, Falade-Nwulia et al., 2017; EASL,
2018a; AASLD/IDSA, 2018; Rockey and Friedman, 2021). There are also other less
common causes, as reported in important studies (Arndtz and Hirschfield, 2016; Lazaridis
and La Russo, 2015; Cannito et al., 2018; Byass, 2014; Marcellin and Kutala, 2018).

Independently of the aetiology, liver fibrosis is believed to provide a major contribution to
CLD progression to advanced stages of evident cirrhosis, with portal hypertension and
related complications, leading to hepatic failure (Lee et al., 2015; Seki and Schwabe, 2015;
Trautwein et al., 2015; Koyama and Brenner, 2017; Parola and Pinzani, 2019; Schwabe et
al., 2020; Friedman and Pinzani, 2022). In addition, the progression of the CLD is also
related to an increased risk to develop hepatocellular carcinoma (HCC), which is the most
common primary liver cancer. More than 90% of HCC patients usually develop liver cancer
in the background of a cirrhotic liver, while 25-30% of NASH-associated HCC patients have
been reported to develop cancer in the absence of cirrhosis (EASL, 2018b; Marrero et al.,
2018a; Llovet et al., 2021; Llovet et al., 2023).

Recent studies have revealed the so-called pro-fibrotic microenvironment, that involves
molecular mediators and signalling pathways. A major role in driving fibrogenic progression
is played by activated hepatic myofibroblasts (MFs) and cells of either innate and adaptative
immunity (Trautwein et al., 2015; Higashi et al., 2017; Cannito et al. 2017a; Tacke, 2017,
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Parola and Pinzani, 2019; Schwabe et al., 2020; Carter and Friedman, 2022; Peiseler et al.,
2022; Wallace et al., 2022).

1.2 NAFLD as the emerging leading cause of CLD
1.2.1 NAFLD: epidemiological data

NAFLD is becoming a global health problem due to its prevalence and incidence that are
rapidly increasing worldwide, then representing the emerging leading cause of CLD
(Loomba and Sanyal, 2013; Younossi et al., 2016; Younossi et al, 2018; Younossi et al.
2019a; Golabi et al., 2023). NAFLD affects approximately 1 billion of individuals worldwide,
with a global prevalence of around 25% in the general population, with geographic variations
from 13% in Africa up to 42% in southeast Asia (Younossi et al., 2018; Younossi et al.,
2019a; Golabi et al., 2023) whereas in the United States NAFLD may affect as much as 80
million of individuals (Estes et al., 2018). The high global prevalence of NAFLD is believed
to parallel the worldwide rising rates of obesity and type 2 diabetes (T2D), with NAFLD
commonly interpreted as the hepatic manifestation of the metabolic syndrome and then
NAFLD is associated with metabolic risk factors (Marchesini et al., 2001; Neuschwander - Tetri
et al., 2010; Chalasani et al., 2018; Samuel and Shulman, 2018). It's important to remember
that not all obese patients develop NAFLD and that NAFLD can be also detected in non-obese
patients (Kim and Kim, 2017).

1.2.2 NAFLD: definition, diagnosis and natural history

As reported by Chalasani and colleagues in 2018, in patients that consume little or no alcohol
and when the involvement of other metabolic, toxic- or drug-induced causes of fatty liver can
be excluded, NAFLD can be diagnosed when histopathological analysis of liver biopsies or
imaging techniques indicate that more than 5% of hepatocytes presents accumulation of
triglycerides (TGs). NAFLD includes a spectrum of conditions ranging from simple steatosis,
or fatty liver, to the progressive form of non-alcoholic steatohepatitis or NASH. Simple
steatosis, which affect the large majority (75-80%) of NAFLD patients and is sometimes
referred to as non-alcoholic fatty liver (NAFL), is benign and considered as a not progressive
or slowly progressive condition (Singh et al., 2015; Chalasani et al., 2018). In suspected
patients the histopathological diagnosis of NASH requires the evidence of liver steatosis
associated with aspects of parenchymal injury like ballooning, apoptosis, focal necrosis,

lobular and/or portal inflammatory infiltrate and a variable degree of fibrosis.
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Ofrelevance, the patients affected by NASH have a significant risk to undergo fibrogenic
progression to a more advanced stage of CLD (Singh et al., 2015; Satapathy and Sanyal,
2015; McPherson et al., 2015; Younossi et al, 2019a; Loomba and Adams, 2019; Powell et
al., 2021).

As stated by Powell and colleagues in 2021, the strongest predictor for disease-specific
progression and mortality is represented by NASH-associated liver fibrosis. The leading
cause of mortality in NAFLD patients is cardiovascular disease, followed by cancer and CLD
(Adams et al., 2005). Moreover, cirrhotic NASH patients have a 1,3-2% per year risk of
developing HCC (Loomba et al., 2020) and NASH is indicated as the most rapidly growing
cause of HCC in liver transplant candidates (Younossi et al., 2019b; Huang et al., 2022).
The incidence of NASH-related HCC is significantly increasing worldwide and estimated to
represent the prevalent cause of HCC in the next decades (Negro, 2020; Huang et al., 2021;
Huang et al., 2022). As previously mentioned, about 25-30% of NASH-associated HCC
develop in non-cirrhotic patients, that is a rate much higher than for other aetiologies of CLD
(Llovet et al., 2023).

1.2.3 MASLD: the new nomenclature for NAFLD

In June 2023 during the European Association for the Study of Liver (EALS), a multi-society
Delphi consensus statement was released in order to make more clarity in the definition of
NAFLD, avoiding the terms “non-alcoholic” and “fatty” and, in addition, facilitating a more
homogeneous recruitment in clinical trials (Rinella et al., 2023). The term “fatty liver” has
been changed with “steatotic liver disease” (SLD). The term commonly used to describe
NAFLD, in most cases, has now been replaced with the definition of Metabolic Dysfunction
Associated Steatotic Liver Disease (MASLD) when patients exhibit at least one
cardiometabolic risk factor alongside hepatic steatosis, excluding significant/high alcohol
intake. On the other side, the presence of cardiometabolic risk factors together with higher
alcohol consumption is now referred to as Metabolic Alcohol Associated Liver Disease
(MetALD). This consensus statement also provides a more precise classification for other
forms of steatosis unrelated to metabolic risk factors. The term NAFLD will still be used in

this thesis, effectively encompassing what is now defined as MASLD.
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1.3 NAFLD: adisease resulting from dysregulated metabolism, lipotoxicity, genetic

variants and changes in gut microbiome

1.3.1 Metabolic causes of NAFLD

As previously highlighted, NAFLD is intrinsically linked to obesity and type 2 diabetes. It
arises from a complex interplay of metabolic factors that disrupt liver energy metabolism.
This disruption occurs when the liver faces an overwhelming influx of lipids and
carbohydrates, surpassing its capacity to efficiently process these substrates. Several key

factors contribute to this surplus energy accumulation within the liver:

1. Dietary Influence: The consumption of diets rich in lipids, particularly saturated fatty
acids, and high levels of carbohydrates, with a particular focus on mono- and di-saccharides,
like fructose and sucrose. This dietary pattern is characteristic of the Western diet (Herman
and Samuel, 2016; Samuel and Shulman, 2018; Loomba et al., 2021);

2. Muscle-Related Factors: Lipid deposition occurs within skeletal muscles and triggers
local insulin resistance (IR). Skeletal muscle IR subsequently inhibits insulin signaling,
reducing insulin-stimulated glucose transport and muscle glycogen synthesis. Consequently,
dietary glucose is re-routed to the liver (Petersen et al., 2007; Flannery et al., 2012; Samuel
and Shulman, 2018);

3. Hepatic Insulin Resistance: Hepatic IR closely correlates with peripheral insulin
resistance and intensifies as the disease progresses. This leads to inadequate suppression
of hepatic gluconeogenesis and a decrease in glycogen synthesis due to impaired activation
of glycogen synthase. Additionally, glucose is redirected towards lipogenic pathways,
increasing TGs accumulation within the liver (Tilg et al., 2017; Petersen and Shulman,
2018);

4. Adipose Tissue Implications: IR also extends to expanded and inflamed white adipose
tissue (WAT), enhancing lipolysis and increasing the delivery of fatty acids to the liver. This
process can promote fatty acid esterification into TGs and the development of NAFLD (Lotta
et al., 2017).

1.3.2 Hepatic dysregulation of lipid and carbohydrate metabolism in NAFLD

A critical feature of NAFLD is the significant role played by increased delivery of free fatty

5/161



acids to the liver, coupled with the development of IR (Tilg et al., 2017; Petersen and
Shulman, 2018; Loomba et al., 2021).

Major events that can additionaly drive the development of NAFLD-related steatosis include
the following events:

1. Increased De Novo Lipogenesis (DNL): This process arises from the increased diet
delivery of glucose and other carbohydrates, particularly fructose, to the liver. This triggers
the up-regulation of key genes responsible for lipogenic enzymes governing DNL. Central
to this process are transcription factors, such as sterol regulatory element binding-protein
1c (SREBP1c), carbohydrate response element binding-protein (ChREBP), Liver X receptors
(LXRs), and peroxisome proliferator-activated receptor y (PPARYy);

2. Increased Fatty Acid Esterification into TGs: This event involves the formation of
diacylglycerol (DG) and elevated activity of diacylglycerol O-acyltransferase 2 (DGAT2).
These changes occur due to the increased influx of fatty acids to the liver, driven by dietary

sources and/or sustained lipolysis within white adipose tissue (WAT).

1.3.3 Genetic causes of NAFLD

The progression of NAFLD towards NASH and more advanced stages of CLD is not only
attributable to mechanisms causing hepatocyte injury and death, as explained below. It has
become evident that this progression is significantly influenced by genetic variants present
in patients, with some individuals carrying one or even more of these variants (Anstee et al.,
2016; Eslam et al., 2018; Eslam and George, 2020).

This genetic dimension is of crucial importance, as it introduces another layer of complexity
to the multifaceted background of NASH progression. These genetic variants further
contribute to the substantial inter-patient variability frequently observed in NAFLD/NASH
patients (Arrese et al., 2021).

NAFLD can be considered an inheritable disease, supported by different studies highlighting
a significant shared genetic component in the development of hepatic steatosis and fibrosis
(Schwimmer et al., 2009; Cui et al., 2016, Eslam et al., 2018). Numeorus genetic variants
have been characterized for genes related to hepatic lipid metabolism which are strongly
associated with the individual susceptibility to develop NAFLD and/or to undergo disease

progression. Of the several genes identified in these years, at least five are worthy of
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mention, including patatin-like phospholipase domain containing 3 (PNPLA3),
transmembrane 6 superfamily member 2 (TM6SF2), membrane-bound O-acyltransferase
domain-containing 7 (MBOAT7), glucokinase regulator (GCKR), and hydroxysteroid 173-
dehydrogenase (HSD17B13) (Eslam et al., 2018; Eslam and George, 2020).

o PNPLA3: The genetic variant, PNPLA3 1148M (rs738409 C>G) is strongly associated
with steatosis, fibrosis, and an increased risk of HCC development (Sookoian et al., 2009;
Valenti et al., 2010; Liu et al., 2014a);

o TM6SF2: The TM6SF2 rs58542926 C>T polymorphism predicts NASH progression
and is linked to a reduced risk of cardiovascular diseases (Liu et al., 2014b; Anstee et al.,
2016);

o MBOATT7: The rs641738 C>T genetic variant is associated with reduced levels of
phosphatidylinositol containing arachidonic acid and is linked to an increased risk of
progressive NAFLD/NASH and HCC (Mancina et al., 2016; Luukkonen et al., 2016; Donati
et al., 2017);

o GCKR: A genetic variant of this gene modulates glucokinase in response to fructose-
6-phosphate, increasing substrate availability for fatty acid synthesis and, consequently, the
risk of NAFLD (Valenti etal., 2012; Eslam et al., 2018);

o HSD17B13: A loss-of-function genetic variant generates a truncated and inactive
form of the enzyme, associated with protection from hepatic inflammation, fibrosis, and HCC
development in both alcoholic liver disease (ALD) and NAFLD/NASH patients (Abul-Hus n et
al., 2018).

Different reviews analyze the relationships between these genetic variants, susceptibility to
NAFLD and disease progression (Eslam et al., 2018; Eslam and George, 2020; Trépo and
Valenti, 2020).

1.3.4 The role of gut microbiota in NAFLD/NASH development

Regarding the gut microbiome, the connection between NAFLD/NASH development and
changes in microbiota composition has become an important concept, supported by different

studies (Loomba et al., 2017; Marra and Svegliati Baroni, 2018; Caussy et al., 2019;
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Schwimmer et al.,, 2019; Loomba et al., 2021). As NAFLD progresses, it has been
documented that patients' microbiomes become different, with an increased prevalence of
Streptococcus and Gram-negative bacteria (Hoyles et al., 2018). Furthermore,
steatohepatitis and fibrosis have been associated with the dominance of Bacteroidetes and
Ruminococcus (Boursier et al., 2016). These changes in NAFLD patients, particularly those
with advanced fibrosis, are often accompanied by a significant decrease in Firmicutes
(Loomba et al., 2021). In line with these findings, studies conducted on well-characterized
cohorts of NAFLD patients have revealed that a metagenomic signature based on the gut
microbiome can be usefull in order to distinguish between patients with mild to moderate
fibrosis and those with advanced fibrosis (Loomba et al., 2017). Additionally, it has been
suggested that a microbiome signature could even specifically identify NAFLD-related
cirrhosis (Caussy et al., 2019).

1.4 Hepatocyte injury and death in NAFLD/NASH

1.4.1 Hepatocyte injury in progressive NAFLD: a role for lipotoxicity, oxidative stress and

mitochondrial dysfunction

In the context of NAFLD, the most prevalent feature among patients is the presence of fatty
liver. Nonetheless, there is a consensus emerging that steatosis, which was initially
considered a risk factor for the progression to NASH and fibros is according to the 2-hit
hypothesis (Day and James, 1998), is fundamentally a relatively benign condition.
Hepatocyte injury in NAFLD appears to primarily hinge on factors such as lipotoxicity,
oxidative stress, mitochondrial dysfunction and other mechanisms, rather than the mere
accumulation of TGs (Neuschwander-Tetri, 2010; Marra and Svegliati-Baroni, 2018;
Loomba et al., 2021). In the context of lipotoxicity, during the progression of NAFLD/NASH,
hepatocytes likely face an excessive influx of lipid substrates and disruptions in lipid-related
metabolic pathways, including mitochondrial or peroxisomal 3-oxidation, transient storage of
excess lipids as inert TGs and secretion of TGs via VLDL. These events are believed to
contribute to give rise to lipotoxic lipids, resulting in mitochondrial dysfunction, endoplasmic
reticulum (ER) stress, oxidative stress, and, ultimately, hepatocyte injury, genomic instability,
persistent inflammation and sustained fibrogenesis (Neuschwander-Tetri, 2010; Marra and
Lotersztajn, 2013; Marra and Svegliati-Baroni, 2018; Schuster et al., 2018; Loomba et al.,
2021). The key toxic lipids are monounsaturated fatty acids, ceramides, lysophosphatidyl
choline, lysophosphatidic acid, and diacylglycerols. Monounsaturated fatty acids like palmitate
(C:16) and stearate (C:18) can exhibit direct cytotoxicity, being able of triggering apoptosis
via the activation of c-Jun-N-terminal kinases (JNKs) and mitochondrial death pathways.
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Additionally, they induce ER stress and promote the activation of inflammasomes (Marra
and Svegliati-Baroni, 2018; Schuster et al., 2018). Free cholesterol can exacerbate cell injury
mediated by death signals (TNF, TAIL, etc.) and, when accumulated in hepatocytes, as well
as other cells like Kupffer cells (KCs) or hepatic stellate cells (HSCs), it can disrupt membrane
fluidity, foster oxidative stress, impair mitochondrial function, and deplete ATP, ultimately
leading to apoptosis or necrotic -like cell death (Schuster et al., 2018). Moreover, lipotoxicity
has been suggested to also contribute to trigger the release of extracellular vesicles (EVs)
from fat-laden hepatocytes that can exert various effects on neighboring cells, including pro-
angiogenic and pro-inflammatory effects. They induce the up-regulation of the NOD-like
receptor protein 3 (NLRP3) inflammasome and direct profibrogenic effects on HSCs (Povero
et al., 2013; Povero et al., 2015; Hirsova et al., 2016; Cannito et al., 2017b).

Oxidative stress is another significant contributor to hepatocyte injury during the progression
of NAFLD and fibrosis and the degree of oxidative stress and of its markers has been
reported to correlate with liver injury in human patients (Parola and Robino, 2001; Novo and
Parola, 2008; Parola et al., 2008; Leung and Nieto, 2013; Paik et al., 2014; Cannito et al.,
2017a; Bocca et al., 2022). The following major issues can summarize the role of oxidative
stress in NAFLD/NASH:

o Oxidative stress itself can contribute to hepatocyte injury, inhibit hepatocytes
proliferation and thus perpetuate hepatic injury and the inflammatory response. One should
consider that the increased generation of ROS and related intermediates, including reactive
nitrogen species (RNS) and aldehydes from lipid peroxidation such as 4-hydroxy-2,3-
alkenals, is involved in almost all mechanisms of injury and processes leading to hepatocyte
death;

o ROS generation in the injured liver is predominantly linked to the activation of innate
immune cells like KCs, recruited macrophages, and neutrophils. Activation often occurs
through exposure to damage-associated molecular patterns (DAMPs) and through ligand-
receptor related involvement of NADPH-oxidase activation which can occur in several types of
liver cells. NADPH-oxidase activation can result from the interaction between growth factors,

cytokines, chemokines and other mediators with their respective receptors;
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o ROS generation also depends on mitochondrial dysfunction and, specifically in cases
of alcoholic hepatitis and NASH, through the up-regulation of different cytochrome P450
isoforms. Under conditions of NASH-related ER stress, ROS are generated at high levels
due to dysfunctional mitochondria as a consequence of Calcium leakage from ER: such a
release of Calcium, once taken up by mitochondria, can lead to the opening of mitochondrial
permeability transition (MPT) pores, to outer mitochondrial membrane permeabilization and to
a significant derangement of the mitochondrial electron chain;

J ROS and 4-hydroxy-2,3-alkenals like 4-hydroxy-2,3-nonenal (HNE) can directly
induce a pro-fibrogenic response in HSCs and liver MFs. They stimulate the synthesis of
extracellular matrix (ECM) components and mediate various chemotactic effects in these

cells in response to cytokines, growth factors and chemokines.

Regarding mitochondrial dysfunction, its role is believed to be crucial in the transition from
simple steatosis to NASH. The primary drivers of mitochondrial alterations in this context
are fatty acid oxidation and lipotoxicity. An increased flow of free fatty acids (FFAs) through
the mitochondria can result in a higher production of ROS, which can harm both
mitochondrial DNA (mtDNA) and the protein complexes within the respiratory chain. This, in
turn, leads to a progressive decline in mitochondrial function, further intensifying oxidative
stress, causing ATP depletion, compromising mitochondrial integrity, and ultimately
culminating in cell death (Luedde et al., 2014; Machado and Diehl, 2016; Schuster et al.,
2018).

1.4.2 Hepatocyte death in NAFLD/NASH: of apoptosis, necroptosis, pyroptosis and
autophagy

In the histopathological spectrum of NAFLD, in addition to steatosis, inflammatory infiltrate
and fibrosis, NASH is characterized by significant loss of hepatocytes as well as by
ballooning degeneration, a peculiar form of cell injury. Ballooned cells, also defined “undead
cells”, are injured but still living hepatocytes with a characteristic morphology and they have
been suggested to exacerbate inflammatory and fibrogenic signalling in the surrounding
microenvironment (Ibrahim et al., 2018). Concerning true parenchymal cell death, it has
been reported that, during NASH, hepatocytes can dye as a consequence of three major
variants of regulated cell death (RCD), including apoptosis, necroptosis and pyroptosis
(Luedde et al., 2014; Hirsova and Gores, 2015; Schuster et al., 2018; Knorr et al., 2022).

These model processes can use different mechanisms in order to trigger cell death,
including or not the hepatocyte release of DAMPs. Moreover, hepatocytes death and
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inflammatory response are intimately related and can positively modulate each other.
Apoptosis is considered as critical for progressive NAFLD in human patients and may be
triggered by different stimuli, factors or conditions, including lipotoxicity that can induce
permeabilization of lysosomes and mitochondria dysfunction (Feldstein et al., 2004;
Yamaguchi et al., 2007; Hirsova et al., 2016).

Regarding the role of necroptosis in progressive NAFLD, this form of cell death is a variant
of RCD, induced by death signals (TNF-a, FasL, TNF-related apoptosis-inducing ligand-1 or
TRAIL-1, etc.), that through a ligand receptor pathway leads to the assembly of the
necrosome complex.

Pyroptosis is another variant of RCD which has been more recently involved in the
pathogenesis of progressive NAFLD (Knorr et al., 2022). Pyroptosis is an inflammatory-
related cell death originally described as a way for phagocytes to clear intracellular
pathogens involving cell lysis as well as excess production and release of IL-13 and IL-18to
then exacerbate immune response (Zychlinsky et al., 1992; Brennan and Cookson, 2000).
Pyroptosis affects several cell types, including hepatocytes, and operates through the
proteolytic cleavage of proteins defined as gasdermin D (GSDMD) or gasdermin E
(GSDME).

Dysregulation of autophagy is a last mechanism implicated in the pathogenesis of NASH
and then in determining hepatocytes injury and death, although it may affect also the

behaviour of macrophages and HSCs (Amir and Czaja, 2011; Czaja, 2016).
1.5 Innate and adaptive immunity in progressive NAFLD
1.5.1 Inflammatory and immune responses in NAFLD/NASH

The transition from simple steatosis to steatohepatitis involves a complex interplay of
metabolic dysfunctions, lipotoxicity, oxidative stress and damage to hepatocytes, either
through apoptosis, necroptosis or pyroptosis. These events sustain a persistent
inflammatory response and activate repair mechanisms, engaging both innate and adaptive
immunity cells. In the context of hepatocyte injury, hepatocytes can release damage-

associated molecular patterns (DAMPSs), such as ATP, DNA fragments, histones, and

others, activating pattern recognition receptors (PRRs) and innate immunity cells (Gong et
al., 2020).

They can also directly release pro-inflammatory cytokines like IL-18 and IL-18 via
inflammasome activation (Alegre et al., 2017; Wang et al., 2021), as well as indirectly by
releasing extracellular vesicles (EVs) containing CXCL-10, mitochondrial DNA, and other
mediators (Ibrahim et al., 2016; Cannito et al., 2017b).
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Literature data suggest that innate immune mechanisms and related cells, particularly
macrophages, play a pivotal role in sustaining inflammation during NASH progression
(Peiseler et al., 2022; Wallace et al., 2022). However, emerging evidence also underscores
the crucial contribution of adaptive immunity (Sutti and Albano, 2020).

Metabolic alterations, including increased FFA influx to the liver, lipotoxicity, oxidative stress
and gut dysbiosis can trigger inflammation, hepatocytes death and disrupt the
immunotolerant hepatic environment (Vallianou et al., 2021; Hughey et al., 2022). These
factors also play a significant role in activating HSCs and portal fibroblasts to hepatic MFs
(Koyama and Brenner, 2017; Parola and Pinzani, 2019; Schwabe et al., 2020; Carter and
Friedman, 2022). Platelets may further contribute to hepatic inflammation, as they infiltrate
injured livers in NASH patients (Malehmir etal, 2019; Ramadori et al., 2019).

Platelets, rapidly activate and release various inflammatory and pro-fibrogenic mediators,
including TNF-a, IL-6, TGF-B1, PDGF, EGF, IGF-1, VEGF-A, HGF and FGF (Heijnen and
van der Sluijs, 2015; Taus et al., 2019), as well as IL1B-loaded microparticles (Brown et al.,
2011).

1.5.2 The role of liver macrophages in NAFLD/NASH

Numerous experimental and clinical studies have outlined the heterogeneity of
macrophages and of related subpopulations within the context of progressive NAFLD.
Kupffer cells (KCs), the resident liver macrophages, as well as monocyte/macrophages
recruited from the peripheral blood, commonly referred to as either monocyte-derived
macrophages (MoMsss) or bone marrow-derived macrophages (BMDMs), have been
reportedto play pivotal roles in NAFLD progression (Peiseler et al., 2022; Wallace et al.,
2022). It is known that liver-resident KCs are primarily implicated in the early stages of
NAFLD progression, by releasing significant pro-inflammatory mediators, including TNFa, IL-18,
and CCL2. The depletion of KCs during the initial experimental stages of NASH has been
shown to mitigate the inflammatory response and the overall severity of liver injury (Huang
et al., 2010; Pan et al., 2018). KCs are activated by damage-associated molecular
patterns (DAMPs) and, more specifically, by free fatty acids (FFAs) through NLRP3
inflammasome activation (Pan et al., 2018). Additionally, related to gut dysbiosis, they can be
activated by lipopolysaccharide (LPS) through the involvement of Toll-like receptor 4 (TLR4)
mediated signaling (Csak et al., 2011). In normal murine livers, KCs represent a homogenous
lineage expressing markers like F4/80, C-type lectin domain family 4 member F (CLEC4F),
and T cell immunoglobulin and mucin domain-containing 4 (Timd4). Conversely, in healthy
human livers, monocytes/macrophages form a continuous population, making it challenging

to identify a distinct KC population. However, recent scRNAseq studies have identified two
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clusters of human liver macrophages: i) a CD68*MARCO*Timd4+ subset considered KCs,
characterized by the expression of immune-tolerance genes, and ii) a CD68*MARCO - Timd466
subset, likely MoMss, expressing higher levels of pro-inflammatory genes (Mac Parland et
al., 2018; Ramachandran et al., 2019; Zhao et al., 2020). Additionally, in NASH- related livers,
there is an expansion of hepatic macrophages due to increased recruitment of monocytes
from the peripheral blood, resulting in a distinct population of MoMs. In murine NASH livers,
this recruitment gives rise to two distinct subsets: CCR2hghLy6Chigh pro- inflammatory
monocytes and CX3CR1*Ly6Clow patrolling monocytes (Guiliams et al., 2018). CCR2*
macrophages contribute to liver injury, and pharmacological inhibition of their recruitment
has been shown to ameliorate IR, hepatic inflammation, and fibrosis (Krenkel et al., 2018). In
humans, the recruitment of circulating monocytes leads to the differentiation of three subsets:
classical CD14higshCD16"e9 monocytes, intermediate CD14hghCD16'°% monocytes, and non-
classical CD14'vCD16high cells (Guillot and Tacke, 2019). Interestingly,even in human NASH
patients, periportal accumulation of CCR2* inflammatory macrophages has been reported,
correlating with NASH severity and fibrosis (Krenkel et al.,2018). Then, during NASH
progression, KCs gradually decrease, possibly due to excessivelipid uptake and storage
impairing their self-renewal capacity. Experimental studies suggestthat they are replaced by
more pro-inflammatory and cytotoxic Timd4ned monocyte-derived KCs, a phenomenon
observed in humans as well (Guilliams et al., 2022). Recently, a distinctive macrophage
subset has emerged in fibrotic and cirrhotic livers based on the expression of CD9 and
triggering receptor expressed on myeloid cells-2 (TREM-2) (Ramachandran et al., 2019).
Initially termed "scar-associated macrophages"” (SAM) due to their localization in fibrotic
niches, they were initially considered as pro-fibrogenic cells due to their gene signature and
the ability to activate HSCs in culture. Proteogenomic analyses revealed the presence of
CD9*TREM2* cells, also known as "lipid-associated macrophages”(LAM), in healthy livers in
both humans and mice (Guilliams et al., 2022). In physiological conditions, LAMs were found
in periportal areas and near bile ducts. In steatotic livers, their numbers increased,
accumulating pericentrally. LAMs express high levels of osteopontin (Remmerie et al.,
2020), which is up-regulated in murine and human NASH (Glass et al., 2018; Honda et al.,
2020). They have been suggested to form "crown-like structures”, which are CD11*
macrophages aggregated around hepatocytes with large lipid droplets (Iltoh et al., 2013).
Surprisingly, the loss of LAMs prevented the formation of "crown-like structures”, but was
associated with increased fibrosis in a dietary murine model of NASH (Daemen et al., 2021).
Additionally, TREM2* deficient mice develop an accelerated form of experimental NASH (Hou
et al., 2021). LAMs and SAMs are also detected in the adipose tissue of obese humans and

mice and may play a role in regulating energy supply and metabolic homeostasis rather than
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promoting disease progression (Jaitin et al., 2019). In addition, hepatic macrophages play a
crucial role in detecting metabolic injuries and perpetuating chronic inflammation and liver
fibrogenesis. These innate immune cells, as well as monocyte-derived macrophages
(MoMss) or bone marrow-derived macrophages (BMDMSs), interact with a wide array of cells
within the inflammatory and profibrogenic environment of NASH, both within and beyond the
liver (Lee and Friedman, 2022; Peiseler et al., 2022; Wallace et al., 2022). The dysregulation
of KCs in the context of NASH can lead to an increased production and release of several
cytokines, including TNF-a, IL-6, IL-13, and IL-18, primarily mediated by damage-associated
molecular patterns (DAMPs), Toll-like receptor (TLR) activation, and NF-kB signaling, often
resulting in the recruitment of substantial numbers of monocytes, with other innate immune
cells such as neutrophils (Ramachandran et al., 2012). These cells can also engage with
HSCs and/or myofibroblasts (MFs) by releasing pro-fibrogenic growth factors, including
transforming growth factor 1 (TGFB1). Concerning MoMss or BMDMs, in NASH-affected
livers, they tend to maintain a pro-inflammatory state marked by high expression of Ly6Chigh, |L-
1B, TNFa, CCL2 and they exhibit similarities with macrophages found in adipose tissue and
bone marrow (Jaitin et al.,, 2019; Krenkel et al., 2020), including SAMs and LAMs
(Ramachandran et al., 2019). Although these MoMs may interact with various neighboring
cell types, itis essential to notethat they predominantly engage with HSCs and MFs. Several

critical points deserve to be mentioned:

1. MoMs can stimulate HSCs, inducing their activation and transdifferentiation into
MFsprimarily through the release of platelet-derived growth factor (PDGF) and TGFf31,

which

enhances the deposition of extracellular matrix (ECM) components (Parola and Pinzani,
2019; Lee and Friedman, 2022, Peiseler et al., 2022);

2. MoMs can release growth factors (GFs), cytokines, and chemokines, in order to
sustain the MF-like phenotype and promote MFs' survival. (Novo et al., 2011; Pellicoro et
al., 2014).

Liver macrophages also play a crucial role in resolution of acute injuries or when the
underlying etiological factor or condition leading to CLD is removed (Kisseleva and Brenner,
2020; Rockey and Friedman, 2021; Dixon et al., 2004; Hafeez and Ahmed, 2013). It has
been proposed that the removal of the underlying etiological factor can lead to the
suppression of pro-inflammatory and profibrogenic mediators by halting hepatocyte injury,

reducing the release of DAMPs, and through phagocytosis of cell debris.
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Resolution macrophages fulfill their role primarily through the secretion of anti-inflammatory
cytokines, including IL-10 and IL-1 receptor antagonist (IL1Ra), as well as resolution-
inducing growth factors such as VEGF-A and hepatocyte growth factor (HGF). These
specialized macrophages also employ potent matrix metalloproteases (MMPSs) like MMP-9,
MMP-12, and MMP-13 (Tacke, 2017). Furthermore, there is evidence suggesting that the
release of MMP-9 and TRAIL contributes to the apoptosis of myofibroblasts (MFs)
(Ramachandran etal. 2012).

1.5.3 The role of cells of adaptive immunity

Innate immune cells and their mechanisms are clearly pivotal in maintaining prolonged
inflammation in individuals with NASH and in murine models. Nevertheless, there is an
increasing evidence suggesting that adaptive immunity and associated cells can make a
substantial impact on the advancement toward fibrosis and cirrhosis, as recently reviewed
(Sutti and Albano, 2020; Peiseler et al., 2022), as well as on the emergence of HCC in NASH
(Cannito et al., 2023).

1.5.4 Liver infiltration of B- and T-lymphocytes in NASH

The presence of adaptive immune cells in NASH patients is substantiated by
histopathological findings that reveal the infiltration of B- and T-lymphocytes within lobular
and periportal regions (Gadd et al., 2014; Yeh and Brunt, 2014). These B- and T-
lymphocytes have been observed to form focal aggregates similar to ectopic lymphoid-like
structures seen in other pathological conditions, and this association is positively linked to
both lobular inflammation and fibrosis severity (Bruzzi et al., 2018). Similar observations
have been described in murine dietary models of NASH, where the infiltration of B cells,
CD4* T-lymphocytes, and CD8* T-lymphocytes parallels the worsening of parenchymal
injury and lobular inflammation (Sutti et al., 2014; Wolf et al., 2014; Grohmann et al., 2018).
Specifically, the B-lymphocytes involved lack CD43 but express CD23, while the infiltrating
T-lymphocytes consist of proinflammatory CD4* T-helper 1 (Th-1) cells, IL-17 producing T-
helper 17 (Th-17) cells, and cytotoxic CD8* T-cells (Sutti and Albano, 2020; Ramadori et al.,
2022).

1.5.5. The role of CD4* T-helper cells and TH17 cells in NAFLD/NASH

CD4* T helper cells have been consistently identified in the liver of both murine NASH

models and human patients, including pediatric cases. These findings are supported by

various studies (Inzaugarat et al., 2011; Sutti et al., 2014; Wolf et al., 2014; Weston et al.,

2015; Grohmann et al., 2018; Ferreyra Solari et al., 2012). According to the available
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literature, during NASH, these CD4* T helper cells are likely to differentiate into interferon y
(IFNy)-producing T helper 1 (TH1) cells, marked by the presence of the Tbet transcription
factor (Li et al., 2005; Sutti et al., 2014). Furthermore, it's noteworthy that plasma levels of
IFNy have been shown to correlate with the severity of fibrosis and the extent of lymphocyte
aggregates in NASH patients (Bruzzi et al., 2018). Moreover, genetic studies using a murine
NASH model have demonstrated that IFNy deficiency results in a significant reduction of
inflammation and fibrosis (Luo et al., 2013). In NASH setting, there's also evidence of the
involvement of 17 T helper (TH17) cells, which can develop from CD4* T helper cells under
inflammatory conditions. Both circulating and liver-resident TH17 cells, known to produce
cytokines such as those from the IL-17 family (IL-17 A-F) and others (IL-21, IL-22, IFNy,
TNFa), have been found to increase in number in both NAFL and NASH patients (Tang et
al., 2011; Molina et al., 2019). The rise in hepatic TH17 cells correlates with the progression
of NASH (Rau et al., 2016). Interestingly, experimental models have suggested that the
contribution of Tul7 cells to lobular inflammation during NASH progression may be
counteracted by CD4+Tn 22 cells and the expression levels of IL-22. Deficiency in both IL-
17 and IL-22 has been shown to have opposing effects on experimental fibrosis (Rolla et al.,
2016; Molina et al., 2019).

1.5.6 The role of CD8* cytotoxic T lymphocytes in NAFLD/NASH

In contrast to what has been described for TH1 and TH17 cells, the role of CD8* cytotoxic T-
lymphocytes in NAFLD/NASH remains only partially understood. Several studies have noted
an increased presence of these cells in the livers of both human patients and experimental
mice with NAFLD/NASH (Sutti et al. 2014; Wolf et al., 2014; Ghazarian et al., 2017,
Bhattacharjee et al., 2017; Grohmann et al. 2018). At present, there are limited data
demostrating that cytotoxic T-lymphocytes are recruited to injured murine livers in response
to IFNa-mediated signals (Ghazarian et al., 2017) and that CD8* T cells activate HSCs both in
vivo in murine NASH livers and in in vitro experiments (Breuer et al., 2020). In addition, other
studies have highlighted that blood levels of CD8* cytotoxic T cells of NASH patients are
elevated (Haas et al., 2019).

1.5.7 The role of B-lymphocytes in NAFLD/NASH

The presence of B-lymphocytes, often found within cell aggregates rich in T-lymphocytes,

has been observed in liver biopsies from NAFLD patients (Bruzzi et al., 2018; Grohmann et al.,
2018). In murine models B cells become activated alongside the development of NASH

independently of T cells (Tsiantoulas et al., 2015). In murine NASH, most B cells exhibit a
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B220+IgM*CD23*CD43- B2 phenotype, then resembling spleen follicular B cells, with only a
minority of cells being B220*IgM+*CD23-CD43* B1 cells (Novobrantseva et al., 2005). B2
cells in murine NASH are associated with increased hepatic expression of B cell-activating
factor (BAFF), a cytokine contributing to B cell survival and maturation, which has recently
been implicated in fibrosis progression (Kanemitsu-Okada et al., 2023). Elevated circulating
BAFF levels in NASH patients, compared to those with simple steatosis, correlate with the
severity of steatohepatitis and fibrosis in humans (Miyake et al., 2013). Experimental studies in
genetically modified mice have shown that overexpressing a soluble form of the BAFF-
APRIL receptor TACI can prevent maturation into plasma cells, leading to reduced
inflammation and fibrosis (Bruzzi et al., 2018). Moreover, B lymphocytes contribute to NASH
progression by producing pro-inflammatory mediators and through their antigen-presenting
abilities (Lund, 2008; Di Lillo et al., 2011). Interestingly, in experimental NASH, B cell
activation seems to precede the recruitment of CD4* and CD8* T-lymphocytes. Interfering
with B2 cells results in reduced TH1 cell activation and decreased IFNy release by CD4+T
cells (Bruzzi et al.,, 2018). It is suggested that B cells, through the release of pro-
inflammatory mediators, may stimulate liver macrophages and HSCs. Activated HSCs, in
turn, can support B cell survival and maturation into plasma cells through the release of

retinoic acid (Thapa et al., 2015).

1.6 Liver myofibroblasts (MFs): general concepts and phenotypic responses

Liver myofibroblasts (MFs) constitute a heterogeneous population of cells easily recognized
by the expression of a-smooth muscle actin (a-SMA) and known to play a prominent pro-
fibrogenic role in CLDs. These MFs can emerge from various mesenchymal precursor cells
via a process termed activation/transdifferentiation, as reviewed by several Authors (Lee et
al., 2015; Seki and Schwabe, 2015; Trautwein et al., 2015; Koyama and Brenner, 2017;
Parola and Pinzani, 2019; Schwabe et al., 2020; Friedman and Pinzani, 2022). In the
scenario of persistently injured livers, activated pro-fiborogenic MFs represent an important
cell type able to receive, integrate and responde to several signals and interactions in the
fibrogenic microenvironment. These signaling inputs include ROS from damaged
hepatocytes or activated innate immune cells, different growth factors, cytokines,
chemokines, adipokines, pro-angiogenic factors and various other molecular signals
released by hepatic and extrahepatic cells participating to the progression of CLDs
(Tsuchida and Friedman, 2017).

Additionally, in the specific context of progressive NAFLD, these cells demonstrate the
capability to perceive and react to metabolic signals, along with signals associated with gut

dysbiosis and those originating from adipose tissue (Trivedi et al., 2021). According to
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literature data, liver MFs in CLDs, including NAFLD/NASH, predominantly originate through
the activation/transdifferentiation of HSCs, sometimes referred to as HSC/MFs, as
extensively reviewed (Friedman, 2008; Tsuchida and Friedman, 2017; Mederacke et al.,
2013). However, it is pertinent to mention that a considerable proportion of MFs can also
derive from the activation/transdifferentiation of portal fibroblasts, especially in conditions of
chronic injury primarily targeting the biliary epithelium (Dranoff and Wells, 2010; Wells and
Schwabe, 2016). Furthermore, a limited fraction of cells has been observed to originate
following the recruitment of precursor cells from the bone marrow, specifically mesenchymal
stem cells and fibrocytes, as documented in several research studies (Forbes et al., 2004;
Russo et al., 2006; di Bonzo et al., 2008). Mesothelial cells may also offer a minor
contribution to liver MFs, possibly through a mesothelial-to-mesenchymal transition (Li et al.,
2013; Forbes and Parola, 2011; Parola and Pinzani, 2019). Irrespective of their diverse
origins, activated liver MFs execute a range of shared phenotypic responses (Friedman,
2008; Tsuchida and Friedman, 2017; Trivedi et al., 2021):

a) Following parenchymal injury, liver MFs display increased proliferation, primarily in
response to platelet-derived growth factor (PDGF) but also to other mitogens such as
transforming growth factor alpha (TGFa), thrombin, connective tissue growth factor (CTGF),
epidermal growth factor (EGF), basic fibroblast growth factor (bFGF) and leptin. A majority
of these mitogens, along with TGFB1, likely sustain the survival and resistance to apoptosis of
MFs;

b) Liver MFs are recognized as the principal cell type responsible for increased
deposition of extracellular matrix (ECM) components, notably fibrillar collagen type | and
type Ill; moreover, under chronic injury conditions, MFs undergo reprogramming, induced
by TGFB1 but can also occur in response to other growth factors (e.g. CTGF, bFGF), as well

as ROS and related intermediates;

c) Liver MFs actively participate in inflammatory responses by expressing receptors for
numerous cytokines, chemokines, and other mediators. Following activation, they can also
contribute to recruit inflammatory cells by releasing chemoattractants such as CCL-2, CCL-
21, and IL-1pB;

d) Liver MFs are able to migrate in response to several chemoattractant polypeptides,
including PDGF, CCL-2, VEGF, angiotensin | and Angiopoietin I. Most of these polypeptides
induce MFs migration by triggering intracellular generation of ROS through ligand-receptor-

mediated activation of NADPH-oxidase and activation of ERK and JNK pathways, a
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phenomenon observed both under normoxic and hypoxic conditions (Novo et al., 2011,
Novo et al., 2012);

e) Liver MFs, being sensitive to hypoxic conditions, can release pro-angiogenic
mediators such as VEGF, Angiopoietin-1 or -2, or PDGF, contributing to neoangiogenesis,
which parallels fibrogenesis and the formation of fibrotic septa. It is noteworthy that hypoxia
and hypoxia-inducible factors are key players in sustaining the progression of fibrogenic
CLDs, including NASH (Bocca et al., 2015, Lemoinne et al., 2016; Morello et al., 2018; Foglia
et al., 2021);

f) Liver MFs exhibit the ability to contract and relax in response to different vasoactive

compounds, like endothelins and nitric oxide (NO).

1.7 Human hepatic stellate cells (HSCs)

Human hepatic stellate cells (HSCs) originate from the septum transversum mesenchyme
during embryonic development, and in the adult liver, they reside in the space of Disse,
closely interacting with hepatocytes and sinusoidal endothelial cells (SECs) (Asahina et al.,
2009; Asahina et al., 2011). In this niche, they play an important role in the production and
remodeling of ECM components. Under physiological conditions, HSCs store vitamin A as
retinyl esters and serve as liver-specific pericytes (Blomhoff and Wake, 1991; Pinzani et al.,
1992). However, when activated, they undergo a process of transdifferentiation in which they
loose vitamin A-containing droplets and express the typical characteristics and phenotypic
responses of MFs. Activated HSCs play a crucial role in regulating various critical processes,
including hepatic growth, inflammation, immune responses, as well as energy and nutrient
homeostasis (Trivedi et al., 2021). Given that HSCs are widely acknowledged as the primary
source of liver MFs in CLDs, most of the available data pertain to HSCs and their transition
into HSC/MFs. Literature data indicate that, in the context of chronic liver injury, quiescent
HSCs undergo activation and transdifferentiation, assuming the activated MF-like phenotype
that significantly contributes to the fibrogenic progression of CLDs (Tsuchida and Friedman,
2017). When the causative factor of liver injury is removed, HSC/MFs decrease in number,
either through apoptosis or by reverting to an "inactive" phenotype characterized by a distinct
epigenetic signature. These inactive HSCs have been observed to rapidly re-activate in the
event of re-injury (Kisseleva et al., 2012; Troeger et al., 2012; Liu et al., 2020). The activation
of HSCs, similar to MFs, is triggered by the diversearray of signals mentioned earlier, leading
HSCs to initiate pro-fibrogenic paracrine and autocrine loops.
19/ 161



These loops involve key signaling molecules, including TGFB-1, PDGF, VEGF, CCL-2 and,
possibly, CTGF, all of which play critical roles in the fibrogenic cascade (Higashi et al., 2017).

1.8 Mediators involved in NAFLD/NASH progression: SerpinB3 (SB3) and Oncostatin
M (OSM)

At present, the mechanisms underlying disease progression are only partially defined, with
literature data suggesting that NAFLD progression is surely dependent on chronic injury and
persistent inflammatory response but may be also related to the development of hepatic
hypoxia and by the related involvement of hypoxia-inducible factors (HIFs)-dependent
release of specific mediators. Accordingly, the present thesis will further investigate the role of
two specific mediators like Oncostatin M (OSM), a cytokine belonging to the IL-6 family, and
SerpinB3 (SB3), a HIF2a-dependent mediator.

1.8.1 Serpins superfamily and SerpinB3 (SB3)

Serpins represent the largest and functionally diverse family of proteinase inhibitos, role from
which they take their name: SERine Protease INhibitors (Potempa et al., 1994). Many
members of this family behave as protease-inhibitor performing a lot of important functions,
by acting on proteolitic cascades involved in apoptosis, inflammation, digestion, blood
cotting and the complement system (Zhen et al., 2009). By contrast, certain SERPINs do
not have inhibitory functions but instead serve as hormonal transporters and molecular
chaperones (Law et al., 2006). From a phylogenetic perspective, human SERPINs have
been classified into nine clades, designated from A to | (Silverman et al., 2001). Serpins
possess a metastable structure consisting in a single polypeptidic chain of about 330-500
aminoacids, with a secondary structure highly conserved made of three 3-sheets (A, B, C),
nine a-helix and one Reactive Centre Loop (RCL) domain. This domain, made of 17
aminoacids placed between A and C [B-sheets, is fundamental for the interaction with target
proteases and therefore for their correct activity. In the native state, serpins are in a
monomeric state with the RCL domain exposed. This domain is then easily recognised by
the active catalytic site of the target protease, which will then bind to serpin that, in turn, will
act as a suicide substrate inhibiting the enzyme. The proteolytic degradation of the RCL
domain made by the target protease induces a series of conformational changes in the new-
formed complex Serpin-Protease, promoting a greater conformational stability due to the
formation of an irreversible covalent bond between the two molecules. This process, called
inhibitory pathway, leads to the inhibition of both serpin and target protease. Sometimes the
protease undergoes a deacetylation process that impairs the conformational changes in order

to give the right stability to the complex.
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In this case the Serpin becomes a real substrate of its target protease; then the still active
protease detaches from the now inactive serpin (substrate pathway) (Gettins, 2002; Vidalino
et al., 2009).

Among all Serpins, SerpinB3 has been extensively investigated in the past and found, for
example, to inhibits apoptosis induced by different types of stress, including UV, radiation,
chemotherapy, TNF-a and NK cells. TNF-a-induced cell death is impaired by SerpinB3 by
inhibiting the release of mitochondrial cytochrome ¢ and preventing caspase-3 activation
(Hashimoto et al., 2005). SerpinB3 is also able to protect from radiation-induced cell death
through two signalling pathways: i) reduction of p38 MAPk or MKK3/MKK6 phosphorylation
(Murakami et al., 2001); ii) via suppression of c-JUN (Katagiri et al., 2006). Relevant to the
present thesis, a study performed by Novo and colleagues in 2017 demonstrated the pro-
fibrogenic role of SerpinB3 in experimental conditions of CLD by employing transgenic mice
manipulated to overexpress SerpinB3 in hepatocytes. Using two distinct pro-fibrogenic
murine protocols of CLD like chronic administration of carbon tetrachloride (CCl4) or the
methionine and choline deficient (MCD) dietary NASH-related protocol, it has been observed
that the overexpression of SerpinB3 significantly worsened experimental liver fibrosis. This
effect was strictly related to a significant increase in the transcript levels of pro-fibrogenic
genes as well as of collagen deposition and the increased number of aSMA-positive MFs,
as compared to wild-type mice. Moreover, in vitro experiments in the same study
demonstrated that human recombinant SerpinB3 strongly and directly upregulated the
expression of the same critical pro-fibrogenic genes in either human HSC/MFs or human
LX2 cells, including TGFB1, a-smooth muscle actin (a-SMA), collagen 1A1 (CollAl), tissue
inhibitor of metalloprotease 1 (TIMP-1), platelet-derived growth factor B (PDGF-B) and the
related receptor B (PDGFRp). Furthermore, in the same myofibroblast-like cells human
recombinant SerpinB3 also promoted their oriented migration in a reactive oxygen species
(ROS) - dependent manner through the activation of Akt and c-Jun-aminoterminal kinases
(IJNKSs).

1.8.2. Oncostatin M (OSM)

Pro-inflammatory cytokines play a crucial role in the complex environment within tumors,
influencing inflammatory responses and maintaining immune balance. Among these
cytokines, Oncostatin M (OSM), a member of the IL-6 family, stands out as a significant
player involved in the progression of CLD and HCC development. OSM is primarily produced
by activated immune cells and has been implicated in the development of various cancers,

as reviewed by Masjedi et al. in 2021. In humans, OSM possesses a unique capability — it
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can bind to two distinct heterodimeric receptors: type | (gpl30/LIFRb) and type I
(gp130/OSMRD) receptors. Unlike other gp130 cytokines, OSM employs gp130 as its low-
affinity a-receptor. OSM receptor b (OSMRJ3) functions as its dedicated receptor subunit,
forming heterodimers with gp130 to mediate most of OSM's effects (Stephens and Elks,
2017). When OSM binds to the extracellular regions of these receptors, it triggers the
activation of Janus-activated kinase -1 (JAK1) or -2 (JAK2). These kinases, in turn,
phosphorylate several signaling molecules, including signal transducer and activator of
transcription -1 (STAT1), -3 (STAT3), -5 (STAT5), SH2 containing protein tyrosine
phosphatase-2 (SHP-2), and the adaptor protein p66 (Shc). Moreover, activated SHP-2 and
Shc can activate downstream proteins like mitogen-activated protein kinases (MAPKS),
including extracellular-regulated kinase 1/2 (ERK1/2), p38, c-Jun N-terminal kinase (JNK),
and the phosphatidylinositol-3-kinase (PI3K)/AKT pathway (Masjedi et al., 2021).
Interestingly, OSM was initially identified for its anti-cancer potential, hence the name
"oncostatin M," due to its ability to inhibit cell growth in cultured human cancer cells.
However, subsequent studies have revealed that OSM, like most gp130-related cytokines,
exerts diverse effects on various biological processes. These effects are highly dependent
on the specific cell type and tissue context. In several instances, OSM has demonstrated
pro-tumorigenic properties, promoting cancer progression by altering the tumor
microenvironment. Notably, the binding of OSM to the type Il receptor triggers the OSM-
JAK2-STAT3 axis, leading to the activation of SMAD3. This, in turn, enhances the
expression of MMP2 and VEGF, ultimately promoting angiogenesis and invasive behavior,

thereby facilitating tumor progression (Masjedi et al., 2021).
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AIM OF THE STUDY



Non-alcoholic fatty liver disease (NAFLD) is the most important chronic liver disease and is
becoming a global health problem due to its prevalence and incidence that are rapidly
increasing worldwide (Loomba and Sanyal, 2013; Younossi et al., 2016; Younossi et al.,
2018; Younossi et al., 2019; Golabi et al., 2023). NAFLD includes a spectrum of conditions
ranging from simple steatosis or fatty liver, to the progressive form of non-alcoholic
steatohepatitis or NASH, that is atthe more severe end of the spectrum (Singh et al., 2015;
Chalasani et al., 2018; Ahmed et al., 2015; Machado et al., 2016). In NAFLD, hepatic
steatosis is present without evidence of inflammation, while in NASH this feature is
associated with lobular inflammation and hepatocyte injury that can lead to fibrosis and
cirrhosis (Pouwels et al., 2022; Younossi et al., 2018).

As mentioned before, NAFLD is considered a serious condition and it is often associated
with Type 2 Diabetes Mellitus (T2DM) and obesity and it is considered as the hepatic
manifestation of metabolic syndrome (Marchesini et al., 2001; Chalasani et al., 2018;
Samuel and Shulman, 2018). Patients with NAFLD have characteristics of metabolic
syndrome, with the associated cardiovascular disease risk factors (Byrne et al., 2015;
Anstee et al., 2013).

NAFLD is a disease resulting from different causes, like dysregulated metabolism (dietary
influence, muscle-related factors, hepatic insulin resistance, adipose tissue implications),
lipotoxicity (increased DNL, increased fatty acid esterification into TGs), genetic variants
(PNPLA3, TM6SF2, MBOAT7, GCKR, HSD17B13) and changes in gut microbiome
(increased prevalence of Streptococcus and Gram-negative bacteria). The transition from
simple steatosis to steatohepatitis is characterised by several events that sustain a
persistent inflammatory response and activated repair mechanisms (Gong et al., 2020). In
the background of progressive NAFLD, another important process is liver fibrogenesis, a
molecular, cellular and tissue process that results in a progressive accumulation of
extracellular matrix (ECM) components and drives the progression of CLD (Novo et al.,
2017; Parola and Pinzani, 2019).

An important feature of NAFLD is hepatocyte injury that appears to primarily depend on
factors such as lipotoxicity, oxidative stress, mitochondrial dysfunction and other
mechanisms, in addition to the accumulation of TGs (Neuschwander-Tetri, 2010; Marra and
Svegliati-Baroni, 2018; Loomba et al., 2021). The latter result of hepatocyte injury and death
is the release of stressed signals by hepatocytes, also called danger signals, which trigger

the activation of the inflammatory pathway that, perpetuating over time, results in chronic
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injury and an abnormal wound healing response with fibrosis (Arrese et al., 2016; Arguello
et al., 2015; Seki et al., 2015). These events sustain the transition from simple steatosis to
steatohepatitis.

The mechanisms involved in the disease progression are not completely undestood, but
literature data suggest that NAFLD progression depends on chronic injury, persistent
inflammatory response, hypoxia and mediators that are released in a hypoxia-inducible
pactors (HIFs)-dependent manner. Along these lines, this study is focused on the analysis
of two different mediators involved in NAFLD/NASH progression:

e SerpinB3 (SB3), a HIF2a-dependent mediator;
e Oncostatin M (OSM), pleiotropic cytokine structurally and functionally related to the
interleukin-6 (IL-6) cytokine family.

Data from literature show that Serpin B3 (SB3), a protein belonging to the Serine-proteas e
inhibitor family and regulated by hypoxia through the hypoxia-inducible factor hypoxia -2a
(HIF-2a), is a mediator involved in the progression of CLDs and in the development of HCC
(Cannito et al., 2015; Pontisso, 2014). Recent literature data have also shown that SB3
produced by hepatic parenchymal cells plays a major role in the progression of CLDs by
modulating the major pro-fibrogenic responses of hepatic myofibroblasts and promoting
hepatic fibrogenesis (Novo et al., 2017). Since the inflammatory process plays also a key
role in this pro-fibrogenic scenario, the first purpose of the present thesis work was to
evaluate the still unexplored pro-inflammatory role of this protein in relation to the

progression of NAFLD by using both in vivo and in vitro models.

To further investigate the role of SerpinB3 in dysregulation of lipid metabolism and NASH
progression, a second aim of the study was to investigate the putative protective role of a
small compound recently patented and proposed as a specific SerpinB3 inhibitor, 1-
Piperidine Propionic Acid (1-PPA) (Toshihiko, 2009; Pontisso et al., 2018).

It is also known that SB3 is not detectable in normal adult hepatocytes; wherease,
chronically damaged hepatocytes express SerpinB3 and the highest levels are achieved in
the most aggressive forms of HCC (Turato et al., 2014). Literature data suggest also that
SB3 increase cell proliferations both through the induction of B-catenin and Myc oncogenea
downstream gene of the Wnt pathway (Turato et al., 2012). Based on this knowledge, the

third aim of this thesis was to analyse wheter SB3 is involved in the regulation of low-density
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lipoprotein receptors (LRPs), fundamental co-receptors for the activation of canonical Wnt
signaling.

Concerning OSM, it is already known that this cytokine is involved in the pathogenesis of
steatosis and hepatic insulin resistance (Komori et al., 2014) and that OSM reduces cardiac
injury by activating Notch signaling and in OSMRB/KO mice the myocardical injury is
exacerbated since Notch signalling is reduced (Zhang et al., 2015). Since recent data
suggest the role of Notch in NASH progression (Xu and Wang, 2021), the last aim of this
study was to investigate whether Notch was involved in OSM action by using both in vivo

and in vitro models.
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MATERIALS

AND
METHODS



3.1 Materials (unpublished study)

The choline-deficient aminoacid-refined (CDAA) diet, as well as the related control diet,
choline-supplemented and aminoacid-refined (CSAA) diet, were provided by Laboratorio
Dottori Piccioni srl (Gessate, Milano, Italy). Enhanced chemiluminescence (ECL) reagents,
nitrocellulose membranes (Hybond-C extra) were from Amersham Pharmacia Biotech Inc.
(Piscataway, NJ, USA). The following reagents were purchased from Merck Life Science
(Milan, Italy): sodium chloride (NaCl), bovine serum albumin (BSA), ethanol, phosphate
saline buffer (PBS), citric acid, sodium citrate, hydrogen peroxide, TWEEN, Mayer’s
hematoxylin, sodium azide (NaN3), TRI reagent, diaminobenzidine (DAB), Entellan® Slide
Mounting Medium and primers used in Real-Time PCR reactions. The kit for RNA retro-
transcription and for real time PCR were purchased from BioRad (Berkeley, CA, USA).
Quantitative RT-PCR analyses were carried out using the MiniOpticon™ Real-Time PCR
Detection System instrument of the BioRad company (BioRad, Milan, Italy), which also
supplied the EvaGreen master mix reagent. Antibody for western blot analysis for anti Notchl
1:1000 (cod. sc- 376403), anti Hes 1 1:1000 (cod. sc- 166410) were raised in mouse and
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary antibody goat
anti-mouse (cod. 1706516), were purchased from BioRad (Berkeley, CA, USA). Human
recombinant Oncostatin M (OSM) was from Petrotech (Rocky Hill, CT, USA). Trygliceride
(TG) colorimetric assay kit (single-reagent, GPO-PAP method) were purchased from Assay

Genie (Dublin, Ireland).

3.2  Methods (unpublished study)

For in vivo experiments we used wild-type mice and mice with hepatocyte-specific deletion
of the OSMRJ3, obtained by crossing OSMR fl/fl mice and Alb-Cre mice (hepOSMR[3-/- mice)
to block the action of murine OSM, that in mice binds the gp-130/OSMR heterodimer. These
mice, which are all on the C57BI/6 background, are subjected to establish dietary protocols
for the induction of progressive murine NAFLD, in particular choline-deficient L- amino acid-
defined (CDAA) diet or fed on the respective control diet (CSAA). The dietary protocol was
administered for 26 weeks. Mice were kept under specific pathogen-free conditions and
maintained with free access to pellet food and water. Liver samples were obtained and
immediately used/processed for morphological or molecular biology analyses or frozen and

thereafter maintained at —-80 °C for further analysis.
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In vitro experiments were carried out on both human hepatic stellate cells-MF like cells
(HSC/MFs) and human monocytes of the THP-1 cell line that were differentiated into
macrophages by treatment for 48h with phorbol 12-myristate 13-acetate (PMA, 50 nM).
HSCs were cultured in Dulbecco’s modified Eagle’s medium (Sigma Aldrich Spa, Milan,
Italy), supplemented with 10% fetal calf serum and 1% antibiotics. HSCs were stimulated
with OSM (10 ng/ml) at different time points. THP-1 cells were cultured in RPMI medium
containing 10% fetal bovine serum, 100 U/ml of penicillin, 100 mg/ml of streptomycin and
25 mg/ml of Amphotericin-B (Merck Life Science, Milan, Italy). The differentiated THP-1
cells, after 24h of incubation with fresh culture medium, were stimulated with OSM (10

ng/ml).

Hematoxylin-Eosin staining (H&E)

Hematoxylin-Eosin staining was performed on murine liver sections obtained by mice fed
with CSAA diet or CDAA diets in order to evaluate liver steatosis. Following the preparation
of a paraffin section, all the elements are infiltrated with and surrounded by paraffin wax
which is hydrophobic and impervious to aqueous reagents. The majority of cell and tissue
components have no natural color and are not visible, so the first step in performing an H&E
stain is to dissolve all the wax away with xylene (a hydrocarbon solvent). The slides are
passed through several changes of alcohol to remove the xylene, then thoroughly rinsed in
water. The sections are now hydrated. The staining is performed by using Hematoxylin,
followed by washing in water, then, by using Eosin. Stained sections are dehydrated by

washing in alcohols.

Trygliceride (TG) colorimetric assay kit (single-reagent, GPO-PAP method)

After washing a liver tissue sample of approximately 50mg, it was homogenised with
Isopropanol at a ratio of 1:10. Then, the homogenate was centrifuged for 10 minutes at
10000 rcf at 4°C, after that the supernatant was removed. Three tubes were prepared for
the measurement: blank tube, with 10 ul of double-distilled water, standard tube with 10 pl
of standard solution and sample tube with 10 pl of sample. 1 ml of working solution was then
added to each tube and left to incubate for 10 minutes. Finally, the absorbance was

evaluated by using the spectrophotometer at 510 nm.
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Quantitative real-time PCR (g-PCR)

In cell lines and in liver tissue samples total RNA was extracted using RNasy Trizol
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. After
determination of the purity and the integrity, total RNA, complementary DNA synthesis and
guantitative real-time PCR reactions (RT-PCR) were carried out using the CFX96 real-time
instrument (Bio-Rad Laboratories Inc, Hercules, CA, USA). Relative gene expression was
normalized to the housekeeping genes, p-actin and Gliceraldehyde-3-phosp hate
dehydrogenase (GAPDH), used as internal reference for murine and human sample
respectively, and co-amplified with target samples using identical Q-PCR conditions.
Samples were run in triplicate and mRNA expression was generated for each sample.
Relative gene expression was calculated using the 2-2ACT method. Specificity of the
amplified PCR products was determined by melting curve analysis.

GENES PRIMERS

SREBP-1 (mouse) (FW) 5 GATCAAAGAGGAGCCAGTGC 3’
(RV) 5 TAGATGGTGGCTGCTGAGTG 3’
Cptl (mouse) (FW) 5 CCAGGCTACAGTGGGACATT 3
(RV) 5 GAACTTGCCCCATGTCCTTGT 3’
CD-36 (mouse) (FW) 5 TGCTGGAGCTGTTATTGGTG 3’
(RV) 5 TGGGTTTTGCACATCAAAGA 3’
Notch 1 (mouse) (FW)5 AAGTGGGACCTGCCTGAATG 3’
(RV) 5 GATTGGAGTCCTGGCATCGT 3’
Notch 3 (mouse) (FW) 5 ATGTGCAAATGGAGGTCGGT 3
(RV) 5 CACTGAACTCTGGCAAACGC 3’
Jag 1 (mouse) (FW) 5 ACGTACTTCAAAGTGTGCCTC 3’
(RV) 5 CTCCACCAGCAAAGTGTAGGA 3’
Hes 1 (mouse) (FW) 5 CAACACGACACCGGACAAAC 3’
(RV) 5 TTGGAATGCCGGGAGCTATC 3’

DLL1 (mouse) (FW)5 AGATAACCCTGACGGAGGCT 3’
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(RV) 5 ACCGGCACAGGTAAGAGTTG 3
DLL4 (mouse) (FW) 5 ATGGGGAGGTCTGTTTTGTGAC 3
(RV) 5 CCTTACAGCTGCCACCATTTCG ¥
B-actin (mouse) (FW) 5 AGCCATGTACGTAGGCCATCC 3
(RV) 5 CTCTCAGCTGTGGTGGTGAA 3
Notch 1 (human) (FW)5 GAATGGCGGGAAGTGTGAAGC 3
(RV) 5 TAGTCTGCCACGCCTCTGC 3’
Notch 3 (human) (FW)5 CCCTTCCTGCGATCAGGACATC 3’
(RV) 5 GGTTGCTCAGGCACTCATCCA 3’
Jag 1 (human) (FW)5' CGCGTGACCTGTGATGACTA 3’
(RV) 5 TTAAGGACTGCAGCCTTGTCG ¥
Hes 1 (human) (FW)5 GAGAGGCGGCTAAGGTGTTT ¥
(RV) 5 CCCCGTTGGGAATGAGGAAA 3
DLL1 (human) (FW) 5 GGAGAAAGTGTGCAACCCTG 3’
(RV) 5 CCCACTCTGCACTTGCATTC 3
DLL4 (human) (FW)5 CCCTGGCAATGTACTTGTGAT 3
(RV) 5 TGGTGGGTGCAGTAGTTGAG 3
GAPDH (human) (FW)5 TGGTATCGTGGAAGGACTCATGAC 3
(RV) 5 ATGCCAGTGAGCTTCCCGTTCAGC 3’

Western blotting analysis

Briefly, total cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel-
electrophoresis on 10% acrylamide gels, incubated with desired primary antibodies, then
with peroxidaseconjugated anti-mouse or anti-rabbit immunoglobulins in Tris-buffered
Saline-Tween containing 2% (w/v) non-fat dry milk and finally developed with the ECL
reagents according to manufacturer’s instructions. Sample loading was evaluated by re-

blotting the same membrane with B-actin antibody.
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Statistical analysis

Statistical significance was determined by non-parametric procedures using the Student’s t
test or ANOVA for analysis of variance. Normality of distribution for quantitative variables
was assessed by Kolmogorov and Smirnov test. The calculations were carried out with
Graph Pad InStat Software (San Diego, CA, USA). The null hypothesis was rejected at
P<0.05. Data in bar graphs represent means + SEM and were obtained from at least three
independent experiments. Western-blot and morphological images are representative of at

least three experiments with similar results.
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SerpinB3 as a Pro-Inflammatory Mediator in the Progression of Experimental Non-

Alcoholic Fatty Liver Disease
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Non-alcoholic fatty liver disease (NAFLD) is becoming the most common chronic liver
disease worldwide. In 20-30% of patients, NAFLD can progress into non-alcoholic
steatohepatitis (NASH), eventually leading to fibrosis, cirrhosis and hepatocellular
carcinoma development. SerpinB3 (SB3), a hypoxia-inducible factor-2o. dependent
cysteine protease inhibitor, is up-regulated in hepatocytes during progressive NAFLD
and proposed to contribute to disease progression. In this study we investigated the pro-
inflammatory role of SB3 by employing phorbol-myristate acetate-differentiated human
THP-1 macrophages exposed in vitro to human recombinant SB3 (hrSB3) along with
mice overexpressing SB3 in hepatocytes (TG/SB3) or knockout for SB3 (KO/SB3) in
which NASH was induced by feeding methionine/choline deficient (MCD) or a choline-
deficient, L-amino acid defined (CDAA) diets. In vivo experiments showed that the
induction of NASH in TG/SB3 mice was characterized by an impressive increase of liver
infiltrating macrophages that formed crown-like aggregates and by an up-regulation of
hepatic transcript levels of pro-inflammatory cytokines. All these parameters and the
extent of liver damage were significantly blunted in KO/SB3 mice. In vitro experiments
confirmed that hrSB3 stimulated macrophage production of M1-cytokines such as TNFo
and IL-1B and reactive oxygen species along with that of TGFp and VEGF through the
activation of the NF-kB transcription factor. The opposite changes in liver macrophage
activation observed in TG/SB3 or KO/SB3 mice with NASH were associated with a
parallel modulation in the expression of triggering receptor expressed on myeloid cells-2
(TREM2), CD9 and galectin-3 markers, recently detected in NASH-associated
macrophages. From these results we propose that SB3, produced by activated/injured
hepatocytes, may operate as a pro-infammatory mediator in NASH contributing to the
disease progression.
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INTRODUCTION

Non-Alcoholic Fatty Liver Disease (NAFLD) is rapidly becoming
the major cause of chronic liver disease (CLD) worldwide, with
epidemiological data indicating a 25% prevalence in the general
population and an even higher prevalence in obese and Type II
diabetes patients (1-5). The term NAFLD encompasses a
spectrum of liver diseases ranging from simple hepatic steatosis
or NAFL, without significant evidence of hepatocellular damage,
to non-alcoholic steatohepatitis (NASH) characterized by cell
damage (ballooning), cell death and lobular inflammation, with
or without fibrosis. NASH can develop in at least 20-30% of
patients and can progress to liver cirrhosis and associated
complications (1-5), including the development of
hepatocellular carcinoma (HCC) which, in turn, can also
develop in non-cirrhotic patients (6-8). At present the
mechanisms underlying the progression of NAFLD towards
more advanced stages of the disease are only partially defined
and validated therapies for this liver disease are not currently
available, although several drugs are continuously evaluated in
clinical trials and novel therapeutic approaches are being
designed (9-14).

A major issue favoring NAFLD progression is represented by
the chronic activation of inflammatory response, which involves
either macrophages originating from resident hepatic Kupffer
cells or CCR2*/Ly-6C™ monocyte-derived macrophages
(MoMFs) recruited from peripheral blood (15-17). In
particular, during NAFLD progression MoMFs acquire
peculiar pro-inflammatory, pro-angiogenic and pro-fibrogenic
phenotype which plays a major role in sustaining the activation
of hepatic stellate cells (HSCs) and other precursor cells
into hepatic myofibroblasts (MFs) by the release of several
mediators (15-17). More recently, different laboratories have
described the emergence, during NAFLD progression and/or in
condition of altered lipid metabolism, of a peculiar macrophage
phenotype characterized by the expression of Triggering
Receptor Expressed on Myeloid cells-2 or TREM2, CD9 and
CD68 (18-21), sometimes referred to as NASH-associated
macrophages (NAMs) or hepatic lipid-associated macrophages
(hepatic LAMs).

The critical persistent activation of hepatic macrophages in
NAFLD progression is believed to represent the consequence of

Abbreviations: NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; SB3, SerpinB3; hrSB3, human recombinant SB3; HRG, histidine
rich glycoprotein; MCD, methionine/choline deficient; CDAA, choline-deficient,
L-amino acid defined; TREM2, triggering receptor expressed on myeloid cells-2;
HCC, hepatocellular carcinoma; MoMFs, monocyte-derived macrophages; HSCs,
hepatic stellate cells; MFs, hepatic myofibroblasts; NAMs, NASH-associated
macrophages; LAMs, lipid-associated macrophages; ROS, reactive oxygen
species; HRG, histidine-rich glycoprotein; CLD, chronic liver diseases; HSC/
MFs, myofibroblast-like, hepatic stellate cells; MCS, methionine choline
supplemented diet; CSAA, choline-supplemented and aminoacid-refined diet;
ECL, Enhanced chemiluminescence; PBS, phosphate saline buffer; NaCl, sodium
chloride; BSA, bovine serum albumin; NaN3, sodium azide; PMA, phorbol 12-
myristate 13-acetate; DAB, 3’-3’diaminobenzidine substrate; ALT, alanine
aminotransferase; qRT-PCR, quantitative Real Time PCR; DCFH-DA, 2',7'-
Dichlorofluorescin diacetate; SAMs, scar-associated macrophages; FGF21,
fibroblast growth factor 21.

complex interactions between growth factors, cytokines,
chemokines, reactive oxygen species (ROS) and other less
characterized mediators (13-16). Of interest, it has been
proposed that NAFLD progression may be closely related to
the development of hepatic hypoxia, a tissue event believed to
sustain angiogenesis, fibrogenesis as well as inflammatory
response through hypoxia-inducible factors (HIFs) - dependent
release of specific mediators (16, 22, 23). Along these lines, recent
data have outlined the hepatocytes production of histidine-rich
glycoprotein (HRG) and SB3 in response to HIF20-dependent
signals (16, 23-26). SerpinB3 is a protein belonging to the family
of serine-protease inhibitors (27) which is specifically expressed
by hepatocytes and although virtually undetectable in healthy
human and murine livers it is greatly up-regulated in liver
biopsies from patients with CLD (28-31). Recently, we
provided evidence that SB3 can exert a pro-fibrogenic role in
the progression of experimental CLD, including experimental
NAFLD, by directly acting on activated, myofibroblast-like,
hepatic stellate cells (HSC/MFs) in which leads to the up-
regulation of major genes involved in fibrogenesis (18). In the
present study we take advantage of mice genetically manipulated
to carry hepatocyte-specific SB3 overexpression or deletion to
provide mechanistic evidence that this protease inhibitor can
contribute to NAFLD progression also by acting as a pro-
inflammatory mediator.

MATERIALS AND METHODS

Materials

The methionine and choline-deficient (MCD) diet, the choline-
deficient aminoacid-refined (CDAA) diet, as well as the related
control diets, methionine choline supplemented (MCS) diet and
choline-supplemented and aminoacid-refined (CSAA) diet were
provided by Laboratorio Dottori Piccioni srl (Gessate, Milano,
Italy). Enhanced chemiluminescence (ECL) reagents,
nitrocellulose membranes (Hybond-C extra) were from
Amersham Pharmacia Biotech Inc. (Piscataway, NJ, USA). The
following reagents were purchased from Merck Life Science
(Milan, Italy): sodium chloride (NaCl), bovine serum albumin
(BSA), ethanol, phosphate saline bufter (PBS), citric acid, sodium
citrate, hydrogen peroxide, TWEEN, Mayer’s hematoxylin,
sodium azide (NaN3), TRI reagent, diaminobenzidine (DAB),
Entellan® Slide Mounting Medium, inhibitor BAY-117082 and
primers used in Real-Time PCR reactions. The kit for RNA
retro-trascription and for real time PCR were purchased from
BioRad (Berkeley, CA, USA). Quantitative RT-PCR analyses
were carried out using the MiniOpticon'" Real-Time PCR
Detection System instrument of the BioRad company (BioRad,
Milan, Italy), which also supplied the EvaGreen master mix
reagent. Human recombinant SerpinB3 (hrSB3) was produced in
our laboratory, as previously described (28). The antibodies used
in immunohistochemistry for F4/80 and for Galectin-3 were
purchased from Thermofisher Scientific (Waltham, MA, USA)
and R&D system (Minneapolis, MN, USA), respectively.
Antibody for western blot analysis for anti NFkB 1:1000 (cod.
sc-372), anti IL1P 1:1000 (cod. sc-7884) were raised in rabbit and
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purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), whereas anti p-IkB 1:1000 (cod. 9246S), anti IkB 1:1000
(cod. 4814S) were raised in mice and purchased from Cell
Signaling (Massachusetts, USA). Secondary antibodies, goat
anti-rabbit (cod. 1706515) and goat anti-mouse (cod.
1706516), were purchased from BioRad (Berkeley, CA, USA).

Methods

Animal Experimentation

The role of SB3 in NAFLD/NASH progression was evaluated by
employing two different types of genetically manipulated mice
(n=8 for each experimental group): 1) C57Bl6] mice that
overexpress human SB3 (31, 32), thereafter referred to as TG/
SB3 mice. Briefly, these mice were generated by Professor G.
Cassani (Technogen S.c.p.A, Piana di Monte Verna, CE, Italy) by
inserting the sequence of human SerpinB3 (-7/+1238) into the
pcDNA3 plasmid vector under the alphal-antitrypsin promoter.
The expression of SerpinB3 mRNA, as assessed in different
organs, was shown to be high in brain, lung and liver, while it
was low in the genitals and irrelevant in kidney and muscle (33).
Moreover, further studies showed that within the liver the
protein expression was limited to hepatocytes, whereas in other
organs was detectable in cells of monocytic origin (34, 35); 2)
BalbC mice deficient of the reactive site loop of Serpinb3a gene
(KO/SB3 mice) (36) were a kind gift of Dr. Gary Silverman and
Dr. Cliff J. Luke (University of Pittsburg, Children’s Hospital,
Pittsburg, PA) and were originated in a Balb/C mice background,
as detailed in ref. 36. Wild-type (WT) strain-matched C57Bl6]
and BalbC mice, 8 weeks old, were used as controls and were
purchased by Charles River Laboratories (Charles River UK Ltd.,
Margate, UK). To induce NASH mice were fed on two distinct
dietary regimens: a) methionine and choline deficient (MCD)
diet for 8 weeks or a choline-deficient, L-amino acid defined
(CDAA) diet for 12 weeks. The respective reference diets were
methionine and choline supplemented (MCS) diet or choline-
supplemented, L-amino acid defined (CSAA). All animals were
kept in specific, pathogen free conditions and kept with free
access to food and water at the authorized animal house of the
Interdepartmental Center of Experimental Surgery of the
University of Padova.

Assessment of Liver Injury

Livers were rapidly removed, rinsed in ice-cold saline and cut in
pieces. Aliquots were immediately frozen in liquid nitrogen and
kept at —80°C until analysis. Two portions of the left lobe from
each liver were fixed in 10% formalin for 24h and embedded in
paraffin. Blood was obtained from tail vein and plasma was
separated for ALT determination. Liver sections (4-pm thick)
were stained with hematoxylin/eosin using a Roche Ventana HE
600 automatic staining system (Roche Diagnostics International
AG, Rotkreuz, Switzerland), while collagen deposition was
detected by Picro-Sirius Red staining. Liver sections were
scored blindly for steatosis and lobular inflammation, as
previously described (24).

Cell Lines and Culture Conditions

In vitro experiments described in the present study were
performed on the following three different macrophage cell
culture models: 1) undifferentiated peripheral blood human
monocytes obtained from healthy donors and isolated by
centrifugation on Ficoll-Paque solution, seeded on Percoll 46%
vol/vol solution (Amersham Biosciences) in RPMI 1640 medium
containing 10% FCS and 4mM HEPES buffer. Briefly, monocytes
were harvested, re-suspended in medium containing 2% FCS and
separated from contaminating lymphocytes by adherence to
plastic (1h at 37°C). Adherent monocytes were then washed
with medium to remove residual non-adherent cells. The
percentages of CD134" cells were higher than 98%; 2)
undifferentiated human monocytes of the THP-1 cell line,
acquired from the American Type Culture Collection (ATCC,
Manassas, VA 20108 USA); 3) human monocytes of the THP-1
cell line that were differentiated into macrophages by treatment
for 48h with phorbol 12-myristate 13-acetate (PMA, 50 nM).
THP-1 cells were cultured in RPMI medium containing 10%
fetal bovine serum, 100 U/ml of penicillin, 100 pg/ml of
streptomycin and 25 pg/ml of Amphotericin-B (Merck Life
Science, Milan, Italy). The differentiated THP-1 cells, after 24h
of incubation with fresh culture medium, were stimulated with
hrSB3 (200 ng/ml); in some experiments the cells were pre-
treated with the IKK protein inhibitor BAY-117082 and then
treated with hrSB3 (200 ng/ml).

Immunohistochemistry, Sirius Red Staining and
Histomorphometric Analysis

Immunohistochemistry analyses were performed on murine
liver sections obtained by mice fed on MCD or CDAA diets.
Immunostaining procedure was as previously described (24).
Briefly, paraffin sections (4 pm thick), mounted on poli-L-lysine
coated slides, were incubated with the monoclonal antibody
against murine F4/80 (cod. 14-4801-82; Ebioscience, CA, USA;
dilution 1:500) or with the polyclonal antibody against murine
Galectin-3 (goat anti mouse, cod. AF1197, Biotechne/R&D
System, MN, USA; dilution 1:50). After blocking endogenous
peroxidase activity with 3% hydrogen peroxide and performing
microwave antigen retrieval in sodium citrate buffer pHS,
primary antibodies were labeled by using EnVision, HRP-
labeled System (cod. K4001, Dako, CA, USA) and visualized by
3’-3’diaminobenzidine substrate (DAB). The nuclei were
highlighted by counterstaining with Mayer’s hematoxylin.
Collagen deposition was evidenced by Picro-Sirius Red staining
as previously described (24). In some experiments, hematoxylin/
eosin staining was performed on murine liver sections obtained
by mice fed with CDAA diets: these sections were scored blind
for steatosis and lobular inflammation.

Biochemical Analyses

Plasma alanine aminotransferase (ALT) was determined by
spectrometric kits supplied by Gesan Produzione SRL
(Campobello di Mazara, Italy).
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Quantitative Real Time PCR (qRT-PCR)

RNA extraction, complementary DNA synthesis, quantitative
real-time PCR reactions were performed as previously described
(31). RNA was extracted from mouse livers and from human cells
with TRI reagent and retro-transcribed using the iScript'  cDNA
Synthesis Kit (BioRad, Berkeley, CA, USA) according to the
manufacturer’s instruction. Realtime PCR was performed using
either Miniopticon ThermoCycler Instrument (Biorad, Berkeley,
CA, USA) or, for some genes (murine CD9, TREM-2 and Gal-3), a
Techne TC-312 termacycler (Techne) using TagMan Gene
Expression Master Mix and TagMan Gene Expression probes
(Applied Biosystem Italia). Oligonucleotide sequence of primers
used for RT-PCR were listed in Supplementary Material.

Western Blotting

Western blotting analysis was performed as previously described
(24, 31). Briefly, total cell lysates were subjected to sodium dodecyl
sulfate-polyacrylamide gel-electrophoresis on 10% acrylamide gels,
incubated with desired primary antibodies, then with peroxidase-
conjugated anti-mouse or anti-rabbit immunoglobulins in Tris-
buffered Saline-Tween containing 2% (w/v) non-fat dry milk and
finally developed with the ECL reagents according to
manufacturer’s instructions. Sample loading was evaluated by re-
blotting the same membrane with the un-phosphorylated form of
protein or with B-actin antibody (24, 31).

Detection of Intracellular Generation of ROS
Combination of DCFH-DA (2',7’-Dichlorofluorescin diacetate)
technique and flow cytometric analysis: THP-1 cells
differentiated to macrophages were seeded in P35 dishes (5 x
10° cells/dish), cultured for 24 hrs and exposed to hrSB3 200ng/
ml for 30 min, 1hr and 3hrs before addition of 5 uM DCFH-DA
(15 min of incubation in the dark). Cells were rapidly washed
with PBS, collected by trypsinization, briefly centrifuged (1600
rpm for 5 min) and re-suspended in PBS for analysis. Detection
of DCF green fluorescence (FL1) was performed on at least 5000
cells per sample with a FACScan equipped with a 488 nm argon
laser using the CellQuest software (version 1.0.264.21, Becton-
Dickinson, Milano, Italy). The peak of FLI intensity of DCFH-
DA-stained control cells grown without SB3 was set to channel
101 and retained for all measurements (31).

ELISA Quantification

Specific ELISA kits were used to quantify TGFB1, VEGF, TNFo.and
IL-1P released in the culture medium by THP-1 cells differentiated
to macrophages, exposed or not to hrSB3 for different times,
following the instructions of the supplier company (Invitrogen,
Thermofisher Scientific Italia, Monza MI, Italy).

Statistical Analysis

Statistical analyses were performed by SPSS statistical software
(SPSS Inc. Chicago IL, USA) using one-way ANOVA test with
Turkey’s correction for multiple comparisons or Kruskal-Wallis
test for non-parametric values. Significance was taken at the 5%
level. Normality distribution was assessed by the Kolmogorov-
Smirnov algorithm. Data from in vitro experiments represent
means = SEM obtained from at least three independent

experiments. Luminograms and morphological images are
representative of at least three experiments with similar results.

RESULTS

Hepatocyte-Specific Manipulation of SB3
Expression Affects Inflammatory
Response in Two Distinct Protocols of
Murine NASH

Previous studies have evidenced that HIF2a-dependent signals
are important in modulating inflammatory responses associated
with the progression of NAFLD/NASH (24). Since SB3 is strictly
associated with HIF20. regulation (25), here we investigated
whether, beside a pro-fibrogenic action, SB3 might have pro-
inflammatory role in NAFLD/NASH. In preliminary
experiments, we first analyzed liver samples from either WT or
TG/SB3 mice fed for 8 weeks on the MCD diet for inflammatory
infiltration. Immunohistochemistry analysis for the murine
macrophage marker F4/80 revealed that macrophage
infiltration was greatly increased in the liver of TG/SB3 mice
as compared to WT mice fed on MCD diet (Figure 1A).
According to previous observations (23, 37), the macrophages
accumulating in the livers of MCD-fed mice had a foamy
appearance and formed aggregates with a crown-like structures
(Figure 1A). Histo-morphometric analysis confirmed that the
prevalence of these aggregates was significantly increased in TG/
SB3 (Figure 1B). Accordingly, transcripts for markers of pro-
inflammatory macrophage activation such as CD11b, TNFo, and
IL-12 were significantly higher in the liver of TG/SB3 mice than
in those of WT mice fed on MCD diet (Figure 1C).

To further evaluate the effects of SB3 in NASH-associated
inflammation, additional experiments were performed by
inducing steatohepatitis with choline-deficient aminoacid-refined
(CDAA) diet that, differently from the MCD diet, does not cause
malnutrition and more closely resembles human NASH (24). We
observed that in wild type mice receiving the CDAA diet for 12
weeks the development of steatohepatitis and the increased presence
of macrophage crown-like aggregated (Figures 2A, B) associated
with a three folds up-regulation in the liver transcripts for SB3
(Figure 2C). The administration of the same diet to TG/SB3 mice
led to a further increase in the prevalence of liver crown-like
structures (Figure 2A) and a significant up-regulation of liver
transcripts for TNFa and IL-1P3 (Figures 2D, E) as compared to
CDAA-fed WT mice, while the expression of the monocyte
chemokine CCL2 was unchanged (Figure 2F). In line with these
findings, the release of transaminase was higher in TG/SB3 mice
than WT littermates (Figure 2G). No significant differences were
instead appreciable in the histopathological scores for steatosis (2.1
+0.6 vs 2.3 + 0.6; p=0.55) and lobular inflammation (2.3 + 0.5 vs 2.7
+0.6; p=0.71) (Figure 2H). It should be noted that TNFo and IL-1
hepatic transcript levels, but not those of CCL2, were already up-
regulated in the liver of TG/SB3 mice vs WT mice fed on control
CSAA diet, without signs of hepatic injury (Figures 2D-F).

Further support to the involvement of SB3 in promoting
macrophage-mediated inflammatory responses was offered by
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FIGURE 1 | (A-C) (A) Immunoistochemistry analysis for F4/80 on liver specimens obtained from C57BI6J WT mice and C57BI6J transgenic mice for SB3 (TG/SBJ)
fed on MCD diet for 8 weeks. Magnification 10x, scale bar 200pum, magnification 40x, scale bar 50um. (B) Imaged software analysis performed to evaluate the
amount of F4/80 positive area in C57BI6J WT mice and C57BI6J transgenic mice for SB3 (TG/SB3) fed on MCD diet for 8 weeks. *p < 0.01 versus WT mice.

(C) Quantitative real time PCR analysis of CD11b, TNFa and IL12 in C57BI6J WT mice and transgenic mice for SB3 (TG/SB3) fed on MCD diet for 8 weeks. “p <

experiments performed on mice deficient of the reactive site loop
of SerpinB3a gene (KO/SB3). In these animals, we observed that,
following 12 weeks on the CDAA diet, the lack of SB3 anti-
protease activity greatly lowered the formation of macrophage
crown-like aggregates (Figures 3A, B) and dramatically reduced
hepatic transcripts of TNFa, IL-1 and CCL2 (Figures 3C-E).
Consistently, the severity of steatohepatitis as evaluated by
transaminase release (Figure 3F) and by histopathological
scores for steatosis (2.2 = 0.7 vs 1.3 £ 0.7; p=0.03) and lobular
inflammation (2.1 + 0.7 vs 0.7 + 0.8; p=0.007) was significantly
improved in the absence of SB3 (Figure 3G). Interestingly, also
the extension of liver fibrosis as evaluated by collagen staining
with Sirius Red was appreciably reduced in KO/SB3 mice
(Supplementary Figure 1A). A consistent decrease in steatosis,
F4/80 positive cells and Sirius red staining was also evident in
KO/SB3 mice receiving the MCD diet (Supplementary
Figures 1B-D).

SB3 Can Directly Activate Macrophage
Responses

From the above results we investigated by which mechanism SB3
may influence macrophage functions. In preliminary

experiments we first tested in vitro the response of either
human monocytes obtained from peripheral blood or
undifferentiated human THP-1 cells to the addition of hrSB3
observing that, in both cell types, hrSB3 strongly up-regulated
the expression of TNFq, IL-1B and IL-12 (Supplementary
Figures 2A-F). We next tested the ability of hrSB3 to
influence the response of human THP-1 cells differentiated
into macrophages by 48 hours of incubation with 50 nM
phorbol-12-myristate-13-acetate (PMA). Here again,
differentiated THP-1 cells receiving hrSB3 underwent an
appreciable and sustained up-regulation of TNFa and IL-1§
transcripts (Figures 4A, C) and proteins (Figures 4B, D) along
with an increase in the intracellular generation of ROS
(Figure 4E). Interestingly, we found that hrSB3 stimulation of
THP-1-derived macrophages led also to a significant increase at
both mRNA (Figures 5A, C) and protein (Figures 5B, D) levels
of pro-fibrogenic mediators VEGF-A and TGFp1, indicating that
these cells were acquiring the mixed pro-inflammatory and pro-
fibrogenic phenotype characteristic of NASH-associated MoMFs
(15-17). Since at present the receptor for SB3 on target cells has
not yet been characterized, we next investigated whether hrSB3
may operate as pro-inflammatory mediator by up-regulating the
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FIGURE 2 | (A-H) (A) Immunohistochemistry analysis for F4/80 on liver specimens obtained from C57BI6J WT mice and transgenic mice for SB3 (TG/SB3) fed on
CDAA for 12 weeks. Magnification 10x, scale bar 200pm, magnification 40x, scale bar 50pm. (B) Imaged software analysis performed to evaluate the amount of F4/
80 positive area in C57BI6J WT mice and transgenic mice for SB3 (TG/SB3) fed on CDAA for 12 weeks. *p < 0.05 versus WT mice. (C) Quantitative real time PCR
analysis of SB3 in C57BI6J WT mice fed on control (WT) or CDAA diet (WT+CDAA). *p < 0.05 versus WT mice. Quantitative real time PCR analysis of TNFo. (D), IL-
1B (E) and CCL2 (F) in C57BI6J WT mice and transgenic mice for SB3 (TG/SB3) fed on control CSAA diet (WT and TG/SB3) or CDAA diet for 12 weeks (CDAA and
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score of steatosis and lobular inflammation in WT e TG/SB3 mice fed on CDAA diet for 12 weeks to evaluate steatosis and inflammation. Magnification 20x, scale
bar 100pm.

NE-kB transcription factor. Results from these experiments showed
that hrSB3 led to a rapid and progressive stimulation of NF-kB as
well as of p-IKB, the NF-kB inhibitor that, when phosphorylated, is
dissociated from the nuclear factor favoring NF-kB activation and

then its nuclear translocation (Figure 5E); the NF-kB stimulation
was blocked by cell pre-treatment with the IKK pharmacological
inhibitor BAY 11-7082. The addition of the IKK inhibitor also
reduced IL-1B production in the same cells (Figure 5F).
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SB3 Influences NAM Markers in Mice
With NASH

From these observations and the notion that NAMs are involved
in forming crown-like structures in NASH livers (21), we went to
investigate whether SB3 might influence the expression of NAM
markers such as TREM2 and CD9 along with that of the
fibrogenic Galectin-3 (Gal-3) (38-41) which is specifically
associated with the macrophage phenotype (18-21). Figure 6

shows that all these three markers were up-regulated in WT mice
fed on CDAA diet and were further significantly enhanced in
mice overexpressing SB3 in hepatocytes (Figures 6A-C).
Furthermore, immunohistochemistry demonstrated that the
increased expression of Gal-3 mainly involved macrophages
aggregates (Figures 6D, E). Conversely, CD9 and TREM2
transcripts were significantly down-regulated in the livers of
KO/SB3 mice fed on CDAA diet as compared to the respective
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FIGURE 4 | (A-E) Time course analysis of transcript levels by quantitative real time PCR (A, C) as well as of protein levels by ELISA (B, D) of TNFo: and IL-1B in
human differentiated THP1 cells exposed or not to hrSB3 200ng/ml (SB3) up to 24 hours. *p < 0.05, *p < 0.01, **p < 0.001 versus control cells. (E) DCFH-DA
fluorescence in flow cytometry analysis to detect intracellular generation of reactive oxygen species induced by exposure of cells to hrSB3 200ng/ml for the indicated

WT controls (Figures 7A, B). In the same animals the decrease
Gal-3 mRNA did not reach statistical significance (Figure 7C),
however immunohistochemistry demonstrated the
disappearance of Gal-3 positive macrophage aggregates in KO/
SB3 mice receiving the CDAA diet (Figures 7D, E). Altogether
these data indicate that SB3 contributes to sustain macrophage
pro-inflammatory responses during the progression of NASH.

DISCUSSION

It is now well established that hepatic macrophages play a key
role in the progression of NAFLD by contributing to sustain both
lobular inflammation and hepatic stellate cells (HSCs) activation
to matrix producing myofibroblasts (15-17). In this setting great
attention has been payed to the mechanisms that promote
Kupffer cells activation at the onset of steatohepatitis as well as

to the factors involved in favoring macrophage recruitment
within the liver (15-17). What is less understood is the
network of signals that contribute to maintain the pro-
inflammatory and pro-fibrogenic activities of hepatic
macrophages during the disease evolution. This is of particular
interest on the light of recent findings showing that monocyte-
derived macrophages recruited in NASH livers undergo to a
specific phenotype reprogramming with increased expression of
TREM2 and CD9 (19-21). Interestingly, the prevalence of these
TREM2-positive macrophages also known as NAM is strongly
associated with the severity of steatosis, inflammation,
hepatocyte ballooning, and fibrosis (20).

Here we show that the protease inhibitor SB3 plays an
important role among the signals that contributes to promote
the pro-inflammatory phenotype of liver macrophage in NASH.
The production of SB3 is strongly up-regulated in steatotic and
hypoxic hepatocytes in relation to signaling mediated by HIF2o.
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FIGURE 5 | (A-F) Time course analysis of transcript levels by quantitative real time PCR (A, C) as well as of protein levels by ELISA (B, D) of VEGF and TGFB1 in
human differentiated THP1 cells exposed or not to hrSB3 200ng/ml (SB3) up to 24 hours. *p < 0.05, **p < 0.01, **p < 0.001 versus control cells. (E) Western
blotting analysis of phosphorylated IKB and of protein levels of NF-kB in human differentiated THP-1 cells exposed or not to hrSB3 200ng/ml (starting from 2 hrs up
to 24 hrs). Equal loading was confirmed by re-probing the same membrane with the un phosphorylated protein IKB or with B-actin. Values obtained from band
densitometry analysis, using ImageJ software, are reported. (F) Western blot analysis of protein levels of NFkB and IL-1f in human THP-1 cells exposed to hrSB3
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(23, 25, 28-31). In a previous study we provided experimental
evidence of the pro-fibrogenic action of SB3 by showing that
mice overexpressing SB3 in hepatocytes and exposed to different
protocols of chronic liver injury were characterized by an
enhanced hepatic collagen deposition in relation to SB3
capability to directly up-regulate the transcription of fibrogenic
genes in human activated, myofibroblast-like, hepatic stellate
cells (HSC/MFs) or human stellate cell line (LX2 cells) (31). The
evidence supporting the role of SB3 as a pro-inflammatory
mediator comes from experiments in which mice genetically
manipulated to carry hepatocyte specific SB3 overexpression
(TG/SB3) or deficient in SB3 (KO/SB3) were fed with two
different NASH-inducing dietary protocols. In particular, we
have observed that SB3 overexpression not only leads to

increased fibrosis, as previously reported (31), but also to an
increase in transcript levels for TNFo and IL-1f and to
recruitment of infiltrating monocyte-derived macrophages that
accumulate mainly in crown-like aggregates, a feature which is
characteristic of human advanced NAFLD (42, 43). Conversely,
SB3 deletion greatly reduces lobular inflammation markers,
macrophage aggregates and the severity of steatohepatitis.
Although the receptor for SB3 has not yet been identified, in vitro
experiments support these observations by showing that hrSB3 can
directly activate human monocytes from peripheral blood as well as
undifferentiated or PMA-differentiated human THP1 macrophages.
In these cells, SB3-mediated activation results in a NF-kB-dependent
up-regulation of pro-inflammatory cytokines and ROS production.
Such a pro-inflammatory action of SB3 on macrophages shows
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several analogies with that of the HRG which is similarly produced
by hepatocytes in response to HIF2c-mediated signals (23, 26).
Interestingly, SB3 addition to differentiated THP1 macrophages also
induces a significant up-regulation of VEGF and TGFp1, two
cytokines that are related to macrophage pro-fibrogenic activity.
This is consistent with previous observations concerning the role of
SB3 in stimulating the progression of liver fibrosis (31). Thus, the
data from the present study suggest that SB3 can operate in NASH as
a peculiar hepatocyte-released mediator being able to induce a
macrophage mixed pro-inflammatory/pro-fibrogenic phenotype
that characterizes the evolution of CLD, including NAFLD/NASH
(15-17, 44, 45). The latter phenotype has been reported to sustain
the fibrogenic progression of chronic diseases by releasing several
mediators, including TGFB1, FGF, TGFa, Activin 1, PDGF, IGF-1,
VEGF-A and Galectin 3 (45).

The action of SB3 in NASH is further emphasized by the fact
that hepatocyte SB3 production influences the hepatic levels of
NAM markers TREM2, CD9 and Galectin 3. These markers have
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FIGURE 6 | (A-E) Quantitative real ime PCR analysis of CD9, (A) TREM-2 (B) and Gal-3 (C) in control C57BI6J mice and transgenic mice for SB3 fed on control
diet (WT and TG/SB3) or CDAA diet for 12 weeks (WT+CDAA and TG/SB3+CDAA). **p < 0.01 versus C57BI6J control mice fed with control diet (WT) *p < 0.05
versus C57BI6J control mice fed with CDAA (WT+CDAA). (D) Immunohistochemistry analysis for Gal-3 on liver specimens obtained from C57BI6J WT mice and
transgenic mice for SB3 (TG/SB3) fed on CDAA for 12 weeks. Magnification 20x, scale bar 100um. (E) Imaged software analysis was performed to evaluate the
amount of Gal-3 positive area in C57BI6J WT mice and transgenic mice for SB3 (TG/SB3) fed on CDAA for 12 weeks. *p < 0.05 versus WT mice.

been reported to identify a peculiar subset of hepatic macrophages
emerging in conditions of either human of murine progressive
NAFLD (19-21, 46, 47) showing similarities with TREM2 CD9
expressing scar-associated macrophages (SAMs). This suggests
the possibility that, during NAFLD progression, SB3 might also
contribute to the emergence of NAMs and/or SAMs. Such a SB3
action on liver macrophages is not in contrast with previous
observations concerning the pro-fibrogenic role of SB3 (31) since
the macrophage phenotype induced by SB3 involves the release
pro-fibrogenic mediators such as Gal-3, VEGF and TGFf1 that
can sustain liver matrix production by HSC/MFs.

Although more research is needed to confirm this hypothesis,
the data provided by the present study indicate that SB3 can be
added to the list of peptide mediators contributing to NASH
pathogenesis. Some of these mediators have been collectively
termed “hepatokines”, being defined as proteins synthetized and
secreted by hepatocytes that can influence metabolic processes
through autocrine, paracrine and endocrine signaling, playing a
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FIGURE 7 | (A-E) Quantitative real time PCR analysis of CD9, (A) TREM-2 (B) and Gal-3 (C) in control BalbC mice and knock out mice for SB3 fed on control diet
(BC WT and KO) or CDAA diet for 12 weeks (BC+CDAA and KO+CDAA). **p < 0.01 versus BalbC control mice fed with control diet (BC WT); $5p < 0.01 versus
BalbC control mice fed with control diet (KO), o < 0.01 versus BalbC control mice fed with CDAA diet (BC+CDAA). (D) Immunohistochemistry analysis for Gal-3 in
liver specimens obtained from WT BalbC mice and KO/SB3 BalbC mice fed on CDAA diet for 12 weeks. Magnification 20x, scale bar 100pum. (E) ImageJ software
analysis was performed to evaluate the amount of Gal-3 positive area in BalbC WT mice and knock out mice for SB3 (KO/SB3) fed on CDAA for 12 weeks.

central role in orchestrating whole-body energy metabolism (48- DATA AVAILABILITY STATEMENT
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OBJECTIVE: The serine protease inhibitor SerpinB3 has been described as critical
mediator of liver fibrosis and it has been recently proposed as an additional hepatokine
involved in NASH development and insulin resistance. Protease Activated Receptor 2
has been identified as a novel regulator of hepatic metabolism. A targeted therapeutic
strategy for NASH has been investigated, using 1-Piperidine Propionic Acid (1-PPA),
since this compound has been recently proposed as both Protease Activated Receptor
2 and SerpinB3 inhibitor.

METHODS: The effect of SerpinB3 on inflammation and fibrosis genes was assessed
in human macrophage and stellate cell lines. Transgenic mice, either overexpressing
SerpinB3 or carrying Serpinb3 deletion and their relative wild type strains, were used in
experimental NASH models. Subgroups of SerpinB3 transgenic mice and their controls
were also injected with 1-PPA to assess the efficacy of this compound in NASH
inhibition.

Results: 1-PPA did not present significant cell and organ toxicity and was able to inhibit
SerpinB3 and PAR2 in a dose-dependent manner. This effect was associated to a
parallel reduction of the synthesis of the molecules induced by endogenous SerpinB3

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

49 /161



Suggested Reviewers:

Opposed Reviewers:

or by its paracrine effects both in vitro and in vivo, leading to inhibition of lipid
accumulation, inflammation and fibrosis in experimental NASH. At mechanistic level,
the antiprotease activity of SerpinB3 was found essential for PAR2 activation,
determining upregulation of the CCAAT Enhancer Binding Protein beta (C/EBP-8),
another pivotal regulator of metabolism, inflammation and fibrosis, which in turn
determined SerpinB3 synthesis.

CONCLUSIONS: 1-PPA treatment was able to inhibit the PAR2 - C/EBP-f - SerpinB3
axis and to protect from NASH development and progression, supporting the potential
use of a similar approach for a targeted therapy of NASH. [ct1]
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ABSTRACT

OBJECTIVE: The serine protease inhibitor SerpinB3 has been described as critical mediator of liver
fibrosis and it has been recently proposed as an additional hepatokine involved in NASH
development and insulin resistance. Protease Activated Receptor 2 has been identified as a novel
regulator of hepatic metabolism. A targeted therapeutic strategy for NASH has been investigated,
using 1-Piperidine Propionic Acid (1-PPA), since this compound has been recently proposed as both
Protease Activated Receptor 2 and SerpinB3 inhibitor.

METHODS: The effect of SerpinB3 on inflammation and fibrosis genes was assessed in human
macrophage and stellate cell lines. Transgenic mice, either overexpressing SerpinB3 or carrying
Serpinb3 deletion and their relative wild type strains, were used in experimental NASH models.
Subgroups of SerpinB3 transgenic mice and their controls were also injected with 1-PPA to assess
the efficacy of this compound in NASH inhibition.

RESULTS: 1-PPA did not present significant cell and organ toxicity and was able to inhibit SerpinB3
and PAR2 in a dose-dependent manner. This effect was associated to a parallel reduction of the
synthesis of the molecules induced by endogenous SerpinB3 or by its paracrine effects both in vitro
and in vivo, leading to inhibition of lipid accumulation, inflammation and fibrosis in experimental
NASH. At mechanistic level, the antiprotease activity of SerpinB3 was found essential for PAR2
activation, determining upregulation of the CCAAT Enhancer Binding Protein beta (C/EBP-p),
another pivotal regulator of metabolism, inflammation and fibrosis, which in turn determined
SerpinB3 synthesis.
CONCLUSIONS: 1-PPA treatment was able to inhibit the PAR2 - C/EBP-J - SerpinB3 axis and to
protect from NASH development and progression, supporting the potential use of a similar approach

for a targeted therapy of NASH.
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1. INTRODUCTION

The liver has a key role in maintaining metabolic homeostasis, particularly in controlling and
modulating lipid and glucose metabolism, as well as in drug detoxification. In addition, the liver has also
unique immunological aspects that include fetal hematopoiesis, induction of immune tolerance but, at
the same time, also a very efficient innate immunity, to mention just a few [1]. Chronic liver injury,
irrespective of etiology, can lead to the induction of persistent inflammatory response and dysregulated
activation of wound-healing repair, with hepatic macrophages and myofibroblasts cooperating in a finely
regulated manner and playing a prominent role in sustaining fibrogenic progression of the disease [1-5].
Interactions among different hepatic cell populations and release of a large number of mediators (i.e.,
growth factors, chemokines, pro-inflammatory cytokines, plasma proteins, reactive oxygen species,
hepatokines, adipokines and more) as well as the involvement of multiple molecular pathways and of
genetic and environmental factors are believed to play a major role in chronic liver disease progression
[2-5].

SerpinB3 is a peculiar member of the family of serine-protease inhibitors (Serpins) which is
almost undetectable in normal murine and human liver [6]. However, under conditions of chronic liver
injury of different etiology, SerpinB3 expression is significantly upregulated in hepatocytes in human
liver biopsies [7,8] and even in liver carcinogenesis [9-11]. More recently, SerpinB3 has been proposed
as a critical mediator of liver inflammation and fibrosis. Regarding this aspect, SerpinB3 up-regulates
the expression of transforming growth factor (TGF)-B1 in chronic liver disease [7] and exerts a direct
pro-fibrogenic action on human liver myofibroblasts in culture by strongly up-regulating the expression
of pro-fibrogenic genes (including collagen type 1A1, a-smooth muscle actin or a-SMA, TGF-B1, and
tissue inhibitor of metalloproteases type 1 or TIMP-1) [12]. The pro-fibrogenic action of SerpinB3 was
mechanistically confirmed using transgenic mice overexpressing SerpinB3 in hepatocytes that were
submitted to two distinct experimental protocols of chronic liver injury, including the protocol of
methionine- and choline-deficient (MCD) diet able to induce fatty liver and steatohepatitis [12]. In

addition, studies on transgenic mice, either overexpressing SerpinB3 or carrying Serpinb3 deletion, and
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in vitro studies on human macrophage cell lines have shown that SerpinB3 can operate as a pro-
inflammatory mediator in two models of progressive non-alcoholic fatty liver disease (NAFLD) [13], a
definition that has been recently replaced by the new definition of “metabolic dysfunction-associated
steatotic liver disease” (MASLD) [14]. The involvement of SerpinB3 in NAFLD and in its progressive
form non-alcoholic steatohepatitis (NASH) is relevant since NAFLD is emerging as the major cause of
chronic liver disease worldwide, with epidemiological data indicating a 30% prevalence in the general
population and an even higher prevalence (> 70%) in obese individuals and Type Il diabetes patients,
which represent the typical NAFLD/NASH patients [5,15]. Moreover, despite promising indications
from preclinical studies, at present no pharmacological therapy has been approved for NASH treatment
[16,17]. NAFLD and its progression towards NASH is a resultant of a complex scenario involving excess
energy intake, insulin resistance and inflammation, resulting in an increased flux of fatty acids to the
liver, dysregulation of hepatic lipid metabolism and de novo lipogenesis [18].

SerpinB3 expression is up-regulated by hypoxic conditions and its increased transcription is
mediated by specific binding of hypoxia-inducible factor (HIF)-2a to the SerpinB3 promoter [19].
Moreover, SerpinB3 has been shown to act as a paracrine mediator able to affect the behavior of
surrounding cells by differentially up-regulating, in normoxic conditions, HIF-1a and HIF-2a [20]. In
particular, SerpinB3 through HIF-1a up-regulation can favor cell survival in a harsh (i.e., hypoxic)
microenvironment by inducing early cellular metabolic switch to glycolytic phenotype [20]. By contrast,
SerpinB3 can induce HIF-2a stabilization through direct NEDDylation and this has been suggested to
promote proliferation of liver cancer and to favor hepatocellular carcinoma progression [20].
Considering a putative role in relation to NAFLD/NASH patients, which are mostly obese individuals
and/or type 1l diabetes patients, by inducing HIF-2a stabilization SerpinB3 may represent a factor able
to deeply affect lipid metabolism. Indeed, studies employing mouse models with Cre-lox mediated
deletion of VHL, HIF1a and/or HIF2a have shown that HIF-2a, rather than HIF-1a, plays a major role
in regulating hepatocellular lipid accumulation by various mechanisms, including up-regulation of lipid

biosynthetic pathways and suppression of fatty acid oxidation [21,22]. Moreover, studies in transgenic
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mice carrying hepatocyte-specific deletion of HIF-2o and analysis performed on NAFLD/NASH
patients have shown that HIF-2a activation is a key feature of both experimental and human NASH [23]
and is also involved in NASH-related carcinogenesis, where HIF-2a levels were found to be strictly
associated with hepatocyte production of SerpinB3 [24]. Due to the interconnections between SerpinB3,
HIF-2a-mediated regulation of lipid metabolism and NAFLD/NASH progression, we proposed in a
recent study that SerpinB3, which is mainly expressed and released by stressed/injured hepatocytes, may
represent an additional novel hepatokine [13]. Hepatokines are defined as proteins synthetized and
secreted by hepatocytes, able to affect metabolic processes through autocrine, paracrine and endocrine
signaling and know to play a key role in orchestrating whole-body energy metabolism and to be involved
in NASH and insulin resistance [25-27].

To further investigate the role of SerpinB3 in NASH progression, in the present study we have
investigated a novel therapeutic strategy for the treatment of NASH using 1-Piperidine Propionic Acid
(1-PPA), a small molecule patented and proposed as SerpinB3 inhibitor [28,29]. More recently, 1-PPA
was also found to sterically inhibit the protease activated receptor 2 (PAR2) [30], a cell surface sensor
of extracellular inflammatory and coagulation proteases, that has been also recognized as a new regulator
of hepatic metabolism [31-32]. PAR2 indeed not only controls cholesterol homeostasis and lipid
metabolism [31], but also suppresses glucose internalization, glycogen storage, and insulin signaling
[32]. Inthe present study we have assessed whether 1-PPA may be able to inhibit steatosis, inflammation
and fibrosis, the hallmarks of progressive NASH, in vitro and after parenteral administration in
transgenic and wild type mice with diet-induced NASH. The use of Serpinb3 knock-out mice and of 1-
PPA allowed us to confirm the essential role of the antiprotease activity of this serpin in the pathogenesis
of NASH. Moreover, by investigating the efficacy of 1-PPA in inhibiting NASH progression, we also
found that 1-PPA, through the inactivation of PAR2, determines a down-regulation of the early
transcription factor CCAAT Enhancer Binding Protein beta (C/EBP-B). This transcription factor is

highly expressed not only in adipose tissue, but also in liver, kidney, intestine, pancreatic islets, and
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innate immune cells. It regulates the expression of several genes involved in development, immune
function, regeneration, differentiation, and metabolism [33].

Since both PAR2 and C/EBP-p are activated in proinflammatory conditions [34, 35] and recent data also
support their possible relevance in the process of fibrogenesis [36,37], our results provide evidence for
the pivotal role of SerpinB3 in the activation of the PAR2 - C/EBP-f axis and for its effective inhibition

by the small molecule 1-PPA.

2. RESULTS

2.1 SerpinB3 and development of murine NASH

To mechanistically investigate the role of SerpinB3 in relation to the development of murine
NASH, we took advantage of mice genetically manipulated to carry a deletion in the reactive site loop
of Serpinb3a [38], the closest isoform to human SerpinB3, hereafter indicated as knock-out (KO) mice,
as well as their related wild-type (WT) mice on the common genetic background BALB/c. These KO
mice, recently used to characterize the pro-inflammatory role of Serpinb3 in murine NASH [13], were
fed for this part of the study on choline-deficient aminoacid-defined (CDAA) dietary protocol to induce
experimental NASH, very effective and reliable to induce steatosis, inflammatory response and fibrosis
[12,13,23]. The lack of the antiprotease activity of Serpinb3a in KO vs WT mice, fed on CDAA diet,
determined a number of critical results in which KO mice showed: i) a marked decrease in steatosis in
KO mice vs WT mice, as evident from the macroscopic aspect of livers (Figure 1A), hematoxylin/eosin
staining (Figure 1B) and histopathological score (Figure 1C); ii) a decrease of transcript levels of
markers of inflammatory response like IL-1B, TNF-o and the chemokine CCL-2 (Figure 1D), fully
confirming results of the recently published study in which KO mice fed on CDAA diet were showing
significantly less inflammatory response and infiltrate [13]; iii) a decrease in extracellular matrix
deposition (i.e., liver fibrosis) as shown by Sirius Red staining (Figure 1E) and by related image analysis
of liver sections (Figure 1F) as well as by a significant decrease in transcript levels for fibrogenesis

markers like TGF-B1, a-SMA and collagen 1Al (Figure 1G).
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These data overall indicate that KO mice are less prone to develop NASH than related WT mice,
supporting the critical role of Serpinb3a in this experimental setting. Essentially similar results were
obtained in the second experimental protocol of NASH used in this study, in which KO mice were fed
on MCD diet. However, because this protocol is more aggressive and less translatable to human
conditions of NASH, statistically significant differences were achieved only for some of the investigated
parameters (Suppl. Figure 1 A-E), including the decrease in IL-1B and CCL-2 transcript levels (Suppl.
Figure 1B), the decrease in collagen deposition (Suppl. Figure 1 C, D), TGF-B1 transcript levels (Suppl.
Figure 1E). Moreover, at basal level, KO mice were characterized by a decreasing trend of adipose tissue
deposition in subcutaneous -, visceral - and brown - adipose tissue (SAT, VAT and BAT, respectively)
(Figure 2 A,B). It should be noted that an opposite profile was observed in untreated TG mice (i.e., mice
overexpressing SerpinB3 in hepatocytes), with this time a significant increase in SAT compartment

(Figure 2 C,D).

2.2 1-Piperidin Propionic acid protects from NASH development and progression

As a first step, we have checked the cytotoxicity of 1-PPA both in vitro and in vivo. For the first
purpose, we employed the in vitro model of HepG2 cells stably transfected to overexpress SerpinB3,
hereafter indicated as HepG2/SB3 cells, that we already used in previous studies [19,20]. Of interest,
1-PPA exerted significant cytotoxicity and then reduced viability of HepG2/SB3 cells only when used
at much higher concentrations (>5 pg/ml) (Suppl. Figure 2A). Moreover, 1-PPA significantly affected
cell proliferation (followed for 70 hrs) at similarly higher concentrations, with a calculated EC50 value
of 139.9 uM (Suppl. Figure 2B). The compound 1-PPA was also injected in vivo in WT C57BL6/J
mice (i.e. mice with the background of mice genetically manipulated to overexpress SerpinB3 in
hepatocytes that we used to test 1-PPA in vivo) to test its cytotoxicity at doses of 70 and 700 ng/g b.w.
The dose of 70 ng/g b.w, used as experimental treatment in the NASH animal model, did not affect
significantly liver and kidney biochemical parameters and histological features, a part from a mild

interstitial lymphocyte inflammation of the kidney, while the dose of 700 ng/g b.w. determined a
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significant increase of bilirubin and a trend toward increased values of creatinine (Suppl. Fig.2C and
Suppl. Table 1).

To test the effect of the small molecule 1-Piperidin Propionic acid (1-PPA), an inhibitor not only of
SerpinB3 synthesis [28,29], but also of PAR2 [30], we have analyzed the real efficacy of the compound
in inhibiting SerpinB3 and PAR?2 transcription in the HA22T/VGH cell line which constitutively
expresses SerpinB3. Very low concentrations of 1-PPA significantly down-regulated both PAR2 and
SerpinB3 transcript levels, in a dose-dependent manner up to 1 ng/ml concentration (Suppl. Figure 3A,
B).

The in vivo efficacy of 1-PPA was tested on WT and transgenic mice on the same C57BL6/J background,
but genetically manipulated to overexpress SerpinB3, hereafter indicated as TG/SB3 mice. WT and
TG/SB3 mice were fed on CDAA diet for 12 weeks, as previously described [12,13], and treated or not
with 1-PPA (70 ng/g b.w., i.p.) to investigate the effects of 1-PPA on inflammatory and fibrogenic
responses.

Concerning inflammatory response, we confirmed that liver specimens from TG/SB3 mice fed
on CDAA diet were characterized, when compared to specimens from WT mice, by a significant
increase in inflammatory infiltrate of F4/80 positive macrophages (Figure 3A,B), which were often
aggregated to form the typical so-called “crown-like structures” (Figure 3A), and an increase in IL-1p
and TNF-a transcript levels (Figure 3C), as recently reported [13]. Of interest, all these parameters were
significantly reduced in TG/SB3 mice (some also in WT mice) following in vivo 1-PPA administration
(Figure 3A, C). In particular, we noted not only a significant reduction of F4/80 positive macrophage
infiltration and of IL-1B and TNF-a transcript levels, but also a very evident disappearance of “crown-
like” aggregates of macrophages (Figure 3A). Along these lines, since literature reports that NASH-
associated macrophages (NAMs) are involved in forming crown-like structures in NASH livers and that
SerpinB3 influences the hepatic levels of NAMs markers CD9, TREM2 and Galectin 3 (13), we have
investigated whether 1-PPA was able to modulate the expression of these markers. Interestingly, 1-PPA

significantly reduced the transcript levels of Galectin 3, CD9, and TREM2 in TG/SB3 mice fed on
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CDAA diet (Figure 3D). It is worth to note that SerpinB3 expression, that was detectable in WT mice,
but more evident in TG/SB3 mice fed with CDAA, was markedly reduced in mice treated with 1-PPA
of both strains (Figure 3E).

Data obtained in mice fed on CDAA were essentially confirmed also in TG/SB3 mice fed on MCD diet:
in these mice 1-PPA administration reduced infiltration of F4/80 positive macrophages (Suppl. Figure
4A,B), “crown-like” aggregates of macrophages (Suppl. Figure 4A) and IL-1p, TNF-a transcript levels
(Suppl. Figure 4C).

Similar results were obtained by analyzing parameters related to fibrogenesis. Histochemical
Sirius Red staining (Figure 4A), by confirming the increased deposition of extracellular matrix in
TG/SB3 mice vs WT mice, showed that administration of 1-PPA significantly reduced fibrosis in both
TG/SB3 and WT mice (Figure 4A), as confirmed by image analysis of collagen positive areas (Figure
4B). Similarly, in TG/SB3 mice 1-PPA administration resulted in a significant down-regulation of the
transcript levels for a-SMA, collagen 1Al and TGF-B1 (Figure 4C). Once again, homologous results
were obtained when parameters related to fibrogenesis were investigated in TG/SB3 mice fed on MCD
diet: 1-PPA administration reduced also in these mice the steatosis score (Suppl. Figure 5A), Sirius Red
staining and collagen positive area (Suppl. Figure 5B) and transcript levels of critical parameters (Suppl.
Figure 5C) .

Data on the effect of 1-PPA on inflammatory response and fibrogenesis were essentially
confirmed when the compound was directly employed on either LX2 cells (a human immortalized
myofibroblast cell line) or THP-1 cells (a cell line of human macrophages) exposed to human
recombinant SB3 (hrSB3). The results obtained for LX2 cells indicate that 1-PPA was able to down-
regulate in these cells hrSB3 — induced transcription for critical genes like collagen 1A1, a-SMA, CCL-
2 and VEGF-A (Figure 5A). Similarly, 1-PPA down-regulated transcript levels of TNF-a, IL-1p, CCL-

2, CCL-15, IL-13 and TGF-p1 that were induced by hrSB3 in THP-1 cells (Figure 5B).
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2.3 PAR2 inhibition by 1-Piperidin Propionic acid prevents the SerpinB3 induced promoter
CEBP-B up-regulation

To better understand the mechanistic behaviour of 1-PPA, the possibility of a direct interaction of 1-
PPA with SerpinB3, beside PAR2 steric inhibition [30], was explored. For this purpose, two different
biophysical approaches were tested. The thermal shift assay was used to evaluate whether the possible
interaction with 1-PPA could modify the thermic stability of this serpin. As reported in Suppl. Figure
6A, the denaturation curves showed irrelevant T melting differences, within the instrumental error (£
2°C), when SerpinB3 (5 uM) was mixed with different concentrations of 1-PPA, ranging from 5 to 500
pM.

To further confirm these data, the interaction was examined with isothermal titration calorimetry, widely
used to assess biomolecular interactions, and also this approach provided negative results (Suppl. Figure
6B). The potential difference (UW) was indeed evaluated and no binding model was identified,
confirming that the compound does not interact directly with SerpinB3.

On the basis of these results, and also considering the fact that 1-PPA determines transcriptional
inhibition of SerpinB3 mMRNA, we have assessed whether PAR2 activation could up-regulate possible
promoters or enhancers for SerpinB3 gene, involved in metabolism and whether this effect could be
abrogated following PAR2 inhibition by 1-PPA. Beside the already known up-regulator of SerpinB3
synthesis HIF-2a. [19], previously found also to play a relevant role in lipid accumulation [21,22], in the
human gene database GeneCards the CCAAT Enhancer Binding Protein Beta (CEPB-p) is listed. Since
also this transcription factor is profoundly implicated in metabolic disturbances and in increased
inflammatory response [33,35], we have assessed its expression in different cell lines with or without 1-
PPA treatment and in mouse livers in relation to SerpinB3 expression. As expected, this transcription
factor, that was found significantly up-regulated in HepG2 cells overexpressing SerpinB3, compared to
control HepG2, was inhibited by 1-PPA in a dose dependent manner (Figure 6A). In the monocytic THP-
1 cell line, the basal level the CEPB- transcription factor was not detectable, but it was induced by

exogenous hrSB3, suggesting a positive loop induction of both molecules. Also in this case, 1-PPA
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efficiently switched down CEPB-J3 expression, even at low concentration (Figure 6B). In addition, using
HepG2 cell lines stably transfected to overexpress the wild type SerpinB3 form or the isoform lacking
its anti-protease activity, obtained from HepG2 cells transfected with a mutant plasmid deleted in the
SerpinB3 reactive site loop [7], we could demonstrate that the anti-protease activity of this serpin is
essential for the protein induction of both the isoforms Liver Activating Protein (LAP) and Liver
Inhibitory Protein (LIP) of CEPB-f [39] (Figure 6C, D). These data are in line with the results obtained
in untreated mouse livers, where CEPB-[3 was significantly up-regulated in SB3/TG mice, compared to
the corresponding wild type mice, while it was barely lower than in controls in SB3/KO mice (Figure
6E).

Along these lines, we analyzed in vitro cellular models carrying different expression of SerpinB3,
namely, the HepG2 cell lines stably transfected to overexpress the wild type SerpinB3 form or the
isoform lacking its anti-protease activity and the HA22T cell line that constitutively expresses SerpinB3
(Suppl. 3A). Immunofluorescence results not only confirmed the requirement of the integrity of the anti-
protease activity of SerpinB3 to up-regulate and to determine nuclear translocation of CEPB-
B (Figure 7A), but also indicate that this is an essential requirement for the over-expression of PAR2.
While HepG2/SB3 cells showed indeed a marked increase of this membrane receptor, compared to
HepG2/WT, the lack of antiprotease activity carried by HepG2/A7 cells was associated to a reduced
expression of PAR2 (Figure 7B). In addition, the HA22T/VGH cell line showed both up-regulation and
nuclear translocation of CEPB-3 and up-regulation of PAR2 (Figure 7A, B). In this cell line 1-PPA,
beside the previously described ability to reduce SerpinB3 and of PAR2, determined also a significant
reduction of CEPB-f transcription in a dose dependent manner (Suppl. Fig. 3C). On the other hand,
silencing of CEPB-J led to a significant decrease not only of the target gene, but also of SerpinB3 (Figure
7 C, D). The inhibitory effect 1-PPA on PAR2 was also confirmed in the liver of mouse fed with CDAA,
where PAR2 was significantly up-regulated in SB3/TG mice, compared to the corresponding wild type

mice and strongly reduced after 1-PPA treatment (Figure 7 E, F).
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3. DISCUSSION

While the successful treatments for hepatitis B and C have markedly reduced the burden of liver disease
of viral etiology, non-alcoholic steatohepatitis (NASH) has emerged as a major cause of hepatic diseases
in Western countries and it is expected to become the leading indication for liver transplantation and of
liver-related mortality within a few years worldwide [40]. Despite the urgent need of effective therapies,
approved drugs for NASH are still not available [41]. Several novel compounds, targeting different
molecular events involved in the pathogenetic mechanism of NASH, including pathogenic metabolism,
insulin resistance, inflammatory cell recruitment and pro-fibrogenic matrix profile, are currently in the
pipeline, and while some of them failed in phase 2 or 3 clinical trials, others are providing promising
results [5,42].

In the present study we provide evidence that SerpinB3-activated PAR2 can represent a novel molecular
target for NASH. We have used the SerpinB3 and PAR2 inhibitor 1-PPA [28-30] to explore its ability
to reduce the development of NASH in two different mouse models. PAR2 belongs to the protease-
activated G-protein-coupled family of receptors and it has been recently described to play a pivotal role
in metabolism control [31,32], beside to be a well-known driver of inflammatory responses [43]. The
essential role of the anti-protease activity of SerpinB3 was supported by the results obtained in
genetically modified mice, since mice lacking the anti-protease activity of SerpinB3 not only had lower
fat accumulation in basal conditions, but were also less prone to develop NASH, compared to control
littermates. These findings were supported by lower fibrogenic and inflammatory responses following
both CDAA and MCD diets. Conversely, transgenic mice overexpressing SerpinB3 developed a more
intense liver damage, compared to the corresponding wild-type strain, characterized by increased fat
accumulation, higher features of fibrosis and higher inflammatory response. These results corroborate
previous findings reporting a pivotal role of SerpinB3 in the activation of the fibrogenic and
inflammatory responses in NASH experimental models [12, 13]. Further studies are required to identify
the specific protease(s) involved in the interaction with SerpinB3, determining the activation of the

PAR2 cellular receptor.
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The small molecule 1-PPA, while did not induce significant cell and organ toxicity, was able to inhibit
both PAR2 and SerpinB3 synthesis in a dose-dependent manner at very low concentrations. The
inhibitory effect on SerpinB3 was associated to a parallel reduction in the synthesis of all the molecules
induced by either the endogenous serpin or by its paracrine effect, as observed in the monocytic and
stellate cell lines. The results obtained in experimental animals confirmed these findings and the weekly
injection of 1-PPA was effective to markedly reduce the features of NASH not only in wild type mice
but also in SerpinB3 overexpressing mice. In particular, as recently reported [13], SerpinB3 was able to
influence the hepatic levels of Galectin 3, CD9 and TREM2, typical markers of NAMs, a population of
hepatic macrophages emerging in progressive NAFLD-NASH and strictly associated with severity of
steatosis, inflammation as well as fibrosis [44]. It is worth to note that 1-PPA was able to revert this
effect by reducing hepatic levels of the typical markers of NAMs in mice transgenic for SerpinB3,
suggesting a role of this compound in the shutdown of this class of macrophages induced by SerpinB3.
Concerning the mechanism of action of 1-PPA, it has been recently reported that it binds PAR2 in an
allosteric pocket of the receptor inactive conformation, with antagonistic activity [30]. No information
is available to date on its modality of SerpinB3 inhibition. To address this point, we have explored the
possible direct interaction between 1-PPA and SerpinB3, but different biochemical approaches provided
negative results. We have then explored the effect of this compound on C/EBP-, a recently identified
SerpinB3 transcription factors, documenting that it is upregulated in presence of SerpinB3, but only if
carrying its active antiprotease activity. Several evidences indicate that C/EBP-f is profoundly involved
in the processes related to metabolic syndrome [33] and these findings are in line with the fact that in
our study mice lacking the active form of Serpinb3a presented at basal conditions a decreased fat mass
and a trend toward lower levels of C/EBP-pB. Like PAR2 [43] and SerpinB3[45], C/EBP-J is activated
in pro-inflammatory and ER stress conditions [46], and also these data are in agreement with the fact
that our KO-mice presented a lower inflammatory response after CDAA or MCD diet, while opposite
results were observed in SerpinB3 transgenic mice which already at basal level showed C/EBP-J3 levels

higher than those of control mice. Concerning the involvement of this transcription factor in fibrogenesis,

66 /161



recent data indicate that alveolar accumulation of C/EBP-3 in lung macrophages from patients and mice
with pulmonary fibrosis causes upregulation of several profibrotic factors promoting pulmonary fibrosis,
while its pharmacological degradation determines an effective therapeutic response against experimental
fibrosis [37]. The compound 1-PPA was able not only to suppress PAR2 and SerpinB3, but also C/EBP-
B transcription in hepatoma cells over-expressing SerpinB3.

On the basis of the results obtained, we propose that SerpinB3 is essential for PAR2 activation, which
in turn up-regulates C/EBP-f, promoting SerpinB3 transcription. This cascade of events can be inhibited
by 1-PPA that sterically determines PAR2 inhibition and blocks the described positive loop.

In conclusion, our study demonstrates that the PAR2 - C/EBP-B — SerpinB3 axis is relevant in the
development of NASH. The small molecule 1-PPA is effective in the control of steatosis, inflammation
and fibrosis in NASH experimental models through the inhibition of PAR2 activation and of its
downstream molecules, like C/EBP-3 and SerpinB3, implicated in metabolic alterations and NASH.
Further studies are warranted in order to confirm whether the PAR2 inhibitor 1-PPA could be considered

a clinically relevant strategy for NASH treatment.

4. MATERIALS AND METHODS

4.1 Cell lines

Hepatoma cells (HepG2 cell line) (ATCC, Manassas, VA, USA), authenticated by BMR Genomics S.r.l.
(Padova, Italy), according to PowerPlex® Fusion System protocol (Promega), have been engineered to
stably overexpress SerpinB3, as previously described [47]. Briefly cells were transfected with a plasmid
expression vector containing the whole human SerpinB3 gene, with a plasmid vector containing the
SerpinB3 gene deleted of 7 aminoacids in the hinge region of the reactive site loop, lacking the
antiprotease activity (Mutant B [7], kindly provided by Prof. Prof. TJ Harrison, University College,
London) or with the plasmid vector alone (pcDNAS3.1D/V5-His-TOPO™), as control, using
Lipofectamine Reagent Plus (Invitrogen, Carlsbad, CA, USA). Transfected cells were selected using

G418 (Geneticin) (Sigma-Aldrich, St. Louis, MO). Control HepG2 and HepG2 cells overexpressing
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whole SerpinB3 (HepG2/SB3) were incubated for 24 hours with the SerpinB3 inhibitor 1-PPA (Sigma-
Aldrich, St. Louis, Missouri, USA) at different concentrations (range 5-50 pug/ml) to assess cytotoxicity.
For the assessment of 1-PPA cytotoxicity, real time cell proliferation was assessed using the
XCELLigence instrument (ACEA Biosciences, Inc., San Diego, CA, USA), as previously described [48].
Dynamic cell proliferation was monitored at 15 min intervals and analyzed with RTCA software. The
results were expressed as cell index value.

The human monocytic cell line THP-1 (kindly provided by Prof. Fabio Marra, University of Florence)
and human LX2 cells (kindly provided by Prof. Scott L. Friedman, Icahn School of Medicine, Mount
Sinai, New York) were cultured in Dulbecco’s modified Eagle’s medium (Sigma Aldrich Spa, Milan,
Italy), supplemented with 10% fetal calf serum and 1% antibiotics. These cells, expressing trivial levels
of SerpinB3, were incubated for 24 hours with the recombinant entire SerpinB3 protein (hrSB3),
obtained in our laboratory as previously described [49], at 200 ng/ml (LX2 cells) or at 100 ng/ml (THP-
1 cells). Cells were simultaneously treated with 1-PPA at a concentration of 1 ng/mL to 100 ng/ml, or
with medium supplemented with 10% FCS alone and in the cellular extracts the transcriptional
expression of different cytokines, including TGF-f, TNF-a, IL1-f, IL-13, CCL-2, CCL-15, VEGF,
o—SMA, collagen 1A1, was analyzed.

The expression of PAR2 and of the transcription factor CEBP-3 was assessed in the cell lines
described above and also in the hepatoma cells HA22T/VGH (kind gift of Prof. Giuseppina De Petro,
University of Brescia) that express constitutively SerpinB3, in presence of 1-PPA at a concentration of

1 ng/ml to 100 ng/ml, or in medium supplemented with 10% FBS, as control.

4.2 Molecular amplification techniques

In cell lines and in liver tissue samples total RNA was extracted using RNasy Trizol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. After determination of the purity and
the integrity, total RNA, complementary DNA synthesis and quantitative real-time PCR reactions (QRT-

PCR) were carried out as previously described [50] using the CFX96 real-time instrument (Bio-Rad

68 /161



Laboratories Inc, Hercules, CA, USA). Relative gene expression was normalized to the housekeeping
genes and was calculated using the 2724€T method [51]. Specificity of the amplified PCR products was
determined by melting curve analysis and confirmed by agarose gel electrophoresis. Human and mouse
primer sequences used in the study are reported in Supplemental Table 2.

RNA interference experiments to knockdown C/EBP-3 expression were carried out in HA22T/VGH
cells by transient transfection. Cells (0.5x10° cells/well) were seeded in 6 well plates containing or not
cover glasses for immunofluorescence or molecular amplification analysis the day before. The siRNA
for C/EBP-B and a negative siRNA control (Qiagen, Hlden, Germany) were transfected using
Lipofectamine 3000 (Invitrogen-Waltham, Massachusetts, USA), following manufacturer’s instructions.
Cells were harvested 48 h post-transfection and glasses were fixed using 4% PFA. The knockdown gene

efficiency was confirmed by qRT-PCR and immunofluorescence analysis.

4.3 Animal models

4.3.1 NASH experimental models

The study was carried out on C57BL/6 mice (12 weeks old) transgenic for human SerpinB3, (kindly
provided by Prof. Cassani, Tecnogen, Caserta, Italy) [52], and their corresponding wild type C57BL/6
mice of similar age. BALB/c mice, deficient of the reactive site loop of Serpinb3a (Serpinb3-KO,
originally kindly provided by Dr. Gary Silverman and Dr. Cliff J. Luke, Dept of Pediatrics, Washington
University School of Medicine, St. Louis, MO) [38] have been also used and compared with wild type
BALB/c mice of similar age as control.

All animals were kept under specific pathogen-free conditions and maintained with free access to pellet
food and water at the Animal Care Facility of the Experimental Surgery Division of the University of
Padua.

In order to induce experimental NASH, SerpinB3-transgenic (TG) and Serpinb3-KO (Sbh3-KO) mice
and their control littermates were fed on (a) the choline-deficient, L-amino acid defined (CDAA) diet

(Laboratorio Dottori Piccioni, Gessate, Italy) for 12 weeks or (b) the methionine-choline deficient
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(MCD) diet (Laboratorio Dottori Piccioni, Gessate, Italy) for 8 weeks (7 animals/group). Parallel groups
of TG and control mice, fed on CDAA diet (5 animals/group) or on MCD diet (5 animals/group), were
injected weekly with PPA (70 ng/g) or with the vehicle alone, starting from the third and second month
and were sacrificed at week 12 and week 8, respectively. Liver samples were obtained, and one part was
formalin-fixed and paraffin-embedded, while one part was immediately frozen at -80°C for
morphological or molecular analyses. Experiments and protocols were approved by the Animal Welfare
Committee of University of Padua and by the Animal Investigation Committee of the Italian Ministry

of Health (n°® 442/2018-PR and n° 116/92), in accordance with European Union regulations.

4.3.2 Fat assessment in different mice strains

Fat distribution was assessed in untreated SerpinB3 transgenic or knockout mice and in their
corresponding wild type strains (5 animals/group). For the adipose tissue sampling, the mice were
weighed and euthanized at the end of the experiment. The adipose tissues were dissected and weighed
after death. In detail, dorsal and ventral external surfaces of the mouse were sterilized with 70% ethanol
to minimize contamination during dissection. The skin on the back was removed and a layer of white
adipose tissue (WAT) was visible at the level of the shoulder blades. This layer covered the two lobes
of interscapular brown adipose tissue (BAT). These two kinds of adipose tissue were dissected together
and further separated outside the body, as the two tissue were clearly distinguishable based on their
color. Similarly, after removal of the skin at the level of the flanks of the body, there was a layer of
subcutaneous adipose tissue (SAT) positioned against the rib cage on both sides that was also removed.
Lining the intestines and attached to each epididymis and testis were the large vessel-rich adipose depots,
the visceral adipose tissue (VAT) that was collected after its separation from epididymis and vas

deferens.

4.4 Histochemistry, immunohistochemistry and Sirius Red Staining

In paraffin-embedded murine liver sections, steatosis score was semi-quantified, after hematoxylin-eosin
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staining, using a four-tier scoring scale based on the extent of fat content (0 = negative; 1+ = < 10%; 2+
=>10, >30%; 3+ =>30%). Immunohistochemistry for the monocytic marker F4/80, SerpinB3 and PAR2
was assessed as previously described [13]. Collagen deposition was analyzed by Picro-Sirius Red
staining. Quantification of immunostaining and fibrosis were assessed by histomorphometric analysis
and images were then analyzed using ImageJ software (National Institutes of Health,Bethesda, MD), as

previously described [13].

4.5 Immunofluorescence

HepG2 and HAT22/VGH were seeded on slides (4 x 10° cells/slide) and cells were fixed with 4%
paraformaldehyde, permeabilized with 0.4% Tryton X-100, and blocked with 5% goat serum (Invitrogen
Life Technologies, Waltham, MA, USA) in PBS containing 1% BSA. Slides were incubated with rabbit
monoclonal anti-C/EBP-B and anti-PAR2 (Abcam-Cambridge UK) antibodies for 1 h at room
temperature, followed by incubation with the anti-rabbit Alexa Fluor 546 (Invitrogen Life Technologies,
Waltham, MA, USA) secondary antibody. Cellular nuclei were counterstained with Dapi (Merck KGaA,
Darmstadt, Germany). Slides were mounted with ELVANOL (Merck KGaA, Darmstadt, Germany) and
observed under a fluorescence microscope (Axiovert 200M-Apotome.2, Carl Zeiss Microlmaging

GmbH, Géttingen, Germany).

4.6 1-Piperidin Propionic acid animal toxicity

To assess 1-PPA toxicity, 6 weeks old C57BL/6 mice, kept with free access to pellet food and water,
were injected weekly with the 1-PPA concentration used in the NASH models (70 ng/g) or with 10 times
higher 1-PPA concentration (700 ng/g) for 26 weeks (3 mice/group), a time length that is two to three-
fold higher than that of the NASH models. Blood samples were achieved by tail vein puncture before
starting 1-PPA injections, while at the end of the study animals were sacrificed and blood samples were
taken by cardiac puncture. Kidney and liver samples were removed, formalin fixed and paraffin

embedded for histologic examination. In collected serum samples alanine amino transferase (ALT) and
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bilirubin were analyzed to assess liver damage, while serum creatinine was analyzed to assess kidney

function.

4.7 Biophysical analysis of 1-piperidin propionic acid-SerpinB3 interaction

To verify whether 1-PPA was physically interacting with SerpinB3, as possible mechanism of action,
the following approaches were used:

4.7.1 Differential Scanning Fluorimetry. Purified recombinant human SerpinB3, obtained in our
laboratory, as previously described [49], was incubated at 5 pM concentration with increasing
concentration of 1-PPA (0, 5, 50, 500 uM) and SYPRO® ORANGE (Thermofisher Scientific) 8x. The
samples were prepared in triple technical replicates solubilized in PBS pH 7.4. The samples were then
thermically denatured, with a linear gradient of +0.5 °C/min, and the fluorescence was measured with
StepOne® Real-Time PCR System (Thermofisher Scientific).

4.7.2 Isothermal Titration Calorimetry. SerpinB3 was buffer exchanged in a 50 mM MES pH 5.5, 500
mM NaCl with final concentration of 57 uM and 1-PPA was solubilized in the same buffer at 10 mM
concentration. Isothermal titration calorimetry (ITC) experiments were carried out in PEAQ-ITC
Calorimeter (Malvern) at 25°C. The analysis was performed with recombinant SerpinB3 at 57 uM and
1-PPA was used as titrant at 2 mM in the injection syringe. The measure was carried for 40 injections

and while the sample was stirred. Data were analyzed with Microcal PEAQ-ITC software.

4.8 Statistical analysis

Statistical significance was determined by non-parametric procedures using the Student’s t test or
ANOVA for analysis of variance. Normality of distribution for quantitative variables was assessed by
Kolmogorov and Smirnov test. The calculations were carried out with Graph Pad InStat Software (San
Diego, CA, USA). The null hypothesis was rejected at P<0.05. Data in bar graphs represent means +
SEM and were obtained from at least three independent experiments. Western-blot and morphological

images are representative of at least three experiments with similar results.
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FIGURE LEGENDS

Figure 1

SerpinB3, lipid accumulation and development of murine NASH. Representative examples of
morphological findings at sacrifice of the liver of a BALB/c wild-type mouse (WT) and of a mouse
deficient of the reactive site loop of Serpinb3a (KO), fed with CDAA diet. A) liver macroscopic features,
B) liver histology after hematoxylin eosin staining, E) collagen deposition assessed by Sirius red
staining. The pictures provide evidence of the lower extent of steatosis in KO mouse, confirmed by the
lower levels of steatosis scores detected by liver histology in KO mice (7 animals) compared to WT
mice (7 animals) (C). Similar findings are reported for the profile of inflammatory genes (D), including
IL-1B8, CCL2 and TNF-a, and of fibrosis genes (G), including TGF-f, a-SMA and collagen 1A1.
Densitometric analysis of collagen deposition measured after Sirius red staining (F) shows the lower
extent of collagen deposition detected in KO mice, compared to WT mice. The results are reported as
mean + SEM (Unpaired t test with Welch’s correction). Levels of mRNA gene expression are reported

as 2° AACT

Figure 2

Dysregulation of fat distribution in mice with different expression of SerpinB3. A) Representative
examples of subcutaneous or visceral white fat and of brown fat distribution are shown after skin removal
in BALB/c mice lacking the Serpinb3a reactive site loop (KO) and in the corresponding BALB/c control
fed with normal diet. B) Values of relative adipose tissue in interscapular brown adipose tissue (BAT),
subcutaneous adipose tissue (SAT) and in visceral adipose tissue (VAT), expressed as percentage of fat
on total body weight (grams) in the WT and KO groups of mice. The results are reported as mean + SEM
(Unpaired t test with Welch’s correction). C) Representative examples of subcutaneous or visceral white
fat and of brown fat distribution in SerpinB3 transgenic (TG) mice and in the corresponding C57BL/6

controls fed with normal diet. D) Values of relative adipose tissue in interscapular brown adipose tissue
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(BAT), subcutaneous adipose tissue (SAT) and in visceral adipose tissue (VAT), expressed as
percentage of fat on total body weight (grams) in the WT and TG groups of mice. The results are reported

as mean + SEM (Unpaired t test with Welch’s correction).

Figure 3

Inhibitory activity of 1-Piperidin Propionic acid on inflammatory response in mice fed with CDAA
diet. A) Representative examples of macrophage infiltration, detected by F4/80 immunostaining, in the
liver of control mice (WT) and of SerpinB3 transgenic mice (TG) injected or not with 1-PPA. B)
Densitometric analysis of F4/80 immunostaining in the liver of the corresponding groups of mice (7
animals/group). C) mRNA levels of inflammatory genes in, including TNF-o. and IL-1f in control mice
(WT) or in SerpinB3 transgenic mice (TG), fed or not with CDAA diet and injected or not with 1-PPA.
D) mRNA levels of markers of NAMs, Galectin 3 (GAL3), CD9 and TREMZ, in control mice (WT) or
in SerpinB3 transgenic mice (TG), fed or not with CDAA diet and injected or not with 1-PPA.

E) Representative results of SerpinB3 immunostaining in the liver of control mice (WT) and of SerpinB3
transgenic mice (TG) fed with CDAA and injected or not with 1-PPA.

The results are reported as mean + SEM (Unpaired t test with Welch’s correction). mMRNA levels are

expressed as 2°44CT

Figure 4

Inhibitory activity of 1-Piperidin Propionic acid on fibrosis in mice fed with CDAA diet. A)
Representative examples of Sirius red staining in paraffin sections of mice livers in WT and in TG mice
injected or not with 1-PPA. B) Densitometric analysis of collagen deposition measured after Sirius red
staining in the liver of the corresponding groups of mice (7 animals/group). C) mRNA levels of fibrosis
genes in the different groups of mice, including a-SMA, collagen 1A1 and TGF-B. The results are

reported as mean + SEM (Unpaired t test with Welch’s correction). mMRNA levels are expressed as 2

AACT
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Figure 5

Inhibitory effect of 1-Piperidin Propionic acid on fibrogenesis and inflammatory response in vitro.
A) Profile of fibrosis genes (collagen 1A1, a-SMA, CCL-2 and VEGF-A) in LX2 cells in presence of
SerpinB3 (SB3, 200ng/ml) alone or mixed with 1-PPA at 100ng/ml concentration (SB3 + 1-PPA) after
24 hours incubation. B) Profile of inflammatory genes (TGF-p, CCL-15, TNF-a, IL-1, IL-13, CCL-2)
in THP1 cells exposed to human recombinant SerpinB3 (SB3, 100ng/ml) alone or mixed with 1-PPA at
100ng/ml concentration (SB3 + 1-PPA) after 24 hours incubation.

The results are reported as mean + SEM of at least three experiments (Unpaired t test with Welch’s

correction). mRNA levels are expressed as 2-24¢T,

Figure 6

1-Piperidin Propionic acid reduces CEBP-B transcription. A) CEBP-f expression in HepG2 cells
transfected with the plasmid vector alone (HepG2/CTR) and in HepG2 cells transfected to overexpress
SerpinB3 (HepG2/SB3) in presence of increasing concentrations of 1-PPA or of Medium alone. B)
CEBP-p expression profile in the THP-1 cell line. This transcription factor, not detectable in THP-1
cells, is markedly induced by SerpinB3 and the effect is efficiently reverted by the addition of 1-PPA.
C) Example of Western blot of the isoforms Liver Activating Protein (LAP) and Liver Inhibitory Protein
(LIP) of CEPB-B in control HepG2 (empty vector), in HepG2 cells overexpressing SerpinB3 wild type
(SB3/WT) and in HepG2 cells overexpressing SerpinB3 lacking the antiprotease activity (SB3/A7) . D)
Densitometric analysis of protein expression of Liver Activating Protein (LAP) and of Liver Inhibitory
Protein (LIP) of CEPB-B, normalized to GAPDH, in control HepG2 cells (Empty vector), in HepG2
cells overexpressing SerpinB3 wild type (SB3/WT) and in HepG2 cells lacking the antiprotease activity
(SB3/A7). E) CEBP- expression profile in C57BL6/J and BALB/c wild type mice (WT mice), SerpinB3

transgenic mice (SB3/TG) and mice deficient of the reactive site loop of Serpinb3a (SB3/KO).
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Figure 7

C/EBP-B and PAR?2 in relation to different extent of expression of SerpinB3. Immunofluorescence
results for C/EBP- (A) and for PAR2 (B) in HepG2 cells transfected with the plasmid vector alone
(HepG2/CTR), in HepG2 cells transfected to overexpress SerpinB3 (HepG2/SB3), in HepG2 cells
transfected with a plasmid vector carrying the SerpinB3 sequence deleted of 7aa in the reactive site loop
(HepG2/SB3AT) and in the HA22T/VGH cells constitutively expressing SerpinB3. C) Effect of C/EBP-
B silencing on the expression of C/EBP-f and of SerpinB3 (D) in the HA22T/HGV cell line. E)
Representative results of immunostaining for PAR2 the liver in a wild type mouse (TG) and in SerpinB3
transgenic mice (TG/SB3) fed with CDAA and injected or not with 1-PPA. F) Densitometric analysis of

PAR2 immunostaining in the liver of the corresponding groups of mice.
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Supplementary Figure 1. Morphological and transcriptional findings in the liver after MCD
diet in KO and control BALB/c mice. (A): Extent of steatosis score in KO mouse and in the
BALB/c control mice. (B): Expression of genes involved in inflammation: 1L-1f3, CCL-2 and TNF-
a. (C): Examples of Sirius red staining of the liver of a BALB/c wild type mouse (WT) and of a
mouse deficient of the reactive site loop of Serpinb3a (KO), fed with MCD diet. (D): Densitometric
analysis of collagen deposition measured after Sirius red staining in WT and KO mice. (E):
Expression of genes involved in fibrosis: TGF—f, a-SMA and collagen 1A1. Columns represent
mean values and bars refer to SEM. Levels of RNA gene expression are reported as 2" 24, N=7

mice/group.
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Supplementary Figure 2. Toxicity of 1-Piperidin Propionic acid. A) Cell viability calculated at 36
hours in the HepG2 cell line in control Medium or in presence of increasing concentrations of 1-PPA.
Bars represent the mean values + SEM of the results (Unpaired t test with Welch’s correction)
obtained in 6 wells for each experimental condition. B) Real time cell proliferation monitored over
70 hours in the HepG2 cell line in presence of increasing concentrations of 1-PPA. The results are
expressed as normalized cell index. The EC50 has been calculated by the software of the XCelligence
Instrument. C) Examples of histological features of the liver and of the kidney of mice
intraperitoneally injected weekly with 1-PPA at the dose of 70 or of 700 ng/g for 26 weeks. Inserts
magnification 10X.
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Supplementary Figure 3. Inhibitory activity of 1-Piperidin Propionic acid. Transcriptional levels
of SerpinB3 mRNA (A), of PAR2 mRNA (B) and of C/EBP- mRNA in HA22T/VVGH cells obtained
after 48 hours from seeding in medium, used as control (0) or in presence of different concentrations

of 1-PPA. Levels of mMRNA gene expression are reported as 2 24€T,
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Supplementary Figure 4. Inhibitory activity of 1-Piperidin Propionic acid on inflammatory
response in mice fed with MCD diet. A) Representative examples of macrophage infiltration,
detected by F4/80 immunostaining, in the liver of control mice (WT) and of SerpinB3 transgenic
mice (TG) injected or not with 1-PPA. B) Densitometric analysis of F4/80 immunostaining in the
liver of the corresponding groups of mice (7 animals/group). C) RNA levels of inflammatory genes
in the different groups of mice, including IL-1 and TNF-c.. The results are reported as mean + SEM
(Unpaired t test with Welch’s correction). RNA levels are expressed as 2 4€T,
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Supplementary Figure 5. Inhibitory activity of 1-Piperidin Propionic acid on steatosis and
fibrosis in mice fed with MCD diet. A) Relative liver weight obtained at sacrifice after MCD diet
and steatosis score in control mice (WT) and in SerpinB3 transgenic mice (TG) injected or not with
1-PPA (7 animals/group). B) Representative examples of Sirius red staining in paraffin sections of
livers in WT and in TG mice fed with MCD and injected or not with 1-PPA. The right panel represents
the densitometric analysis of collagen deposition measured after Sirius red staining in the
corresponding groups of mice. C) RNA levels of fibrosis genes in the different groups of mice,
including a-SMA, collagen 1A1 and TGF-B. The results are reported as mean + SEM (Unpaired t
test with Welch’s correction). RNA levels are expressed as 2 44T,
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Supplementary Figure 6. Biophysical studies of interaction between SerpinB3 and 1-Piperidin
Propionic acid. A) Differential Scanning Fluorimetry curves are reported as Relative fluorescence,
normalized in percentage on the highest and lowest values of each dataset. The Melting Temperature
(Tm) was calculated based on 3 technical replicates of each sample and it is shown with each Standard
Deviation. B) Upper panel: Isothermal Titration Calorimetry assay, plot of heat changes in relation
to molar ratio; Bottom panel represents the heat effects associated with 1-PPA injection. Both the
techniques reveal that there is not interaction between SerpinB3 and 1-PPA.
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Supplementary Table 1. Biochemical parameters of liver and kidney function in C57BL/6 mice
injected weekly with the 1-PPA concentration of 70 ng/g or of 700 ng/g body weight (3
animals/group). All the parameters were assessed before 1-PPA injection (To) and after 26 weeks of

weekly 1-PPA injection (T2s).

. 1-PPA 70 ng/ 1-PPA 700 ng/
C57BL/6J mice T Tw o T T o
ALT (U/L)
Median 38.3 46.5 ns 39 46.5 ns
Range 30-45 30-57 36-42 39-54
Bilirubin (pmol/L)
Median 0.53 0.75+0.4 ns 0.45 1.65 0.0265
Range 0.1-0.9 0-1.5 0.1-0.9 1.2-2.1 '
Creatinine (umol/L)
Median 19.5 22.5 ns 34.5 55.5 ns
Range 12-33 9-36 24-45 42-69

ALT: Alanine Amino Transferase. *Mann-Whitney test
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Supplementary Table 2. Mouse and human primer sequences used in the study.

GENE Forward primer Reverse primer
m-TGFf 5’-TTGCTTCAGCTCCACAGAGA-3’ 5’-TGGTTGTAGAGGGCAAGGAC-3’
m-o-SMA 5'-GACGTACAACTGGTATTGTG-3' 5'- TCAGGATCTTCATGAGGTAG -3'

m-Collagen 1

5’-AAATCTGCACACTGCCAT GA-3’

5’-GCATGTTCGAAATCCAGTGA-3’

m-IL1J 5’-GAAATGCCACCTTTTGACAGTGAT-3’ 5’-TTGGAAGCAGCCCTTCATCTT-3’
m-CCL2 5’-GCCTGCTGTTCACAGTTGC-3’ 5’GAGTGGGGCGTTAACTGCAT-3’

m-TNFa 5’-AGCCCCCAGTCTGTATCCTT-3’ 5’- CTCCCTTTGCAG AACTCAGG-3’
m-CD9 5’- TTCGCCATTGAGATAGCCGC-3’ 5’-GCTATGCCACAGCAGTCCAA-3’
m-TREM?2 5’-CCTGCAGAAAGTACTGGTGGA-3’ 5’-TCTCTTGATTCCTGGAGGTGC-3’
m-Gal3 5’-CCACTTTAACCCCCGCTTCA-3’ 5’-CAAAGGGGAAGGCTGACTGT-3’
h-PAR2 5’- GCTAGCAGCCTCTCTCTCCT-3’ 5’- GTGGGATGTGCCATCAACCT-3’
h-CEBP-B 5-AAGCACAGCGACGAGTACAA-3' 5-ACAGCTGCTCCACCTTCTTC-3'

h-Collagen 1

5-GTGCTAAAGGTGCCAATGGT-3'

5-ACCAGGTTCACCGCTGTTAC-3'

5-GAAGGAATAGCCACGCTCAG-3'

h-a-SMA 5-ACCCACAATGTCCCCATCTA-3'

h-CCL2 5'-CCCCAGTCACCTGCTGTTAT -3' 5-AGATCTCCTTGGCCACAATG-3'
h-TGFB 5-AAGTGGACATCAACGGGTTC-3’ 5'-GTCCTTGCGGAAGTCAATGT-3'
h-TNFa 5'-AACCTCCTCTCTGCCATCAA-3' 5'-GGAAGACCCCTCCCAGATAG-3'
h-IL1B 5-TGAAAGCTCTCCACCTCCAG-3' 5-CACGCAGGACAGGTACAGAT-3'
h-IL-13 5'-GTACTGTGCAGCCCTGGAAT-3' 5'-TTTACAAACTGGGCCACCTC-3'
h-VEGF 5’ CCCACTGAGGAGTCCAACAT 3’ 5’ TTTCTTGCGCTTTCGTTTTT 3’
h-CCL 15 5’-TCATGCTTGTTGCTGTCCTT -3’ 5’-CACGGGATGCTTTGTGAGAT-3’

m, mouse; h, human
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Simple Summary: The Wnt-p-catenin signaling regulates liver homeostasis and repair in adulthood,
while its abnormal regulation is involved in the development of several chronic diseases and tumors.
SerpinB3 has been shown to induce -catenin, and both molecules are overexpressed in tumors,
particularly in those with poor prognoses. The aim of our study was to evaluate the ability of SerpinB3
to modulate the Wnt pathway in liver cancer and monocytic cells, the main type of inflammatory cells
in the tumor microenvironment. We have demonstrated that SerpinB3 modulates the Wnt cascade
upregulating the Wnt co-receptors, low-density lipoprotein receptor-related protein 5 (LRP-5) and
LRP-6, as well as LRP-1, implicated in cell survival and invasiveness. These data were confirmed in
experimental carcinogenesis. In conclusion, the upregulation of LRP family members by SerpinB3

determines Wnt signaling activation and increased cell survival and invasiveness.

Abstract: Abnormal activation of the Wnt-B-catenin signaling cascade is involved in tumor growth
and dissemination. SerpinB3 has been shown to induce (3-catenin, and both molecules are overex-
pressed in tumors, particularly in those with poor prognoses. The aim of this study was to evaluate
the ability of SerpinB3 to modulate the Wnt pathway in liver cancer and in monocytic cells, the main
type of inflammatory cells in the tumor microenvironment. The Wnt cascade, Wnt co-receptors,
and low-density lipoprotein receptor-related protein (LRP) members were analyzed in different cell
lines and human monocytes in the presence or absence of SerpinB3. The Wnt-f3-catenin axis was
also evaluated in liver tumors induced in mice with different extents of SeprinB3 expression. In
monocytic cells, SerpinB3 induced a significant upregulation of Wnt-1/7, nuclear (3-catenin, and
¢-Myc, which are associated with increased cell lifespan and proliferation. In liver tumors in mice, the
expression of 3-catenin was significantly correlated with the presence of SerpinB3. In hepatoma cells,
Wnt co-receptors LRP-5/6 and LRP-1, implicated in cell survival and invasiveness, were upregulated
by SerpinB3. The LRP pan-inhibitor RAP not only induced a decrease in LRP expression, but also a
dose—-dependent reduction in SerpinB3-induced invasiveness. In conclusion, SerpinB3 determines
the activation of the Wnt canonical pathway and cell invasiveness through the upregulation of LRP
family members.

Keywords: 3-catenin signaling; cell invasiveness; Wnt cell membrane co-receptors
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1. Introduction

The Wnt-[3-catenin signaling pathway is a highly conserved and tightly controlled
signaling pathway that regulates not only hepatobiliary development and cell fate during
embryogenesis, but also liver homeostasis and repair in adulthood [1]. During chronic
liver injury, when massive extracellular matrix deposition parallels the impairment of
hepatocytes and biliary cell proliferation, the stem cell niche, composed of quiescent
progenitor cells, undergoes activation. Hepatic progenitor cells (HPCs) can differentiate
into either hepatocytes or cholangiocytes, and the Notch-Wnt axis has a crucial role in HPC
activation and fate [2]. In particular, in a mouse model of chronic biliary injury, it has been
demonstrated that activated stellate cells and myofibroblast secrete Notch ligands in the
hepatic progenitor niche milieu are used to promote biliary regeneration. On the other hand,
during chronic hepatocellular injury, in the staminal niche, there is an increased recruitment
of macrophages that secrete Wnt molecules in response to dead hepatocytes phagocytosis
or other stimuli, such as lipid accumulation [3], with Wnt signaling driving HPCs toward
differentiation into hepatocyte phenotypes. The core of the Wnt signaling cascade is (3-
catenin which, in addition to its role in embryogenesis, tissue homeostasis, and cell renewal,
is also involved in tumor growth and dissemination [3,4]. In liver tumors, this molecule has
been shown to be overexpressed in the presence of the serine protease inhibitor SerpinB3 [5],
especially in tumors with poor prognosis [6,7]. This serpin is not detectable in normal
adult hepatocytes; however, chronically damaged hepatocytes express SerpinB3, and the
highest levels are achieved in the most aggressive forms of HCC, with a high risk of early
recurrence [7]. It has been recently described that the subset of cholangiocarcinomas with
stem-like features, associated with poor prognosis, expresses high levels of this serpin [8].
In vitro studies have shown that SerpinB3 protects neoplastic cells from apoptotic cell death
through its interaction with Complex 1 of the mitochondrial respiratory chain [9] and also
through the inhibition of lysoptosis, conferring resistance to chemoradiation in cervical
cancer [10]. On the other hand, SerpinB3 has been reported to increase cell proliferation
through the induction of not only p-catenin but also of Myc oncogene, a downstream
gene of the Wnt pathway [11]. In line with these findings, it is not surprising that tumors
overexpressing SerpinB3 and (3-catenin are those characterized by poor prognosis not only
in the liver but also in other types of cancer, including colon [5] and cervical cancer [10].

Low-density lipoprotein receptors (LRPs), especially LRP-5 and LRP-6, are funda-
mental co-receptors for the activation of canonical Wnt signaling. Their phosphorylation
recruits axin to the cytoplasmic tail of LRP-6, preventing (3-catenin phosphorylation and
subsequent proteasomal degradation. As a consequence, 3-catenin accumulates in the cyto-
plasm and translocates to the nucleus, where it regulates the expression of target genes [12].
It is interesting to note that another member of the LRP family, the low-density lipoprotein
receptor-related protein-1 (LRP-1) is a ubiquitous membrane receptor with scavenger and
regulatory functions [13], which can bind several proteins, including extracellular matrix
proteins, growth factors, proteins involved in lipoprotein metabolism, and particularly,
proteases alone or complexed to protease inhibitors, including alpha-1 antitrypsin (AAT),
antithrombin III (ATIII), plasminogen activator inhibitor-1 (PAI-1), and nexin-1 (PN-1) [13].
The binding of the receptor to the serpin-enzyme complex (SEC) induces pro-survival and
anti-inflammatory responses through the phosphorylation of protein kinase Akt [14].

On the basis of these considerations, we have investigated whether SerpinB3 may
interact with LRP family members, modulating their cellular expression and functions in
liver cancer.

2. Materials and Methods
2.1. Cell Cultures
2.1.1. Primary Human Monocytes
Human peripheral blood mononuclear cells (PBMCs) from healthy donors were iso-

lated by density gradient centrifugation on a Ficoll-Paque (Merck KGaA, Darmstadt,
Germany) solution at 500 rcf for 30 min. Mononuclear cells were harvested, resuspended
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in a medium containing 10% FCS (Merck KGaA, Darmstadt, Germany), and separated
from contaminating lymphocytes by adherence to plastic (1 h at 37 °C). Adherent mono-
cytes were extensively washed with a medium to remove residual nonadherent cells. The
percentage of CD14+ cells was greater than 98%. Primary human monocytes were rou-
tinely maintained in an RPMI 1640 medium supplemented with 10% v/v FCS, 2 mmol/L
L-glutamine, and 1% v/v Penicillin/Streptomycin (Merck KGaA, Darmstadt, Germany) in
5% CO, in a humidified incubator at 37 °C.

2.1.2. THP-1 Cell Line

The monocytic THP-1 cell line (kindly provided by Prof. F. Marra, Florence University,
Florence, Italy) was routinely maintained in an RPMI 1640 medium supplemented with
10% v/v FCS, 2 mmol /L L-glutamine, and 1% v/v Penicillin/Streptomycin (Merck KGaA,
Darmstadt, Germany) in 5% CO, in air in a humidified incubator at 37 °C.

2.1.3. HepG2 Cell Line

Hepatoma cells (HepG2 cell line) (ATCC, Manassas, VA, USA), authenticated by BMR
Genomics S.4.1. (Padova, Italy), were engineered to overexpress SerpinB3 (HepG2/SB3)
by transfection with a plasmid expression vector containing the human SerpinB3 gene
(pCDNA3/SB3), or with the plasmid vector alone (pcDNA3.1D/V5-His-TOPOTM) as
a control (HepG2/control), using Lipofectamine Reagent Plus as the transfecting agent,
according to the manufacturer’s recommended indications (Invitrogen, Carlsbad, CA,
USA), as previously reported [5]. Cells were maintained at 37 °C in a humidified chamber
with 5% CO, and cultured in a minimum essential medium with the addition of G418 as a
selective agent.

2.2. Cell Proliferation Assays

A real-time analysis of cell proliferation was performed on the xCELLigence DP
instrument (ACEA BioSciences, St. Diego, CA, USA), as previously described [15]. The
E-plate was engaged into xCELLigence and background measurements of the wells were
recorded before adding 5 x 103 cells/well of primary human monocytes or THP1 cells
supplemented with 100 ng/mL of recombinant SerpinB3 or with a medium alone as a
control. Recombinant LPS-free SerpinB3 was obtained in our laboratory, as previously
described [16].

Cells were allowed to settle for 30 min at room temperature before the E-plates were
re-engaged onto the xCELLigence analyzer and incubated at 37 °C and 5% CO;. The
electrical impedance values were recorded every 15 min until 5 days and used for data
analysis. The results were expressed as the cell index, a unitless readout that reflects the
number of cells attached at the bottom of the cell culture plate wells via gold electrodes.

An MTT assay was also performed on monocytic cells. A total of 5 x 103 cells/well of
primary human monocytes were seeded on 96 wells and treated with or without SerpinB3
in the presence or absence of the Wnt ICG-001 inhibitor (5 uM) for up to 8 days. Cell
proliferation was measured by adding MTT (Merck KGaA, Darmstadt, Germany), and
the absorbance of the resulting purple solution was spectrophotometrically measured at
570 nm.

2.3. Cell Invasion Assay

A real-time analysis of cell invasion was performed on the xCELLigence DP instrument
(ACEA BioSciences, St. Diego, CA, USA), as previously described [17]. The surface of the
upper chamber wells of a two-chamber device (CIM-plate 16) was coated with a monolayer
of 1x collagen I solution (Merck KGaA, Darmstadt, Germany) in order to create a matrix
suitable for the evaluation of invasive cellular activity. A medium with 10% serum was
placed in the lower chamber as a chemoattractant. The two chambers are separated by a
porous membrane and cells migrate through a solid matrix at the membrane where the
electrodes reside. HepG2 cells were seeded (5 x 10* cells/well) in a serum-free medium
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in the upper chamber, according to the manufacturer’s instructions (ACEA, St. Diego,
CA, USA). The following treatments were carried out: (a) pre-incubation with a mouse
monoclonal antibody to LRP-1 515 kDa (Meridian Life Science, Inc., Memphis, USA)
(0.5 and 5 g/mL) for 1 h, or with the same concentrations of a generic mouse antibody
(Amersham, Bioscience, Arlington Height, IL, USA) as the control, followed by treatment
with 100 ng/mL of recombinant SerpinB3 protein to induce invasiveness [5]; (b) incubation
with the LRP inhibitor RAP (5 or 50 g/mL, Meridian Life Science, Inc., Memphis, TN, USA)
in the presence of 100 ng/mL of recombinant SerpinB3 protein; and (c) HepG2/control
cells with medium and vehicle-only (PBS) as a negative control. The cell index of each well
was measured every 10 min for up to 23 h at 37 °C in a 5% CO, atmosphere using RTC
software (version 2.0, ACEA BioSciences, San Diego, CA, USA).

2.4. SerpinB3 Quantification by ELISA

The protein concentration of cellular pellets was quantified by a bicinchoninic acid
assay (BCA) protein kit (Pierce Merck, Darmstadt, Germany), following the manufacturer’s
instructions and using BSA as a standard on a Victor X3 microplate reader (Perkin Elmer,
Waltham, MA, USA).

SerpinB3 concentration was measured by a sandwich ELISA (HEPA Lisa kit, Xeptagen,
VEGA Park, Venice, Italy), as previously described [18]. Briefly, undiluted samples were
incubated for 1 h at room temperature on plates coated with rabbit anti-human SerpinB3
capture Ab (10 pg/mL in PBS, pH 7.4). A standard curve, obtained by the dilution of the
recombinant SerpinB3 from 16 to 0.25 ng/mL, was also included. All samples were tested
in duplicate. After washing, SerpinB3 was revealed by incubation with HRP-conjugated
streptavidin secondary anti-SerpinB3 Ab (0.5 ug/mL). The plate was developed with a
ready-to-use 3,30,5,50-tetramethylbenzidine (TMB) substrate solution. The reaction was
stopped with 1 mol/L HCl, and absorbance at 450 nm was measured on a microplate reader
(Victor X3; Perkin Elmer, Waltham, MA, USA).

2.5. Immunofluorescence
2.5.1. Primary Human Monocytes and THP-1 Cells

Adherent primary human monocytes and THP-1 cells (3 x 10° cells/slide) were seeded
on slides and cultured for 24 h. In some experiments, the Wnt inhibitor ICG-001 (5 uM for
24 h, kindly provided by Dr. M. Cadamuro, University of Padua, Padua, Italy), was used to
confirm the activation of the Wnt pathway [19]. Cells were fixed in 4% paraformaldehyde
and permeabilized with 0,4% Triton X-100 and blocked with 5% goat serum (Invitrogen
Life Technologies, Waltham, MA, USA) in PBS containing 1% BSA. Slides were incubated
with the primary antibodies (SerpinB3, LRP1, LRP6, Wntl, Wnt7a, 3-catenin, axin, cMyc)
for one hour at room temperature and then incubated for 1 h at room temperature with
a mouse or a rabbit secondary antibody, based on the origin of the primary antibody.
The cellular nuclei were counterstained by DAPI (Merck KGaA, Darmstadt, Germany),
mounted with ELVANOL Merck KGaA, Darmstadt, Germany), and observed under a
fluorescence microscope (Axiovert 200M-Apotome.2, Carl Zeiss Microlmaging GmbH,
Gottingen, Germany). The characteristics of the primary and secondary antibodies used in
the study are reported in Supplementary Table S1.

2.5.2. HepG2 Cells

HepG2/control cells were seeded on slides (4 x 10° cells/slide) and cultured for
24 h. Cells were treated as follows: (a) overnight incubation with PBS as a negative
control, (b) overnight incubation with 100 ng/mL of SerpinB3 recombinant protein as
a positive control, (c) pre-treatment with 5 g/mL of the anti-LRP-1 85 kDa monoclonal
antibody or with a generic mouse Ig for one hour followed by overnight incubation
with 100 ng/mL of SerpinB3 recombinant protein, and (d) overnight incubation with
5 g/mL of RAP and 100 ng/mL of SerpinB3 recombinant protein. Cells were then fixed
with 4% paraformaldehyde, permeabilized with 0.4% Tryton X-100, and blocked with
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5% goat serum (Invitrogen Life Technologies, Waltham, MA, USA) in PBS containing 1%
BSA. Slides were incubated with polyclonal anti-vimentin and anti-snail antibodies and
with monoclonal anti-E-cadherin antibodies for 1 h at room temperature, followed by
incubation with the Alexa-Goat 546 and 488 secondary antibodies, respectively. Cellular
nuclei were counterstained with Dapi (Merck KGaA, Darmstadt, Germany). Slides were
mounted with ELVANOL (Merck KGaA, Darmstadt, Germany) and observed under a
fluorescence microscope (Axiovert 200M-Apotome.2, Carl Zeiss Microlmaging GmbH,
Gottingen, Germany).

2.6. ImageStream Analysis

To assess the ImageStream analysis, which combines high-resolution microscopy and
flow cytometry, 4 x 10® THP-1 cells, previously treated with SerpinB3 (100 ng/mL) in
the presence of RAP (5 g/mL) or a medium alone for 24 h, were fixed and permeabilized
with Fix and Perm (Invitrogen Life Technologies, Waltham, MA, USA), blocked with 5%
goat serum (Invitrogen Life Technologies, Waltham, MA, USA) in PBS containing 1% BSA,
and incubated with anti-LRP-1 for 1 h at room temperature. After washing, the cells were
incubated for 30 min with secondary antibodies anti-mouse Alexa Fluor 488. Cellular nuclei
were counterstained with Dapi by 3 min incubation (Merck KGaA, Darmstadt, Germany).
For ImageStream analysis, 60 L of each sample was used, and the results were assessed by
the IDEAS software (Luminex, Genk, Belgium).

2.7. RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from cell lines and tissue samples using a Rnase Trizol reagent
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. After the
determination of the purity and the integrity, total RNA, complementary DNA synthesis,
and quantitative real-time PCR reactions were carried out, as previously described [6],
using the CFX96 real-time instrument (Bio-Rad Laboratories Inc., Hercules, CA, USA). The
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analyzed
in all amplification sets to assess the integrity of total RNA. Primer sequences used in the
study are reported in Supplementary Table S2.

2.8. Western Blot Analysis

The total protein content (50 ug) from each cellular extract, prepared at 4 °C in a RIPA
lysis buffer in the presence of phosphatase and protease inhibitors (Roche, Indianapolis,
IN, USA), was loaded onto a 10% polyacrylamide gel. The blots were probed with the
following primary antibodies: anti-LRP-1 extracellular domain (85 kDa), anti-Vimentin,
and anti-E-cadherin; mouse monoclonal anti-(3-actin was used as the housekeeping control.
Anti-mouse and anti-rabbit horseradish peroxidase-conjugated antibodies were used as
secondary antibodies. Antigenic detection was carried out by enhanced chemilumines-
cence (Amersham, Arlington Heights, IL, USA), and densitometric analysis was assessed
using the VersaDoc Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). Relative
density units were obtained by assessing the ratio of the intensity of the antigen and the
housekeeping reference band (3-Actin). Moreover, a Western blotting analysis for 3-catenin
and SerpinB3 was performed on liver samples derived from an experimental murine model
of hepatic carcinogenesis.

2.9. Mouse Model of Liver Carcinogenesis

In order to assess the in vivo effect of SerpinB3 on the Wnt/ 3-catenin axis, we per-
formed analyses on liver cancer samples with different extents of SerpinB3 expression
using fully characterized animal experimentation [20]. NAFLD-related liver carcinogenesis
was induced in mice carrying a specific hepatocyte deletion of Hypoxia-inducible factor-2c
(hHIF-2x-/- KO mice, n = 5) and in the related control of wild type littermates without HIF-
2x deletion (WT, n = 7). These mice were subjected to an established experimental protocol
involving a single administration of DEN (25 mg/kg body weight, intraperitoneally) at
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the age of 2 weeks, followed by feeding with a CDAA diet (Laboratorio Dottori Piccioni,
Gessate, Italy) for 25 weeks starting from the age of 6 weeks [21]. Mice were kept under
specific pathogen-free conditions and maintained with free access to pellet food and water.
Liver samples were obtained and immediately frozen and thereafter maintained at —80 °C
for further analysis. These experiments complied with EU and national ethical guidelines
for animal experimentation, and experimental protocols were approved by the Animal
Ethics Committee of the University of Oriental Piedmont, Novara, Italy, and the Italian
Ministry of Health (authorization No. 1114/2016).

2.10. Immunohistochemistry

Immunostaining for Wnt-1 and the macrophage marker F4/80 was carried out as
previously described [22]. Briefly, paraffin sections (2 pm thick), mounted on poly-L-lysine
coated slides, were incubated with the following antibodies: a monoclonal antibody against
Wnt-1 and a rabbit monoclonal antibody against F4/80. After blocking endogenous perox-
idase activity with 3% hydrogen peroxide and performing microwave antigen retrieval,
primary antibodies were labeled using EnVision, an HRP-labeled System (DAKO, Glostrup,
Denmark), and visualized by a 3’-diaminobenzidine substrate. Conventional histological
staining (Hematoxylin and Eosin, PAS stain for glycogen) was performed on paraffin
sections (2 um thick).

2.11. Patients

To confirm the effect of SerpinB3 on the Wnt/3-catenin axis, 38 surgically removed
specimens of patients with hepatocellular carcinoma (HCC) were analyzed. Frozen liver
tissue samples were maintained at —80 °C until use. The samples were obtained by
the patients” written consent from all subjects involved in the study, following a pro-
cedure that was approved by the Ethical Committee of the Padua Teaching Hospital
(11 December 2006). The demographic and clinical profiles of the patients included in the
study are depicted in Supplementary Table S3.

2.12. Amino Acid and Structure Alignment

The amino acid sequences of 19 human serpins were aligned using the Clustal Omega
multiple sequence alignment.

The structured image was performed in PyMol 2.5.1 (Schrédinger). The SerpinB3
(PDB ID: 2ZV6) structure in its metastable conformation was retrieved from the Protein
Data Bank.

2.13. Statistical Analysis

Statistical analysis was performed by Student’s t-test for analysis of variance when
appropriate. Spearman’s rank correlation was used to measure the statistical dependence
between two variables. All p-values reported were two-tailed and considered significant if
p < 0.05. Data in bar graphs are presented as mean = SEM and were obtained from at least
three independent experiments. Western blot and morphological images are representative
of at least three experiments with similar results. Statistical tests were performed using
GraphPad Prism and IDEAS software (Amnis-Imagestream Imaging Flow cytometer).

3. Results
3.1. Exogenous SerpinB3 Increases Monocyte Proliferation and Induces Its Endogenous Expression

Based on our previous studies on the increase in cellular proliferation promoted by
SerpinB3 in hepatoma cells [15], we have evaluated whether this serpin is able to increase
proliferation in monocytes, since monocytic cells are the main type of inflammatory cells
in the tumor microenvironment and are profoundly involved in the pathogenesis and de-
velopment of primary liver tumors, establishing a pro-inflammatory and pro-tumorigenic
environment by the suppression of antitumor immune responses [23]. The results obtained
in both primary human monocytes and in the THP-1 cell line demonstrate that the exoge-
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nous addition of SerpinB3 significantly increases the lifespan and the proliferation of both
cell types. In particular, the addition of recombinant SerpinB3 at 100 ng/mL resulted in
a significant increase in the replication of primary monocytes, starting on the fifth day of
culture (Figure 1A). The positive effect of this serpin was confirmed in THP-1 cells, in which
increased proliferation was achieved starting on the second day of culture (Figure 1B). It is
worth noting that increased monocyte proliferation promoted by exogenous SerpinB3 was
associated with an increase in its endogenous expression, as documented by IF (Figure 1C)
and ELISA assays (Figure 1D), leading to a paracrine positive loop induction.
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Figure 1. The Effect of SerpinB3 on the proliferation of monocytic cells. An example of a direct
comparison of real-time growth curves, generated by the xCELLigence RTCA of primary human
monocytes (A) and THP-1 cell lines (B) stimulated with 100 ng/mL of recombinant SerpinB3 vs.
untreated cells. (C) An immunofluorescence analysis of the expression of SerpinB3 in primary human
monocytes after 24 h and 5 days of treatment. Blue color: DAPI nuclear staining; green color: SerpinB3
staining. Original magnification 63x. (D) A time course quantification of SerpinB3 protein by ELISA
in cellular extracts of primary monocytes after 24 h and 5 days of treatment. All graphs represent
mean results from three independent experiments & SD.

3.2. SerpinB3 Induces Wnt-1 and Wnt-7a

Based on the fact that SerpinB3 is able to increase (3-catenin expression [11], we have
evaluated whether this phenomenon can occur through the induction of members of the
Wnt family, which are molecules responsible for activating catenin signaling. Primary
human monocytes were stimulated with recombinant SerpinB3, and cells were harvested
after 2 and 8 h to evaluate the mRNA expression of Wnt-1, Wnt-3a, Wnt-5a, Wnt-5b,
and Wnt-7a genes. Interestingly, the cells treated with SerpinB3 showed a significant
upregulation of Wnt-1, already detectable at 2 h (Figure 2A), and Wnt-7a, which was
detectable at 8 h (Figure 2B). By contrast, no increase was observed for the expression of
Wnt-3a, Wnt5a, and Wnt-5b (data not shown). An immunofluorescence analysis of Wnt-1
confirmed the ability of SerpinB3 to induce the expression of this protein that remained
remarkably high for up to 72 h (Figure 2C).
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Figure 2. Wnt-1 and Wnt-7-a expression. Relative mRNA expression of Wnt-1 (A) and Wnt-7-a (B)
in primary human monocytes (Mo) stimulated with 100 ng/mL of SerpinB3, calculated by the Ct
method. Data were normalized to housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). All graphs represent mean results from three independent experiments & SD. * p < 0.05 vs.
the control. (C) An immunofluorescence staining of Wnt-1 in primary human monocytes after 24
and 72 h of treatment with 100 ng/mL of human recombinant SerpinB3. Blue color: DAPI nuclear
staining; red color: Wnt-1 staining. Original magnification 63 x. * p < 0.05 vs. control.

3.3. SerpinB3 Activates the Wnt-Canonical Pathway

Since Wnt-1 and Wnt-7a are the key players in the activation of the Wnt-canonical
pathway [24,25], the expression of 3-catenin was evaluated by immunofluorescence stain-
ing in monocytes treated or not with SerpinB3. After 24 h of incubation with this serpin,
a remarkable increase in 3-catenin at the cytoplasmic level was observed only in cells
treated with SerpinB3, while axin, the negative regulator of the Wnt signaling pathway,
was reduced, confirming the positive modulation of this pathway by SerpinB3 (Figure 3A).
Accordingly, SerpinB3-induced monocyte proliferation was abrogated by the Wnt inhibitor
ICG-001 (Figure 3B).

To confirm the ability of SerpinB3 to activate the Wnt pathway and to induce monocyte
proliferation, we evaluated c-Myc expression, a downstream gene of the same pathway. As
observed in Figure 4A, treatment of THP-1 cells with human recombinant SerpinB3 led to
the upregulation of c-Myc mRNA expression in a cyclic manner over time. Accordingly,
the specific Wnt inhibitor ICG-001 was able to abrogate the upregulation of c-Myc protein
expression induced by SerpinB3 in primary human monocytes (Figure 4B).

3.4. SerpinB3 and Wnt/B-Catenin Axis in an Experimental Model of Liver Carcinogenesis

In order to demonstrate the relation between SerpinB3 and the Wnt/ 3-catenin pathway
at the mechanistic level in liver carcinogenesis, we used liver tumor samples with different
extents of SerpinB3 expression, derived from mice carrying a specific hepatocyte deletion of
HIF-20c (hHIF-2c-/- KO mice), a previously recognized transcriptor factor that upregulates
SerpinB3 by binding to its promoter [26].

As shown in Figure 5A, HIF-2«-/- KO mice, which in the previous study presented
a significant decrease in the volume and number of liver tumors compared with the
controls [20], showed a remarkable reduction in SerpinB3 and of (3-catenin protein levels,
compared to wild type mice. Of relevance, 3-catenin protein levels were significantly higher
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in mice expressing high levels of SB3 (Figure 5B) and correlated with SerpinB3 (Figure 5C),
confirming a positive relation between SerpinB3 and the Wnt/ 3-catenin pathway.
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Figure 3. Expression of 3-catenin and axin. (A) An immunofluorescence analysis of the expression of
-catenin and axin in monocytes treated with human recombinant SerpinB3. Cellular nuclei were
counterstained with DAPI (blue). Original magnification 63x. (B) A time course analysis of the
proliferation of monocytes treated with SerpinB3 +/ —, the Wnt inhibitor ICG-001 by the MTT assay.
*p <0.05 vs. control, " p < 0.05 vs. ICG-001 + SB3.

B

c-Myc

Untreated

*p=0032

DOcontrol

MWSerpinB3

c-Myc mRNA vs GAPDH
kS

SerpinB3

SerpinB3 + 1CG-001

18h Day 5

Figure 4. c-Myc expression in monocytic cells. (A) A time course analysis of c-Myc expression in
THP-1 cells treated for 2, 8, and 24 h with 100 ng/mL of human recombinant SerpinB3. All graphs
represent mean results from three independent experiments £ SD. p-values are indicated. (B) An
immunofluorescence analysis of c-Myc +/ — SerpinB3 or ICG-001 or SerpinB3 + ICG-001 in primary
human monocytes after 18 h and 5 days of treatment. Blue color: DAPI nuclear staining; red color:
c-Myec staining. Original magnification 63 .
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Figure 5. Correlation between SerpinB3 and p-catenin in DEN-CDAA liver carcinogenesis.
(A) A Western blot analysis of SerpinB3 (SB3) and p-catenin protein levels in tumor masses ob-
tained from HIF-2oc wild type (WT, n = 7) or HIF-2x-/- KO (n = 5) mice treated with the DEN/CDAA
protocol. For the Western blot analysis, Bio-Rad (Hercules, CA, USA) Quantity One software was
used to perform the densitometric analysis. Equal loading was evaluated by reprobing membranes
for Vinculin. Statistical differences were assessed by the Mann-Whitney test for nonparametric values.
(B,C) The relationship between SerpinB3 and (3-catenin protein levels in liver tumors, including all
mice. Higher 3-catenin protein levels were obtained in mice with high levels (>median values) of
SerpinB3, compared to those with low (<median values) SerpinB3 values. A correlation analysis
between SerpinB3 and -catenin was performed with the Spearman r test. In panel (C) p value is
specified (p = 0.0402) and * indicates that it is < 0.05.

3.5. SerpinB3 and Wnt Family Members in Human Liver Tumors

Activation of the Wnt family members in relation to SerpinB3 expression was also
assessed in the tumor tissue of 38 patients with HCC. When samples were divided according
to the extent of SerpinB3 expression, tumors expressing a high level of SerpinB3 (>median
value) showed a trend toward higher amounts of Wnt-1 and Wnt-7a compared to the
corresponding figures observed in tumors with low SB3 level (<median value), although
the difference did not reach statistical significance, probably due to the small sample size
(Supplementary Figure S1). Again, no differences were observed for Wnt-5a and Wnt-3a
mRNA between the two groups (data not shown). These data suggest that SerpinB3 is
able to upregulate Wnt signaling not only in vitro but also in a more complex environment,
such as liver cancer.

3.6. SerpinB3 Upregulates Low-Density Lipoprotein Receptors

Since members of low-density lipoprotein receptors (LRPs), particularly LRP-5/6, are
key co-receptors for the activation of canonical Wnt signaling, we have evaluated the effect
of SerpinB3 on LRP-6 expression in primary human monocytes. An immunofluorescence
analysis showed a significant increase in LRP-6 in cells treated with SerpinB3, compared to
untreated cells, for up to 7 days (Figure 6A). These results were also confirmed in the THP-1
cell line exposed to SerpinB3, where the upregulation of LRP-6 was inhibited by treatment
with the receptor-associated protein (RAP), a known inhibitor of LRP family members [27].

Since LRP-1 has been involved in cellular internalization and subsequent degradation
of serine proteinases [13], we have explored whether this member of the LRP family was
upregulated by SerpinB3. In THP-1 cells, SerpinB3 induced an upregulation of LRP-1
similar to that observed for LRP-6, which also in this case was inhibited by RAP, both at
transcription and protein levels (Figure 6C,D).
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Figure 6. LRP-6 and LRP-1 expression in monocytic cells. (A) An immunofluorescence analysis of
LRP-6 in human primary monocytes stimulated with 100 ng/mL of recombinant SerpinB3 for 24 h
and 7 days. Blue color: DAPI nuclear staining; red color: LRP-6 staining. (B) An immunofluorescence
analysis of LRP-6 in THP-1 cells, physiologically expressing SerpinB3, +/— RAP. Blue color: DAPI
nuclear staining; red color: LRP-6 staining. Original magnification 63 x. (C) The percentage of LRP-1
expression in THP-1 cells +/ — SerpinB3 or SerpinB3 + RAP or RAP alone. Results are expressed as a
percentage of LRP1 expression compared to the untreated cells. (D) Representative images of cellular
expression of LRP1 in THP-1 cells +/— overnight incubation with SerpinB3 (100 ng/mL) or SerpinB3
+ RAP or RAP (5 ug/mL) alone, generated by an ImageStream Flow Cytometer.

The effect of SerpinB3 on the expression of the LRP family members was also confirmed
in HepG2 cells, where cells transfected to overexpress SerpinB3 showed upregulation of
LRP family members, including LRP-1, LRP-5, and LRP-6 (Figure 7 and Supplementary
Figure S2). In HCC specimens, in addition to the described trend toward a higher activation
of the Wnt signaling in relation to SerpinB3 expression, statistically significant higher
levels of LRP-1 transcription were found in tumors expressing high levels of SerpinB3
(Supplementary Figure S1).

3.7. Amino Acid and Structure Alignment of Serpins

In order to better assess the interaction of SerpinB3 with LRP-1, which is known
to bind serine-proteinase complexes, we aligned the amino acid sequences of SerpinB3,
alpha-1 antitrypsin (AAT), and several other human serpins in the region comprising the
SEC binding pentapeptide described by Joslin et al. [28]. We found that the SerpinB3
369-FLFFI-373 pentapeptide, even if different from the one originally described in AAT,
is highly conserved in Serpins, in particular in the SerpinB family, in nexin 1 (UniProt ID
P07093, serpin E2) and in Alpha-2-antiplasmin (UniProt ID P08697, serpin F2) (Figure 8A).
In relation to the aa sequence of SerpinB3, this region is located closely downstream of the
reactive site loop (Figure 8B).
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Figure 7. LRP expression in hepatoma cells. An example of an immunofluorescence analysis of
LRP-1 (green), LRP-5 (red), LRP-6 (red), and SerpinB3 (green) in HepG2 overexpressing SerpinB3
(HepG2/SB3) compared with the HepG2/control cells tested 48 h from seeding. Cellular nuclei were
counterstained with DAPI (blue). Original magnification 63 x.
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Figure 8. Alignment of the human serpin pentapeptide region and the structure of SerpinB3.
(A) Amino acid sequence alignments of the human serpin pentapeptide region. In red, SerpinB3
sequence; in bold, al-Antitrypsin (A1AT) and protease nexin-1 (GDN) sequences. * Positions with
a single, fully conserved residue. : Positions with a conservation between amino acid groups of
similar properties. (period) Positions with a conservation between amino acid groups of weakly
similar properties. (B) The structure of native SerpinB3 (PDB ID: 2ZV6) represented as a cartoon. The
f-strand containing the LRP-1 binding pentapeptide is in red. The reactive center loop (RCL) is in
green. The functionally relevant 3-sheet A is in pink.

Along the aligned human Serpins, F369 is fully conserved, and residues 370-373
correspond to amino acid groups of similar properties (i.e., hydrophobic). It is worth noting
that structure alignment between SerpinB3 (PDB ID: 22V6) in the 336-379 region and the
putative LRP-1 binding site of the AAT (29) (PDB ID: 1QLP) 364-380 region (peptides
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FHCNHPFLFFIRQNKTN and VKFNKPFVFLMIEQNTX, respectively) shows an identical
secondary structure organization, indicating a similar backbone organization in the selected
regions of the two proteins (Figure 9A). As for the pentapeptide region, an overlap between
the side chains of the first, highly conserved, and third phenylalanine can be observed,
while SerpinB3 position 2 is occupied by an L instead of a V, and position 4 is occupied by a
third F in place of an L, amino acids with similar properties in both cases (Figure 9B). Taken
together, these observations suggest the possibility of a tridimensional organization in
SerpinB3 pentapeptide compatible with the one described for AAT and relevant for binding
to LPR-1, which is predicted to occur in the same binding site of LRP-1 by computational
modeling (Figure 9B).

A B

F370 SerpinB3
AAT

F372

putative LRP-1
binding site

5/’

Figure 9. A Cartoon of SerpinB3-LRP-1 binding. (A) The structural alignment of native SerpinB3 (PDB
ID: 2ZV6, green) and AAT (PDB ID: 1QLP, orange) represented as a cartoon. The (3-strand containing
the putative LRP-1 binding region is colored in red in SerpinB3 and blue in AAT. (B) Magnification
of the structure alignment of native SerpinB3 (PDB ID: 2ZV6, red) and AAT (PDB ID: 1QLP, blue)
in the putative LRP-1 binding pentapeptide region represented as sticks. Amino acids are labeled
according to primary sequence numbering.

Moreover, in position 5 of the pentapeptide, SerpinB3 has a naturally occurring I,
instead of M found in AAT, a replacement known to improve its stability and binding
capability to LPR-1 [29]. Therefore, it is possible to speculate that the natural binding of
SerpinB3 to LPR-1 would be favored if compared to the one described for AAT.

3.8. SerpinB3 Induces the Pro-Invasive Activity of LRP-1

A growing amount of evidence has strengthened the putative role of LRP-1 in crucial
events during cancer progression by promoting cell migration and invasion [30], in addition
to cell survival [14]. In order to evaluate whether SerpinB3 could induce these biological
activities in hepatocytes, we have used stably transfected HepG2 cells overexpressing
SerpinB3, which showed a remarkable increase in LRP-1 at the transcription and protein
levels (Figure 7 and Supplementary Figure 52). It is worth noting that the already reported
invasion capability induced by SerpinB3 in hepatocytes [5] and mouse fibroblasts [17] was
significantly reduced in HepG2 cells treated with SerpinB3 by both an anti-LRP-1 antibody
and RAP in a dose-dependent manner (Figure 10A). These results were associated with a
parallel reduction not only of (3-catenin but also of SNAIL and vimentin, together with the
increased expression of E-cadherin (Figure 10B), as confirmed by a Western blot analysis
(Supplementary Figure S3), supporting the hypothesis that the EMT profile induced by
SerpinB3 can be reverted by the ligand inhibition of LRP family members.
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Figure 10. Real-time monitoring of cell invasion. (A) An invasion analysis of HepG2 cells treated
with human recombinant SerpinB3 (100 ng/mL) with or without one-hour pre-treatment with 0.5
or 5 g/mL of anti-LRP-1, with 5 or 50 g/mL of RAP and PBS as the control. The invasion curves
were monitored every 10 min for 23 h, using XCELLigence RTCA (ACEA, San Diego, CA, USA).
Experiments were performed in quadruplicate. Invasion bars are depicted as mean + SD cell index
values of four wells/treatment processed in parallel at 10 h time points. (B) An immunofluorescence
analysis of -catenin (green), E-cadherin (green), snail (red), and vimentin (red) in HepG2/empty
vector cells incubated overnight with PBS, as a negative control, with 100 ng/mL of recombinant
SERPINB3 protein, as a positive control, pre-treated with 5 g/mL of anti-LRP-1 for 1 h, incubated
overnight with 5 g/mL of RAP or with 100 ng/mL of recombinant SerpinB3. Blue color: DAPI
nuclear staining. Original magnification 63 x.

4. Discussion

Wnt-f3-catenin signaling is known to regulate multiple cellular processes, including
embryonic development and adult tissue homeostasis. However, the abnormal regulation
of this signaling pathway is also involved in the development of several chronic diseases
and tumors of different organs. Indeed, once activated, the Wnt pathway induces the
increased stability of 3-catenin and its nuclear translocation, which facilitates the expression
of genes involved in cell proliferation, survival, differentiation, and migration [24].

In the present study, we have evaluated the ability of SerpinB3 to modulate the Wnt
pathway in in vitro and in vivo models. In primary human monocytes and the monocytic
cell line THP-1, the addition of SerpinB3 not only significantly increased cell lifespan and
proliferation, but also resulted in a positive modulation of the Wnt pathway. SerpinB3
induced a significant upregulation of Wnt-1/7 and of 3-catenin, mainly localized in the
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nucleus, confirming its activation profile. These findings were also supported by the
results obtained in experimental carcinogenesis, where liver tumors of hHIF-2 -/- KO mice
presented not only a remarkable reduction in SerpinB3 expression, as a result of the lack of
HIF-2a transcriptional activity for SerpinB3 [26], but also a parallel decrease in 3-catenin
expression, confirming the role of this serpin in the activation of Wnt pathway.

To further understand the mechanism of Wnt activation by SerpinB3, we focused
our attention on LRP family members, initially on LRP-5 and LRP-6, which have been
described as cellular receptors for Wnt pathway activation [25]. The results obtained have
demonstrated that both receptors were upregulated by SerpinB3. We further expanded
our study to another member of the LRPs family, namely LRP-1, since it was previously
described that this receptor binds several protease complexed-serine protease inhibitors [13].
According to the hypothesis, this receptor was found to be upregulated by SerpinB3. In
addition, computational analysis and 3D modeling revealed that the putative SerpinB3
binding site could determine an even more stable interaction with LRP-1 than initially
described as responsible for the binding of the enzyme-complexed serpins with the cellular
receptor [28], which was further expanded by Toldo et al. for AAT [29]. This hypothesis is
supported by the fact that an AAT peptide, including a similar and structurally compatible
aa sequence, is able to bind and activate LRP-1-mediated signaling [29]. It is interesting
to note that the AAT pentapeptide neo-domain was identical in SerpinB3 and in Nexin-1,
where it was involved in the invasion activity and metastasis formation induced by this
serpin [31]. In addition, one should note that the LRP binding site of SerpinB3 is located
downstream of the reactive site loop of the protein, and this fact supports our previous
findings reporting that loop-deleted SerpinB3 had effects similar to those of wild type
SerpinB3 on the expression of EMT markers and (3-catenin expression [5]. The inhibition
of LRP-1 by the corresponding antibody or by the use of the LRP pan-inhibitor RAP
was able not only to determine a decrease in LRP cell surface expression but also a dose—
dependent reduction in SerpinB3-induced invasiveness. These results were in line with the
observed reversal of the expression of the SerpinB3-induced EMT profile markers by both
the anti-LRP-1 antibody and RAP.

5. Conclusions

SerpinB3 upregulates LRP family members and determines not only the activation
of the Wnt canonical pathway but also the activation of LRP-1, a cellular receptor pro-
foundly implicated in cell survival and invasiveness. These findings could provide useful
information for the development of targeted therapeutic strategies in an oncological setting.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biology12060771/s1, Figure S1: Relative mRNA expression of
SerpinB3 compared with Wnt-1, Wnt-7a, and LRP-1 in human HCCs; Figure 52: LRP-1 expression in
hepatoma cells; Figure S3: Western blot analysis of E-cadherin and vimentin. Table S1: List of the
antibodies used in the study; Table S2: List of the primers used in the study; Table S3: Clinical and
histological characteristics of the patients included in the study.
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4.4 ONCOSTATINM (OSM)CAN MODULATE NOTCHSIGNALING IN NAFLD
PROGRESSION (PRELIMINARY STUDY - UNPUBLISHED)
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In the scenario of progressive NAFLD, OSM, a pleiotropic cytokine structurally and
functionally related to the interleukin-6 (IL-6) cytokine family, orchestrate hypoxia-modulated
hepatic processes involving the hypoxia-inducible factor 1 (HIF-1) (Foglia et al., 2019). This
cytokine can signal through 2 different heterodimeric receptors that share gp130 (a common
subunit receptor for ligands of IL-6 family) and involves either leukemia inhibitor factor
receptor  (LIFRB) or OSM receptor B (OSMR). OSM has been suggested to be involved also
in the pathogenesis of steatosis and hepatic insulin resistance (Komori T et al., 2014). From
literature data it is known that OSM can reduce cardiac injury by activating Notch signaling
and in OSMRB/KO mice myocardial injury has been reported to be exacerbated when Notch
signalling is reduced (zZhang et al., 2015). Since recent data suggest the role of Notch in
NASH progression (Xu and Wang, 2021), we decided to analyze whether Notch was
involved in OSM action both in vivoand in vitro.

To this aim, we first assessed the extent of liver injury on liver specimens obtained from wild
type mice (WT) and from mice genetically manipulated in order to delete the OSMRp
(KO/OSMRp) fed or not with a lipogenic diet (choline-deficient aminoacid refined or CDAA)
for 26 weeks. As expected, CDAA diet induced liver steatosis in WT mice, whereas in
KO/OSMRB mice a significant reduction of this parameter was observed, as showed by

Hematoxylin-Eosin histological staining (Figure 1).

10x

CSAA
WT mice |

CDAA
WT mice

CDAA
KO mice

Figure 1. Evaluation of steatosis and inflammation by means of
Hematoxilyn and Eosin staining in WT and KO/OSMRf mice fed
on CDAA diet (lipogenic diet) for 26 weeks.
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Liver steatosis, which is typical of NAFLD, is due to triglycerides accumulation that could be
seen as a form of surplus energy accumulation and as a result of deficient liver storage in
white adipose tissue. Based on this knowledge, we performed triglycerides quantification on
liver specimens obtained from our different mice models. This analysis showed that in
KO/OSMRB mice fed on control diet triglycerides accumulation is reduced as compared to
WT mice fed on the same diet (p=0,0025) (Figure 2); in WT mice fed on lipogenic CDAA
diet the accumulation of triglycerides significantly increases as compared to WT mice fed on
control diet (p<0,001), while in KO/OSMRf mice fed on CDAA triglycerides accumulation is
reduced as compared to WT mice fed on the same diet (p=0,0031). (Figure 2). These data

confirm the potential role of OSM in regulating the triglycerides accumulation and steatosis.
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Figure 2. Triglycerides quantification from homogenized liver tissue (50mg) of
WTand KO/OSMRB micefed on CDAA diet (lipogenic diet) or CSAA diet
(control diet) for 26 weeks.

Along these lines, we focused our attention on lipid metabolism in order to confirm that OSM
is directly involved in regulating this important feature of chronic liver disease. RT-PCR
analysis was performed on liver specimens of mice models to evaluate the transcript levels
of principal genes of lipid metabolism, CD36, involved in fatty acid up-take, carnitine
palmytoil transferase 1 (Cptl) and medium-chain acyl-CoA dehydrogenase (MCAD)

important in fatty acid oxidation (Figure 3).
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Figure 3. Analysis of transcript levels of lipid metabolism by means of quantitative real time PCR
in WT and KO/OSMRf mice fed on CDAA diet (lipogenic diet) or CSAA diet (control diet)
for 26 weeks.

Our results indicate that in OSMRB/KO mice fed on CDAA all the transcript levels of the
investigated genes are reduced as compared to WT mice fed on the same diet, suggesting

that OSM may have akey role also in regulating lipid metabolism in our experimental models.
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Literature data suggest that the NOTCH signaling pathway is involved in different aspects
of NAFLD (Xu and Wang 2022), like inflammation and fibrogenesis (Valenti et al, 2013; Zhu
et al, 2018), insulin resistance (Bernsmeier et al, 2016) and lipid metabolism (Li et al, 2019;
Ding et al 2020). Since OSM has been reported to activate Notch signaling pathway in
cardiomyocytes (Zhang M et al., 2015), we decided to analyse whether OSM may modulate
Notch signaling pathway in NASH settings.

As afirst step, we performed RT-PCR analysis on liver samples obtained from WT mice and
KO/ OSMR fed on CDAA diet or on the respective control diet (CSAA) to analyze gene
expression of the different isoforms of Notch receptors and of the main ligands of Notch. We
observed that in WT mice fed on CDAA there was an increase of Notchl, Notch3, Jagl,
Hesl, DII1 and DI4, whereas all these genes were significantly down-regulated in
KO/OSMRB mice fed on CDAA diet (Figure 4 and Figure 5), indicating that Notch signaling
pathway, increased in NASH, is reduced when OSMR( is deleted. These results suggested
that OSM may modulate Notch activity during NASH.
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Figure 4. Analysis of transcript levels of Notch receptors (Notchl and 3) by means of quantitative
real time PCR in WT and KO/OSMRf mice fed on CDAA diet (lipogenic diet) or CSAA diet (control
diet) for 26 weeks.
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Figure 5. Analysis of transcript levels of Notch ligands (Jagl, Hesl, DLL1 and DLL4) by means of
gquantitative real time PCR in WT and KO/OSMR mice fed on CDAA diet (lipogenic diet) or CSAA
diet (control diet) for 26 weeks.
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In vivo we have also observed a significant positive correlation between the expression of

OSM and of Notch receptor isoforms and ligands, especially for Notchl, Notch3, Hes1, DII1
and Jagl (Figure 6 and Figure 7).
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Figure 6. Correlation between the expression of OSM and Notch receptor isoforms.
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Since OSM has been shown to operate as a pro-inflammatory and a pro-fibrogenic mediator

during the progression of NASH (Matsuda et al.,, 2018; Foglia et al.,, 2019), we further

investigated whether OSM was also implicated in the modulation of Notch signaling in THP-

1 differentiated macrophages and human hepatic stellate cells-MF like cells (HSC/MFs).
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In particular, we exposed THP-1 differentiated macrophages and HSC/MFs to human
recombinant OSM (10 ng/ml) at different time points (from 1hr up to 24 hrs) to evaluate, by
means of quantitative RT-PCR, the transcript levels of different genes playing arole in Notch
signaling. We observed an OSM-dependent up-regulation of Notch 1, Notch 3, Jagl and
Dll4 in THP1 differentiated macrophages (Figure 8) and of Notch 1, Notch 3, DII1 and DIl4
in HSC/MFs (Figure 9).
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Figure 8. Analysis of transcript levels of Notch receptors and Notch ligands by means of quantitative real
time PCR in THP-1 differentiated exposed to OSM 10 ng/ml at different time points or in un-treated cells
(C). *p<0.05*p<0.0 and *** p <0.001 versus C.
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PCR in HSC/MFs exposed to OSM 10 ng/ml at differenttime points orinun-treated cells (C). * p< 0.05, **
p<0.01, *** p< 0.001 versus C.

Preliminary data obtained from western blot analysis showed also an increase of Notchl in
terms of protein levels in THP-1 differentiated macrophages exposed to OSM 10ng/ml
starting from 3 hrs up to 24 hrs, whereas in HSC/MFs no significant change for Notchl

protein levels was appreciated (Figure 10).
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Figure 10. Analysis of protein lewvels of the receptor Notch-1 receptors by means of western

blotting analysis in THP-1 differentiated macrophages and in HSC/MFs exposed to OSM 10

ng/ml at different time points or in un-treated cells (C). Equal loading was confirmed by re-
probing the same membranes with B-actin

Data related to protein expression of the other different forms of Notch receptors as wells

as of Notch ligands will be the object of future studies.

The preliminary data obtained in vivo and in vitro seem to suggest that OSM/Notch axis has
a possible role in modulating NAFLD/NASH progression; of course, more experiments are

needed to further support and detail this hypothesis.
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DISCUSSION



SerpinB3 (SB3), a protein belonging to the serine-protease inhibitor family, is regulated by
hypoxia through the hypoxia-inducible factor hypoxia -2a (HIF-2a) and is a mediator involved
in the progression of CLDs and in the development of HCC (Cannito et al., 2015; Pontisso,
2014). In 2017 Novo and colleagues confirmed the production of this mediator by hepatic
parenchymal cells and also its important role in modulating pro-fibrogenic responses of
hepatic myofibroblasts and promoting hepatic fibrogenesis. In particular, mice genetically
manipulated to over-express human SB3 (TG/SB3) in hepatocytes and fed on lipogenic diets
showed an increase in collagen deposition as related to their controls. Moreover, this models
presented significantly increased levels of pro-fibrogenic genes as compared to wild-type
mice. In vitro studies carried out on human hepatic stellate cells (HSCs) or human stellate
cell line (LX2) exposed to human recombinant SB3 confirmed that the addition of SB3 up-
regulated the expression of genes involved in fibrogenesis and promoted oriented migration.
Based on these literature data and considering that in the scenario of NAFLD/NASH
progression an important role is played also by inflammatory process that involved hepatic
macrophages, important to sustain lobular inflammation, we performed experiments both in
in vivo and in vitro models in order to analyse whether SB3 could modulate also inflammatory
process. As reported in paper n°1l, mice were fed on two different diet protocols of murine
NASH: methionine and choline deficient diet (MCD) for 8 weeks or choline deficient, L-amino
acid defined diet (CDAA) for 12 weeks and the related control diets, methionine and choline
supplemented (MCS) or choline-supplemented, L-amino acid defined (CSAA). TG/SB3 mice
demonstrated an increase in macrophages infiltration, as crown-like aggregates and an up-
regulation of trascript levels of pro-inflammatory genes, in particular TNF-a and IL-1B3, as
compared to wild-type mice fed on control diets. On the other hand, mice genetically
manipulated in order to deplete SB3 expression (KO/SB3) presented a reduction in
infammatory infiltrate and a reduction in hepatic transcript levels of pro-inflammatory genes,
like TNF-qa, IL-18 and CCL-2. We also carried out experiments in in vitro models on human
monocytes from peripheral blood and on undifferentiated human THP-1 cells. Both the
models were exposed to human recombinant SB3 (hrSB3) at different time point in order to
analyse the role of SB3 in modulating inflammatory pathway. We observed a significant up-
regulation of TNF-qa, IL-18 and IL-12, important markers of inflammation. Next, we evaluated
the role of hr SB3 on THP-1 cells differentiated to macrophages after 48 hours of incubation
with 50 nM phorbol-12-myristate-13-acetate (PMA). The exposition of cells to hrSB3
determined both the up-regulation of transcript levels and an increased protein levels of

TNF-a and IL-183, related to pro-inflammatory profile of macrophages. Interestingly, there
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were also up-regulation of transcipt levels and increased protein levels of TGF- 3 and VEGF,
related to pro-fibrogenic profile of macrophages. Then, we studied the involvement of hrSB3
in regulating NF-kB transcription factor; we observed that in differentiated THP-1 hrSB3
induced pro-inflammatory and ROS production by up-regulating NF-kB. Literature data
suggest also the involvement of NASH-associated macrophages (NAM) in forming crown-
like aggregated during NASH progression. Based on this knowledge, we investigated the
action of SB3 in modulation of genes related to NAM: transcript levels of TREM2, CD9 and

Galectin3 were up-regulated in TG/SB3 models.

In order to deeply investigate the involvement of SB3 in NAFLD/NASH progression, we
studied a small molecule patented and proposed as SB3 inhibitor: 1-Piperidine Propionic
Acid (1-PPA) (Toshihiko, 2009; Pontisso, 2018). During this year, Chinellato and colleagues
(2023) found also that 1-PPA sterically inhibit the protease activated receptor 2 (PAR2), a
cell surface sensor of extracellular inflammatory and coagulation proteases, recognized as
a new regulator of hepatic metabolism (Rana et al., 2019; Shearer et al., 2022). In particular,
PAR2 is important for cholesterol homeostasis and lipid metabolism, for suppressing
glucose internalization, glycogen storage and insuline signaling (Shearer et al., 2022). As
described in paper n°2, we analysed the role of 1-PPA on principal hallmarks (steatosis,
inflammation and fibrosis) of progressive NASH, by using both in vivo and in vitro models.
In vivo we used parallel groups of mice models: TG/SB3 and KO/SB3 mice and related
controls fed on lipogenic diets CDAA or MCD for 12 weeks and 8 weeks respectively and
TG/SB3 and related controls models fed on CDAA diet and injected weekly with 1-PPA (70
ng/g) or with vehicle alone. As expected, TG/SB3 mice fed on lipogenic diets showed an
increase in inflammatory infiltrate and an up-regulation of TNF-a and IL-1, confirming data
obtained also in paper n°1. Based on this knowledge, we performed experiments on mice
injected with 1-PPA and fed on CDAA diet and we observed a significant reduction in
inflammatory infiltrate and a reduction of IL-1B8 and TNF-a transcript levels. Since in paper
n°1l we observed an involvement of SB3 in modulating NASH-associated macrophages, we
analyzed whether 1-PPA may be able to modulate the expression of NAMs markers (TREM-
2, CD9, Gal-3). Interestingly, 1-PPA significantly reduced the transcript levels of TREM-2,
CD9, Gal-3 in TG/SB3 mice fed on lipogenic diet. Moreover, data obtained in TG/SB3 mice
fed on CDAA diet with the admistration of 1-PPA showed a reduction in infiltration of
macrophages and IL-18 and TNF-a transcript levels. Then, we analyzed also the role of 1-
PPA in fibrogenesis. The administration of 1-PPA in TG/SB3 mice fed on lipogenic diets

resulted in both down-regulation a-SMA, Coll Al and TGF-B1 and of steatosis levels and
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collagen deposition. In vitro experiments were carried out on LX2 cells and THP-1 cells
exposed to human recombinant SB3 (hrSB3) after treating with 1-PPA inhibitor. Also these
results indicated that 1-PPA down-regulated transcript levels of important genes, such as
Col1 A1, a-SMA, CCL-2, VEGF, TNF-qa, IL-18 and TGF-B. Concerning the mechanism of
action of 1-PPA, Chinellato and colleagues (2023) have reported that 1-PPA binds PAR2 in
an allosteric pocket of the receptor inactive conformation, with antagonistic activity. We
performed experiments in order to understand whether the interaction between 1-PPA and
SB3 is direct, but different biochemical approaches provided negative results. Based on this
findings, we analysed the effect of 1-PPA on C/EBP-(, identified as SB3 transcription factor
up-regulated in presence of SB3. Literature data suggest that C/EBP-B is involved in
processes related to metabolic syndrome (van der Krieken et al., 2015). C/EBP-3, as PAR2
and SB3, is activated in pro-inflammatory conditions and ER stress, as confirmed with data
obtained in KO/SB3 mice fed on lipogenic diets that presented a lower inflammatory
response, while TG/SB3 mice showed opposite results that presented higher C/EBP-3
levels related to controls. Of interest, we observed also that 1-PPA was able to suppress
PAR2 and SB3 and also C/EBP- 3 transcription in hepatoma cells transfected in order to
over-express SB3. Based on that it's possible to conclude that PAR2-C/EBP- B/SB3 axis is
important to regulate the progression of NAFLD/NASH.

Concerning the paper n°3, we based our experiments starting from the knowledge that SB3
is not detectable in normal adult hepatocytes, wherease chronically damaged hepatocyte
express SB3 and, in particular, in HCC the levels of SB3 are the highest (Turato et al., 2014).
Data from literature suggest also that SB3 increases cell proliferation both through the
induction of B-catenin and Myc oncogene a downstream gene of the Wnt pathway (Turato
et al., 2012). In this study we evaluated the role of SB3 in modulating Wnt pathway through
in vitro and in vivo models. In particular, in primary human monocytes and in monocytic cells
THP-1, the addition of SB3 increased cell lifespan, proliferation and acted as positive
modulator of the Wnt pathway. SB3 induced an up-regulation of Wnt-1/7 and of B-catenin.
In experimental carcinogenesis, KO mice presented a reduction in SB3 expression and also
a decrease in B-catenin expression, confirming the role of SB3 in regulating the activation
of Wnt pathway. To analyse deeply, we studied also LRP family members, important for Wnt
activation: both LRP-5 and LRP-6 were up-regulated by SB3. Knowning that LRP-1 is
another receptor that binds several protease complexed- serine protease inhibitors, we
found that also this receptor is up-regulated by SB3. Moreover, by using 3D modeling and
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computational analysis we observed that the binding site for SB3 could determine a stable
interaction with LRP-1.

In the background of progressive NAFLD is also involved a pleiotropic cytokine, known as
Oncostatin M (OSM) belonging to the IL-6 family of cytokines. Komori and colleagues in
2014 observed that OSM is involved in the pathogenesis of steatosis and hepatic insuline
resistance. Moreover, literature data suggest that OSM reduces cardiac injury by modulating
Notch signaling and in OSMRB/KO mice myocardial injury Notch signaling is reduced and
cardiac injury is exacerbated. Furthermore, in 2021 Xu and Wang observed that Notch is
involved in NASH progression. Based on this knowledge we analysed the possible
involvement of Notch in OSM action. In vivo models for OSMRB/KO mice fed on CDAA diet
we observed a significant reduction of TGs accumulation, while in WT mice fed on control
diet the accumulation significantly increased, explaining the possible role of OSM in
regulating TGs accumulation. Moreover, in OSMRB/KO mice fed on CDAA diet the transcript
levels of principal genes involved in lipid metabolism were down-regulated as compared to
WT mice fed on the same diet. Based on that we can hypothesize that OSM has a key role
in regulating lipid metabolism, important feature of NAFLD/NASH progression. In addition,
Xu and Wang in 2022 explained that Notch signaling pathway is involved in other important
aspects of NAFLD, like inflammation and fibrogenesis, insulin resistance, lipid metabolism
(Valenti et al., 2013; Zhu et al., 2018; Bernsmeier et al., 2016; Li et al., 2019; Ding et al.,
2020). Literature data suggest also that Notch signaling pathway is activated by OSM in
cardiomyocytes, so we decided to study whether OSM could modulate Notch signaling
pathway even in NASH progression. In vivo studies performed on KO/OSMRB mice fed on
CDAA diet demonstrated a significant down-regulation of Notch receptors (Notch 1 and
Notch3) and of Notch ligands (Jagl, Hes1, DII1 and DIl4), related to their controls. These
findings indicate that during NASH progression Notch signaling is up-regulated, while is
reduced when the receptor B of OSM is deleted. Based on these data we can suggest that
OSM can modulate Notch signaling pathway during NASH. Literature data also suggest the
role of OSM as an important mediator inflammation and fibrogenesis during NASH
progression (Matsuda et al., 2018; Foglia et al., 2019). In vitro studies performed on THP-1
differentiated macrophages and human hepatic stellate cells-MF like cells (HSC/MFs)
exposed to human recombinant OSM showed an up-regulation of Notch receptors (Notchl
and Notch3) and of Notch ligands (Jagl and DIl4 in THP-1 and DII1 and DIll4 in HSC/MFs).
We obtained also preliminary date demonstrating an increased of protein levels of Notchl

in THP-1 differentiated macrophages exposed to OSM, but not important changes in
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HSC/MFs were observed. Preliminary data obtained both in vivo and in vitro may suggest
that OSM/Notch axis could modulate NASH progression. At present additional in vivo and

in vitro experiments are ongoing in order to further investigate in detail this hyphotesis.

In conclusion, data presented in this thesis fully support the concept that SB3 and OSM can

act as mediators able to significantly modulate NAFLD/NASH progression.
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