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Abstract

Non-alcoholic fatty liver disease (NAFLD) is becamithe most common form of liver injury
worldwide in relation to the diffusion of overweigand obesity. In about 15-20% of patients with
NAFLD the disease evolves to non-alcoholic stegtahlits (NASH), characterized by
hepatocellular damage and lobular inflammation tfign evolves to hepatic fibrosis and cirrhosis.
In my doctoral project, | have investigated somgeast of the inflammation associated to NASH in
order to get more insides on the mechanisms redgpentor the progression to fibrosis. As
experimental model, we used C57BL/6 and Balb/c nrmoghich NASH was induced by feeding a
methionine and choline deficient (MCD) diet up tghg weeks. In these animals, we have observed
that the evolution of NASH is associated with agpessive increase in hepatic macrophages that
changes their function and morphology. In factthe early phase of the disease the onset of
inflammation is characterized by a prominent Mlivation that account for inter-strain difference
in the susceptibility to NASH between C57BL/6 andllidc mice. With the progression of the
disease toward fibrosis macrophages show a dediMEL responses in relation with an increased
production by the macrophages them-selves of thierdlammatory protein Annexin Al (AnxAl).
Using AnxAl-null mice and recombinant AnxAl it hasen possible to determine that AnxAl acts
on macrophages by down-modulating M1 polarizatimough stimulation of IL-10 production.
Furthermore, AnxAl has also a functional role imteolling fibrogenesis by the regulation of
galectin-3 production. Although the advanced phadexperimental NASH are characterized by a
decline in macrophage M1 responses, this does moallel with a lowering of hepatic
inflammation. Experiments performed with NF-kBl4nolice have shown that this phenomenon
can be ascribed to an enhanced liver recruitmenst&opontin-producing NKT cells. Indeed, also
in wild type animals the number of liver NKT celthanges during the evolution of NASH
declining in the early phases of the disease apdreding again in the advanced phases in relation
to an increased hepatic production of IL-15, a kiyte involved in controlling T-cell survival.
Collectively, these results indicate that NASH pesgion involves multiple interactions between
macrophages and NKT cells and they represent &ingtgooint to investigate whether genetic
differences in NF-kB1 and Annexin A1 may account foe inter-individual variability in the
evolution of NASH as well as to test AnnexinAl aples as possible novel treatments to control
NASH evolution.



Introduction

NAFLD/NASH epidemiology

In the recent years, obesity and its metabolic ariihmmatory consequences have become
significant health problems all over the world. Tgrevalence of obesity and overweight in adults
continues to rise and contributes to morbidity amattality that is estimated to cost $147 billion
dollars a year in the US and up to 0,6% of the g@mmestic product of European countries (1).
Indeed, obesity is considered one of the main cao$ahe so ‘called metabolic syndrome’, a
cluster of related clinical features that includeulin resistance, dyslipidemia and hypertension
which is the major risk factor in the developmehtype 2 diabetes and cardiovascular diseases (2).
The effects of the metabolic syndrome involve dllse liver where the disease is commonly
associated with an accumulation of an excess giyterides within the hepatocytes, a condition
known as non-alcoholic fatty liver disease (NAFLINAFLD is characterized by liver fat
accumulation or hepatic steatosis in the absenesadssive alcohol consumption (20g per day for
men and 10g per day for women) and of any otheriBpease of steatosis, such as hepatitis B and
C, toxic and autoimmune diseases, hypobetalipojpertda and Wilson disease (3). According to
the American Association for the Study of Liver €ases, NAFLD is chemically defined as fat
accumulation in the liver exceeding from 5%-10% ohhgan weight or by histological detection of
more than 5% of hepatocytes containing visibleacgtlular triglycerides (4).

Due to the growing diffusion of obesity, NAFLD iy Imow the most frequent hepatic lesion in
western countries where it has evolved as a sepabBc health problem. NAFLD prevalence in
the general population ranges from 3 to 15%, bathees up to 70% among overweight individuals.
Even if hepatic steatosis is often benign, in abth#20% of NAFLD patients the disease can
evolve to non-alcoholic steatohepatitis (NASH). NA$s characterised by hepatocyte injury,
inflammation and fibrosis (3, 5). From present istats, it seems that NASH will become the
leading cause of transplantation in the USA byyear 2020 (6). A critical aspect of the growing
diffusion of NASH is related to its progression lbeer cirrhosis and, in some cases, to
hepatocellular carcinoma (HCC). For example, 15%N&SH patients develop clinically and
histologically evident cirrhosis and the death raseribed to NAFLD/NASH-derived cirrhosis
accounts 12-25%, while end-stage NASH is respoadin 4-10% of liver transplants. After the
development of cirrhosis, from 4% to 27% of NASHes progress to HCC. Therefore, it is clear
that this disease may significantly contributerte tapid increase of HCC incidence (3).

A further worrying aspect of NAFLD/NASH epidemiolpgs its increasing diffusion among

children and adolescents in relation to the grovahghildhood obesity and overweight. Paediatric
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NAFLD prevalence is between 3% and 10% reachingd0# in obese children and it varies as
such because it is influenced by the charactesisiicthe population, especially lifestyle habits.
Furthermore, NAFLD in children is also strongly @sated with several features of the metabolic
syndrome, especially insulin resistance and typdidgbetes and it increases the risk of the
developing cardiovascular disease in adulthoodAll)these evidences make NAFLD/NASH the

most frequent paediatric chronic liver diseasewadr the world.

Clinical and histological features of NAFLD/NASH
In a large proportion of patients, NAFLD is asympaiic and they only show hepatomegaly

variability combined with chronically elevated livéunction test results, such ALT, AST and
alkaline phosphatase in the absence of other aliei@dence for viral infection, alcohol abuse and
autoimmune or metabolic liver diseases. The prefemmaging test in the diagnosis of fatty liver is
the hepatic ultrasonography that reveals a ‘brig¢'r of increased echogenicity. Ultrasonography
is sensitive and specific for steatosis but camffifectively detect the presence of fibrosis thahes
main complication of the disease. Fatty liver cdsoae diagnosed by abdominal computed
tomography scan where the liver is less dense tthespleen and by magnetic resonance imaging
based on the signal differences between fat ancerwamd shows a good correlation with
microscopic fat content. An important limitation afl these three imaging modalities is the
inability of these techniques to differentiate &eld hepatic steatosis from steatohepatitis (8).
Therefore, liver biopsy and the observation of tiver histology are required to confirm the
diagnose of NASH. Liver biopsy is also helpful fdetermining the severity of NASH and may
provide clues about the future course of the deedse primary histological feature of both
NAFLD and NASH is steatosis that consists in thespnce of triglycerides that are contained in
hepatocytes as single large droplet or as smalet|-circumscribed droplets admixed with
cytoplasmic contents. The second lesion is heptdobgllooning that is considered a hallmark
parenchymal injury. Ballooned hepatocytes are gelar with a characteristic ‘flocculent’
appearance to the cytoplasm. In addition, they masent cytoplasmic aggregates referred as
Mallory-Denk bodies. The two hepatocyte keratin® &nhd K18, are disrupted and no longer
present in the cytoplasm of ballooned hepatocynelstiae serological testing for K18 fragments has
shown a sensitivity and specificity for NASH of 7780d 92%, respectively. The last lesion is
inflammation of the parenchyma with or without @drinflammation. Histologically detectable
inflammation comprises the tissue infiltration bymiphocytes, plasma cells, monocytes and
macrophages. Natural killer T cells are increasedNASH-associated cirrhosis, but this cell
population has not been evaluated in the earlyestafthe disease. Eosinophils and neutrophils are
5



occasionally present. Other features that may e sethe lobules of a patient with NASH include
apoptotic hepatocytes, hepatocyte nuclei filledhwglycogen, enlarged mitochondria and iron
accumulation. A histopathological component of NABHhe presence of chronic inflammation
mainly consisting of mononuclear-cell infiltrate ihe matrix of portal tracts. A study based on
biopsy samples from 728 adults and 205 childrernwsloa positive correlation between portal

inflammation and fibrosis (5, 9, 10).

Pathogenesis of steatosisin NAFLD/NASH

A critical aspect in studying the pathogenesis &FND/NASH is determined by the incomplete
understanding of the mechanisms responsible foptbgression from simple steatosis to NASH.
This aspect is very relevant because the parendhyamaage and inflammation typical of NASH
are the factors that determine the evolution tgoBis and cirrhosis. The clinical and social
relevance of NAFLD and NASH and their continuousvgth worldwide have stimulated a number
of studies to clarify the mechanisms leading todisease in attempt to develop effective treatments
able to block the evolution of the disease (11).

The pathogenesis of NAFLD/NASH is complex and irogiés the cross talk between different
metabolically active sites. The initial ‘two hitsiodel describe insulin resistance and accumulation
of fat, mainly in the form of the triglycerides, tee cause for the development of hepatic steatosis
that primes the liver to a ‘second hit’, involvingidative stress which leads to the development of
NASH and fibrosis. This model has been expandéedirtiple parallel hits’ hypothesis in which
different processes, beside oxidative stress, noayribute to liver inflammation. In this setting,
endoplasmic reticulum stress, cytokines produdbpithe adipose tissue and gut and immunity are

considered as co-factors in the development ofattepatitis (12, 13).

Mechanisms leading to steatosis

Insulin resistance
A key factor in the onset of the metabolic syndraméhe development of insulin resistance (IR).
Insulin is a hormone produced by beta cells ofghecreas and has a central role in the regulation
of carbohydrate and fat metabolism in the bodyrdmmal condition, the insulin binding stimulates
the phosphorylation of its receptor that induces tacruitment and the activation by tyrosine
phosphorylation of adaptor molecules IRS-1 and IR®&hich, in turn, recruit signalling molecules
that activate downstream effectors. Instead, sephesphorylation of IRS proteins by serine
kinases attenuates insulin signalling. Insulingtsice is referred as an impaired insulin-mediated
glucose uptake in skeletal muscle, but also inwlke liver (impaired insulin-mediated
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suppression of glucose production) and the adipissae (impaired insulin-mediated suppression
of lipolysis). To overcome IR and promote glucosaage, insulin-resistant individuals increase
insulin secretion and reduce insulin clearance. WMfactors, such as pro-inflammatory cytokines
(TNF-a, IL-1B, IL-6) release and cellular stresses, can prorimeserine phosphorylation of IRS
proteins by stimulating a variety of kinases, thmpairing insulin signalling (14). An important
target of insulin is the adipose tissue where tirenone regulates glucose uptake and the activity of
triglyceride lipase that controls the release @fefffatty acids (FFAS) into the circulation. As a
consequence of insulin resistance in the adipaseidi the antilipolytic effect of the hormone is
reduced, leading an increase in circulating FFAser&fore, subjects with NAFLD are insulin
resistant at the level of: muscle because they hmadaced glucose uptake; liver because they
exhibit impaired suppression of hepatic glucosedpction; and adipose tissue because they show

high lipolytic rates and increased circulating FRAR).

Effects of circulating free fatty acids. A large body of evidence indicates that the acdatian of
triglycerides within the hepatocytes results frordesangements in fatty acids metabolism in both
the liver and the adipose tissue. As a consequehiosulin resistance, the increase in the lipaysi
in both visceral and subcutaneous fat leads to leigls of FFAs that, by flowing though the portal
circulation, reach the liver, where promote triglsides synthesis within the hepatocytes.
Nonetheless, additional factors can contributetéatssis, in particular an increased dietary fat
intake, an enhancede novo lipogenesis (DNL), a decreased FFAs oxidation andimpaired
hepatic lipid transport through very-low densitydproteins (VLDL) (2) (Fig.1).

Dietary habits that include excessive carbohydcatesumption, especially in the form of high
fructose corn syrup, may be common causes of the. DNis is supported by studies in mice that
have confirmed the importance of dietary sugast@atohepatitis and by a study in humans, which
has linked fructose consumption with more advaridedsis (15).

The liver is able tode novo synthesize fatty acids (FAs) through a complexosgtic
polymerization in which malonyl-CoA undergoes seVverycles of metabolic reactions to form one
palmitate molecule. It has been shown that in henBRFLD is associated with increased hepatic
expression of several genes involved in DNL. lkmown that even if the contribution of DNL
during fasting is small in normal subjects (5%)patients with NAFLD, DNL is elevated, reaching
a rate of 25%. Lipogenesis in the liver is reguddbg three nuclear transcription factors: the stero
regulatory element binding protein-1c (SREBP-1bg tarbohydrate responsive element binding
protein (ChREBP) and the peroxisome proliferatdivated receptof- (PPARy). Severe insulin
resistance and increased circulating glucose stiteudlepatic SREBP-1c- and ChREBP-mediated
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transcription of the enzymes involved in lipid dyesis, resulting in increased rates of de novo FAs
biosynthesis. ChREBP also leads to the transcnpifggenes involved in glycolysis, converting the
glucose excess into acetyl-CoA that is the precurdoFAs biosynthesis. The peroxisome-
proliferation-activated-receptors (PPARsS) are afamulily of the nuclear-receptor family and
regulate gene expression in response to ligandidgndifter ligand binding, PPARs undergo
conformational changes that allow the recruitmdrtoactivator proteins. There are three isoforms
of PPARs §, y andp) with a central role in the sensing of nutrientdls and in the regulation of
lipid and glucose metabolism: they are the recsptor various fatty acids. PPARhas a central
role in hepatic lipid metabolism because many P&Ad&get genes are involved in mitochondrial
and peroxisomaB-oxidation of fatty acids. PPARagonists are able to increase insulin-mediated
adipose tissue uptake and storage of FFAs andiiritepatic fatty acids synthesis; moreover, they
have anti-inflammatory action increasing adipome&tivels and reduce resistin, TNF{L-6 and
C-reactive protein levels (2, 12). Healthy indivéditl express PPARy at very low levels in the
liver, but in human NASH, it is transcriptionallypregulated, activates lipogenic enzymes and
exacerbates steatosis (14).

It is well known that the oxidation of intrahepagtialar FAs occurs primarily within mitochondria
and to a much lesser extent by peroxisomes andsunres. Genetic or experimentally induced
deficiencies of mitochondrial oxidative enzymes dlwed in fatty acids oxidation enhances
triglyceride accumulation. Moreover, subjects WIAFLD have evidence of hepatic mitochondrial
structural and functional abnormalities.

The liver exports water-insoluble triglycerides fgcking them into very low-density lipoproteins
(VLDL). These lipoproteins are secreted into thetemic circulation and are used to deliver
triglycerides to the peripheral tissues. A largacfion of intra-hepatocellular FAs that are not
oxidized are esterified to triglycerides, which dhan incorporated into VLDL to be secreted.
Therefore, the secretion of VLDL is a mechanismeiuce intrahepatic triglyceride content. It has
been observed that even if VLDL-triglyceride seioretrate is greater in subjects with NAFLD than
in those with normal intrahepatic triglyceride camt it is not able to adequately compensate #®r th

increased rate of triglyceride production (2).
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Fig. 1: Mechanisms of accumulation of fat in NASWafraet al., Trends Mol Med., 2008).

Alterations in adipokines secretion

Beside its metabolic functions, the adipose tigsueery active in secreting a variety of cytokines
collectively known as adipokines that are implicaite controlling food intake, the metabolic cross
talk between adipose tissue, muscle and liver andutate endocrine and immune functions.
NAFLD subjects exhibit decreased adiponectin leweld have instead high circulating levels of
leptin and resistin. On the liver, the changesdipakines influence lipid metabolism as leptin and
resistin stimulate FFAs oxidation and favour hepatat, while adiponectin has an anti-
inflammatory activity and improves insulin sensiyM13, 16). Different studies have demonstrated
that in obese animals, adipocitokines negativelyretate with hepatic triglycerides and the
administration of recombinant adiponectin decred&sg®rglicemia and the levels of plasma FFAs
ameliorating steatosis and transaminase releasgo®ielctin is also reduced in patients with
hyperinsulinemia and insulin downregulates typendl @ adiponectin receptor expression in the
liver. Thus, lower amounts of circulating adipomecand reduced expression of adiponectin
receptors might contribute to hepatic steatosidyperinsulinemia (16). On the other hand, in
patients with NASH, serum leptin levels are posityvcorrelated with hepatic fat content, fibrosis
and inflammation as well as with serum lipids, gise, insulin, C-peptide and ALT (2). In obese
subjects, the enlargement of adipose tissue, iticpkar of visceral fat, is associated with fat

infiltration by monocytes that transform in actiedt macrophages releasing pro-inflammatory
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cytokines and chemokines, such as TNF-alpha (tumeorosis factor-alpha), IL-6 (Interleukin-6)
and CCL2 (or MCP-1 — monocyte chemoattractant pretg Of these cytokines, TNé&-
contributes to hepatic steatosis by inducing imsuésistance and increasing circulating FFAs,
while both TNFe and IL-6 impair mitochondrial FFAs oxidation (13).

Mechanisms leading to hepatocyte injury in NASH
Mitochondrial dysfunction and oxidative stress
It has been observed that the insulin resistandetla FFAs and cholesterol accumulation within
the hepatocytes cause mitochondrial dysfunctionradherized by increased mitochondrial
dimensions, presence of crystalline inclusions a@ngaired electron transport chain enzyme
activity. These alterations contribute to the impant of hepatic FFA oxidation that allows the
triglyceride accumulation in NAFLD (17). Furthernegralterations in the mitochondrial electron
transport chain are an important source of reactygen species (ROS), such as superoxide anion,
hydrogen peroxide and hydroxyl radicals. In tur@3Rdependent lipid peroxidation promotes a
self-sustaining loop that leads to further mitoatiried damage and causes mitochondrial DNA
(mtDNA) mutations (11). The decreased activitiesnitiochondrial respiratory complexes increase
TNF-a expression, which cause additional lipid peroxatatof mitochondrial membranes,
worsening mitochondrial functions. Moreover, thduation of cytochrome P450 isoforms involved
in the FFAs metabolism, in particular CYP2E1 andR2&10 isoenzymes, also contributes to the
oxidative damage (11). The cytochrome P450 systeengroup of protein with diverse functions,
including the metabolism of drugs, toxins, carciiog fatty acids and steroids. It is able to canver
non-polar to polar compounds for conjugation bygehl enzyme or for direct excretion, requiring
oxygen activation, which results in the generadrROS. CYP2E1 metabolizes polyunsaturated
fatty acids such as linoleic and arachidonic admisgeneraten-hydroxylated fatty acids. An
increased CYP2EL1 is evident in obesity, fatty lieed NASH in both humans and rodents. For
example, CYP2EL1 is induced in rats fed a high fett compared to control animals suggesting that
the amount of fat in the liver is important in régjing CYP2E1L. In the absence of substrates,
CYP2EL has a high oxidase activity leading to thadfer of electron to oxygen and the production
of superoxide anion and hydrogen peroxide. Thus stimulation of CYP2EL1 activity in NAFLD
can play a critical role in ROS generation. ROS toeic for cells since they react with
macromolecules, denature proteins, inactivate eegyand cause RNA and DNA damage (18).
Furthermore, the interaction of ROS with phosphd8pstimulates the oxidative breakdown of
unsaturated fatty acids in a process known as lpedoxidation (18) which damages cell
membranes and generates a variety of toxic comsounatuding malonildialdehyde (MDA) and 4-
10



hydroxy-nonenal (4-HNE) (18). Within the body theaee a number of enzymatic (superoxide
dismutase, catalase, glutathione peroxidase) aneenpymatic (ferritin, glutathione, vitamin E, A,
C, uric acid) mechanisms that maintain physiolddeeels of ROS and prevent cellular damage by
ROS. Under physiological conditions, there is abeé between the rate of ROS generation and the
rate of ROS removal; but an excess of ROS produd#uses oxidant stress, leading to apoptosis
and necrosis (19). As a consequence of an incre@&¥s production, NAFLD/NASH patients
show increased markers of oxidative damage thaelede with the severity of necro-inflammation
and fibrosis (20, 21), suggesting that oxidativguryn might be involved in triggering
steatohepatitis. Indeed, MDA and HNE can covalebilyd to hepatic proteins and are able to
inhibit cytochrome c oxidase of mitochondrial coewpl IV or stimulate the synthesis of
extracellular matrix proteins by hepatic stellagic Furthermore, lipid peroxidation products may
initiate a cascade that activates the transcripfamtor NF-kB, which will lead to increased
transcription of inflammatory cytokines, adhesiomlecules, chemokines and death ligands by
hepatocytes and non-parenchymal cells (22). Furtbes, lipid peroxidation products originating
from phospholipid oxidation can act as damage-astamt molecular patterns (DAMPSs) and
promote inflammation through the interaction witloth soluble and cell-associated pattern
recognition receptors (23, 24). Inflammatory cytws contribute to mitochondrial dysfunction by

interfering with the mitochondrial respiratory chand by forming superoxide anion.

Lipotoxicity and endoplasmic reticulum stress

The endoplasmic reticulum (ER) is an intracelldeganelle involved in the synthesis, folding and

trafficking of proteins. Under stress conditionsfalded proteins accumulate in the ER and initiate
a response trying to restore the organelle functidre unfolded protein, however, are able to
induce the activation of stress kinases, such &ncN-terminal kinases 1/2 (JNK1/2), which can

contribute to the induction of ER stress-relatedpapsis and to the activation of the pro-apoptotic
caspases (22). In the recent years, increasingeressd indicate a role for the direct toxicity of

circulating free fatty acids (FFAs) and their metigties in causing endoplasmic reticulum stress and
cell death, a phenomenon known as lipotoxicity 22%- Indeed, hepatocyte incapability to esterify

such an excess of FFAs triggers endoplasmic remcidtress and JNK1/2 activation (26, 27). As

previously mentioned, JNK-1 isoform is implicateddausing insulin resistance, thus contributing
to hepatic steatosis. One aspect of INK involvenreNASH that has received particular attention

concerns its role in causing lipotoxicity. Studiey Gore’s group have demonstrated that
lipotoxicity can be ‘reproducedh vitro exposing liver cells to saturated FFAs, such earat acid

(26, 27). In this experimental model, JNK promotég induction of the p53 up-regulated
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modulator of apoptosis (PUMA) and the subsequenivamn of Bax and JNK-mediated
phosphorylation inactivates the anti-apoptotic @ireg Bcl-2 and Bcl-XL sensitizing the cells to the
death-ligand TRAIL (26, 27). Accordingly, JNK acition is evident in liver biopsies from NASH
patients and pharmacological or genetic JNK inlghit prevents lipotoxicityin vitro and
ameliorates steatohepatitis in rodent models of NA36-28). The combined action of oxidative
stress and lipotoxicity along with toxic activity oytokines as TNFe is by now considered the
main cause of hepatocyte death through either apispor necrosis. In particular, hepatocyte
apoptosis is a prominent feature of NASH and itrelates with the disease severity (26, 27).
Apoptotic hepatocytes are engulfed by Kupffer c¢elighich results in their activation and
inflammation. The elevated circulating level of bhegryte death markers can predict NASH in

overweight, obese and morbidly obese patients (29).

I nflammatory mechanismsin the progression of NASH

Mechanisms leading to the onset of inflammation

Inflammation, along with hepatocyte damage, isrfan feature of the progression from simple
steatosis to steatohepatitis through molecular em@sms closely linked each other. Several factors
have been proposed to contribute to the onsetflaimmatory responses. For instance, FFAs and
oxidative stress stimulate NF-kB-mediated productid TNFa and IL-6 by hepatocytes. In turn,
these cytokines trigger Kupffer cells to secreftammatory mediators, which recruit to the liver
other phagocytic cells (22). Pattern-recognitiosepgor, including Toll-like receptors (TLRS),
contribute to the pro-inflammatory responses ityfavers (30). TLRs responses can be activated
by fatty acids and lipid peroxidation products amdturn, the signal pathways associated to TLR
stimulation activate NF-kB, and thereby further #fgpand sustain inflammatory signal (22).
Consistently, in rodent models of NASH, the intezfece with NF-kB activation protects from the
development of steatohepatitis and reduces theession of TNFe and intracellular adhesion
molecule-1 (30). Adipokines can be regarded ashdurtregulators of inflammation in
NAFLD/NASH, with leptin and adiponectin exertinggspectively, pro- and anti-inflammatory
actions (14, 22). In line with these findings, NAPktients show an increased hepatic expression of

cytokines genes that correlates with the sevefitiver lesions (14) (Fig.2).
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Fig. 2: Mechanism of inflammation in NASH (Mamegal., Trends Mol Med., 2008).

Interaction between inflammatory cells in the progression of NASH

Although many observations indicate that severalipflammatory mechanisms operate in NASH,
the overall picture is still rather confused. Inrtpaular, the reason why only a fraction of the
subjects with steatosis develops chronic hepati@nmation remains unclear. Inflammatory
reactions result from the interplay between innatel adaptive immunity. The first comprises
physical and chemical barriers, humoral factoranfgement and interferop)y, phagocytic cells
(neutrophils and macrophages) and lymphocytic ¢aebigural killer and natural killer T cells) that
recognize invading pathogens as well as tissueyinguoviding a rapid response that recruits
immune cells to sites of infection and activates #pecific response of the adaptive immune
system.

Adaptive immunity is activated when the innate on4specific inmune system cannot efficiently
destroy the foreign organism. There are two tydespecific immune response: humoral mediated
by B cells that are able to produce antibodies geing antigens and cellular mediated by T
lymphocytes. Antigenic specificity, immunologic mem and self-nonself-recognition characterize
adaptive immunity (31). Available evidence suggdisés adaptive immune responses are prevalent
in NASH and mainly involves macrophages. In thismgry, the factors that control macrophage
recruitment and activation are considered importentunderstanding the disease evolution.
Nonetheless, a possible role of adaptive immurstglso emerging and might have an important
role in driving macrophages responses. Indeedhierasclerosis, as well as in several auto-immune

diseases, the interaction of lipid peroxidationduats with cellular proteins leads to the formation
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of immunogenic adducts that induce both humoral eglthlar immune responses (32, 33). High
titres of IgG against some of the antigens origngat from oxidative stress, namely
malondialdehyde- (MDA) derived adducts, are detdetan about 40% of adult NAFLD/NASH
patients and in 60% of children with NASH (34, 3B).these latter, high antibody titres associate
with more severe lobular inflammation and 13 faldreased risk of a NAFLD Activity Scoreb
(35), while in adults anti-MDA IgG are an indepentpredictor factor of fibrosis (34).

Resident liver macrophages, also known as Kupfédis,cderive from circulating monocytes and
represent about 20% of non-parenchymal cells iflilee. Once arrived to the liver, macrophages
reside within the sinusoidal vascular space anigreiftiate to perform specialized functions, such
as phagocytosis, antigen processing and presamtdahiey also produce cytokines, prostanoids,
nitric oxide and reactive oxygen intermediates. W@xtivation by bacterial antigens, such as
lipopolysaccharide, Kupffer cells modulate the \aion of various immune cells including
dendritic cells, T lymphocytes and neutrophilgsltvell known that the behaviour of macrophages
is heterogeneous, depending on the different enwiemtal setting (36). Their activation ranges
between two separate polarization states: the Sidakly activated” pro-inflammatory M1 and the
“alternatively activated” anti-inflammatory M2 stgt These states mirror the Th1-Th2 polarization
of T cells (37). Pro-inflammatory mediators (TLRydnds and IFNJ induce M1 polarized
macrophages; they have ILM®, 1L-23 "9" |L-10°" phenotype, they secrete pro-inflammatory
cytokines, such as TNé;-IL-6, IL-12 and activate INOS (inducible nitrixide synthase) and they
participate as inducers and effectors in polarizéd responses. M2 polarized macrophages are
induced by IL-4, IL-13, immune complexes and glurticoid hormones and are characterized by
the production of anti-inflammatory cytokines, &s10, and the enhancement of arginase-1, an
enzyme with iNOS blocking properties. They havdlan?2 %, |L-23'°%, |L-10"9" phenotype and
participate in polarized Th2 reactions as well mgpromoting the killing and encapsulation of
parasites. M2 polarized macrophages are also irdoin tissue repair and remodelling and have
immunoregulatory functions. It is noteworthy that2Mnacrophages are present in established
tumors where support cancer cell growth and migna86) (Fig.3).
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Fig. 3: Macrophage polarized activation (Mantowral., Eur. J. Immunol., 2007)

Adipose tissue macrophages (ATMs) are importantgotain obesity-associated pathology. During
the lean state, ATMs display a M2 phenotype anchtaai adipocyte function, insulin sensitivity
and glucose tolerance. Upon mice feeding with e diet, the development of obesity is
associated with ATMs phenotype switch from an arftammatory M2 polarization state to a pro-
inflammatory M1 polarization state (38). This swittom M2 to M1 polarization is also related to
CCR2-dependent recruitment of other circulating aoytes and M1 activated ATMs are the main
responsible factors for the pro-inflammatory stassociated to obesity. Under physiological
condition, Kupffer cells also display a prevalen2 Blifferentiation and some evidences suggest that
a M2/M1 polarization shift might occur also in theer during the evolution from NAFLD to
NASH. Indeed, Tosello-Trampont and colleagues haeently reported that inducing NASH in
mice by feeding for ten days methionine and choliedicient (MCD) diet, Kupffer cells get
activated realising TNRk- and promote a subsequent infiltration of pro-imffaatory
CD11B8™Ly6C" monocytes (39). Moreover, the depletion of Kupffells by clodronate-containing
liposomes decreases the incidence of NASH developimg impairing steatosis, liver damage,
monocyte infiltration and the production of inflaratary chemokines (39). In a similar manner, it
has been shown that hyperlipidemic mice receiviigh Hat high cholesterol diet show bloated
foamy Kupffer cells due to the scavenging of oxédidipoproteins (40). Lipid accumulation within
Kupffer cells is associated with a cascade of pftaimmatory events leading to the initiation of the
inflammation. In fact, the target deletion of saager receptors in the macrophages reduces hepatic
inflammation, lipid oxidation and fibrosis, withoaffecting steatosis (41).

As previously mentioned, on top of resident macem@s, new macrophages can be recruited from
circulating monocytes at the onset of NASH andltiafie the liver. In mice as in humans,
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circulating monocytes can be distinct in differsnabsets on the basis on antigens and receptors
exposed on the cell surface. The widest group stssin Ly6®'9" (Gr1"9") monocytes that are
distinguished by CCR®" CX3CR1°" expression and the presence of VLA-2 and CD62L sidhe
molecules; they are called ‘classical’ or ‘inflamiory’ monocytes due to the extensive capacity of
secreting pro-inflammatory mediators (TNF4NOS, IL-12, IFNy) and migrating to inflamed
tissues. The human counterpart of this populao@D14*CD16 (42, 43). The second subset of
monocytes has the following phenotype: LYQGr1°") CCR>" CX3CR1"", They are called
‘non-classical’ or ‘resident’ monocytes’ and copead to human CDI€D16" monocytes. The
high expression of CZCR1 might explain their long live span. Moreovérey express different
adhesion molecules, for example LFA-1, in comparisothe ‘classical’ counterpart (42, 44) (Fig.
4). There are controversial reports about the ftonaof this cell type as some experimental
evidences indicate that the LyBCmonocytes derive from Ly8&" cells during maturation (45)
and others sustain that Ly8® monocytes in parallel arise from distinct precursothe bone
marrow, independent from the LyB% subset (46, 47). Tacke and colleagues have deratetst
that the infiltrating and inflammatory Ly&@" monocytes present in liver diseases rapidly down-
regulate Ly6C surface expression upon transmigratito the liver (43). Nonetheless, the actual

functions of CXCR1"9" monocytes during the evolution of hepatic injustill poorly understood.
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Fig. 4: Murine and human monocyte subsets (Zimmamagal., Front Physiol., 2012).
16



Several evidences show that in both mice and humepatic macrophage infiltration in liver with
NASH is controlled by CCR2 and its main ligand CCL2the injured liver, CCL2 is produced by
activated stellate cells, hepatocytes, macrophagdsendothelial cells, representing a central role
for liver inflammation. Patients with NASH have reased hepatic CCL2 expression as well as
CCR2-dependent macrophage infiltration. Baeck anHeagues have demonstrated that the
pharmacological inhibition of CCL2 specifically losks the hepatic monocyte infiltration in models
of chronic liver injury in mice, inhibits intrahepa levels of pro-inflammatory cytokines and
ameliorates steatosis progression without affedtiegatic fibrogenesis (48). Even if @&R1 and

its ligand fractalkine (CXCL1) are up-regulated in biopsies of patients wittite and chronic liver
injury including NASH, CXCRL1 deficient mice develop greater hepatic fibrabmsn wild-type
animals in two independent models of fibrosis. Tussible explanation is that monocytes and
macrophages lacking GER1 undergo increased cell death following livejuiy, which
perpetuates inflammation, promotes inflammatory oogte infiltration into the liver, enhancing
liver fibrosis (44).

Inflammatory infiltrates in the adipose tissue dfese subjects is characterized by the combined
presence of activated macrophages and both B- dyehhocytes. In particular, cytotoxic CD8+ T
cells are increased in fat pads of mice receivifgga fat diet and express an activated phenotype
characterized by the release of pro-inflammatorgiaters, which are implicated in the recruitment
and activation of macrophages in the adipose tisshe role of CD8+ cells in initiating and
propagating adipose tissue inflammation has beefiroted by the fact that their depletion by
immunological or genetic methods reduces macrophdigeation, the release of pro-inflammatory
mediators by adipose tissue and insulin resistédf@e

In normal liver, lymphocytes are found throughdw parenchyma and in the portal tracts and they
include subpopulations of both innate (NKT and NKI) and adaptive (T and B cells) immune
systems. Even if the total number of hepatic CD3yiphocytes appears relatively un-modified in
the livers with NASH, an imbalance of the differe@D3+ cell subtypes has been observed
involving an increased CD8+/CD4+ cell ratio (50)D4L+ T helper cells are a sub-group of
lymphocytes that, by releasing panes of differgiibkines, drive the activation of other immune
cells, switch B cell to the production of differeamtibody classes, activate cytotoxic T cells and
maximize the bactericidal activity of phagocytesll&wing the initial activation by immunogenic
peptides presented by antigen presenting cells JARGhe context of major histocompatibility
(MHC) molecules, naive Th lymphocytes can diffelast into three major distinct Th cell

populations, Thl, Th2 and Th-17, induce macrophagévation and they are very effective in
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controlling infection with intracellular pathogerBy releasing interferom-(IFN- y), TNF- and
CDA40 ligand, Thl polarized CD4+ T-cells drive maatrages to the release of pro-inflammatory
mediators and are important effectors of chronitammation. In turn, IL-12, produced by
activated monocytes/macrophages and dendritic, dslithhe dominant factor promoting Thl cell
polarization in both human and mouse systems. ihtrast, Th2 cells secrete IL-4, IL-5 and IL-13
as key cytokines, promote allergic reactions, dedeagainst parasites and help B cells in producing
antibodies. In that case, IL-4 and IL-6 have anangmt role in Th2 differentiation and GATA-3 is
the most dominant transcription factor regulating2 Tcytokine production. Th-17 cells are a
subtype of T helper cells that is specifically indd by the presence of TGFand IL-6 through the
transcription factor retinoic acid receptor-relatgghan receptor (ROR)F and by secreting IL-17
exert pro-inflammatory functions (51). Recent répdrave shown that an increase in circulating
IFN-y-producing CD4+ T-cells characterizes NASH in bgihediatric and adult patients in
conjunction with an enhanced liver IFNexpression (50, 52), suggesting the possible aalsy of
Th-1 responses to the human disease. Furthermohégh@r number of Th-17 cells has been
observed in mice with steatosis induced by feedirfggh fat diet and in liver biopsies of NASH
patients. Accordingly, the Th-17 related genes (RORIL-17, IL-21, IL-23) are up-regulated in
NASH patients as compared to healthy controls adralization of IL-17 in high fat diet fed mice
ameliorates liver injury and inflammation (53). Bdiugh in some hepatotoxic and cholestatic
mouse models of liver injury an increase of IL-1a&tbeen implicated in the evolution of hepatic
fibrosis (54), no evidence is so far available dhiwe implication of Th-17 responses in NASH
evolution.

Conversely, recent studies have pointed out a Iplessivolvement of natural killer T (NKT) cells
in the progression of NASH. NKT cells are a lympytecpopulation expressing both NK and T
markers that recognize the lipid antigens presebyetthe non-classical MHC class I-like molecule
CD1 (55). NKT cells account for 20-35% of mouseetidymphocytes and 10-15% of rat and
human liver lymphocytes (56, 57). They have beeawshto play an important role in regulating
innate and adaptive immunity through the productibma variety of cytokines, such as IFNand
IL-4 (58, 59). In addition to classical cytokin@$KT cells also secrete osteopontin (OPN) (60), a
cytokine with both pro-inflammatory and pro-fibrage capacities (61) and the fetal morphogen,
sonic hedgehog (Shh), which activates hepatic astelcells (HSC) into collagen secreting
myofibroblasts and amplifies the repair-associaldmmatory response (62).

The role of NKT cells during the progression fromARLD to NASH is complex. Studies
conducted by different laboratories suggest thall Mdills may have a protective effect in animal

model of NAFLD. For example, leptin deficiency, hitat diet consumption and high sucrose diet
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cause NAFLD associated with reduction of hepaticTNg¢lls. This reduction may be caused by
both a lowering of hepatic CD1d expression andrameiase of NKT apoptosis due to a reduced
production of norepinephrine and IL-15 in a combora with an up-regulation in hepatic
expression of IL-12 (63-65). Indeed, the depletidriKupffer cells decreases the expression of IL-
12 and blocks the impairment of NKT cells (64, 8Bh the contrary, in mice with NASH there is
an increase in the number of NKT cells, which palslthe progression of the disease to fibrosis.
Accordingly, NKT cell deficient mice fed MCD diehsw blunted OPN expression and a reduced
collagen deposition (67). In the setting of humaASH, advanced fibrosis is correlated with
increased hepatic levels of OPN and Hh and eleyaltssima OPN levels in comparison with early
fibrosis (60, 68).

Factorsinvolved in NASH evolution to hepatic fibrosis

Unresolved inflammation promotes pathologic repdimis progressive fibrosis and cirrhosis
represent the outcomes of NASH. NASH-related filsrdevelops primarily in the pericentral areas,
where thin bindles of fibrotic tissue surround grswf hepatocytes and thicken the space of Disse,
in a ‘chicken wire’ fashion (9). The main cell typesponsible for extracellular matrix deposition
are hepatic stellate cells (HSCs), which, underdabal influence of TGHB1 (transforming growth
factor betal), PDGF (platelet-derived growth factcand CCL2, trans-differentiate to
myofibroblast-like cells producing collagen and ethextracellular matrix components (69).
Furthermore, decreased hepatic matrix degradatiom @ a reduced production of matrix
metalloproteinases (MMPs) and/or an increased mtomu of matrix metalloproteinase inhibitors
might also contribute to collagen accumulation (&Q)pffer cell activation in response to chronic
inflammatory stimuli is mostly responsible for teecretion of pro-fibrogenic cytokines (69). In
addition, HSC proliferation and transformation tlagen-producing myofibroblasts are influenced
by lymphocyte-derived cytokines and oxidative strég), 71). Alterations in adipokine secretion
consequent to obesity might have a specific rotdHe induction of fibrogenesis in this condition.
Activated HSCs selectively express leptin receptansl leptin stimulates HSC survival, the
expression of pro-inflammatory and angiogenic ciytek (72). The pro-fibrogenic action of leptin
might be enhanced by the combined lowering of at#ptin as, beside its anti-inflammatory action,
adiponectin reduces proliferation and increaseptages of cultured HSCs (71). Furthermore,
recent work has recognized that in NASH the devekaqt of portal inflammation and fibrosis is a

marker for progressive disease (9).
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Aims of the study

In spite of the large amount of data generated dnent research efforts, a number of issues
concerning the mechanisms involved in the evoluttdnNASH to fibrosis/cirrhosis are still
unresolved. Furthermore, from the clinical pointvaéw, only some NAFLD patients develop
NASH and, among these, there is a large inter-iddal variability in the evolution to fibrosis. The
factors responsible for such an inter-individuakiafaility represent a particular challenge as
multiple interaction occur between hepatocyteslamfatory cells hepatic stellate cells in the
different phases of the disease progression. Adohgshese open questions is necessary and urgent
because NAFLD/NASH, as well as its main risk fasfofor example obesity, diabetes and
metabolic syndrome, is increasing worldwide bothdults and in children.

In my doctoral project, | focused my attention oyirtg to understand the role of inflammatory and
immune mechanisms responsible in the evolution ASN. In particular, macrophages and NKT
cells play a central role in the maintenance daimimation also in advanced phases of NASH.

One limitation of the studies dealing with NAFLD/I$A pathogenesis relies in the fact that at
present there is no universally accepted mouse Infoddhe disease. The methionine choline
deficient (MCD) diet model is widely used as it uwed in a rapid (three-four weeks) and
reproducible manner steatohepatitis that reprodsessral aspects of human NASH. It is also
suitable to study the progression of the diseaseesiibrosis is detectable within eight-ten weeks
(73). However, this model lacks obesity and insuésistance that are hallmarks of the human
disease and, at long stage, animals become sevaedhourished. At opposite, rodent feeding a
high fat diet leads, as in humans, to steatosisbaumed with subcutaneous and visceral obesity,
insulin resistance and adipokine unbalances. Hoxv@veodents receiving high fat diet, liver injury
and inflammation are usually modest and fibrosisy demited (73). Additional models using of
high fat high cholesterol diets supplemented withee cholate or high fat high sucrose diet have
also been proposed. Although these diets cause lwereinjury than simple high fat diet, their
pathological and metabolic features are less virgtacterized (73).
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Results — Article 1

Bias in macrophage activation pattern influences non-alcoholic steatohepatitis
(NASH) in mice

Background and aims: It is well documented that NAFLD evolution to NASiHvolves the
cytotoxic action of circulating free fatty acids H&s), hepatic oxidative stress, endoplasmic
reticulum stress and the stimulation of hepatitamination through the activation of Kupffer cells
and the recruitment of monocytes and lymphocyteswéver, little is known about why some
NAFLD patients progress to NASH and others do Awot.increasing number of studies has taken
advantage from the inter-strain variability in batimate and adaptive immunity present in mice to
elucidate the pathogenesis of some inflammatomadiss, such as atherosclerosis. Moreover, in the
recent years, several groups reported differencesng mice strains in the susceptibility to
experimental NASH: for instance, strains such agBL% and 129/SVJ develop NASH and
hepatic fibrosis upon receiving a high fat dienwthionine and choline deficient diet, while other
strains (C3H/HeN or Balb/c) are resistant. C57Bini6e have a prominent lymphocyte Th-1 bias
characterized by an increased production of cyekisuch as INkF; TNF-o and IL-2 associated
with an increased susceptibility to atherosclerosikile Balb/c mice are more biased to Th-2
responses leading to IL-4, IL-5 and IL-13 productiassociated with an augmented fibrosis.
Independently from the Th-1/Th-2 bias, macrophdges C57BL/6 mice show a ‘classical’ M1
polarization, whereas Balb/C-derived macrophagege ha tendency to an ‘alternative’ M2
activation.

In this study, we have compared liver inflammation C57BL/6 and Balb/c mice that are
characterized by a different bias in cytokine pwthin by CD4+ T helper (Th) lymphocytes and
macrophages, to investigate if the variabilityhe severity of NASH in mice strains can give some
clues to understand the evolution of the diseasaimans. To avoid possible interferences due to
fat inflammation, in this study we have used aneexpental model of NASH based on mice
feeding methionine and choline deficient (MCD) digat allows to reproduce the liver features of

the human disease in the absence of obesity anbinmesistance.

Key results: By feeding C57BL/6 and Balb/c mice with the MCDedfor four weeks, we have
observed that C57BL/6 animals develop more sevesahepatitis than Balb/C mice, in terms of
hepatic triglycerides content, lobular inflammatidacal necrosis and TNé&-expression. These

differences are not dependent upon the differedt TR bias as the evaluation of the liver mRNA
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expression for T-lymphocyte polarization markeSNYy, IL-10 and IL-17a) and the respective
transcription factors (T-bet, Gata-3 and R@Rare not different between the two strains. Ithbo
C57BL/6 and Balb/c mice, the development of NASHSssociated with an increased expression of
M1 activation markers, such as iNOS, IL12p40 and>CX0. However, these cytokines are higher
in the livers of MCD-treated C57BL/6 mice, suggegtithat the increased severity of hepatic
inflammation in C57BL/6 mice is correlated with tMl skewing of Kupffer cells of this strain.
This result has been confirmed by analysing isdlat@crophages from MCD-treated mice, which
show a prominent INOS (inducible NO synthetase) dbd2p40 production in C57BL/6

macrophages as compared to Balb/C macrophages.

Outcome and conclusions: Collectively, the results present in this papghhght that the liver M1
macrophage bias of C57BL/6 mice is responsiblettier major severity of NASH of this strain.
Therefore, the genetic and epigenetic factorsrénglate macrophage activation have an important
role in influencing the progression from simple astsis to steatohepatitis. Moreover, these
observations point to the utility of exploring mictrain differences in the susceptibility to
experimental NASH for getting new insides in thechmnisms responsible for the inter-individual

variability of NAFLD evolution in humans.
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Bias in macrophage activation pattern influences
non-alcoholic steatohepatitis (NASH) in mice
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A B S TRACT

In humans, there is large inter-individual variability in the evolution of NAFLD (non-alcoholic
fatty liver disease) to NASH (non-alcoholic steatohepatitis). To investigate this issue, NASH
was induced with an MCD (methionine—choline-deficient) diet in C57BL/6 and Balb/c mice that
are characterized by different biases in Th1/Th2 and macrophage (M1/M2) responses. Following
4 weeks on the MCD diet, steatosis and lobular inflammation were prevalent in C57BL/6 (Thl, Ml
oriented) than in Balb/c (Th2, M2 oriented) mice. Consistently, hepatic TNFa (tumour necrosis
factor &) mRNA expression and circulating TNFa levels were higher in MCD-fed C57BL/6 than
in MCD-fed Balb/c mice. The Thl/Th2 bias did not account for the increased NASH severity,
as in both strains MCD feeding did not significantly modify the liver mRNA expression of the
Thl markers IFNy (interferon y) and T-bet or that of the Th2 markers IL-4 (interleukin 4) and
GATA-3. Conversely, MCD-fed C57BL/6 mice displayed higher liver mRNAs for the macrophage
M1 activation markers iINOS (inducible NO synthase), IL-12p40 and CXCLI0 (CXC chemokine
ligand 10) than similarly treated Balb/c mice, without effects on the M2 polarization markers
IL-10 and MGL-I (macrophage galactose-type C-type lectin-1). Circulating IL-12 was also higher
in MCD-fed C57BL/6 than in MCD-fed Balb/c mice. The analysis of macrophages isolated from
the livers of MCD-fed animals confirmed an enhanced expression of M| markers in C57BL/6
mice. Among all of the MCD-treated mice, liver iNOS, IL-12p40 and CXCLI0 mRNA levels
positively correlated with the frequency of hepatic necro-inflammatory foci. We concluded that
the macrophage M| bias in C57BL/6 mice may account for the increased severity of NASH in this
strain, suggesting macrophage responses as important contributors to NAFLD progression.

INTRODUCTION Western countries in relation to the growing prevalence of

obesity and the metabolic syndrome [1]. Although fatty
NAFLD (non-alcoholic fatty liver disease) is character-  liver is often benign, approximately 10-25 % of NAFLD
ized by TAG (triacylglycerol) accumulation within the patients develop NASH (non-alcoholic steatohepatitis)
liver and is, at present, the most frequent hepatic lesionin  characterized by parenchymal injury, inflammation and

Key words: cytokine, Kuppfer cell, liver inflammation, liver injury, non-alcoholic fatty liver disease, strain difference.
Abbreviations: ALT, alanine aminotransferase; CCL2, CC chemokine ligand 2; CXCL10, CXC chemokine ligand 10; IFNy,
interferon y; iIL, interleukin; iNOS, inducible NO synthase; MCD, methionine—choline-deficient; MGL-1, macrophage galactose-
type C-type lectin-1; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; RORyT, retinoic acid-
receptor-related orphan receptor y'T; ROS, reactive oxygen species; TAG, triacylglycerol; TNFe; tumour necrosis factor o; TLR,
Toll-like receptor.
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fibrosis that can progress to cirrhosis and, in some case,
to hepatocellular carcinoma [1]. A still open question
in this field concerns the mechanisms responsible
for NAFLD progression to more severe liver injury [2].
NAFLD is characterized by an increase in circulating
NEFAs (non-esterified fatty acids), hepatic oxidative
damage, endoplasmic reticulum stress and adipokine
inbalances [3-5]. The current view suggests that all these
events promote hepatic inflaimmation by stimulating
Kupffer cells to secrete pro-inflammatory mediators and
to recruit leucocytes within the liver [3-5]. Consistently,
NASH patients show an increased hepatic expression of
cytokine genes that correlates with the severity of liver
lesions [6]. However, little is known about the factors
determining why some NAFLD patients progress to
NASH and others not.

Inter-strain variability in both innate and adaptive
immunity is well documented in mice and has
been exploited for elucidating the pathogenesis of
several inflammatory diseases [7,8] as well as of
multifactorial diseases with an inflammatory component,
such as atherosclerosis [9]. In recent years, several
groups reported differences among mice strains in
the susceptibility to experimental NASH [10-14]. In
particular, C57BL/6 and 129/SV] develop NASH and
hepatic fibrosis upon receiving a high fat diet, whereas
A/] mice are resistant [12]. Steatohepatitis induced by
feeding an MCD (methionine—choline-deficient) diet is
also more severe in A/J] and C57BL/6 than in C3H/HeN
or Balb/c mice [10,11]. So far, the mechanisms responsible
for these differences have not been investigated in detail.
In particular, little is known about the influence of
the genetic background on the multiple mechanisms
controlling hepatic inflammation. Studies in obese
subjects have shown that chemokines released by fat-
resident macrophages recruit to the adipose tissue T-
lymphocytes and NKT cells (natural killer T-cells) [15].
In turn, Thi-activated CD4 " stimulate macrophage M1
polarization with the production of pro-inflammatory
mediators [TNFa (tumour necrosis factor «), IL
(interleukin)-12, CCL2 (CC chemokine ligand 2) and
NOJ] causing insulin resistance and further recruitment
of inflammatory cells into the adipose tissue [15,16].
Interestingly, an increase in M1 cytokines is also
associated with the development of NASH in both
experimental animals and humans [4-6].

To investigate whether the variability in the severity
of NASH among mice strains might give some clue to
understand the factors influencing the progression of
the human disease, we compared liver inflammation in
C57BL/6 and Balb/c mice that are characterized by a
different bias in cytokine production by CD4* Th and
macrophages. In fact, C57BL/6 mice show a prominent
Thl cytokine production [IL-2, TNFa and IFNy
(interferon y)] as opposed to a prevalence of Th2 cytokine
response (IL-4, IL-5 and IL-13) in Balb/c mice [17]. Such

© The Authors Journal compilation © 2012 Biochemical Society

a Th1 bias has a major role in determining the increased
susceptibility to atherosclerosis of C57BL/6 mice, being
the driving force for plaque inflammation [17,18].
Conversely, a Th2 bias is associated with an increased
fibrosis in Balb/c mice [19]. Independently from the
Th1/Th2 responses, C57BL/6-derived macrophages also
show a bias to M1 polarized activation, whereas
macrophages from Balb/c mice have a tendency to the
so-called ‘alternative’ M2 activation [20]. This latter
condition is characterized by anti-inflammatory, pro-
fibrogenic and immunosuppresive responses [21]. Since
Th1 lymphocytes and M1 macrophages are responsible
for adipose tissue inflammation and insulin resistance in
obesity [15,16], in the present study we avoided possible
interferences due to fat inflammation by using the MCD
model of NASH that allows to reproduce the liver
features of the human disease in the absence of obesity
and insulin resistance [22].

MATERIAL AND METHODS

Animals and experimental protocol
Male C57BL/6 and Balb/c mice (8-weeks old) were pur-
chased from Harlan-Nossan, and the dietary treatment
was initiated after 1 week acclimatization. Mice were fed
for 4 weeks with either an MCD diet or a control diet sup-
plied by Laboratorio Dottori Piccioni. Body weight was
recorded weekly throughout the experiment. Mice were
anaesthetized with sevofluorane and blood was collected
by cardiac puncture. Livers were rapidly removed and,
after rinsing in ice-cold saline, cut in pieces. Aliquots were
immediately frozen in liquid nitrogen and keptat — 80°C
until analysed. Two portions of each liver were fixed
in 10% formalin or snap-frozen in OCT (optimal cut-
ting temperature) compound for histology respectively.
Animal experiments were approved by the Italian
Ministry of Health and by the University Commission
for Animal Care following the criteria of the Italian
National Research Council.

Biochemical analysis

Plasma ALT (alanine aminotransferase) and total liver
TAG content were determined by spectrometric kits
supplied by Radim and Sigma Diagnostics respectively.
Circulating TNFa and IL-12 levels were evaluated in the
sera using commercial ELISA kits (Peprotech).

Isolation and purification of liver

macrophages

Liver macrophages were isolated from the livers of
MCD-fed mice by collagenase perfusion according
to Froh et al. [23]. The cells were suspended in
serum-free RPMI 1640 medium and purified by
1h of adhesion on plastic disks. Cell purity, as
estimated by immunofluorescence and flow cytometry,
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was above 80% (see Supplementary Figure S1 at
http://www.clinsci.org/cs/122/cs1220545add.htm). The
cells were then processed for mRNA and protein
extraction as outlined below.

mRNA extraction and real-time PCR

RNA was extracted with TRI reagent (Applied
Biosystems) according to the manufacturer’s instructions
and was quantified at an absorbance of 270 nm with
a Nanodrop spectrometer (Thermo Scientific). RNA
(1 ug) was retro-transcribed using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems),
according to the manufacturer’s instructions. Real-
time PCR was performed in a TC-312 thermalcycler
(Thecne), using TagMan Gene Expression Master Mix
and TagMan Gene Expression probes for mouse TNF,
IL-12p40, IL-4, IFNy, IL-17a, IL-10, T-bet, GATA-3,
RORyT (retinoic acid-receptor-related orphan receptor
yT), iINOS (inducible NO synthase), CXCL10 (CXC
chemokine ligand 10), MGL-1 (macrophage galactose-
type C-type lectin-1), argininase-1, 18S and pB-actin
(Applied Biosystems). The data were processed using
7000 System Software and normalized to the B-actin
or 18S gene expression. All samples were run blind in
duplicate and the results were expressed as arbitrary units.

Western blotting

Liver macrophages were homogenized in ice-cold lysis
buffer [10 mM Tris/HCI (pH 7.4) containing 100 mM
NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM NaF, 20 mM
sodium pyrophosphate, 2 mM Na;VO,, 1% Triton X-
100, 10% glycerol, 1 mM DTT (dithiothreitol), 1 mM
PMSF, 10mg/ml leupeptin, 1 mg/ml pepstatin and
60 mg/ml aprotinin], and protein extracts (100 ug) were
electrophoresed by SDS/PAGE on 10 % polyacrylamide
gels. Nitrocellulose membranes were probed with
monoclonal antibodies against mouse iNOS and
argininase-1 (BD Biosciences and Genetex) and revealed
with Western Lightning Chemiluminescence Reagent
Plus [ECL (enhanced chemiluminescence); PerkinElmer]
using the VersaDoc 3000 quantitative imaging system and
Quantity One software (Bio-Rad Laobratories).

Histology and immunohistochemistry

Liver pathology was assessed in haematoxylin/eosin
and Masson’s trichrome stained sections. The severity
of steatosis and lobular inflaimmation was scored by
an experienced pathologist, according to the method
described by Kleiner et al. [24]. The number of
necro-inflammatory foci was counted in ten different
high-magnification microscopic fields. Kupffer cells
and liver infiltrating T-cells were detected in frozen
sections using anti-mouse F4/80 (eBioscience) or anti-
mouse CD3 monoclonal antibodies (R&D Systems) in
combination with peroxidase-linked goat anti-rat IgG
and HRP (horseradish peroxidase) polymer kit (Biocare

Medical) respectively. The numbers of F4/80-positive
macrophages were counted in ten different microscopic
fields. CD3-positive cells are expressed as a percentage
of the inflammatory cells infiltrating liver parenchyma in
ten different microscopic fields.

Data analysis and statistical calculations
Statistical analyses were performed by SPSS statistical
software using a one-way ANOVA test with Tukey
correction for multiple comparisons, or a Kruskal-Wallis
test for non-parametric values. A Pearson’s r value was
used for verifying correlations. Significance was taken at
the 5% level. Normality distribution was preliminary
assessed by the Kolmogorov-Smirnov test.

RESULTS

Feeding C57BL/6 and Balb/c mice with an MCD diet for
4 weeks resulted in the development of steatohepatitis
characterized by liver TAG accumulation and ALT
release (Figure 1). Liver histology revealed the presence
of macrovescicular steatosis accompanied by lobular
inflammation, lipogranulomas, hepatocyte apoptosis and
focal necrosis (Figures 2A-2D). By comparing MCD-fed
animals, C57BL/6 mice had higher (P <0.05) hepatic
TAGs than Balb/c mice, whereas no significant
differences were appreciable in ALT release (Figure 1).
The two strains also suffer similar weight loss upon the
administration of the MCD diet (results not shown).
Following blind semi-quantitative evaluation of hepatic
histology, MCD-treated C57BL/6 mice had higher
scores for steatosis (P < 0.05) and lobular inflammation
(P <0.002) and an increased prevalence of focal necrosis
(P <0.001) as compared with similarly treated Balb/c
mice (Figures 2E-2G). Collagen deposition in MCD-fed
mice was very modest and mostly localized to the peri-
sinusoidal spaces of the centrilobular areas without appre-
ciable strain differences (results not shown). In accord-
ance with the histopathology, liver mRNA expression
and circulating levels of TNFa were significantly higher
in C57BL/6 than in Balb/c MCD-treated mice (Figure 2).

Immunohistochemistry for CD3-positive cells showed
that inflammatory infiltrates in MCD-treated C57BL/6
livers were characterized by an increased prevalence of
T-lymphocytes (19.8 +£7.0 compared with 13.3 +£5.1 %;
P <0.02) that were mostly localized around the necrotic
foci (Figure 3). By measuring the liver mRNA content
of IFNy and IL-4 as representative for CD4* T-
cells Th1 and Th2 responses respectively, we observed
that IFNy and IL-4 expression were higher in control
C57BL/6 than in Balb/c mice (Figure 3). The MCD
diet did not significantly modify IFNy expression in
C57BL/6, whereas it lowered IFNy mRNA in Balb/c
mice (Figure 3). In both strains MCD feeding did
not significantly affect IL-4 mRNA pattern (Figure 3).
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Figure 1 Liver ALT release (A) and TAG content (B) evaluated in C57BL/6 and Balb/c mice with NASH induced by 4 weeks

of feeding with an MCD diet

The values refer to 12—15 animals in each group and the boxes include the values within 25th and 75th percentile, while the horizontal bars represent the medians;
80 % of the values are between the extremes of the vertical bars (10—90th percentile). Cont, control.
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Figure 2 Hepatic inflammation in C57BL/6 and Balb/c mice with NASH induced by 4 weeks of feeding with an MCD diet
Liver histology was revealed by haematoxylin/eosin staining (A-D: magnification, %200 and >400). Lobular inflammation was scored semi-quantitatively according to

Kleiner et al. [24] (E), while the number of necro-inflammatory foci (F) were counted in ten different high-magnification microscopic fields. The liver mRNA expression

of TNFor (G) was measured by real-time PCR and expressed as arbitrary units after normalization to the actin gene expression. The circulating levels of TNFor were

determined in the sera of the same animals (H). The values refer to 12—15 animals in each group and the boxes include the values within 25th and 75th percentile,
whereas the horizontal bars represent the medians; 80 % of the values are between the extremes of the vertical bars (10—90th percentile). Cont, control.

No significant changes were also evident in the liver
mRNAs of the Thl regulator T-bet and of the Th2
transcription factor GATA-3 (Figure 3). IL-17-producing
Th17 lymphocytes are a newly identified subset of
effector helper T-cells, distinct from Thl and Th2
CD4™" T-cells, which increasingly recognized to play

© The Authors Journal compilation © 2012 Biochemical Society

a role in driving inflammation in chronic liver diseases
[25]. As Th17 lymphocytes have been implicated in
human alcoholic hepatitis [26], we investigated possible
signs of Th17 response in experimental NASH. IL-
17a mRNA was almost undetectable in the livers of
control mice and increased just above detection limits
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Figure 3 Evaluation of T-lymphocyte polarization markers in the liver of C57BL/6 and Balb/c mice with NASH induced by

4 weeks of feeding with an MCD diet

The mRNA expression of IFNy and IL-4 and of the transcription factors T-bet, GATA-3 and RORyT were measured by real-time PCR. The values refer to 12—15
animals in each group and are expressed as arbitrary units after normalization to the actin gene expression. The boxes include the values within 25th and 75th
percentile, whereas the horizontal bars represent the medians; 80 % of the values are between the extremes of the vertical bars (10—90th percentile). Cont, control.

upon MCD feeding, but because of the very low
values the data were unreliable (results not shown).
However, MCD-diet feeding did not modify the mRNA
expression of RORy T, a transcription factor controlling
Th17 lymphocyte differentiation (Figure 3). Taken
together these findings suggest thatlymphocyte polarized
responses did not primarily account for strain differences
in the onset of MCD-induced NASH in mice.

The possible influence of strain bias in macrophage
activation was then investigated. Immunohistochemistry
using anti-F8/40 antibodies did not reveal appreciable
differences in the number of liver macrophages between
MCD-fed C57BL/6 and Balb/c mice (results not shown).
Inboth strains, the development of NASH was associated
with an increased mRNA expression of M1 activation
markers such asiNOS, IL-12p40and CXCL10 (Figure 4).
However, in the livers of MCD-treated C57BL/6 mice
iNOS, IL-12p40 and CXCL10 mRNAs were respectively
3.3, 3.5 and 2.5times higher than in MCD-treated
Balb/c mice (Figure 4). Measurement of circulating IL-

12 confirmed an increased production of this cytokine in
MCD-fed C57BL/6 mice (Figure 4). On the other hand,
despite the hepatic mRNAs for the M2 markers MGL-1
(CD301) and IL-10 were higher in control C57BL/6 than
Balb/c mice, the MCD diet did not appreciably influence
these markers (Figure 4). To further substantiate these
observations, macrophages were isolated from the livers
of MCD-fed mice of both strains. Figure 5 shows that the
macrophages from C57BL/6 livers displayed an enhanced
expression of INOS and IL-12p40 as compared with those
from Balb/c mice. Conversely, the M2 marker argininase-
1 was greatly increased in Balb/c-derived macrophages,
whereas no change was observed in MGL-1 expression
(Figure 5).

The relationship between macrophage M1 bias and
NASH severity was supported by the observation that,
among all MCD-fed mice, the liver mRNA expression of
iINOS (r = 0.70, P = 0.017), IL-12p40 (r = 0.60, P = 0.009)
and CXCL10 (r=0.51, P=0.018) positively correlated
with the frequency of hepatic necro-inflammatory foci.
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Figure 4 Changes in macrophage MI/M2 polarization markers in the livers of C57BL/6 and Balb/c mice with NASH induced

by 4 weeks of feeding with an MCD diet

The mRNA expression of MI (iNOS, IL-12p40 and CXCLI0) and M2 (MGL-I and IL-10) polarization markers were measured by real-time PCR (A—E). The values refer to
1215 animals in each group and are expressed as arbitrary units after normalization to the actin gene expression. The circulating levels of IL-12 were determined in
the sera of the same animals (). The boxes include the values within 25th and 75th percentile, while the horizontal bars represent the medians; 80 % of the values
are between the extremes of the vertical bars (10—90th percentile). Cont, control.

DISCUSSION

To date, only a few studies have investigated the inter-
strain differences in mice susceptibility to experimental
NASH. Despite some variability related to the different
dietary protocols, the following picture emerges: by
using the MCD diet, the apparent rank in transaminase
release is A/J>C57BL/6>C3H/HeN=Balb/c=DBA/2]
[10,11], whereas long-term feeding of a diet deficient
only in methionine causes more liver injury and
hepatocarcinogenesis in DBA/2] than in C57BL/6 mice
[14]. Conversely, C57BL/6 and 129/SV], but not A/],
mice develop NASH and hepatic fibrosis upon receiving
a high fat diet [12,13]. At present, the factors responsible
for such differences have been poorly characterized.
QTL (quantitative trait locus) analysis has identified
several loci in chromosomes 1, 2 and 7 that influence the
extent of liver injury (ALT release) in seven mice strains
receiving the MCD diet [10]. Furthermore, epigenetic

© The Authors Journal compilation © 2012 Biochemical Society

mechanisms controlling DNA and histone methylation
have been proposed to account for the differences in
NASH progression between DBA/2] and C57BL/6 mice
[14]. Our present results confirm and extend the above
observations, showing that after 4 weeks on the MCD
diet C57BL/6 mice developed more severe NASH than
Balb/c mice.

Recent evidence indicates that the inflaimmatory
process in NASH and atherosclerosis may share common
mechanisms [27]. Interestingly, in experimental models
of atherosclerosis C57BL/6 mice develop more extensive
plaques than Balb/c mice [28,29]. Such a different
behaviour depends upon a prevalent expression in the
C57BL/6 strain of specific class II MHC molecules
that regulate Th1 CD4* T-cell activation [28]. In turn,
IFNy, TNFa and CDA40 ligand produced by CD4* T-
cells drive plaque macrophages to produce ROS (reactive
oxygen species), NO and pro-inflammatory cytokines
[30]. Consistently, blunting CD4% T-cells or their
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Figure 5 Evaluation of MI/M2 polarization markers in macrophages isolated from the livers of C57BL/6 and Balb/c mice

fed for 4 weeks with an MCD diet

Macrophages were purified as reported in the Materials and methods section and the mRNAs of MI (iNOS and IL-12p40) and M2 (argininase-1 and MGL-I) polarization
markers were measured by real-time PCR (A—D). The values refer to four to five cell preparations in each group and are expressed as arbitrary units after normalization to
the 185 gene expression. The boxes include the values within 25th and 75th percentile, while the horizontal bars represent the medians; 80% of the values are between the
extremes of the vertical bars (10—90th percentile). The iNOS and argininase-1 (Arg-1) protein expression was evaluated by Western blotting in the extracts from
the same cell preparations (E—G). The results are expressed as ratios of, respectively, iNOS and Arg-l band densities and those of S-actin and are means = S.D.

from four to five cell preparations.

Th1 responses decreases atherosclerosis in ApoE =/~
(apolipoprotein E-deficient) C57BL/6 mice fed on a high-
cholesterol diet [30]. C57BL/6 Th1 bias does not appear
to have a major influence on the severity of MCD-
induced NASH. This result is rather unexpected, since
previous studies have shown that fatty liver in mice fed on
hypercaloric or choline-deficient diets promotes IFNy
production [31,32]. Nonetheless, it should be noted that
in these latter studies IFNy expression requires extensive
T-cell activation by concanavalin A [31] or long-term (10—
20 weeks) choline deficiency [32]. Thus it is possible that
CD4* T-cell recruitment might require longer than the
4-week treatment used in the present experiments.
During inflammation, macrophages can express
different functional differentiation patterns in response
to environmental stimuli such as bacterial products
and cytokines [21]. Bacterial LPS (lipopolysaccarides)

and IFNy promote classic M1 activation characterized by
the production of ROS, NO and pro-inflammatory cy-
tokines and chemokines (IL-18, TNFa, IL-12, CXCL9
and CXCL10); conversely IL-4, IL-10 and TGFp (trans-
forming growth factor ) induce alternative M2 mac-
rophage activation associated with anti-inflammatory,
pro-fibrogenic, angiogenetic and immuno-suppresive
activities [21]. M1 activation characterizes not only
bacterial infections, but is also evident in macrophages
of atheroscleorotic plaques and in those from the adipose
tissue of obese subjects [16,33]. Our present results point
to the importance of M1 responses in the development of
NASH by showing thata prevalent liver expression of M1
markers correlates with increased hepatic inflammation
in C57BL/6 mice with MCD-induced NASH. On the
same line, a recent study in morbidly obese patients
demonstrates that NASH, but not NAFLD, is associated
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with a specific increase in the liver expression of a wide
array of pro-inflammatory M1 cytokines/chemokines
(IL-18, IL-18, CCL2-5 and CXCL9-11) [34]. Several
mechanisms might contribute in promoting M1 responses
in the early phase of NASH. For instance, TLR (Toll-
lik receptor)-4, TLR-2 and TLR-9 have been shown to
trigger pro-inflammatory responses in fatty livers [35,36],
being activated by dietary lipids, oxidation products and
molecules released from damaged hepatocytes [5,37]. The
complement cascade can also stimulate macrophage activ-
ation through C3b and C5b receptor interactions and the
release of anaphylotoxins. In this latter context, Rensen
et al. [38] have recently reported an extensive deposition
of different complement fractions in liver biopsies
from NASH patients that associates with increased
hepatocyte apoptosis, granulocyte infiltration and higher
liver expression of IL-18, IL-6 and IL-8 mRNAs.
Altogether these results indicate that C57BL/6 mice
M1 bias in liver macrophages responses contributes to
the increased susceptibility to NASH of this strain,
suggesting the importance of genetic/epigenetic factors
regulating macrophage activation in influencing NAFLD
progression to steatohepatitis. These observations point
to the usefulness of exploring mice strain differences in
the susceptibility to experimental NASH for obtaining
new insights into the mechanisms responsible for inter-
individual variability of NAFLD evolution in humans.
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Figure S| Purity of macrophages isolated from the livers of C57BL/6 and Balb/c mice fed on an MCD diet for 4 weeks was
estimated by immunofluorescence using an anti-mouse F4/80 rat IgG and FITC-labelled anti-rat IgG serum (A and B) as
well as by flow cytometry using allophycocyanin-labelled anti-mouse F4/80 and phycoerythrin-labelled anti-mouse CD45
antibodies (C and D)

In the immunofluorescence assays, nuclei were counterstained with | reg/ml DAPI (4',6-diamidino-2-phenylindole). Magnification, % 40.
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Results — Article 2

NF-kB1 deficiency stimulates the progression of non-alcoholic steatohepatitis
(NASH) in mice by promoting NKT-cell-mediated responses

Background and aims: Recent studies have demonstrated that the p50 subunit of the transcription
factor NF-kB (nuclear factor kB), codified by NF-kB1 gene, shows important regulatory activities
that contribute in down-modulating NF-kB-mediated responses and is involved in the regulation of
macrophage activation. In particular, p50 homodimers down-regulate pro-inflammatory cytokines
production by macrophages and hepatic stellate cells and drive aternative M2 polarization,
producing Arginase-1 and CCL17 and inhibiting iNOS and TNF-a production. Accordingly, it has
been observed that NF-kB1-knockout mice (NF-kB17) develop more inflammation and
parenchyma injury as compared to wild type animals in a model of Escherichia Coli-induced
pneumonia and present a delayed resolution in glomerulonephritis. At hepatic level, NF-kB1
deficiency in mice increases inflammation and fibrosis after chronic carbon tetrachloride (CCL4)
intoxication. In a previous study, we have observed that liver M1 macrophage bias of C57BL/6
mice is responsible for the major severity of NASH of this strain and this suggests that genetic and
epigenetic factors regulating macrophage activation might have an important role in influencing the
progression of NAFLD from simple steatosis to steatohepatitis. In this contest, recent studies have
characterized a new functional polymorphism in the promoter region of the human NF-kB1 gene (-
94 insertion/deletion ATTG, rs28720239) that reduces protein production and is associated with a
higher prevalence of inflammatory and autoimmune diseases. The same polymorphism also
increases the risk of cirrhosisin alcoholic patients by an up-regulation of hepatic inflammation.

Starting from this background, in the present study we have investigated whether NF-kB1
deficiency in mice might affect macrophage regulation and influence the progression of NASH. To
this aim, NASH has been induced by treating NF-kB1”- and wild type C57BL/6 mice with
methionine and choline deficient (MCD) diet because NF-kB17- mice are protected against insulin
resistance and obesity induced by high fat diet in relation to an increase in hepatic insulin response

and an elevated energy expenditure.

Key results: Even if both wild type and NF-kB1”- mice receiving the MCD diet for four weeks
develop NASH, the knockout mice have more steatosis, lobular infiltration, increased hepatocyte
apoptosis, ALT release and TNF-o production as compared to the wild type animals. Moreover,
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NF-kB1 deficiency induces centrilobular collagen deposition after only four weeks of MCD diet.
Surprisingly, we have found that NF-kB1 deficiency does not alter the macrophage response in this
model: in fact, there are no differences between the two strains of mice in the number of liver
infiltrating F4/80 positive macrophages and in the up-regulation of macrophage M1 markers IL-
12p40 and iNOS. Conversely, NF-kB17- mice show an increased liver infiltration of T-cells, in
particular of CD8+ lymphocytes and NKT cells, that is associated to the rapid progression of
NASH. Such an increase in liver NKT cellsis associated with an up-regulation of IL-15, a cytokine
involved in the NK and NKT cells survival and maturation, which is evident after only two weeks
of treatment with MCD diet. In line with an increased recruitment of NKT cells, NF-kB17- mice
have a higher liver content of IFN-y and osteopontin, two NKT cells-derived cytokines, than wild
type animals and around the 40% of osteopontin-expressing cells isolated from NF-kB17 with
NASH are NKT cells.

Outcome and conclusions: In this paper, we have demonstrated that in spite NF-kB1 coded p50 is
involved in regulating macrophage polarization, NF-kB1 deficiency does not influence macrophage
response in NASH. However, the more rapid progression of NASH in NF-kB1” mice as compared
to wild type animals involves an increased recruitment and activation of NKT cells likely in relation
to the fact that in knockout mice there is an augmented production of IL-15 already at early stages
of the disease. Moreover, NASH in NF-kB1”- mice is characterized by a specific increase in the
liver production of IFN-y and osteopontin. The elevation of osteopontin in knockout animals can
explain the worsening of fibrosis in these mice as osteopontin is able to stimulate collagen
production by hepatic stellate cells. These observations support the importance of NKT cells in the
evolution of NASH to fibrosis and point to possible importance of NF-kB1 polymorphisms as risk

factor in the progression of human NASH.
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Abstract

contribution of NKT cells in the pathogenesis of NASH.

Growing evidence indicates that NF-«B (nuclear factor «B) activation contributes to the pathogenesis of NASH
(non-alcoholic steatohepatisis). Among the NF-«B subunits, p50/NF-«B1 has regulatory activities down-modulating
NF-«B-mediated responses. In the present study, we investigated the effects of NF-«B1 deficiency on the
progression of NASH induced by feeding mice on an MCD (methionine/choline-deficient) diet. Following 4 weeks on
the MCD diet, steatosis, ALT (alanine aminotransferase) release, hepatocyte apoptosis, lobular inflammation and
TNFa (tumour necrosis factor o) production were higher in NF-«B1 =/~ (NF-x B1-knockout) mice than in WT (wild-type)
mice. NF-«B1 =/~ mice also showed appreciable centrilobular collagen deposition, an increased number of
activated hepatic stellate cells and higher type-l procollagen-« and TIMP-1 (tissue inhibitor of metalloproteases-1)
mMRNA expression. Although NF-«B p50 homodimers regulate macrophage activation, the number of hepatic
macrophages and liver mRNAs for iNOS (inducible NO synthase), IL (interleukin)-12p40, CCL2 (CC chemokine ligand
2) and CXCL10 (CXC chemokine ligand 10) were comparable in the two strains. NASH was associated with an
increase in liver infiltrating T-cells that was more evident in MCD-fed NF-«xB1 =/~ than in similarly treated WT mice.
Flow cytorimetry showed that T-cell recruitment involved effector CD8* T-cells without changes in the helper CD4*
T-cell fraction. Furthermore, although NASH lowered hepatic NKT cells [NK (natural killer) T-cells] in WT mice, the
NKT cell pool was selectively increased in the livers of MCD-fed NF-«B1 =/~ mice. Such NKT cell recruitment was
associated with an early overexpression of IL-15, a cytokine controlling NKT cell survival and maturation. In the
livers of MCD-fed NF-«B1~/~ mice, but not in those of WT littermates, we also observed an up-regulation in the
production of NKT-related cytokines IFN (interferon)-y and osteopontin. Taken together, these results indicate that
NF-«B1 down-modulation enhanced NASH progression to fibrosis by favouring NKT cell recruitment, stressing the

Key words: liver fibrosis, liver inflammation, natural killer T-cell (NKT cell), non-alcoholic fatty liver disease

INTRODUCTION

NAFLD (non-alcoholic fatty liver disease) is becoming one of the
most common liver diseases worldwide [1]. One still open issue
in NAFLD pathogenesis concerns the mechanisms responsible
for the switching from simple steatosis to NASH (non-alcoholic
steatohepatitis). This aspect is clinically relevant because paren-
chymal injury and inflammation that characterize NASH are the
driving forces for the disease evolution to fibrosis/cirrhosis [2,3].

Growing evidence indicates that the activation of the NF-«B (nuc-
lear factor ¥ B) plays an critical role in the onset of adipose tissue
inflammation in obesity [4]. Furthermore, studies in rodent mod-
els of NAFLD/NASH show that an increased NF-«B activity is
also associated with the development of steatosis, hepatic insulin
resistance and inflammation [5,6]. A similar NF-k B stimulation
is also evident in the liver biopsies from NASH patients [7].
On the other hand, interfering with NF-«B nuclear translocation
ameliorates liver insulin resistance, steatosis and inflammation in

Abbreviations: ALT, alanine aminotransferase; CCL2, CC chemokine ligand 2; CXCL10, CXC chemokine ligand 10; GM-CSF, granulocyte/macrophage colony-stimulating factor; HSC,
hepatic stellate cell; HDAC-1, histone deacetylase-1; IFN, interferon; IL, interleukin, iNOS, inducible NO synthase; MCD, methionine/choline-deficient diet; MGL1, macrophage
galactose-type C-type lectin 1; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NF-«B, nuclear factor «B; NF«B1~/~ , NF-«B1-knockout; NK, natural killer;
NKT cell, NK T-cell; @-SMA, a-smooth muscle actin; TIMP-1, tissue inhibitor of metalloproteases-1; TNFa, tumour necrosis factor a; WT, wild-type.
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NAFLD [6,8]. NF-«Bs are a family of dimeric proteins consist-
ing of five Rel subunits (pSO/NF-«B1, p52/NF-kB2, p65/RelA,
p68/RelB and p75/c-Rel) that by binding with each other can form
a variety of hetero- and homodimers regulating genes involved in
immunity, inflammation and cell survival [9]. Among the differ-
ent NF-«B units, pSO/NF-«B1 and its precursor molecule p105
have been show to have important regulatory activities that con-
tribute in down-modulating NF-« B-mediated responses [10,11].
Accordingly, NF-kB1-deficient animals show impaired macro-
phage M2 polarization, develop more severe colitis and pneumo-
nia and have a delayed resolution of glomerulonephritis [11,12].
Moreover, a functional polymorphism of human NF-«B1 gene
(— 94ins/delATTG, rs28720239) that reduces the protein produc-
tion has been associated with a higher prevalence of inflammatory
and autoimmune diseases [13—15]. The same polymorphism also
increases the risk of cirrhosis in alcoholic patients [16]. From this
background we investigated whether NF-xB1 deficiency might
influences the progression of NASH. So far, experimental data
regarding the role of NF-kB1 in liver injury have given con-
flicting results, as NF-kB1 deletion in mice does not affect acute
liver injury and regeneration, while it enhances inflammation and
fibrogenesis following chronic CCly (carbon tetrachloride) intox-
ication [17-19]. In the present study, NASH was induced by feed-
ing mice on an MCD (methionine—choline-deficient) diet because
NF-«kB1~/~ (NF-kBl-knockout) mice are protected against in-
sulin resistance and obesity induced by feeding a high-fat diet in
relation to an increase in hepatic insulin response and an elevated
energy expenditure [20].

MATERIALS AND METHODS

Animals and experimental protocol

NF-«kB1~/~ mice on C57BL/6 background [28] were a gift from
Dr Antonio Sica (Department of Pharmaceutical Science, Univer-
sity of East Piedmont, Novara, Italy). WT (wild-type) C57BL/6
mice were bred at the same facility. Mice at 8 weeks of age
were used for all the experiments. MCD and control diets were
supplied by Laboratorio Dottori Piccioni, and mice were fed
for 2 or 4 weeks. Body weight was recorded weekly through-
out the experiment. At the end of the study protocol, mice were
anaesthetized with sevofluorane and blood was collected by car-
diac puncture. Livers were rapidly removed, weighed, and cut in
pieces that were immediately frozen in liquid nitrogen and kept at
— 80°C until analysed. Two portions of each liver were, respect-
ively, fixed in buffered, pH 7.4, 10% formalin or snap-frozen in
OCT for histology. The experiments were approved by the Italian
Ministry of Health and by the University Commission for An-
imal Care following the criteria of the Italian National Research
Council.

Biochemical analysis

Plasma ALT (alanine aminotransferase) and liver triacylgly-
cerol (triglyceride) levels were determined by spectrometric kits
(Radim and Sigma Diagnostics respectively). Circulating TNFo
(tumour necrosis factor «) as well as liver IFN (interferon)-y

and osteopontin levels were evaluated by commercial ELISA kits
(Peprotech and R&D Systems respectively).

mRNA extraction and real-time PCR

RNA was extracted from mouse livers with TRI reagent and
retro-transcripted using a High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems Italia) according to the manu-
facturer’s instruction. Real-time PCR was performed in a Techne
TC-312 termalcycler (Tecne), using TagMan Gene Expression
Master Mix and TagMan Gene Expression probes for mouse
TNFa, IL (interleukin)-12p40, IFN-y, IL-10, IL-15, CCL2 (CC
chemokine ligand 2), CXCL10 (CXC chemokine ligand 10),
NK1.1, iNOS (inducible NO synthase), osteopontin, MGLI
(macrophage galactose-type C-type lectin 1), al-procollagen,
TIMP-1 (tissue inhibitor of metalloproteases-1), Bel-XL, A20
and B-actin (Applied Biosystems Italia). All samples were run
blind in duplicate and the relative gene expression was calcu-
lated as 27 4% (AC,=C, of the target gene — C; of B-actin,
taken as housekeeping gene) using the 7000 System Software.
The results are expressed as the fold increase over control
samples.

Histology and immunohistochemistry

Liver pathology was assessed in haematoxylin/eosin and Mas-
son’s trichrome stained sections. Steatosis and lobular inflam-
mation were scored blind by an experienced pathologist as de-
scribed by Kleiner et al. [21]. The number of necro-inflammatory
foci was counted in ten different high-magnification micro-
scopic fields. TUNEL (terminal deoxyribonucleotide transferase-
mediated dUTP nick-end labelling) staining was performed on
paraffin liver sections using Apoptags Kit (Intergen), according to
the manufacturer’s instructions. Hepatic macrophages and activ-
ated HSCs (hepatic stellate cells) were evidenced in formalin-
fixed sections using respectively, anti-mouse F4/80 (eBios-
ciences) or «-SMA («-smooth muscle actin) polyclonal antibod-
ies (Labvision; Bio-Optica) in combination with a peroxidase-
linked goat anti-(rat IgG) and horseradish peroxidase polymer kit
(Biocare Medical). F4/80- or a-SMA-positive cells were counted
in ten different microscopic fields.

Intrahepatic lymphocyte isolation and flow
cytometry analysis

Lymphocytes were isolated from the livers of WT and NF-
«B1~/~ mice and purified on a density gradient (Lympholyte®-
M; Cedarlane Laboratories) as described in [22]. Cells were
then washed in Hanks medium, incubated 30 min with de-
complemented mouse serum to block unspecific immuno-
globulin binding. The cells were than stained with fluorochrome-
conjugated antibodies for CD45, CD3, CD4, CD8,NK1.1 (eBios-
ciences) and their relative numbers were quantified with a
FACScalibur (Becton Dickinson) flow cytometer. A polyclonal
anti-osteopontin rabbit antiserum (Millipore) and phycoerythrin-
conjugated anti-rabbit IgG (Sigma) were used for the evaluation
of osteopontin-producing cells.

Data analysis and statistical calculations
Statistical analyses were performed by SPSS statistical soft-
ware (SPSS Inc.) using one-way ANOVA test with Tukey’s
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NF-<B1 deletion enhances liver injury and fibrosis in mice with NASH

WT and NF«B1~/~ (NFKB1 ko) mice were fed 4 weeks with either a control or a MCD diet. The livers were stained with
haematoxylin/eosin (A-D: magnification x200) or Masson’s trichrome (E, F; magnification x400).

correction for multiple comparisons or Kruskal-Wallis test
for non-parametric values. Significance was taken at the 5%
level. Normality distribution was preliminarily assessed by the
Kolmogorov—Smirnov test.

RESULTS

NF-«B1 deficiency worsens steatohepatitis and

promotes liver fibrosis in mice fed on the MCD diet
The livers of NF-xB1~/~ mice fed on the control diet had nor-
mal histological appearance, except for the presence of sporadic
aggregates of mononuclear cells surrounding apoptotic hepato-
cytes (Figure 1). Feeding for 4 weeks on the MCD diet caused
an appreciable weight loss in rodents. In line with the higher en-
ergy expenditure [20], NF-«B1~/~ mice suffered more severe
weight loss than the WT littermates (39.4 £+ 5.7 % compared with
27.543.0; P=0.0002). Both WT and NF-xB1~/~ mice fed on
the MCD diet developed NASH, which was characterized by mac-
rovescicular steatosis accompanied by lobular infiltration of in-
flammatory cells, hepatocytes ballooning and focal necrosis (Fig-

ure 1). In addition, granulomas consisting in aggregates of mono-
nucleated cells surrounding fat-laden hepatocytes were also ob-
served. (Figure 1). Blinded semi-quantitative scoring for steatosis
and lobular inflammation showed that MCD-fed NF-«B1~/~
mice had more steatosis, lobular infiltration and increased hep-
atocyte apoptosis as compared with the WT littermates, whereas
the prevalence of necrotic foci was comparable. The frequency
of granulomas was also higher in NF-«B1 =/~ mice (Table 1). In
accordance with histology, intrahepatic triacylglycerol accumu-
lation, ALT release and oxidative stress were significantly higher
in MCD-fed NF-«B1~/~ mice than in MCD-fed WT animals
(Figure 2). Furthermore, NF-«B1~/~ mice fed on the MCD diet
had a 2-fold increase in both liver TNFoe mRNA and circulat-
ing TNFa levels compared with similarly treated WT animals
(Figure 2). The stimulation in apoptosis observed in livers from
MCD-fed NF-«B1~/~ mice was not due to an impaired reg-
ulation of NF-kB-dependent anti-apoptotic factors, as the hep-
atic expression of Bcl-XL and A20 genes was not affected by
NF-«B1 deficiency (results not shown). The steatohepatitis in-
duced by the MCD diet is known to triggers hepatic fibrosis.
However, in mice fibrillar matrix, accumulation becomes
evident only after 8 weeks of treatment. Unexpectedly,
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Tablel NF-«B1l deletion worsens NASH histology in mice
Steatosis and lobular inflammation were scored semi-quantitatively as
described by Kleiner et al. [23], while the number of necro-inflammatory
foci, apoptotic hepatocytes and granulomas were counted in ten differ-
ent high magnification microscopic fields. The values refer to 8-10
animals in each group.

MCD-fed
Parameter WT mice NF-«B1-/~ mice P value
Steatosis (n) 1.94+0.6 2.6+0.5 0.02
Lobular inflammation (n) 1.5+0.5 2.2+0.7 0.02
Hepatocyte apoptosis (n) 2.5+1.5 4.7+2.2 0.03
Necrotic foci (n) 5.0+2.3 5.3+3.0 0.79
Granulomas (n) 2.8+0.75 5.24+1.2 0.003

Masson’s trichromic staining for liver collagen revealed
that already after 4 weeks on the MCD diet NF-«B1~/~
mice developed appreciable centrilobular collagen depos-
ition (Figure 1). Conversely, MCD-fed WT mice had a
very modest increase in fibrillar matrix mainly local-
ized in the peri-sinusoidal spaces (Figure 1). Immuno-
histochemisty for «-SMA also showed an increased number of «-
SMA -positive activated myofibroblast-like HSCs only in the liv-
ers of MCD-fed NF-«B1~/~ mice (Figure 2). Supporting these
observations, the hepatic mRNAs for type 1 procollagen « and
the TIMP-1 were expressed significantly more in NF-xB1~/~
mice than in WT mice (Figure 2). Interestingly, an increased
severity of NASH in NF-«B1 ~/~ mice was already appreciable
after 2 weeks of feeding on the MCD diet, as knockout anim-
als had more extensive lobular inflammation and an increase
in ALT release and TNF«a and procollagen I« mRNA expres-
sion than their WT littermates (see Supplementary Figure S1 at
http://www.clinsci.org/cs/124/cs1240279add.htm).

NF-«B1 deficiency does not influence macrophage
responses in NASH

NF-«B1-derived p105 and p50 proteins are known to be in-
volved in regulating macrophage and lymphocyte responses
[10,11]. In particular, p5S0 homodimers have an important role
in down-modulating pro-inflammatory cytokine production in
macrophages and HSCs as well as in driving macrophage
‘alternative’ M2 polarization [23-25]. Macrophage immuno-
staining with anti-F4/80 antibodies revealed that in both strains
the development of NASH was associated with an increase in the
number of F4/80-positive cells, but without significant differ-
ences between WT and NF-«B1~/~ mice (see Supplementary
Figure S2 at http://www.clinsci.org/cs/124/cs1240279add.htm).
Furthermore, NF-«B1 deficiency did not influence the up-
regulation of macrophage M1 markers IL-12p40 and iNOS
promoted by NASH (Supplementary Figure S2). As expected,
hepatic mRNAs for the M2 markers MGL1 (CD301) and IL-
10 were lower in control NF-xB1~/~ mice compared with the
WT littermates. MDC feeding did not affect MGL1 and IL-10
expression, although IL-10 mRNA remained significantly lower
in MCD-fed NF-«B1 ~/~ mice (Supplementary Figure S2). Fur-
thermore, despite the loss of NF-«B1 that has been reported to

enhance the production of CCL2 and CXCL10 in HSCs [24], liver
mRNAs for these chemokines were comparable in the MCD-fed
WT and NF-«B1~/~ animals (Supplementary Figure S2).

NKT cell [NK (natural killer) T-cell] recruitment
characterizes NASH in NF-«Bl-deficient mice
Lymphocytes are a common feature in NASH inflammatory in-
filtrates. Immunohistochemical staining for CD3 showed an in-
creased prevalence of T-cells in the lobular infiltrates of MCD-fed
NF-«B1~'~ (27.9 + 2.4 compared with 20.1 +4.7; P= 0.002).
Flow-cytorimetry confirmed that CD3 * T-cells were increased in
NASH livers and that T-cell recruitment was more pronounced
in NF-«B1~'~ mice (Figure 3). Such an increase involved ef-
fector CD8 ™ T-cells, without changes in the helper CD4* T-cell
fraction (Figure 3). We also observed that, although NASH in
WT animals was characterized by the lowering of both liver NK
(CD3~,NK1.1*")and NKT (CD3*, NK1.1") cell populations
(Figure 3), the NK cell fraction was unchanged in the livers of
MCD-fed NF-«B1~'~ mice (Figure 3). Furthermore, in these
latter mice the development of NASH was associated with an in-
crease in the NKT cell pool (Figure 3). The increase in liver NKT
cells observed NF-kB1~/~ mice fed on the MCD diet was asso-
ciated with a specific up-regulation in the hepatic mRNA expres-
sion of IL-15, a cytokine involved in NK and NKT cell survival
and maturation [26] (Figure 4). IL-15 overexpression was evident
already after 2 weeks of treatment (Figure 3) concomitantly with
an increase in the mRNA of the NK/NKT cell marker NK1.1
(Supplementary Figure S1), suggesting that NF-«B1 deficiency
might stimulate NKTcell recruitment by promoting IL-15 activ-
ity. Recent studies have proposed a role for NKT-cell-derived
osteopontin in the progression of NASH [27,28]. In line with
this view, MCD-fed NF-«B1~/~ mice had a specific increase in
the liver mRNAs for IFN-y and osteopontin, two cytokines pro-
duced by NKT cells. The hepatic content of these cytokines was
also 3- and -2-fold higher in NF-kB1~/~ than in the WT mice.
Moreover, approximately 40 % of the osteopontin-expressing leu-
cocytes isolated from NF-kB1 =/~ NASH livers were positive for
NK1.1 (Figure 4).

DISCUSSION

Growing evidence indicates that the NF-«B1-gene-coded pro-
teins pl05 and p50 have important regulatory activities of
inflammatory responses [10,11]. In particular, p105 forms com-
plexes with p50 and the protein kinase TPL2 (tumour progression
locus-2) blocking their functions, whereas p5S0 homodimers act
as transcriptional activators promoting memory T-cell activation
and macrophage M2 polarization [10,11,25]. Furthermore, p50 in
combination with HDAC-1 (histone deacetylase-1) regulates
pro-inflammatory genes [TNFa, CCL2, CXCL10 and GM-CSF
(granulocyte/macrophage colony-stimulating factor)] expression
in activated HSCs [24]. In the present study, we show that stea-
tohepatitis induced by the MCD diet is more severe in NF-
«¥B1~/~ mice being characterized by extensive lobular infil-
tration by mononucleated cells, frequent lipogranulomas, higher
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Figure 2 NF-«B1 deletion enhances markers of liver injury and fibrosis in mice with NASH

WT and NF«B1~/~ (NFKB1 ko) mice were fed for 4 weeks on either a control or an MCD diet. ALT release (A) and
liver triacylglycerol content (B) were evaluated by enzymatic methods. The liver mRNA expression of TNF«, a1-procollagen
and TIMP-1 (C, F, G) were measured by RT-PCR (reverse transcription—-PCR) and expressed as the fold increase after
normalization to the g-actin gene. The circulating levels of TNFa were determined in the sera of the same animals (D).
The values refer to 8-10 animals in each group and the boxes include the values within 25th and 75th percentile, while
the horizontal bars represent the medians. Of the values, 80% are contained between the extremes of the vertical bars
(10th—90th percentile). Activated HSCs expressing «-SMA + HSC were evidenced by immunohistochemistry and counted
in ten different high-maghnification microscopic fields (E).

circulating TNF« levels and increased hepatocyte apoptosis. Fur- mice, thus excluding that HSC-derived cyto/chemokines account
thermore, NASH in NF-«B1~/~ mice associates with a more for the promotion of liver injury.

rapid progression of centribolular fibrosis that is already evid- Studies using mice models of glomerulonephritis have shown
ent after 4 weeks of treatment. Previous observations concern- that a diffuse T-cell infiltration characterize delayed resolution of

ing the factors promoting chronic liver injury in CCl,-treated kidney inflammation in NF-«B1~/~ mice [12]. In accordance
NF-«B1~/~ mice have implicated an enhanced recruitment of with these findings, we have observed that T-cell recruitment is
a-SMA-positive activated HSCs that, beside producing procol- associated the rapid progression of NASH in NF-«B1~/~ mice.
lagen 1o and TIMP-1, overexpress pro-inflammatory mediators Such an increase in T-cells specifically involves cytotoxic CD8 *
such as TNFa, CCL2, CXCL10, GM-CSF in relation with an T-cells and NKT cells, whereas CD4 helper T-cells are unaf-
impaired down-modulation of these genes by NF-«B1/p50 and fected. The role of NKT cells in NASH is complex, as steatosis
HDAC-1 [24]. Although an increase in activated HSCs char- and the early phase of steatohepatitis are characterized by the
acterizes NASH in NF-«B1~/~ mice, the expression of CCL2 lowering of the liver NKT cell pool as a consequence of
and CXCL10 genes in these animals is comparable with the WT IL-12 production [29-30], whereas an expansion of the NKT
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Figure 3

NASH in NF-«Bl-deficient mice associates with an increased recruitment of hepatic T-cells

Liver leucocytes were isolated from the livers of WT and NF-xB1 ~/~ (NFKB1 ko) mice fed for 4 weeks on either a control
or a MCD diet (B) and analysed by FACS. Representative plot of CD3-positive T-cells (A) and statistical analysis of total
CD3* and CD8™" or CD4™* T-ells subsets (B-D). Representative FACS plot of NK1.1 and CD3-positive lymphocytes (E)
and statistical analysis of CD3~ NK1.1*" (NK) and CD3" NK1.1" (NKT) cells (F, G). The values refer to 5-6 animals in

each group and the bars represent medians + S.D.

cell population is evident in mice with more advanced NASH
[27]. Furthermore, NKT cell depletion prevents hepatic inflam-
mation and fibrosis induced by the MCD diet [28], but enhances
the liver expression of inflammatory markers in mice fed on a
high-fat diet [31]. We observed that an increase in NKT cells
characterizes advanced NASH (steatohepatitis plus fibrosis) in
MCD-fed NF-«B1~'~ mice as opposed to NKT cell depletion
present in WT animals that only show steatohepatitis. This is con-
sistent with the correlation between the NAS score and hepatic
NKT cell prevalence reported in NASH patients [32], support-

ing the importance of NKT cells in driving the progression of
NASH towards fibrosis. So far, little is known about how NF-
kB1 deficiency influences NKT cell responses. Stankovic et al.
[33] recently reported that NF-xB1 loss moderately reduces hep-
atic NKT cell pool in C57BL/6 mice by affecting their matura-
tion. However, we observed that already in the early phases of
NASH NF-«B1~/~ mice up-regulate the hepatic expression
of IL-15. IL-15 is a pleiotropic cytokine belonging to the four
a-helix bundle cytokine family and is responsible for macro-
phage, T-cell, NK cell and NKT cell survival and maturation [26].
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Figure 4

Production of NKT-cell-derived cytokines characterizes NASH in NF-«B1-deficient mice

NASH was induced by feeding mice on an MCD diet for either 2 or 4 weeks. Liver mRNA expression of IL-15, IFN-y and
osteopontin (A—C) were evaluated by RT-PCR and expressed as the fold increase after normalization to the g-actin gene.
The intrahepatic levels of IFN-y (D) and osteopontin (E) were evaluated by ELISA. The values refer to 6-10 animals in each
group and the boxes include the values within 25th and 75th percentile, whereas the horizontal bars represent the medians.
Of the values, 80% are contained between the extremes of the vertical bars (10th—-90th percentile). Representative FACS
plot of osteopontin- and NK1.1-expressing leucocytes isolated from the livers of NFxB1~/~ (NFKB1 ko) mice fed on the

MCD diet (F).

In the liver, IL-15 produced by hepatocytes has a key role in creat-
ing a T-cell-favourable microenvironment and it also induces the
expression of NK cell markers on T-cells [34]. Although IL-15 is
constitutively produced in the liver, its expression by hepatocytes
and hepatic progenitor cells increases in response to injury [35].
Indeed, in WT mice IL-15 up-regulation is evident in advanced
NASH induced by 8 weeks feeding on the MCD diet concomit-
antly with hepatic NKT cells expansion [27]. Thus we propose
that NF-«B1 loss might favour IL-15 up-regulation at the onset
of NASH, preventing NKT cell depletion caused by IL-12 [30]
and leading to a more rapid increase in their number through a
more efficient hepatic differentiation.

Concerning the mechanisms by which NKT cells could favour
the progression of liver injury in NASH, we observed that MCD-
fed NF-«B1~/~ mice display a specific increase in the liver pro-
duction of IFN-y and osteopontin. IFN-y can originate from both
CD8* T-and NKT cells and is potent inducer of TNFa and ROS
(reactive oxygen species) generation by macrophages. Osteo-
pontin is a glucosylated cytokine produced by both immune and
parenchymal cells that is increasingly recognized to play impor-
tant roles in inflammation and tissue healing [36]. NKT cells are
a relevant source of osteopontin in lymphocyte-mediated hepatic
injury [37], and osteopontin-expressing NKT cells are evident
in the livers of NF-«xB1~/~ mice with NASH. This does not
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exclude the possibility that other cells such as T-cells, macro-
phages or cholangiocytes [38] might also contribute to osteo-
pontin formation. A role for osteopontin in stimulating NASH
evolution is in line with the observation that osteopontin-deficient
mice are protected against steatohepatitis and fibrosis induced by
feeding on an MCD diet [28,39]. Furthermore, osteopontin has
been implicated as an important modulator of fat inflammation
during obesity [40]. However, in comparision with that reported
by Sahai et al. [39] using A/J mice we did not observe changes
in hepatic osteopontin expression in WT C57BL/6 mice fed on
the MCD diet for 4 weeks. This discrepancy might reflect strain
differences in hepatic inflammatory responses involved in the on-
set of NASH [41]. It is noteworthy that NF-xB1-deficient mice
develop appreciable liver fibrosis despite the presence of elev-
ated IFN-y production that should antagonize fibrogenesis. In
this context, the increase in liver osteopontin observed in these
animals might have a relevant role, as osteopontin can efficiently
stimulate HSCs to collagen production by engaging integrin
avyfs3 and stimulating inositide 3-phosphate kinase and NF-«B
signalling [42].

Altogether these results indicate that NF-«B1 down-
modulation speed up NASH progression to fibrosis by stimu-
lating the liver recruitment of osteopontin-producing NKT cells,
thus supporting the importance of these cells in the evolution of
NAFLD. Moreover, our results point to the possible relevance
of NF-kB1 gene polymorphisms as a risk factor for the progres-
sion of the human disease.

CLINICAL PERSPECTIVES

® NF-«B activation is involved in the pathogenesis of NASH.
Among the NF-«B subunits, p50/NF-«B1 has regulat-
ory activities down-modulating NF-x B-mediated responses.
Recently, a functional polymorphism in NF-«B1 gene
(rs28720239) has been associated with a higher prevalence
of inflammatory/autoimmune diseases as well as with an in-
creased risk of alcoholic cirrhosis.

® By inducing experimental NASH feeding, we observed that
liver injury, lobular inflammation and fibrosis developed more
rapidly in NF-«B1~/~ mice than in WT mice. Such ef-
fects were dependent on an increased liver recruitment of
osteopontin-producing NKT cells through the up-regulation
of IL-15 expression.

® These results stress on the importance of NKT cells in the
evolution of NASH and point to NF-«B1 gene polymorph-
isms as a possible risk factor for the progression of NASH in
humans.
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Figure S1 Increased severity of NASH in NF-«B1-deficient mice fed for 2 weeks on an MCD diet
Liver histology was evidenced by haematoxilin/eosin staining in MCD-fed WT and NF-«B1~/~ (NF-«B1-ko) mice (A, B:
maghnification x200). ALT release (C) and liver triacylglycerol content (D) were evaluated by enzymatic methods. The liver
mRNA expression of TNF-«, a1-procollagen and NK1.1 genes (E-G) were measured by RT-PCR and expressed as fold
increase after normalization to the g-actin gene. The values refer to six animals in each group. The boxes include the
values within 25th and 75th percentile, while the horizontal bars represent the medians. Of the values, 80% are contained
between the extremes of the vertical bars (10th—-90th percentile).
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Figure S2 The NF-«B1 deficiency did not influence macrophage responses in mice with NASH
Wild-type and NF-«B1~/~ (NF-«xB1ko) mice were fed 4 weeks on either a control or an MCD diet. F4/80-positive macro-
phages were counted in ten different high-magnification microscopic fields (A). The liver mRNA expression of IL-12p40,
iNOS, MGL1, IL-10, CCL2 and CXCL10 (B-G) were evaluated by RT-PCR and expressed as the fold increase after nor-
malization to the B-actin gene. The values refer to 8-10 animals in each group and the boxes include the values within
25th and 75th percentile, while the horizontal bars represent the medians. Of the values, 80% are contained between the
extremes of the vertical bars (10th-90th percentile).
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Additional results

NASH evolution is associated with changes in macrophage functions

In order to better understand the mechanisms uagarg the evolution of NASH to fibrosis, in a
series of subsequent experiments, we have com@zs@8L/6 mice fed methionine and choline
deficient (MCD) diet for four and eight weeks, resfively. As expected, mice treated for eight
weeks present more liver damage evaluated by hijb€rrelease and hepatic triglyceride content
than the animals fed for only four weeks (Fig. 1\A-Bistology also shows more extensive lobular
inflammation that is associated with a time depehdecrease in liver mRNAs for TNE&-and
CD11b, an adhesion molecule expressed on activatewcytes (Fig.1E-F). This parallels with an
elevation in the circulating levels of TNF{Fig. 1G). Although the mRNA content of hepatic
fibrosis markers procollagendlanda-smooth muscle actim{SMA) are up-regulated already after
four weeks of treatment with the MCD diet, histatad signs of fibrosis such as collagen
deposition and increased prevalence-@MA-positive activated hepatic stellate cells awdent
only in the animals with more advanced NASH (Fig:QH

According with the worsening of lobular inflammatiowe have also observed a progressive
increase in the number of liver infiltrating F4/80sitive macrophages (Fig. 2A, B). Macrophages
immunostaining with an anti-F4/80 antibody evidendbat many of the F4/80-positive cells
accumulating in the livers of mice receiving the Di@iet for eight weeks are enlarged and contain
cytoplasmic vacuoles (Fig. 2A). Combined stainirfigrozen sections with anti-F4/80 antibodies
and the lipid dye Oil Red O confirm that these celbntain lipid droplets likely derived from the
phagocytosis of cell debris from fat-laden hepates\Fig. 2C). The functional characterization of
macrophage responses at different stages of NASHItean shows that the liver mRNA levels for
CCL2, its receptor CCR2 and the M1 activation megkaducible NO synthase (iINOS) and IL-
12p40 subunit are highly upregulated in early NA&tér four weeks on the MCD diet, but they
significantly decrease extending the treatment apeight weeks (Fig. 3A-D). Consistently,
circulating IL-12 levels are higher in the earhathin the advanced phases of NASH (Fig. 3G).
These changes in macrophage M1 markers are coufioyje@nalysing liver macrophages isolated
from control and MCD-treated mice (Fig. 3E-F). e bther hand, the macrophage expression of
M2 activation markers, such as galactose-type @-tgptin-1 (MGL-1/CD301), is not appreciable
affected during NASH progression (Fig. 3H). Thedesewvations indicate that during the
progression of NASH the onset of fibrosis is asstec with a down-modulation in inflammatory

macrophage responses. This is consistent withaibsgrved in the liver biopsies of patients with
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advanced NASH where the presence of diffuse fisrssbften combined with an improvement in
the scores of lobular inflammation.

Recent studies have pointed out the importancevafiaty of protein and lipid mediators involved
in the resolution of acute inflammation in drivinigsue healing responses (74). These factors
down-modulate immune responses, control the clearaf tissue infiltrating leucocytes and
promote functional changes in macrophage favoutimg onset of repairing processes (75).
Nonetheless, little is known about the role of éhesediators in chronic inflammation.
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Figure 1

Figure 1. C57BL/6 mice fed with MCD diet for eightweeks develop NASH associated with fibrosis.

C57BL/6 mice were fed control or MCD diet up to hgigveeks. Liver histology was evaluated in hemaliofgosin
staining sections from MCD-fed animals for four agight weeks (Panels A-B, magnification 20X). NAS&lerity
was assessed by alanine aminotransferase (ALTgseldepatic triglyceride content, liver TNFand CD11b mRNA
expression and circulating TNFfevels (Panels C-G). Liver fibrosis were evaluabgdcollagen deposition evidenced
by Sirius Red staining (Panels H-l, magnificatidbX®, by activated hepatic stellate cells (HSCs)regping alpha-
smooth muscle actirn{SMA) (Panel L) and by liver mRNA expression foopollagen-i, alpha-SMA and TIMP-1
(Panels M-O). Hepatic mMRNA was measured by RT-PG®& expressed as fold increase over control valftes a
normalization to th@-actin gene. Circulating TNE-evels were determined by ELISA in the same arsmiblhe values
refer to 6-8 animals in each group and the boxekidie the values within the 25and 79" percentile, while the
horizontal bars represent the medians. The extiesnif the vertical bars (Y00" percentile) comprise the eighty
percent of the values.

27



B F4/80 positive cells
i p<0.01

30 4 p<0.05 —I—

25
20

p<0.05

15 | e
10 |
5 |

Cells x HMF

Cont 4weeks Bweeks

Figure 2

Figure 2: NASH development promotes macrophage reaitment.

C57BL/6 mice were fed control and MCD diet for foand eight weeks. Liver macrophages were evidetged
immunostaining with anti-F4/80 antibody and counted20 high magnification fields (Panels A, B). Taentify
macrophages containing lipid vacuoles, frozen Isestions were stained with lipid dye Oil Red Qdfrand anti-F4/80
antibody (green) at immunofluorescence; cell nugigie counter-stained with DAPI (Panel C, magnifara40X).
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Figure 3: NASH evolution is associated with a chamgin macrophage phenotype.

C57BL/6 mice were fed control or MCD diet up tolgigveeks. Liver mRNA levels for CCL2, CCR2, IL-1Zp4NOS
and MGL-1 were measured by RT-PCR and express&adascrease over control values after normalaatio theB-
actin gene (Panels A, B, C, D, H). The liver IL-d@ntent was determined by ELISA in the same anirfRémel G).
The values refer to 6-8 animals in each group hadbxes include the values within thé"2id 75 percentile, while
the horizontal bars represent the medians. Themities of the vertical bars (2®0" percentile) comprise the eighty
percent of the values. Hepatic macrophages welatésbfrom the livers of control or MCD-fed micedaanalysed for
the expression of IL-12p40 and iINOS (Panel E-Fe MRNA levels were measured by RT-PCR and expresséald
increase over the values of untreated cells afiemalization to thg-actin gene. The values refers to 4-5 differenitt cel
preparations + S.D.
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Results — Article 3

The role of Annexin Al in modulating the progression of nonalcoholic
steatohepatitis (NASH)

Background and aims: During the progression of experimental NASH, weehabserved important
changes in macrophage activity as the macrophggession of M1 activation markers iNOS and
IL-12p40 peak in the early phase of the disease deuline thereafter. This parallels with a
lowering in the monocyte chemokines CCL1/CCL2 aimirt receptors CCR8/CCR2. The
mechanisms responsible for these changes andstgrificance in relation to the disease evolution
are still poorly characterized. The phospholipiddang protein Annexin A1 (AnxAl) is produced
by glucocorticoids and plays an important role e tresolution of inflammation with potent
properties in terminating acute inflammatory resmsn by the stimulation of macrophage
phagocytic clearance of apoptotic neutrophils. Muweg, it regulates the production of pro-
inflammatory mediators such as eicosanoids, naride (NO) and IL-6. However, the role of
AnxALl in chronic setting is less investigated. Agst study has shown that the concentration of
plasma AnxAl is attenuated in obese subjects iel)erorrelating with the body mass index (BMI)
and the increasing systemic inflammation evaludigdthe measurement of C-reactive protein
(CRP). Starting from these observations, we havestigated the possible role of AnxAl in the
pathogenesis of NASH, with the possible involvemehtAnxAl in modulating macrophage
responses. For these experiments, we have takemtade by the use of AnxAl knockout (AnxAl
" type C57BL/6 mice and by an experimental modeddfanced NASH based on feeding animals
methionine and choline deficient (MCD) diet up tgh¢ weeks.

Key results: We have observed that in MCD-fed C57BL/6 WT micexAl increases in parallel
with the progression of liver injury. At histologyAnxAl is selectively localized in enlarged
vacuolized mononucleated cells that are also pesfor the macrophage marker F4/80. Analysing
the liver biopsies obtained by NASH patients, weehabserved that AnxAl is also expressed by
CD68+ macrophages; moreover, AnxXA1 mRNA level isedy correlates with the extension of
fibrosis. As compared to wild type mice, followirmight weeks of MCD diet, AnxA1 animals
develop more severe NASH characterized by an eeldalodular inflammation due to increased
macrophage recruitment and exacerbation of the Mhptype, with a sustained expression of IL-
12p40, INOS and 1L-23p19. Furthermore, the incudratf isolated macrophages with recombinant

AnxAl decreases the mRNA expression of INOS, ILARECCL2 and CCR2. These changes are
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associated with AnxAl-mediated stimulation of IL-fttat implicates the activation of signalling
pathway-involving p38MAPK. Interestingly, MCD-fedn&A1” mice also display a higher degree
of hepatic fibrosis than wild type mice charactedizy an increase in hepatic collagen deposition
and o-SMA-positive activated hepatic stellate cells (H$CThis effect is unrelated with the
stimulation of TGH3, but involves galectin-3, rgalactoside-binding lectin previously associated
with both the pathogenesis of NASH and the actwaaf myofibroblasts in fibrotic livers. We have
observed, in fact, that liver galectin-3 expressisrhigher in AnxA?- mice than in wild type
animals and that galectin-3-positive macrophagesH®Cs are more frequent in AnxAl-deficient
livers. Furthermore, in macrophages isolated fro&SN livers AnxAl-mediated signals down-

modulate galectin-3 production.

Outcome and conclusions: These results suggest that in NASH progressiornraopaage-derived
AnxAl plays a functional role in controlling bothepatic inflammation and fibrogenesis. In
particular, AnxAl produced by macrophages acts myaatocrine signal down-modulating pro-
inflammatory M1 responses and reducing the recentnof monocytes through CCL2/CCR2
pathway, thus limiting chronic inflammation in the&dvanced phases of NASH. We have
demonstrated that AnxA1 mice develop more fibrosis as compared to wildetygnimals,
suggesting a possible anti-fibrogenic activity afxA1; this effect seems to involve the modulation
of galectin-3 production, a pro-fibrotic lectin ifgated in the regulation of cell adhesion,
proliferation, survival and in modulation of tissudglammation and fibrosis. Collectively, these
data are a good starting point for investigatingethibr genetic difference in AnxAl production
might account the inter-individual variability ime evolution of NAFLD/NASH as well as for

testing AnxAl analogues as possible novel treatsientontrol NASH progression.
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Annexin Al (AnxAl) is an effector of the resolution of inflammation highly effective in terminating
acute inflammatory responses. However, its role in chronic settings is less investigated. Since
changes in AnxAl expression within the adipose tissue characterize obesity in mice or humans, we
gueried a possible role for AnxAl in the pathogenesis of nonalcoholic steatohepatitis (NASH) which
is commonly associated with obesity. NASH was induced in wild-type (WT) and AnxAl1’ C57BL/6
mice by feeding a methionine-choline deficient (MCD) diet up to 8 weeks. In MCD-fed WT mice,
AnxA1l increased in parallel with the progression of liver injury. AnxAl was also detected in liver
biopsies from NASH patients and its degree of expression inversely correlated with the extent of
fibrosis. In both humans and rodents, AnxAl production was selectively localized in liver
macrophages. NASH in AnxA1” mice was characterized by enhanced lobular inflammation due to
increased macrophage recruitment and the exacerbation of the M1 phenotype. Consistently, in vitro
addition of recombinant AnxAl to macrophages isolated from NASH livers down-modulated M1
polarization through stimulation of IL-10 production. Furthermore, the degree of hepatic fibrosis was
enhanced in MCD-fed AnxAl1” mice, an effect associated with augmented liver production of the pro-
fibrotic lectin galectin-3. Accordingly, AnxAl addition to isolated hepatic macrophages reduced
galectin-3 expression.

In conclusion, macrophage-derived AnxAl plays a functional role in modulating hepatic
inflammation and fibrogenesis during NASH progression, suggesting the possible use of AnxAl
analogues for the therapeutic control of this disease.



Introduction

Nonalcoholic fatty liver disease (NAFLD) is regarded as the hepatic feature of the so-called "Metabolic
Syndrome” and is becoming the most common form of liver injury worldwide due to the diffusion of over-
weight and obesity [1]. In about 10-20% of the patients with NAFLD, the disease evolves with the
development of hepatocellular damage and lobular inflammation often leading to hepatic fibrosis and
cirrhosis [1]. Available evidence indicates that the mechanisms responsible for the evolution of NAFLD to
nonalcoholic steatohepatitis (NASH) may involve lipotoxicity caused by increased circulating free fatty acids,
oxidative damage and endoplasmic reticulum stress [2, 3]. These factors not only cause hepatocyte death,
but can stimulate Kupffer cells to secrete inflammatory mediators that, in turn, recruit and activate leucocytes
within the liver [2, 3]. Nonetheless, the mechanisms responsible for the persistence of hepatic inflammation
along with those leading to the evolution of NASH to fibrosis are still incompletely characterized. It is
increasingly evident that a failure in the mechanisms responsible for terminating inflammatory responses
might result in chronic inflammation [4].

The resolution of an acute inflammation is orchestrated by a variety of protein and lipid mediators that down-
modulate leukocyte recruitment, promote clearance of tissue leucocytes and switching macrophage
phenotype favoring tissue healing [5]. Among these pro-resolving factors, annexin A1 (AnxAl), also known
as lipocortin-1, is receiving increasing attention. AnxAl is a 37 kDa calcium-phospholipid-binding protein
highly expressed in myeloid cells and regulated by glucocorticoids [6]. By interacting with its receptor formyl
peptide receptor 2/Lipoxin A4 receptor (FPR2/ALX) AnxAl down-regulates production of pro-inflammatory
mediators such eicosanoids, NO and IL-6, reduces neutrophil migration to inflammatory sites and promotes
the clearance of apoptotic granulocytes [6, 7]. Furthermore, recent works suggest that endogenous AnxAl
may orchestrate epithelial repair [8, 9] and even counteract the development of fibrosis [10].

The interest for a possible involvement of AnxAl in the evolution of NAFLD originates from the observation
that plasma AnxAl levels are decreased in obese subjects inversely correlating with the body mass index
(BMI) as well as with the inflammation marker C-reactive protein (CRP) [11], while an increased AnxAl
expression was observed in the adipose tissue of obese mice [12]. Furthermore, AnxA1l deficiency promotes
adiposity and insulin resistance in Balb/c mice on a high fat diet [12]. As AnxAl-null mice also display
inappropriate experimental inflammatory responses [7], we have investigated the possible role of AnxAl in
the evolution of experimental NASH induced by feeding mice with a methionine-choline deficient (MCD) diet.

Material and Methods

Animal and Experimental protocol. Eight weeks old male AnxAl knockout (KO) mice on C57BL/6
background and wild type (WT) animals were purchased from Charles Rivers (Charles River, Margate, UK)
and fed for 4 or 8 weeks with either methionine-choline deficient (MCD) or control diets (Laboratorio Dottori
Piccioni, Gessate, Italy). The experiments were approved by the Italian Ministry of Health and by the
University Commission for Animal Care following the criteria of the Italian National Research Council.

Human specimen collection and analysis. We analysed liver biopsies from 28 consecutive patients with
NAFLD or NASH referring to the Division of Gastro-Hepatology of the University of Turin in the period April-
November 2011. Liver specimens were collected at the time of first diagnosis and processed for
histophatology and extraction of nucleic acid. Patients were characterized by anthropometric, clinical and
biochemical data and liver biopsies were evaluated for the severity of steatohepatitis fibrosis [13]. The major
clinical and biochemical parameters are reported in Supplementary Table 1.

Biochemical analysis. Plasma ALT and liver triglycerides were determined by spectrometric kits supplied by
Radim S.p.A. (Pomezia, Italy) and Sigma Diagnostics (Milano, Italy), respectively. Circulating TNF-a and
liver IL-12 levels were evaluated by commercial ELISA kits supplied by Peprotech (Milano, Italy) and R&D
Systems (Abingdon, UK), respectively.

Histology and immunohistochemistry. Lobular inflammation was scored blind according to Kleiner et al. [13]
in hematoxilin/eosin stained sections. Liver macrophages and activated hepatic stellate cells were evidenced
in formalin-fixed sections using, respectively, anti-mouse F4/80 or anti-human CD68 (eBioscience, San
Diego CA, USA) and a-smooth muscle actin (a-SMA) polyclonal antibodies (Labvision, Bio-Optica, Milan,
Italy) in combination with peroxidase-linked goat anti-rat IgG or horse-radish peroxidase polymer kit (Biocare
Medical, Concord, CA, USA). AnxAl, FPR2/ALX and galectin-3 were detected using specific antibodies
from Zymed Laboratories-Invitrogen (Carlsbad, CA, USA), Santa Cruz (Dallas, TX, USA) and R&D Systems
(Minneapolis,MN, USA), respectively.

Real time PCR analyses. Liver RNA was retro-transcripted with High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems ltalia, Monza, ltaly). RT-PCR was performed in a Techne TC-312 termalcycler
(Tecnelnc, Burlington NJ, USA) using TagMan Gene Expression Master Mix and TagMan Gene Expression
probes for mouse TNF-a, IL-12p40, IL-23p19, IL-10, CCL2, CCR2, iNOS, arginase-1, MGL-1, AnxAl, Fpr2/3
(orthologues of human FPR2/ALX) [14], galectin-3, al-procollagen, TGF-B1, a-SMA, and B-actin (Applied



Biosystems lItalia, Monza, Italy). All samples were run in duplicate and the relative gene expression
calculated as 22¢ was expressed as fold increase over control samples. Human sample analysis was
performed using SsoFast™ EvaGreen® Supermix (Biorad, Hercules, CA, USA) following manufacturer’s
instructions. The sequence of primers used was: sense, 5-GCAGGCCTGGTTTATTGAAA-3’; reverse 5'-
GCTGTGCATTGTTTCGCTTA-3'. The values were normalized to those of B-actin and expressed by using
comparative 224Ct method.

AnxA1l recombinant protein purification. cDNA of human AnxALl carrying a cleavable N-terminal poly-His tag
was expressed in E. Coli and purified previously reported [9]. Purity of recombinant AnxAl as assesed by
SDS-PAGE and MALDI-TOF/TOF was >95%.

Isolation and purification of liver macrophages. Liver macrophages were purified from the livers of either
controls or 4 weeks MCD-fed mice as previously described [15]. Cell purity was above 80%, as estimated by
flow cytometry following immunostaining for CD45 and F4/80. Cells were incubated overnight in the
presence of AnxAl (100 nM) or the p38MAPK inhibitor SB203880 (10 uM) (Sigma-Aldrich, Milan, Italy) and
processed for mMRNA extraction as outlined above. In some experiments liver non-parenchymal cells were
separated on a Ficoll density gradient, stained with fluorochrome-conjugated antibodies for CD45, F4/80, IL-
10 (eBiosciences, San Diego CA, USA) and analyzed with a FACScalibur (Becton Dickinson) flow cytometer.
Unspecific immunoglobulin binding was blocked by incubation with de-complemented mouse serum. AnxAl-
producing cells were detected using a polyclonal anti-AnxAl rabbit antiserum (Millipore, Temecula, CA,
USA) and phycoerythrin-conjugated anti-rabbit IgG (Sigma-Aldrich, Milan, Italy).

Western blotting. Liver fragments were homogenized in ice-cold 10 in lysis buffer as previously reported [13]
and protein extracts (100 pg) were electrophoresed on a 10% SDS-polyacrylamide gel. Nitrocellulose
membranes probed with monoclonal antibodies against mouse AnxAl and galectin-3 were revealed with
Western Lightning Chemiluminescence Reagent Plus (ECL) (Perkin-Elmer, Boston, MA, USA) using the
VersaDoc 3000 quantitative imaging system and Quantity One software (BioRad, Hercules, CA, USA).

Data analysis and statistical calculations. Statistical analyses were performed by SPSS statistical software
(SPSS Inc. Chicago IL, USA) using one-way ANOVA test with Tukey’s correction for multiple comparisons or
Kruskal-Wallis test for non-parametric values. Significance was taken at the 5% level. Normality distribution
was preliminary assessed by the Kolmogorov-Smirnov.

Results

The progression of NASH is associated with a stimulation in liver AnxAL.

AnxAl was expressed at low extent in the livers of naive mice, with both mRNA and protein content
increasing in a time-dependent manner in the livers of animals with NASH induced by feeding the MCD diet
(Fig. 1). AnxAl expression in NASH livers was selectively localized in enlarged vacuolized mononucleated
cells that were positive for the macrophage marker F4/80 (Fig. 1). Double staining of frozen liver sections
with an anti-AnxAl antibody and the lipid dye Oil Red O confirmed that AnxAl-positive macrophages
contained lipid droplets (Fig. 1), likely derived from the scavenging of dying fat-laden hepatocytes. Histology
analysis indicated that AnxAl-producing cells were more frequent in the livers of animals with advanced
NASH (8 weeks on the MCD diet) than in those with less severe steatohepatitis (4 weeks of treatments; 4.7+
0.5 vs 2.8 + 0.8 cells/high magnification field (hmf); p=0.03). Animals with advanced NASH showed an
increase in the hepatic mMRNA content of the AnxA1l receptor Fpr2/3 and presence Fpr2/3-expressing cells in
liver sections (Supplementary Fig. 1).

In line with the results obtained in rodents, liver sections from subjects with NASH showed an increased
prevalence of AnxAl-producing cells, mainly CD68+ macrophages (Fig. 2). A further evaluation of AnxAl
MRNA levels in 28 liver biopsies from NAFLD/NASH patients showed that AnxAl expression was not related
to the degree of insulin resistance or the severity of liver injury (not shown), but inversely correlated with the
extension of fibrosis (r=-0.59, p<0.003). In particular, AnxA1 mRNA was significantly lower in the subjects
with bridging fibrosis as compared to those with mild/moderate pericentral or periportal fibrosis or without
fibrosis (Fig. 2).
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AnxAl deficiency stimulates hepatic inflammation in advanced NASH

To further make insights on the role of AnxAl in the evolution of NASH, AnxAl KO mice were administered
the MCD diet. The livers of AnxA1 KO mice on a control diet displayed normal histological appearance apart
from the sporadic presence of monocyte infiltration (Fig. 3). Upon feeding the MCD diet for either 4 and 8
weeks liver triglycerides and transaminase release in AnxAl KO mice were comparable with those of WT



mice (Fig. 3). However, histology showed that already after 4 weeks on MCD diet, the semi-quantitative
scores of lobular inflammation were higher in AnxAl KO mice (2.2+0.4 vs. 1.4+0.5; p=0.01) and remained
elevated by extending the treatment to 8 weeks (2.4+0.6 vs. 1.6+0.5; p=0.03). At this time point, NASH in
AnxAl KO mice was characterized by diffuse inflammatory foci containing mononucleated cells and by a
marked up-regulation in liver and circulating levels of TNF-a (Fig. 3). Accordingly, week 8 MCD AnxAl KO
mice had higher mRNA for the chemokine CCL2 and its receptor CCR2 together with elevated number of
hepatic macrophages when compared to paired WT animals (Fig. 4).
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Figure 3. AnxAl deficiency promotes
steatohepatitis in mice with NASH.

Wild-type (WT) and AnxAl KO C57BL/6 mice were
fed the methionine-choline deficient (MCD) diet up to
8 weeks. (A-D) Liver histology was evaluated in
hematoxilin/eosin stained sections from control or
MCD-fed animals (magnification 20x). (E-G) NASH
severity was assessed by circulating alanine
aminotransferase (ALT) release, hepatic triglyceride
content and liver TNF-a mRNA levels, measured by
RT-PCR and expressed as fold increase over control
values after normalization to the (-actin gene. (H)
Circulating TNF-a levels were determined by ELISA.
Values refer to 6-8 animals per group; boxes include
the values within 25t and 75" percentile, while the
horizontal bars represent the medians. The
extremities of the vertical bars (10h-90" percentile)
comprise the eighty percent of the values. Statistical
differences were assessed by one-way ANOVA test
with Tukey’s correction for multiple comparisons.

Figure 4. AnxAl deficiency promotes liver
macrophage recruitment and activation.

Wild-type (WT) and AnxAl KO C57BL/6 mice were
fed the methionine-choline deficient (MCD) diet up to
8 weeks. (A) Macrophage counts following
immunostaining with anti-F4/80 antibody. (B-F) Liver
MRNA levels for CCL2, CCR2 and the macrophage
M1 activation markers IL-12p40, 1L23p19 and iNOS
as measured by RT-PCR. Data are expressed as fold
increase over control values after normalization to the
B-actin gene. (G) Liver IL-12 protein content as
determined in the same animals. In all cases, values
refer to 8-12 animals per group and the boxes include
the values within 25t and 75" percentile, while the
horizontal bars represent the medians. The
extremities of the vertical bars (10"-90" percentile)
comprise the eighty percent of the values. Statistical
differences were assessed by one-way ANOVA test
with Tukey’s correction for multiple comparisons.



Characterization of AnxAl effect on hepatic macrophages functions

To further characterize the molecular and cellular events modulated by AnxAl, experiments with hepatic
macrophages were conducted. In WT mice, NASH progression is characterized by a biphasic change in liver
expression of macrophage M1 activation markers including inducible NO synthase (iNOS), IL-12p40, IL-
23p19: these were elevated after 4 weeks on the MCD diet and declined thereafter (Fig. 4). In these animals,
the individual AnxA1 mRNAs inversely correlated with those of INOS (r=-0.62; p=0.01), IL-12p40 (r=-0.48;
p=0.03) and IL-23p19 (r=-0.62; p=0.03), pointing to the possible contribution of endogenous AnxAl in down-
regulating macrophage M1 responses during disease progression. Supporting this view, AnxAl1 KO mice
receiving the MCD diet for 8 weeks did not show any decline in iINOS, IL-12p40 and IL-23p19 liver mRNAs:
these markers were instead about 2-3 fold higher than those measured in WT animals (Fig. 4). On the same
vein, hepatic IL-12 protein content was significantly enhanced in AnxA1- mice (Fig. 4).

Recent reports have linked the anti-inflammatory action of AnxAl with a stimulation of IL-10 production
through a p38 mitogen activated kinase (p38MAPK) signalling path, together with the induction of M2
polarization [16, 17]. Flow cytometry analysis of macrophages isolated from the livers of WT mice fed 4
weeks with the MCD diet showed that AnxAl-expressing F4/80* cells had a higher IL-10 content than those
AnxAl-negatives (Fig. 5). Furthermore, the incubation of isolated macrophages with recombinant AnxAl
halved the expression of INOS and IL-12p40 without affecting that of the M2 markers arginase-1 and
galactose-type C-type lectin 1 (MGL-1/CD301) (Fig. 5). In AnxAl-treated macrophages, the suppression of
M1 activation was associated with a two-fold increase in IL-10 mRNA (Fig. 5); moreover, addition of the
p38MAPK inhibitor SB203880 reverted both AnxAl-induced IL-10 stimulation and down-modulation of INOS
and IL-12p40 (Fig. 5). Interestingly, macrophage incubation with AnxA1l also significantly lowered CCL2 and
CCR2 mRNA levels in a p38MAPK-dependent manner (Fig. 5), suggesting the capacity of AnxAl to
influence hepatic monocytic recruitment through CCL2 and CCR2 signalling.
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AnxAl deficiency stimulates the fibrogenic evolution of NASH

The data obtained in the patients with NAFLD/NASH indicate an inverse association between liver
expression of AnxAl and extension of hepatic fibrosis. By investigating the effects of AnxAl deficiency on
the fibrogenic evolution of experimental NASH we observed that the fibrosis markers pro-collagen-1a and a-
smooth muscle actin (a-SMA) were higher in MCD-fed AnxAl KO mice than in WT animals (Fig. 6). Hepatic
collagen deposition, as evidenced by Sirius Red staining, and a-SMA-positive activated hepatic stellate cells
(HSCs) (4.3+0.9 vs. 20.3+3.8 cells/hmf; p<0.005) were also more evident in AnxAl KO mice with NASH,
where they could be observed to surround cell foci containing mononucleated cells (Fig. 6). The stimulation
of liver fibrosis in AnxAl KO animals was unrelated to the regulation of hepatic TGF-B1 (Fig. 6), suggesting
that additional factors may contribute to the pro-fibrogenic evolution of NASH.



The beta-galactoside-binding lectin galectin-3 may be implicated in the pathogenesis of NASH directing
myofibroblast activation in fibrotic livers [18, 19]. In our experiments, liver galectin-3 expression was up-
regulated in WT mice with NASH particularly following 8 weeks on the MCD diet (Fig. 7). At this time point,
the hepatic content of galectin-3 in AnxAl1 KO mice was two folds higher (Fig. 7). In line with these ex-vivo
data, in vitro experiments showed that AnxAl-mediated signals effectively down-modulated galectin-3
expression in macrophages isolated from NASH livers (Fig. 7). Conversely, addition of AnxAl to the same
macrophage preparations did not affect TGF-f1 mRNA (not shown). At the immunohistochemistry level,
galectin-3 production was particularly evident in the cell foci indicated above (Fig. 7). These galectin-3-
positive foci were more frequent in AnxAl KO livers (2.8+0.8 vs. 4.6+0.5 cell foci/hmf; p<0.03), where they
were surrounded by abundant collagen fibres (Fig. 6).
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Discussion

Growing evidences point to the importance of AnxAl in the modulation of anti-inflammatory and pro-
resolving responses in rodent models of acute inflammation [6, 7]. However, to our knowledge, no study has
so far investigated the involvement of AnxAl in the mechanisms leading to chronic liver disease. We now
report that AnxAl production is significantly up regulated in the livers of mice with chronic steatohepatitis
induced by feeding with a MCD diet.

In experimental NASH, up-regulation of AnxAl is particularly evident in the advanced phases of the disease
and appears to specifically involve macrophages containing intra-cytoplasmic lipid droplets. The origin of
these macrophages has not been characterized in detail though our preliminary data indicate that these cells
express to low extent the monocyte markers Ly6C and CD11b [20], suggesting that they might derive from
inflammatory macrophages which had undergone phenotypic changes after scavenging dying fat-laden
hepatocytes. Interestingly, macrophages are also the predominant source of AnxAl in the adipose tissue of
obese mice [12], suggesting that during the metabolic syndrome AnxAl up-regulation might be a common
response in macrophages from different tissues. We are aware that NASH induced by the MCD diet does
not reproduce some of the key features of the human disease such as obesity and insulin resistance.
However, at variance from the high fat diet protocol, this model is suitable to study the inflammatory
components of the disease as it causes extensive steatohepatitis that rapidly progresses to fibrosis [21].

In line with the homeostatic properties of AnxAl, we observed that AnxAl deficiency promotes lobular
inflammation in MCD-fed mice, particularly in the animals with more advanced NASH, as seen after 8 weeks
of treatment. The mechanisms behind the inflammatory phenotype appear related to the direct action of
AnxAl on the macrophages. Indeed, in the livers of WT animals with advanced NASH, higher AnxAl
expression is associated with down-modulation of the macrophage M1 phenotype. Such an effect is absent
in AnxAl KO mice that experience instead elevated expression of iINOS, IL-12p40 and IL-23p19 gene
products. Moreover, the in vitro addition of recombinant AnxAl reduced M1 marker expression in
macrophages isolated from NASH livers by more than 50%. Altogether, these results suggest that
macrophage-derived AnxAl represents an autocrine/paracrine loop that suppresses, at least in part, pro-
inflammatory M1 responses. This new notion is consistent with data indicating a central role for AnxAl in the
down-modulation of TNF-a and IL-6 production by macrophages exposed to glucocorticoids [6, 22].

The homeostatic functions of AnxAl are mediated by formyl peptide receptor-2/Lipoxin A4 receptor
(FPR2/ALX), a G protein—coupled receptor that is shared with others pro-resolving lipid mediators including
lipoxin A4 and resolvin D1 [23, 24] as well as with the pro-inflammatory protein serum amyloid A and
cathelicidin LL-37 [25,26]. Recently, Cooray and co-workers unveiled an AnxAl specific FRP2/ALX
proresolving signal pathway involving p38 mitogen activated kinase (p38MAPK), MAPKAPK1/2 and heath
shock protein 27 (Hps27), leading to generation of IL-10 [17]. In our experiments with isolated
macrophages from NASH livers, we observed that down-modulation of INOS and IL-12p40 is associated with
a 2-fold rise in IL-10 expression and that the pharmacological inhibition of p38MAPK affects, in opposite
ways, AnxAl-induced IL-10 stimulation and suppression of M1 polarization. This suggests that AnxAl can
down-regulate macrophage M1-responses through the action of IL-10.

In addition to modulation of the pro-inflammatory activity of macrophages, AnxAl can regulate liver
recruitment of monocytes by controlling the expression of the CCL2 and CCR2 pair. Indeed, CCR2 is one of
the genes more extensively down regulated in human monocytes exposed to N-terminal AnxAl-derived
peptide Ac1-25 [27]. However, differently from that reported by Lange and co-workers [27], in our hands the
p38 inhibitor SB203880 effectively reverts the AnxAl effect on CCR2 regulation in mice macrophages. So
far, AnxAl has been implicated in reducing granulocyte-tissue infiltration by blocking neutrophil-endothelial
interactions and accelerating neutrophil apoptosis [6, 7]. Neutrophil infiltration is not relevant in the
pathogenesis of NASH, where macrophages and lymphocytes are the predominant inflammatory cells [28].
Thus, our data point to the possibility that during chronic inflammation AnxAl might also control the
recruitment of monocytes. The capacity of AnxALl to interfere with the CCL2/CCR2 axis might be particularly
relevant in relation to the evolution of steatohepatitis as CCR2 deficiency, and CCR2 antagonism, ameliorate
liver injury and fibrosis in experimental NASH [29, 30].

NASH is increasingly recognized as an important cause for liver fibrosis and about 15% of NASH patients
progress to advanced fibrosis/cirrhosis [1]. However, the factors responsible for the large inter-individual
variability in the development of fibrosis are still poorly characterized. Here, we report that i) AnxAl-
expressing macrophages are evident in liver biopsies of patients suffering from NAFLD/NASH and ii) AnxAl
MRNA levels in these patients inversely correlate with the severity of fibrosis.

In line with these clinical data, experimental NASH in AnxAl KO mice is characterized by increased liver
fibrosis, suggesting that AnxAl can prevent the fibrogenic evolution of NASH. This effect might involve
modulation of galectin-3 expression. Galectin-3 is a member of the galectin family, a group of lectins that



participates in the regulation of cell adhesion, proliferation and survival as well as in the modulation of tissue
inflammation and fibrosis [31]. In acutely injured livers, galectin-3 is mainly produced by macrophages and
sustains M1 activation in models of acetaminophen- and concanavalin-A-induced hepatitis [32, 33].
Conversely, in rodent and human livers with fibrosis, galectin-3 is also expressed by activated a-SMA-
positive hepatic stellate cells (HSCs) and regulates their pro-fibrogenic activity [19, 34]. Recent studies have
implicated galectin-3 in the pathogenesis of NASH, although with controversial results, as galectin-3 deficient
mice show either protection [18] or increased disease severity [35, 36] in relation to an impaired glucose
metabolism and an increased susceptibility to obesity and systemic inflammation [37, 38]. In our hands, an
increase in liver galectin-3 characterizes advanced NASH in MCD-fed mice and this was susceptible to
AnxAl application. Moreover, the worsening of fibrosis quantified in MCD-fed AnxAl KO mice associates
with a further up-regulation in galectin-3 levels. In the livers of these animals, collagen deposition is
particularly evident around cell foci composed of galectin-3 expressing macrophages and HSCs further
supporting a specific role of galectin-3 in stimulating pro-fibrogenetic cell-to-cell interactions. Consistently,
galectin-3 secretion by macrophages has been implicated in the promotion of renal and vascular fibrosis [39,
40], while genetic deletion or inhibition of galectin-3 attenuates HSC activation and hepatic collagen
deposition in CCls- or tioacetamide-treated mice [19, 41].

Collectively, these results make us to unveil a novel functional role for AnxAl in NASH progression, a
property effected through a control of hepatic inflammation and fibrogenesis, uneven modulation of galectin-
3 and IL-10, leading to a reduced macrophage M1 response. It is plausible that strategies aiming at
increasing hepatic AnxAl expression, or the development of AnxAl analogues [42], might have a potential
for innovative therapeutic control on NASH evolution.
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Expression of AnxAl receptor Fpr2 in the livers of
mice with NASH induced by feeding a methionine-
choline deficient (MCD) diet. Wild type C57BL/6 mice
received the MCD diet up to 8 weeks. (A) Fpr2 mRNA

B-actin gene (A). The values refer to 6-8 animals per
group and the boxes include the values within 25"
and 75" percentile, while the horizontal bars
represent the medians. The extremities of the vertical
bars (101-90t percentile) comprise the eighty percent
of the values. (B-D) Fpr2 liver localization by



Supplementary Table 1

Clinical and biochemical characterization of NAFLD/NASH patients investigated.

Demographic Data

Patients Number (Male/Female) 28 (22/6)
Age (Years) 44.3 (29-66)
BMI 26.6 (17-31)

Biochemical Data

HOMA-IR (n.v. <3)

5.18 (0.4-13.7)

AST (U/L- n.v. 5-40)

43.6 (15-198)

ALT (U/L n.v. 5-40)

77.0 (13-323)

y-GT (U/L n.v. 5-45)

118.5 (12-792)

Fasting Glucose (mg/dL n.v. <100)

100.6 (78-245)

Histological Data

Steatosis score 1.5(1-3)
Inflammation score 0.7 (0-2)
Balloning score 1(0-2)

Fibrosis score 1.4 (0-3)
NAS score 3.2 (1-5)

The values are expressed as median and inter-quartile range (IQR). For histological scores the range of
variability is included.

BMI, body mass index; AST, alanine aminotransferase; ALT, aspartate aminotransferase; y-GT, gamma-
glutamyl transpeptidase; HOMA-IR, homeostatic model assessment-insulin resistance; IS, insulin sensitivity
index; n.v., normal values; NAS, NAFLD activity score.



Additional results

Role of NKT cells and osteopontin in sustaining inflammatory processes during
NASH evolution

As previously outlined the down-modulation of mairage M1 response occurring in mice with
advanced NASH after eight weeks of feeding mete ind choline deficient (MCD) diet does not
parallel with a decline in the liver production acidculating levels of TNFe (Fig. 1), one of the
key cytokines in the evolution of NASH (76). Thisdicates that other mechanisms might be
responsible for sustaining inflammation in advanbB®SH. The experiments reported in Paper 2
have shown that the progression of NASH in NF-kBll-mice is much faster that in wild type
animals as fibrosis is already evident after fourelss of treatment with MCD diet. In this
experimental model, we have demonstrated an inedesecruitment and activation of NKT cells
likely due to an increased hepatic production efli. Moreover, NASH in NF-kB1-deficient mice
is characterized by a specific increase in the lpreduction of IFNy and osteopontin that, in turn,
stimulate TNFe. synthesis. These observations suggest to invéstwaether similar mechanisms
might also characterize the disease evolution Id-type animals.

Flow cytometry measurement of NKT cells (CD3+ NKH).1in the livers of C57BL/6 mice
receiving the MCD diet shows that early NASH aftur weeks of treatment is characterized by a
decrease in the NKT pool, whereas in advanced NASetr eight weeks of diet the NKT cell
population has grown to level significantly highban in control mice (Fig. 4A, C). As we have
observed in NF-kB1-null mice, the increase in toenber of NKT cells in C57BL/6 mice fed with
MCD diet for eight weeks is associated to an elewan the liver production of IL-15 (Fig. 4D-E).
In a recent study, Tang and colleagues have prdptdse involvement of Tim3/galectin-9 in
regulating NKT cells in liver with steatosis, asyhobserved that Galectin-9, fagalactoside-
binding lectin, can interact both with Tim-3-exmieg Kupffer cells to induce secretion of IL-15,
as well as with Tim-3-expressing NKT cells to praetheir apoptosis, thus contributing to NKT
depletion (77). However, this mechanism does npeapto account for the changes in NKT cells
observed in our NASH model, since we have deteateeduction in liver mMRNA expression of
galectin-9, already after four weeks of MCD dieg(F).

Furthermore, in these animals we have also foursigaificant up-regulation in the mRNA
expression of CXCL16 (Fig. 4G), a chemokine exprddsy macrophages and endothelial cells that

by interacting with its receptor CXCR6 on NKT cslirface promotes cell migration, survival and
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proliferation (78). In line with the effects on NKTells, osteopontin (OPN) production is
specifically increased in mice receiving the MCRtdor eight weeks (Fig. 5A-B). However, flow
cytometry analysis of OPN-expressing cells in tivers with advanced NASH reveal that, in
addition to NK1.1-positive cells, OPN production esident in about 75% of F4/80-positive
macrophages (Fig. 5C-D), indicating the hepaticno@ttage pool as an important source of OPN in
NASH. These data prompt to investigate whether opage OPN production is also implicated in
worsening hepatic inflammation in AnxAl-null micks shown in Figure 5E, AnxA1 mice fed
MCD diet for eight weeks have a higher liver mRN#goression of OPN than similarly treated wild
type animals. Furthermore, AnxAlanimals, with the same treatment, confirm a péssénti-
fibrogenic role of AnxAl as it might control fibrgsand the change of macrophage phenotype

through the modulation of OPN production.
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Figure 4: NASH evolution isassociated with an increasein the number of NKT cells.

C57BL/6 mice were fed control or MCD diet up to lgigveeks. Hepatic leucocytes were isolated fromlitezs of
control and MCD-fed mice and analysed by flow cy#bm for the expression of CD3 and NK1.1 (Panel€)ALiver
MRNA levels for IL-15, galectin-9 and CXCL16 wereeasured by RT-PCR and expressed as fold increase ov
control values after normalization to tReactin gene (Panels D, F, G). The liver IL-15 cohteas determined by
ELISA in the same animals (Panel E). The valuesrrief 6-8 animals in each group and the boxes diecthe values
within the 23" and 7% percentile, while the horizontal bars represeatrtiedians. The extremities of the vertical bars

(10"-90" percentile) comprise the eighty percent of theiesl
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Figure5: NASH evolution isassociated with an increasein OPN production by NKT cells and macr ophages.

Wild type and AnxAY- C57BL/6 mice were fed control or MCD diet up tglei weeks. Liver osteopontin (OPN) was
measured by RT-PCR and expressed as fold increaseontrol values after normalization to fhactin gene (Panels
A, E). The liver OPN content was determined by EALi8 the same animals (Panel B). The values ref&-8 animals
in each group and the boxes include the valuesmitie 2%" and 7% percentile, while the horizontal bars represeat th
medians. The extremities of the vertical bars®(@0d" percentile) comprise the eighty percent of theussl Liver
mononucleated cells were isolated from the livérioor and eight weeks MCD diet mice and the OPINregsion by
NK1.1+ and F4/80 hepatic macrophages was analygédw cytometry (Panels C-D).
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General discussion

In the recent years, the worldwide growth of NAFNB/SH incidence has stimulated a huge
number of studies aimed to understand the mechanissponsible for the pathogenesis of the
disease in order to develop treatments able tdHloe evolution of liver damage. In fact, although
NAFLD is a benign and indolent process, it can peeg to NASH in approximately 15-20% of the
patients. A still open question is why some pasiemth NAFLD develop NASH and others do not.
It is known that in humans, genetic factors anddgendifferences influence the individual
susceptibility to NASH (5).
So far, there is not a suitable experimental mabé# to reproduce all the aspects of human NASH.
Rodent feeding a high fat diet causes obesity,limgesistance and hepatic steatosis, but liver
inflammation is usually modest and the animals dbhave signs of fibrosis even prolonging the
dietary treatment (73). On the other hand, the afsdiet depleted of choline alone or by the
combination of choline and methionine allows obtagrevident steatohepatitis evolving to fibrosis,
but in the absence of obesity and insulin resigg@8). In our study, we relayed on the use of
methionine and choline deficient (MCD) diet becatisis model is characterized by extensive
steatohepatitis after four weeks of treatment phagresses to fibrosis by extending dietary regimen
up to eight weeks (73). Nonetheless, even using rtiwdel there are differences between mice
strains in susceptibility to experimental NASH (B®). Indeed, we have observed that after four
weeks of MCD diet C57BL/6 mice develop more sewteatohepatitis as compared to Balb/c mice.
We have taken advantage of these differences ®siigate possible mechanisms involved in the
inter-individual variability in the human disea$e57BL/6 and Balb/c mice are characterized by a
different bias in cytokine production by CD4+ T-pet (Th) cells and macrophages. It is well
established that C57BL/6 mice have a prominent Ttakine production (IL-2, TNFe IFN-y) as
opposed to a prevalence of Th-2 cytokine respahs4, (IL-5 and IL-13) in Balb/c mice (81). Such
a Th-1 bias has a major role in determining theeased susceptibility to acute inflammation of
C57BL/6 mice. Conversely, a Th-2 bias is associatiia an increased fibrosis in Balb/c mice (82).
In experimental models of atherosclerosis, the Slahted C57BL/6 mice develop more extensive
plaques than Balb/C mice, supporting a proathelicgete of Th1l response (83). This is confirmed
by the blunting of Th1 cells that decreases attweossis in apolipoprotein E-deficient (ApOE
C57BL/6 mice treated with a high cholesterol digd)( Although recent studies suggest several
analogies between the inflammatory process of NASH atherosclerosis (85), in our model, mice
Th1/Th2 bias does not influence the severity of MA& MCD diet alters neither the mRNA
expression of IFN-and IL-4 nor that of Thl and Th2 transcriptiontfes T-bet and GATA-3. A
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possible explanation might be that in our experitriba time required to induce steatohepatitis is
too short (only four weeks) to recruit CD4+ T-cellss mentioned before, during inflammation,
macrophages have a predominant role and they cpresx different functional patterns of
differentiation depending on the environmental aling mediated by microbial products and
cytokines. It is possible to divide macrophagesaia subsets. The M1 polarized macrophages are
activated through Toll-like receptors and INFand exhibit enhanced killing of intracellular
microorganisms, increased secretion of pro-inflatenya cytokines/chemokines (ILB1 IL12,
TNF-0, IL-12, CXCL9, CXCL10) and mediators (ROS, NO) ahdjher expression of co-
stimulatory molecules. The M2 alternative activategicrophages are induced by IL-4 or IL-13 and
express Arginase-1, mannose receptor and IL-4 tecepand promote anti-inflammatory, pro-
fibrogenic, angiogenic and immuno-suppressive d@s/ (86). Atherosclerosis and NASH share
also similarities regarding the role of macrophagesthe evolution of tissue injury. In
atherosclerotic plaque, macrophages accumulate Ergunts of lipids, transform into foam cells
and drive atherogenesis. Lipid-loaded macrophage® falso been observed in NASH, where
hyperlipidemic mice have bloated foamy Kupffer selpon high fat feeding. During the process of
atherosclerotic lesions, macrophages acquire aiclddM1 phenotype and produce inflammatory
cytokines (87).

In our hands, macrophages isolated from the li@dr&/CD-treated C57BL/6 mice show M1
responses significantly higher than those obtaineah similarly treated Balb/c mice and the M1
macrophage activation is responsible for the irsgdaseverity of NASH in C57BL/6 mice as
compared to Balb/C animals. These observationsnaliee with reports showing that in rodents
treated with choline-deficient or MCD diets Kupffeells depletion by clodronate reduces liver
TNF-o and IL-12 expression along with hepatic inflammati(39, 66). According to Tosello-
Trampont and co-workers during the early phase ASN, damaged hepatocytes express and
release molecules that activate Kupffer cells whichturn, produce IL-& and TNFe. These
cytokines are able to activate in an autocrine raarifupffer cells, which, in turn, produce
chemokines, such as CCL2 and IP-10, that recrotulgiting pro-inflammatory monocytes and
amplify the inflammatory response (39). The relexsaof these results to humans emerges from
recent observations showing that obese subjects MASH, but not those with NAFLD, have a
specific increase in the liver expression of pritaimmmatory M1 chemokines/cytokines, such as
CXCL1-9-10, CCL2, CCL5 and ILf1(88). Collectively, these data indicate that thg &ttivation

of hepatic macrophages contributes to the increamesteptibility to the development of
steatohepatitis in C57BL/6 mice, suggesting thatgirogression from NAFLD to NASH might be

influenced by genetic and epigenetic factors ablmddulate the macrophage response.
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Among possible genetic factors influencing macrgghdunctions, we have investigated those
involving the NF-kB transcription factor (NF-kB1} & functional polymorphism of human NF-
kBl gene (-94ins/delATTG, rs28720239) that affabis protein production. This polymorphism
has been associated with a higher prevalence aimnfiatory and autoimmune diseases (89-91).
NF-kB (Nuclear Factor kB) is a collective term theter to homo- and hetero-dimeric transcription
factors belonging to the Rel family that, in respemo cell stimulation, migrate from the cytoplasm
to the nucleus. All Rel polypeptides are charaeestiby an N-terminal RHD (Rel Homology
Domain), which mediates DNA binding, nuclear lozation and subunit dimerization. Mammals
express five Rel proteins belonging to two clas$ée first one comprises RelA, c-Rel and RelB,
proteins that are synthesized as mature forms anabtirequire proteolytic cleavage. The second
group is encoded hijftkbl andNfkb2 genes: their products are first synthesized g lprecursors,
respectively p105 and p100, requiring proteolytiogessing by proteasome that removes their C-
terminal halves to produce the mature forms, pEDEE2 NF-kB proteins (92, 93). In unstimulated
cells, NF-kB dimers are inactive, since they interem the cytoplasm with inhibitory proteins
termed IkBs (Inhibitors of NF-kB) (93). After stifation with an agonist, IkBs are proteolitically
degraded by the proteasome, releasing associatédBNFoteins to translocate into the nucleus and
modulate gene expression (94). NF-kB transcriptamtors play an important role in the regulation
of immune and inflammatory responses. NF-kB indurcts essential for the expression of immune
response genes: pro-inflammatory cytokines (Td\H--1, IL-6), chemokines (MIP-4, CCL5) and
adhesion molecules (E-selectin, VCAM-1), which eclively regulate the recruitment of immune
cells to sites of infections. Recent studies hasenbdemonstrated that the NF-kB1 p50 subunit is
involved in the regulation of macrophage respof2e 95). In particular, p50 homo-dimers have an
important role both in the reduction of pro-inflamatory cytokines (TNFe and IL-12) production
by macrophages and stellate cells and in drivingroghage M2 alternative polarization, producing
Arginase 1 and CCL17 and inhibiting iNOS (inducibl® synthetase) and TN&production (96,
97).

The physiological function of NF-kB1 in immunity $idbeen investigated by NF-kB1-deficient
(NF-kB1") mice, which produce neither p105 nor p50. Theeabs of p50 does not cause
developmental abnormalities or lethality by its@lhese mice have normal levels of B cells and
normal ratios ok andA light chain usage (98). However, B cells isoldtedn these mice cannot be
induced to differentiate in response to the mitogB®&, and no NF-kB activation is observed. NF-
kB1 deficient mice have dramatically greater susbépy to bacterial infection but remarkably
enhanced resistance to viral infection (93). Thaeefit appears that p50 subunit plays an important

role in immune responses to acute inflammatiomlotiin the overall development of the mouse. In
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that context, it has been observed that NF-kBdice show exacerbated M1-driven inflammation
and defective capacity to mount allergy and helmohiven M2-polirized reactions (97).

By inducing NASH in NF-kBI1 mice with the MCD diet, we have observed more seve
steatohepatitis characterized by extensive lobudéitration of mononucleated cells, frequent
lipogranulomas, higher circulating TNEFdevels and increased hepatocyte apoptosis. Morgove
NASH in NF-kB1 mice associates with a more rapid progressiorenfritobular fibrosis that is
already present after only four weeks of treatmeiatwever, analysis of the role of macrophages
have surprisingly revealed any significant diffexes neither in the number of F4/80 positive cells
nor in the mRNA expression of M1 markers, suchN®$ and IL-12p40, between NF-kBland
wild type mice, indicating that NF-kB1 deficiencgek not alter the macrophage response in MCD-
fed mice. However, as discussed later, the datairsdat in NF-kBY~ animals has been useful to

understand other aspects of inflammatory responBASH.

In time course experiments we have observed tleptbgression of NASH is associated with a
steadily increase in the number of F4/80 positivecrophages. In normal liver, the number of
intrahepatic macrophages is maintained constaiit avitell turnover that continuously repopulates
the Kupffer cell population. There is a controveadput the origin of Kupffer cells and how their
homeostasis is maintained over time. According tooae traditional view, tissue macrophages are
not self-renewing and are replenished from boneanaderived monocytes (99, 100). In contrast,
it has been argued that Kupffer cells are a seléneng population and divide as mature cells or
originate from local intrahepatic progenitors (1113). Klein and colleagues have identified two
distinct macrophage populations within the liverb@ne-marrow derived subset that is rapidly
replaced after cell destruction by irradiation ancesidual non-bone marrow-derived subset that is
lost during cell isolation protocols. These two plgpions share the same morphology and
phagocytic capabilities, but only the first oneersgaged in inflammatory responses (104). During
inflammatory responses, the migration of monocytés tissues as well as their differentiation into
macrophages or dendritic cells is largely deterahibg the inflammatory milieu, such as adhesion
molecules, chemokines, pathogen-associated patémwgnition receptors (46). There are two
major subsets of monocytes in peripheral blood:@¥8 (Gr1"9") monocytes that express CCR2,
CD62L and CD64 and Ly (Gr1°") monocytes that lack CCR2 and have higher levéls o
CD32. Both subsets express the receptor of fran@lkCX;CL1), CXCR1, but the second
monocyte population characteristically expressghdrilevels (105, 106).

There are some clear evidences suggesting thatgdthie early phase of NASH the increase in

hepatic macrophages involves the recruitment afutating inflammatory Ly6€9" monocytes
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through CCL2/CCR2-mediated signals (48, 107). Irct,faKirovski and colleagues have
demonstrated that mice fed high fat diet develgpatie steatosis without significant inflammation,
but they have elevated CCL2 expression both irflilee and in the visceral adipose tissue. CCL2
serum levels are also elevated in patients wittasttund-diagnosed NAFLD and correlate with the
body-mass index and fasting glucose (108). FurtbeenCCR2 deficiency and the use of a specific
CCR2 antagonist ameliorate liver injury and fibsosi experimental NASH (48, 107). In our hands,
the increase in hepatic macrophages occurringenretirly phase of NASH is associated with an
increase in MRNA expression of CCL2 and CCR2. HeneCCL2/CCR2 signalling cannot
explain the further expansion of macrophage podedaed in advanced NASH. Fractalkine
(CX3CL1) was originally defined as a chemoattractant feonocytes, but growing evidences
indicate that its receptor is involved in contnadji cell survival. In fact, in conditions of hepatic
inflammation and fibrosis, C3CR1 represents an essential survival signal for coge-derived
macrophages by activating anti-apoptotic bcl-2 egpion (44). Monocytes and macrophages
lacking CXCR1 undergo increased cell death following livejuiy, which perpetuates
inflammation, promotes prolonged inflammatory moytednfiltration into the liver and enhances
fibrosis (44). At present, the role of @XL1 in NASH is still poorly investigated. Howeveyur
preliminary data indicate that GEL1 increases in advanced NASH in parallel with éxpansion

of CX3CR1-expressing macrophages. Thus, at this stag®ys$acontrolling the differentiation and
the survival of intrahepatic monocytes might haver@adominant role in controlling macrophage

expansion.

During the evolution of NASH, we have observed gpaaent paradox involving hepatic
macrophages. In fact, while in the early phasehefdisease hepatic inflammation is characterized
by an enhanced macrophage M1 activation, the esipreef M1 markers progressively decreases
in parallel with the disease evolution to fibrosifiese changes do not involve M2 polarization, as
the expression of M2 markers is not affected. Thdwgjng the evolution of NASH we have
observed both an increase in the number of F4/&ip® macrophages and a change in their
phenotype and characteristics. Increasing evidemzbBsate that macrophages are the target of a
variety of signals involved in terminating inflamtogy responses and in the regulation of tissue
healing (109). Many proteins and lipid mediators savolved during the process of resolution of
inflammation: they down-modulate immune responsesirol the clearance of tissue infiltrating
leukocytes and promote functional changes in mdages favouring healing processes (75).
Among all the proteins involved in the terminationinflammatory response, we have focused our

attention on AnnexinAl (AnxAl), or lipocortin-1, 3rkDa anti-inflammatory protein originally
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reported to be induced by glucocorticoids and inimép phospholipase activity, but it has
subsequently been shown to regulate different leglfunctions in a variety of cell types. It is the
first element of the annexin family of calcium- gplibspholipid-binding proteins, which consists of
13 members. Annexins are grouped according to aiitids in the structure and in the sequence of
the calcium-binding region. All annexins have aecaonstituted by four repeats of 60-70
amminoacids each, attached to an N-terminal retfiahgives specificity of action to each family
member (110).

Several evidences suggest that AnxAl mediatesfiecte through the interaction with FPRs
(Formyl Peptide Receptors), a family of seven tnagrmbrane domain, G protein-coupled receptors,
consisting of three members (FPR1, FPR2 and FPR3Rs are expressed by several cell types
including neutrophils, monocytes, macrophages, #adial and epithelial cells. The G protein that
couples to the FPRs belongs to thef&nily of hetero-trimeric G proteins and it indscthe
activation of phospholipase C (PLC) and the relaafsealcium from intracellular stores. Other
signal pathways associated to FPRs involve theaain of PLA, PLD and members of the MAP
kinase family.

The vast majority of AnxAl effects are mediatedABR2, which is also the receptor for the anti-
inflammatory molecules lipoxin Aand for the pro-inflammatory mediators serum andyjrotein

A (SAA) and cathelicidin LL-37 (111). By interacgnwith FPR2, AnxAl can modulate anti-
inflammatory and pro-resolving responses in rodemwdels of acute inflammation by down-
regulating the production of pro-inflammatory medra, such as eicosanoids, NO and IL-6,
reducing neutrophil recruitment to inflammatoryesit promoting the clearance of apoptotic
granulocytes and stimulating tissue repair (112)11

In the MCD model of NASH, hepatic AnxAl increasesridg the evolution of the disease,
becoming particularly evident in the advanced pbasénen is selectively expressed by
macrophages with intra-cytoplasmic lipid dropletsl anversely correlated with M1 markers. The
origin of these macrophages has not been studiddtail, even if preliminary results indicate that
they express at low extent the monocyte markersCLg®d CD11b, suggesting that they can
originate from inflammatory macrophages, which halanged their phenotype after having
engulfed dying fat-laden hepatocytes.

To better understand the role of AnxALl in the etioluof NASH we have used C57BL/6 AnxAl
deficient mice (AnxAY) (113). In general, it has been demonstrated tmtabsence of AnxAl
induces the exacerbation and the prolongation @ariimation. AnxAl"- mice have higher
inflammatory response as demonstrated by increbsddcyte transmigration, higher levels of

inflammatory markers, increased neurological deficia stroke model and delayed repair in a
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model of colitis (112, 114). In that condition, tadministration of exogenous AnxAl is able to
rescue the phenotype in AnxAknimals.

We have observed that NASH in AnxAl-deficient misecharacterized by an enhanced lobular
inflammation that is particularly evident after leigveeks of treatment. The mechanism responsible
for such exacerbation of inflammation is relatedato enhanced M1 activation of macrophages.
Indeed, the addition of recombinant AnxAl on mabiagges isolated from NASH livers decreases
the expression of these M1 markers, without affigc2 markers. Thus, these results suggest that
the AnxAl produced by macrophages might act in @iute manner contributing in down-
modulating pro-inflammatory M1 responses and inngivag their phenotype. This mechanism of
inflammatory regulation by AnxAl in macrophagesidine with the study of Yang and colleagues
in which they have demonstrated that AnxAl exents ighibitory effects on LPS-induced
macrophage IL-6 and TNé&-release and MAPK and NF-kB activation through ithguction of
GILZ (GC-induced leucine zipper) (115).

In a recent study using Resonance Energy TranREeT ) technique, Cooray and colleagues have
shown that AnxAl induces the homodimerization oREPand, subsequently, the activation of
signalling pathway involving p38 mitogen activat&thase (p38MAPK), MAPKAPK1/2, the
chaperon protein heat shock protein 27 (Hsp27)thadelease of IL-10 (116). In our model, we
have seen that in macrophages isolated from NA@&tdithe down-modulation of M1 activation
markers is associated with an increase in IL-10e&sgon; moreover, the inhibition of p38MAPK
through the chemical inhibitor SB203880 is ableeeert both IL-10 stimulation and AnxAl-down-
modulation of INOS and IL12p40.

Interestingly, macrophage incubation with AnxAlcalswers CCL2 and CCR2 mRNA expression
in a p38MAPK-dependent manner, confirming the capasf AnxAl to contribute in regulating
the liver recruitment of monocytes. Previously, ganand co-workers have seen the anti-
inflammatory activities of the N-terminal AnxAl-deed peptide Acl-25 on the level of gene
expression by using cDNA microarrays, systematicallsessing gene regulation in response to
Acl1-25 stimulation of human peripheral blood mortesy Comparison of global gene expression
profiles in combination with real-time PCR and flaytometry has revealed that Ac1-25 is able to
induce profound changes in the expression of genedved in the inflammatory process; in this
study, CCR2 has been reported to be one of the mxshsively down-modulated gene (117).
However, differently from that Lange and colleaghase reported in their study, in our model, the
AnxAl effect on CCR2 down-modulation in mice madrages is p38MAPK-dependent: in fact,
the p38 inhibitor SB203880 is able to block the dawgulation of CCR2. It is very important the
involvement of AnxAl in the signalling pathway matdid by CCL2 and CCR2, as previous works
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have pointed the role of CCL2/CCR2 axis in the etioh of NASH: in fact, the pharmacological
inhibition of both CCL2 and CCR2 diminishes livelaanophage infiltration, steatohepatitis and
fibrosis (48, 107). Taken together these resulggest that AnxAl might play a functional role in
NAFLD/NASH progression by controlling hepatic inflanation through the down-regulation of
M1 macrophage activation. As AnxAl is also evidemtliver patients with NASH and its
expression inversely correlates with the severitfilwosis, variability in AnxAl expression might
contribute to influence the evolution of the huntssease.

In C57BL/6 mice fed with MCD diet up to eight weekse have observed that, despite the down-
modulation of M1 macrophage response, there isagidreciable liver damage and inflammation as
confirmed by higher ALT release, triglyceride cartteerum TNFe levels. This suggests that there
are other mechanisms involved in maintaining infi@ation in advanced NASH. By using flow
cytometry, we have observed that the evolution SN is characterized by changes in hepatic
distribution of NKT cells, as the early NASH is asmted with a decrease in the number of NKT
cells (CD3+ NK1.1+), while in the advanced NASHeafeight weeks of diet the NKT pool grow to
level higher than in control mice. An increase gpétic NKT cells also characterized the rapid
progression of NASH in NF-kB1animals. These results are in line with previowstyks of other
groups. For instance, liver NKT cells appear tord&atively depleted irob/ob mice, a model of
obesity-related pro-inflammatory cytokine excessulin resistance and mild NASH (65). The
adoptive transfer of regulatory NKT cells inbb/ob animals results in a significant reduction of
hepatic fat content, a shift from macro to micrasisis and significant improvement in glucose
homeostasis (118). Reductions in hepatic NKT ogthbers have also been reported to occur when
wild type mice are fed high fat, high sucrose dteténduce obesity, insulin resistance and hepatic
steatosis (64). Moreover, Kremer and colleagues heported that hepatic NKT cells are decreased
in hepatosteatosis, induced by choline-deficiert,dbut are preserved in IL-12 deficient mice.
Furthermore, while the administration of lipopolygsharide leads to increase in hepatic IL-12
expression and the depletion of KCs by clodronatkices hepatic IL-12 expression and restores
NKT cells (66). Interestingly, in a recent work,nbaand colleagues, using a co-culture system of
Kupffer cells and NKT lymphocytes, have demonsttatbat pro-inflammatory Kupffer cells,
expressing high levels of CD1d on cell surface bBypdoresenting lipid antigen to activate NKT
cells, led to NKT-cell activation-induced cell dedqtLl19). All these data support the concept that
the relative depletion of hepatic NKT cells contitiss to the metabolic and cytokine alterations
involved in the pathogenesis of steatosis. Howeaeagecent report by Syn and co-workers shows

that there is an expansion of hepatic NKT cellsine with more advanced NASH, supporting the
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idea that the NKT pool might contribute to fibrogsis in NASH (67). This is in line with human
data where the number of intrahepatic CD3+CD56+ Ne¢€lls in NAFLD patients positive
correlates with the NAS score: these cells may mcdadisease activity through cytokine
production after the recognition of lipid antiggaresented with CD1d in livers of NAFLD (68).
Although NKT cells are abundantly present in theediand involved in hepatic inflammation, the
molecular mechanisms involved in their recruitmand expansion in the advanced NASH remain
elusive. We have observed that the expansion of B&ilTpopulation in C57BL/6 mice treated for
eight weeks with MCD diet is associated with arr@éase in the hepatic production of IL-15. IL-15
is a cytokine responsible for macrophage, T-cell, ahd NKT cell survival and maturation (120).
In normal livers, IL-15 is constitutively producég hepatocytes and has a key role in creating T-
cell favourable microenvironment (121). Hepatianyj stimulates IL-15 formation by hepatocytes,
hepatic progenitor cells and macrophages and thi¢ributes in promoting innate and adaptive
immune response as well as hepatic regeneratid) (£3). Besides IL-15, we have also observed
a significant up-regulation in the mRNA expressodrCXCL16 in C57BL/6 animals with advanced
NASH. In murine liver, CXCL16 is a chemokine exmed by macrophages and endothelial cells
that by interacting with its receptor CXCR6 on NK&ll surface promotes cell migration, survival
and proliferation (77). In patients with chronigdr diseases, intra-hepatic CXCR6 and CXCL16
expression are up-regulated compared with con(f613. CXCR6 and CXCL16 up-regulation is
also evident in experimental model liver diseases$ rmacrophages have been found to be a major
source of CXCL16, while CXCR6-deficient animals aretected against both NKT accumulation
and hepatic inflammation (77). Thus, we propose ithadvanced NASH the up-regulation of IL-
15 and CXCL16, along with the lowering of IL-12,ght lead to a more rapid increase in NKT
number through a more efficient hepatic differeidia process and that, in turn, NKT cells might
contribute to sustain hepatic inflammation. Intéregy, an increased hepatic expression of IL-15 is
also evident in NF-kB% animals after only two weeks of MCD diet in conmddion with an
expansion of NKT cell pool. This suggest that the-kB1 deficiency may stimulate liver NKT
lymphocytes by promoting IL-15 up-regulation.

At the moment, the mechanisms by which NKT cells cantribute to the lobular inflammation and
the evolution of NASH to fibrosis are still inconeptly characterized. The experiments performed
using NF-kBY - mice have underlined a possible role of the cytekisteopontin (OPN) as these
mice, but not wild type animals, show a specificregase in liver OPN after four weeks of MCD
diet. Furthermore, NF-kB1 deficiency is associatéth OPN production by NKT cells. In a similar

manner, we have also observed that liver OPN isegptated in wild type C57BL/6 mice fed with
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MCD diet for eight weeks. Also in these conditiohgpatic NKT cells generate OPN. OPN is a
multifunctional cytokine produced by both immuneti@ated T-cells, dendritic cells, macrophages)
and parenchymal cells and plays important rolesinffemmation and tissue healing (124).
Moreover, OPN is classified as a Th1l cytokine amulag to be involved in monocyte/macrophage
as well as dendritic cell migration and activat{@25). OPN activates a wide variety of receptors
including CD44 variants and integrins. Binding hese receptors induces signalling pathways such
as MAPK kinase kinasel/JNK1/activator protein 1KIKB/NF-kB and phosphatidylinositol 3-
kinase/Akt. Diao and colleagues have shown th&@ancanavalin A-induced hepatitis, NKT cells
secrete OPN, which augments NKT cell activation andgers neutrophils infiltration and
activation (126). Moreover, a humanized anti-ostetin antibody significantly protects mice from
Concanavalin A-induced liver injury in associatieith the reduction of transaminase activities and
improvement of liver injury (127). The role of ORN stimulating NASH is in line with previous
observations where OPN-deficient mice are proteatginst steatohepatitis and fibrosis induced by
MCD diet (128). Furthermore, in a recent work Syr &olleagues have shown that livers from
NKT-deficient mice contains significantly less ORNd have less fibrosis than wild type mice after
diet-induced NASH. Interestingly, human livers wRtASH and advanced fibrosis contain more
NKT cells and OPN than NASH livers with early filsie (60). Thus, NKT cell activation is
associated with increased expression of OPN argddytiokine might be a useful biomarker of
advanced fibrosis in NASH. Moreover, OPN is highly-regulated in adipose tissue from obese
patients and animal models of obesity. OPN-defiameite are protected from high fat diet-induced
adipose tissue inflammation and insulin resistafi&9), indicating a functional involvement of
OPN in obesity-induced insulin resistance. Thisreased insulin sensitivity is associated with
reduced macrophage accumulation in adipose tigsgether with reduced expression of IL-6,
TNF-0, INOS and CCL2. Consistent with these results,traéising antibody to OPN reduces
macrophage numbers in the liver and adipose tissobese mice, associated with increased insulin
sensitivity and an increased proportion of apoptatacrophages (130). Moreover, in genetically
obeseob/ob mice treated with D-galactosamine to induce livgury, the neutralising antibody to
OPN reduced liver injury in parallel with reducederophage recruitment and IL-12 and IL-18
production (131). Collectively, these results sugydlat the up-regulated OPN expression might be
an important mediator in the progression from stegpatitis to fibrosis contributing to the

promotion of inflammatory and immune responses.
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Conclusions

From the results presented above, we can conchadd\tAFLD progression from simple steatosis
to steatohepatitis and to fibrosis is a complexcess that involves multiple interactions between
hepatocytes, inflammatory cells and hepatic seek&ils during the different phases of the disease
evolution. In particular, we have demonstrated la of both macrophages and NKT cells in the
evolution of NAFLD/NASH. Macrophages progressivehcrease their number during NASH
progression and change their phenotype and morgiholehile NKT cells, after decreasing in the
early phase of the disease, expand when fibrogsaap, leading the maintenance of inflammation
also in advanced NASH. Feeding NF-kBfnice with MCD diet, we have observed a more rapid
progression of NASH in knockout animals as compacedild type mice involving an increased
recruitment and activation of NKT cells, pointing tpossible importance of NF-kB1l
polymorphisms as risk factor in the progressiomwhan NASH. Moreover, we have analysed for
the first time the role of AnnexinAl in NASH progson showing that it play an important role in
the evolution of the disease by controlling bottpdtee inflammation and fibrogenesis. These
results represent a good starting point to invagtigvhether genetic differences in the production o
AnnexinAl may account for the inter-individual \atility in the evolution of NAFLD/NASH and

to test AnnexinAl analogues as possible novelrreats to control NASH evolution.
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