i

PHD THESIS

Aastha Jindal

-«

MARCH 27, 2015

UNIVERSITY OF PIEME@\DRIENTALE
Via Solaroli 17 Novar28100 ITALY




PhD in Molecular Medicine

UNIVERSITA DEGLI STUDI DEL PIEMONTE ORIENTALE
ARAMEDEO AVOGADROO

Dipartimento di Scienzdella Salute

Corso di Dottorato di Ricerca in Medicina Molecolare
ciclo XXVI |

Titolo tesi

MECHANISMS THAT INFLUENCE HEPATIC INFLAMMATION IN
NONALCOHOLIC STEATBGIEPATITIS (NASH)

SSD MED/04

Coordinatore Tutor

Prof. Emanuele Albano Prof. Emanuele Albano

Dottorando

Aastha Jindal



Contents

PhD in Molecular MediCine .........cccovieiiiieiiniiieeceec e 1
i =1 o1 Lo [=T 0 V0] Lo Y =4V 2R 3
2. HistopatholOZY ...couuviiiiiiiiiiiic e 5
3. CliNical FEAtUIES ...ue s 9
A, PathOZENESIS ..covvuiiiiiiieiiiece e e e eera e e eee 10
5. AIMS of the WOrk ....ooovee e, 20
B. PaPer L e 21
A o= | o 1= AP 48
8. PP I 3 e 72
9. DISCUSSION .ttt e e e e e e 92
10, CONCIUSIONS ..cciiiiitiiieeeee e e e e e e e e e e ens 98
11, RefEreNCEeS ..cciiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 99



1.Bpi demi ol ogy

Non-alcoholic fatty liver diseasg NAFLD) is characterized by an increase in the
hepatic content of triglycerides also known as steatwaisably associated with the
development of parenchymal damage and inflammation a condition known -adcabalic
steatohepatitistNASH) (Vuppalanchi and Chalasani 2Q00At present NAFLD/NASH
represents thedpatic manifestation dhe so called Metabolicygdrome(MS) (Yki-Jarvinen
2014). The term netabolic syndromeefines a complex of clinical manifestations associated
to obesity and oveweight that includediabetes, hypertension, hypertriglyceridenaiad low
high-density lipoprotein (HDL) cholesterol. It is estimated that about 47 million U.S.
individualssuffer ofmetabolic syndrome and more tH&0%6 of such subjectievelopNAFLD
(Younossi and others 20120n the other handnore than 90% of NALD patientshave
obesity associated wittome feature®f metabolic syndromeThe prevalence of NAFLD
increasesas the severity and number of metabolic syndrome parameteease(Yu and
others 2013ZelberSagi and others 2011

The epidemiological significance of NAFLD streams from the data published by the
United State€enterfor Disease Control and Preventithrat estimatethatabout 66% ofUS
adults in areoverweight,and half of those are obeféu and others 2013elberSagi and
others 201} The prevalence oftsity is projected tmcreasen the United Statespto 45%
by 2025.Similarly, by 2030the projected percent increase in type 2 diabetes mellitus is 32%
in Europe, 72% in the United States, and 1509reater in suiSaharan Afica, India, and the
Middle East(Bambha and others 201%®/ong 2013 Yoshiike and Lwin 2005Younossi and
others 201 As obesity and diabetese important risk factors for NAFL is likely that the
prevalence of NAFLD will risén the near futuréo epidemt proportions.

At present, lhe prevalence dNAFLD in the general population is estibed to range
from 2.8% to 46% and this large variabildgpend on the methodologysed the population
investigatedand the type of screening tegiplied for the detection of liver féBellentani and
others 201 Although hospitabasedstudies are flawed because of ascertainmess, bi
populationbased studies usimgpr-invasiveimaging studies (e.g., sonograpkuffer thepoor
specificityof sonographyor the diagnosis of NAFLCRecently, magnetic resance imaging
has been used tuantify the extensiorof hepatic steatos{8hala and others 201Blashimoto
and others 201 Rinella and others 20)4nd usinghis technique, it is estimated that 31% of

the U.S. ppulation hadNAFLD. In contrast, depending on the defimit used, between 2.8%
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and 24% of U.S. adults have NAFLD according to a comprehensive National Health and
Nutrition Examination Survey Il (NHANES lll) data $éiased analysig.he prevalene of
NAFLD in the Dionysos studwas noed to be 94% in obegatients (body mass index BKI

30), 67% in overweight patients (BNdetween 8 and 30, and 25% in patients with normal
weight (Bellentani and others 20LAssessment of NAFLD is further confounded by the fact
that approximately 70% to 80% of subjects with NAFLD éaermal ALT levels. Among

type 2 diabetics, 40% to 70% have associated NAHIs observation has been confirmed

by a recentcasecontrol study basedn evaluation of hepatic steatosis that has shown that
patients with type 2 diabetes had up to 200% rfedran their liver than did matched controls

(Ali and Cusi 2009Ducluzeau and others 201&/illiamson and others 20).1In an autopsy
series in which liver histology was used to define the presence of a fattyhépetic steatosis

was found in approximately 2.7% of lean individuals and 1&%%bese individuals. Similar

data have been reported from autopsies of air crash victimedatonship between BMI and

the presence of a fatty liver has also been established in otherwise apparently healthy
individuals being considered as donors for living donor liver transplantation. Clearly, no single
marker or test has sufficient positivermgative predictive power for diagnosing NAFLD.

Regardless of the methodology used, several aspects of the epidemiology of NAFLD
are consistently observed. Fatty liver, as well as NASH, occurs in all age groups, including
children. Although studies publisd before 1990 emphasized that NASH occurs mostly in
women (53% to 85% of all patients), more recent studies have shown that iNA§tily
frequert in both genderéSheth and others 199The prevalence of NAFLD is directly related
to BMI, with more than 80% of subjects with a BMI higher than 35 kghadng steatosis.
Waist circumference may be an even better predictor of underlyiagpdRIAFLD than the
BMI (Rocha and others 2005

Epidemiological studies hawaso evidenced that the prevalence of NAFLD show large
inter-ethnical variations wittHispanic subjectshowing prevalencearound45%, whereas
African Americans have a lower prevalence (24Kgllwitz and others 20Q9.omonaco and
others 2011 Furthermore, lte phenotype oNAFLD is highly likely to reflect complex
interactions between environmental diidstyle-related factors and genetic predisiosi.
Obesityand diabetes ofte cluster within familiesThe causes o$uch familial clustering
include both genetic and environmerfadtors(Carulli and others 20Q0Merriman and others
2006.



2H stopathol ogy

The characteristic histopathologic features of adult NAFLD include mainhez3
macrovesicular steatosis variably associated with lobular inflammation, cellular injury
represented by cytologic ballooning, Mal-Denk bodies (MDBS), or botland pericellular
fibrosis. Based on these characteristics, NAFLD has two broad histologic patterns: hepatic
steatosis, or NAFL, and Steatohepatitis (NASBjunt and others 201 Brunt and others
2003. At differenceto its literal meaning, Steatobatitis does not simply represent the
presence of steatosis and inflammation. Steatohepatitis is defined by the presence of hepatic
steatosis with varying degrees of inflammation along with evidence of cell injury, usually in
the form of cytologicballoonng (Figure 1) (Charlton and others 201 Cotrim and others
20049). Fibrosis is not required for the diagnosis of steatohepéiitisrami and others 2003
Brunt and others 201 Burt and others 1998The inflammation ass@ted with steatohepatitis

is generally modest antasmainly lokular distribution However, variable degree obpal

Figure 1: Histologic
features of nonalcoholic
steatohepatitis.

(A) Macrovesicular
steatosis. (Low power,
hemabxylin and eosi [H
& E] stain).(B) Cytologic
ballooning with
eosinophilic MalloryDenk
bodies(arrow). (C)
ARopyoO -DemH | o
bodiesstained with
antibodies taibiquitin. (D)
Pericellular

fibrosis in centrilobular
location. (Masson
trichrome stain.)

inflammationcan be detecteih specificindividuals. Portal fibrosis may be associated with
NAFLD, particularly in pediatric subjects @m those who arenorbidly obes€¢Gramlich and
others 200%

2.1 Grading and Staging

To improve the prognostic assessement of NAFLD/NA8B¥erml systems for grading

and staging NAFLD have begmoposed, but only two systems have been validated to any
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degree. A landmark study by Brunt and colleagues exanihezpbaate histologic parameters.
Based on these parametessthreegrade, fowstage system of classifying NAFLWas
developed. Significant histologic lesions included steatbalgoning, and inflammation. The
necreinflammatory grade correlated with alarenaminotransferase (ALT) activityThe
staging score reflected both location and the extefibiafsis. More recently, using the Brunt
classification as a startingoint, the NIHsponsored NASH CRN proposed and validaded
scoring system. Although 14 septe parametersvere evaluated, 4 were scored semi
guantitatively, includingsteatosis (O to 3), cytologic ballooning (0 to 2), lobutdliammation

(0 to 2), and fibrosis (0 to 4). A NAFLBxtivity score (NAS) was then developed that included
the un-weighted scores for steatosis, inflammation, and cytolbgitooning Table 1). The
NAS correlated well with th@resence of steatohepatitis during a blinded validaiiocess
and was typically associated with a score of &igher. Those with a score ofo8 less were
not usuallyfound to have steatohepatitis, whereas a score of 4 was assatitesbme
divergence of opiniorHigure 2). It is, however, important to note that the NAS cannot be used
to diagnose the presence of steatohepatitis, which igifieéenby the presence of steatosis,
inflammation, and cytologiballooning in a typical pattern. The NASH CRN stagaygtem
divides stage Into several subset3dble 2), thereby improving its sensitivity to change in
earlier stagesf the disease. Thisystem is highly valuable as a reseambl for the design
and analysis of clinical trials related ®ASH. However, its role in routine clinical practice
remaingto be established.

A major limitation of any histologic scoring system is samphagiability. In one
study, two biopsy specimens weaybtained fromhe same site at the same ticAbout 20% of
subjects had at least a estage variability between specimendereas 12% had a twgtage
variation. Similar datdnave been obtained fronuslies in which biopsy specimefrem the

left and right lobes were ampared.



Table 1: NASH Clinical Research Network Scoring System: NAFLD Activity Score

Degree Description| | Degree Description Degree Description

0 <5% 0 None 0 None

1 5%-33% 1 <2 foci/20x optical field 1 Mild; Few

2 34%-66% 2 2-4 foci/20x optical field | 2 Moderate to

3 >66% 3 >4 foci/20x optical field marked; many

Table 2 NASH Clinical ResearchNetwork Scoring System: Fibrosis Score
Description

None

Mild (delicate) zone 3 perisinusoidal fibrosis

Moderate (dense) zone 3 perisinusoidal fibrosis
Portal/periportal fibrosis only

Zone 3 perisinusoidal fibrosis with portal/

periportal fibrosis

3 Bridging fibrosis

- Cirrhosis

la
1b
1c
2
4
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Figure 2: Relationship between the nonalcoholic fatty liver disease activity scon
(NAS) and the probability of having steatohepatitis.

A group of experienced pathologists diagnoseshtohepatitito be present, absent,
probable and also independently scaitesl same biopsy specimens while unaware of t
own interpretatiorto determine the NAS. A score higher than 4 was associated with 3
probability of being considered tave steatohepatiti$Adapted from Kleiner DE, et a
Design and validation of a histological scoring system for nonalcoholic fatty liver dis
Hepatology 2005;41:1313.321.)




3.Clinical Features

Most subjets with NAFLD are asymptomatic aimal these invidualsthe diagnosis is
often made incidentally because of either abnormal liver enzyme levels or features of a fatty
liver on an imaging study when such tests are performed for unrelated reasons. In others,
NAFLD may be diagnosed either as a result mfuausual appearance of the liver during
abdominal surgery or because of persistent hepatomegaly. It is imgortacbgnize that in
only a minority of subjects has NAFLD been diagnosed and that it currently remains

undiagnosed in the great majority dfliated individuals

3.1Symptoms and Signs

Most patients have vague complaints of fatigue or malaise and a sensation of fullness
or discomfort on the right side of the upper part of the abdomen without signs of chronic liver
disease at the time dfagnosis. Such symptoms often antedate the diagnosis of NAFLD in a
third of patients Abdominal obesity and hepatomegaly are the most compinysical
findings. Obesity is present in 50% to 90% of subje&tsout two thirds of subjects with
NAFLD also hae other features of metabolic syndrome. We recently confiraietbminal
obesity as a marker of both steatosis and grateeafisease. In addition, about 28%albjects
had increased dorstervical fat, which correlatestrorgly with histologic severityAcanthosis
nigricans maye found in individuals with NAFLD and is suggestive oluaderlying insulin
resistant state.

Hepatomegaly is the most common liwetated physicafinding in subjects with
NAFLD. A minority of people havstigmata of chronic Vier disease such as spider angiomas
or palmar erythema. Jaundice and features of portal hypertessidmas ascites and variceal

hemorrhage, are the initial findingsa small minority of subjectsith advanced liver disease.

3.2 LaboratoryAbnormalities

Suspicion for NAFLD is triggered by abnormal results on liver chemistry tests that are
usually performed for nariver related reasons. Approximately 7.9% of the p&pulation
has persistently abnormal liver enzymes with negative tests for viral hepatitis and other
common causes of liver diseases. The majority of these subjects could have NAFLD if they
have risk factors associated with NAFLD, such as the presenteatires of metabolic
syndrome. It is also important to note that a large number of subjects with NAFLD have

persistently normal liver enzyme levels, and the entire histologic speofrdAFLD can be



seen in such individualsMild to moderate elevatiomiserum aminotransferases (ALdnd
aspartate aminotransferagdST) is the most common and often the only laboratory
abnormality found in patients with NAFLD. When these values exceed 300 IU/L, alternative
causes of liver disease should be sought cayeflile AST/ALT ratio is usually less than 1

but can be reversed in those with advanced fibrosis or cirrhosis. A mild to modest increase in
serum al kal i ne-glgamgltsapsferase 4&Gd) canrbd seen in patients with
NAFLD, but the degree of elation is less than that seen in those with alcoholic hepatitis, as
is the case with an increased AST/ALT ratio.

Findings of chronic liver disease together with the presence of hypoalbuminemia,
coagulopathy, hyperbilirubinemia, and thrombocytopenia suggesinced liver disease with
probable cirrhosis. Serum albumin and the prothrombin time become abnormal before bilirubin
becomes elevated. In diabetic subjects, isolated hypoalbuminemia can result from diabetic
nephropathy. Hematologic parameters are uguathrmal unless cirrhosis and portal
hypertension lead to hypersplenism. In fact, a large proportion of patients with cryptogenic
cirrhosis share many of the clinical ademographic features of patients with NAFLD, thus
suggestinghat cryptogenic cirrhas is unrecognized NAFLD in aadvanced stage.

About 30% to 50% of subjects with NAFLD have elevabbabd glucose and about
60% also have associated hypertriglyceridenaa, HDL cholesterol, or bothAn elevated
ferritin level is also ofteiseen in subjects with NAFLDX is, however, not associated with iron
overload in most cases andually rélects an acute phase resporfa®m a practical point of
view, the laboratory evaluation @& subject with suspected NAFLD involves excluding
alterrative causes of liver enzyme abnormalities, documenting heptatosis, making the
distinction between hepatic steatosis atghtohepatitis, assessing the stage of the disease, and
evaluatingor the presence and severity of IR and other complicatibneetabolic syndrome.

Each of these factors must leensidered carefully when making a decision about the
aggressivenessith which the answer to each of these is sought.ithportant to remember
that liver enzymes are notably pgmedictors of steatis and significant fibrosis. Therefore
liver biopsy remains the gold standard for diagnosing steatohepatitifor staging the liver

disease, unless clinically evideasitrhosis is present.

4.Pat hogenesi s

Nonalcoholic fatty liver diseasels a complex clonic condition caused by the

occurrence of stewise out of control metabolic, inflammatory and cellular activity. Different
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factors contributing towards the developmenNa&f-LD/NASH basically involves the influx

of free fatty acids (FFA), formation ofigtycerides, accumulation of fatty lipids or steatosis,
onset of inflammation, mitochondrial dysfunction, oxidative stress and death of mature
hepatocyte¢Day 2006 Day and James 1998

4.1 Mechanism of Steatosis

The accumulation of triglyceridewiginating fromthe esteriftationof free fatty acids
(FFAs) and glycerol within the hepatocyte an important aspect MAFLD/NASH. The
contributing factors for the accumulation of F&ithin the liver includeenhancedipolysis
in theadipose tissue, dietary sources, and de fipegenesis (DNL)Postic and Gard 2008.
Liver has a central role in FFAs metabolisms as hepatoayiteze FFAs as energy source
degrading them irg-oxidation, but a large amount re-esterificaéd to triglycerides and
exported as very low density lipoprot€MLDL). Liver VLDL particles are formethrough
the incorporatiomf triglyceride into apolipoprotein B (apoBjediatedby microsomatransfer
protein (MTP)(Adams and others 20P%Alterations of MTP/apoB synthesis and secretion
have been proposed as potential mechanisngerpinning the pathogenesis of NAFLD
leadingto a decreased capacity for lipid exp@ronardo and Loria 2002Hence hepatic fat
accumulation can occas a result of increased fat synthesis, increasetkliaery, decreased

fat export, and/or decreased éxidation(Postic and Girard 2008

Lipid metabolism in the liver and adipose tissue is controlled by insudidiated
signals.In healthy individualsthe binding of insulin to its receptdeads © phosphorylation
of several substratemcluding insulin receptor substrates (IRS)-2, -3 and -4, which
propagate the insulin signalnsulin stimulation of IRSL and-2 leads to activatiorof
intracellular PI3K (phosphoinositideKBnase)and AKT/PKB (protein kinase B) pathways,
which are intimately involved in mediating the metabaifects of insulin(Bugianesi and
others 201 Ultimately, AKT/PKB activationresults in translocation of glucose transporter,
GLUT4 to the plasma membranbus facilitating glucose uptake. In additidhe expression
of key lipogenic genes is increaseslith a concomitant decrease in gluconeogenic gene
expression via its regulation of forkhead (FOXfnscription factor activitylnsulin hasalso

a potent ationin suppresisig adiposdissue lipolysis.

Obesity and metabolic syndrome are characterized by an impaired transduction of
insulin signals in peripherdéissues leading to a situation known as insulin resistance (iR).

situations of IRnsulinrmedidedsuppressiomwf lipolysisis impaired resulting ian increased
11



efflux of FFA fromthe adipose tissuédyperinsulinaemia associated with IR leasoto an
up-regulation of the transcription factor sterol regulatgment binding protetic (SREBR
1c), which is a key transcriptional regulator of genegolved in DNL & well as to the
inhibition of B-oxidationof FFA thus further promoting hepatic lipagtcumulation(Chitturi
and others 202; Choudhury and Sanyal 2004 Furthermore, in NAFLD additional factors
can interfere withnsulin signalling cascade, atigus contribute tdepaticlR. Thesefactors
includetumour necrosis factaalpha (TNFa) signals angun N-terminalkinase 1 (JNK1) and
SOCS (suppressors of cytokisegnalling) activation Increasedipid metabolites such as
diacylglycerol (DAG) havealsobeen implicated imterferingwith insulin signalling through
the modulation of IRS2 phosphorylatiormediated bya protein kinase CE&PKCe) (Capeau
2008 Choudhury and Sanyal 2006usi 2009.

During the progression of NAFLD the worseningstéatosis is tightly associated with
chronic hepatic inflammatiorgn effect in parmediated by activation of the IKlWNFkB
signallingpathway. In murine models of hight diet (HFD}induced steatosis, increased-NF
kB activity isassociated with elevated hepatic expressionftEmmatory cytokines such as
TNF-a, interleukin6 (IL-6) and interleukin beta (IL-1b), aswell as with theactivationof
Kupffer cells.Accordingly, ioth serum and hepatic levels of TNFare elevatedn patients
with NASH, and levels correlateith histological severityln addition to itsproinflammatoy
effects, TNFU p r o moQomrversely ifhibition of TNFU signalling improvesR and
histdogical parameters of NASKsimilarly, serum 16 levels are also elevatedinth animal
and human models of IR alNAFLD, and levels correlate with increasilinger inflammation
ard fibrosis. Liver-specific NFkB inhibition prevents HFBnduced inflammatory gene
expressionwhereas HFBEInduced hyperglycaemia arl® can be reproduced by selective
overexpressiorof constitutivey active Ikkb in hepatocytesThe Ikk-b/NFkB pathway in
hepatocytes caalso beactivated directly by FFA, providing a further mechanisynwhich
central obesity with consequentreased hepatic FFA supply can contributetiammation.
(Armutcu and others 201Baeck and others 20;1Rui and others 2004

A further aspect in the mechanisms leading to hepatic steatosis directly involves the
changes occurring in the adipose tis@\dipose tissue is not just an inert site of energy storage,
but an actively secretingndocrine orgarlhe functional role of adipocygerived cytokines
(adipokines), is now increasingly recognized, wéptin and adiponectin amongst the best
described. Leptin is a 16 kDa hormone produtedhly by mature adipocytes whose actions

12



includethe regulation oénergy intake and expendituregultion of the immune systerand
promotionof inflammation and fibrogenesi€onversely, diponectinhasantrinflammatory
activity and ncreases insulin sensitivitin obesity adipocytes that accumeldtiglycerides
modify their pattern of adipokine secretion leading ighkr leptin secretion at the expensed

of adiponectin productioiMarra and others 2009Musso and others 2005 In fact, the
circulatinglevels of adiponectin are inversely proportiottabody fat conteréind are reduced

in patientsvith NAFLD. Adiponectin antagonises the effeafSTNF-U, which itself suppresses
adiponetin production(Takei and Sato 2006The importance of adiponectin MAFLD is
supported by studies showing that serum adiponectin levels can higlfrtgudsh NASH from
simple steatosis. Other adipose tissue derived factors found in excess in NAFLD include TNF
U, -6)ahgiotensinogen and resistin, all of which antagonise the lipogenic effects of insulin,
but their precise role in the pathogenesidNafLD remains to be determindirza 2011

Orlik and others 20%MPolyzos and others 20113

4.2 Mechanism of Hepatocyte Injury

As previously mentioned, amalcoholic steatohepatitiNASH) is characterized by
parenchymal injury involving hepatocyballooning, presence oMallory-Denk bodies and
extensiveliver cell apoptsis (Duwaerts and Maher 20L4Accordingly, serum levels of of
caspaseleaved cytokeratins (CK) 8 and 18 have been recently proposed as specific markers
of hepatocyte death in NASHE@uchi and others 2014¥everal mechanisms have been
invoked to explain the proapoptostate in NASH. Triglyceride accumulation itselcreases
apoptosis by the interaction of unoxidized palmit@dA with serine to form dihydro
sphingosine, a precursor ctramide.Ceramide is a potent inducer of apoptosis via an
inducible nitric oxide synthetase (iINOS8j)ediated pathwathat requireghe transcriptional
factor NFeB (Harbrecht and others 201@lexander 1998Harbrecht and others 201Qu
and others 199Pinto and others 2000t has alsdeen shown thdtepdocyte incapability to
esterifythe excess of FFAsecondary to increased peripheral lipolysis in the ingelsmstant
statetriggersapoptosighrough a process known as produce lipotoxi@gveral mechanisms
account for lipotoxicityFFAscan directlyinduce translocation of Bax to lysosomes, where it
causes theelease of cathepsin. Cathepsin, acting viaaBFinducesTNF-Uand activation b
TNF receptorassociated deatpathways.Recently, the potential role of ER stress in the
developmenbf hepatocyte lipotoxicityn NASH has gained interest. The ER is the principal

site for synthetic activity within cells. Such activigquires not onlpppropriate synthesis but
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also local mechanisnte ensure that the proteins are correctly folded bedhises essential

for their recognition by appropriate receptargl trafficking to their final destination. Under
conditions inwhich there is incresed protein or lipid synthetic activity the ER, depletion of
ATP, depletion of calcium, or altergucose homeostasis, the regulatory function of the ER
in maintaining normal synthetic function is disrupted. Tl@ads to the activation of an
intracellular program called thenfolded protein response (UPRJenkel and Green 2013
Kapoor and Sanyal 200Malhi and Kaufman 2013, Zhang and others 201,22heng and others
2011). Activation of the UPRnitially leads to an adaptive response in which protein synthesis
decreases and allows restoration of normal ER funddomever, if the initiating factors are
not corrected, alarm pathwagee activated, including activation of a number of stkessses,
which eventually results in activation of homologom®tein (CHOP), a potent apoptesis
inducing factorRecent studies have reportedt patients with NAFLD have a varialdegree

of UPR activationlnositol requiring enzymé (IRE-1) activation appears to glan important

role in thegenesis of cell injury in NASH via activation of JINK phosphorylatlaterestingly,
there seems to be a close associatbiRE-1 activation with the histologic activity of the
diseaseFailure to generate ER degradatiemhaning U-mannosidaskke protein (EDEM) in
response to spliced X bblinding protein (SXBP) in some subjects raises the possibility that
patients with the lowest EDEM levels are at particular rigiro§ressing to cirrhosis because
of insufficient degradabin of unfolded proteins, thus perpetuating the ER stress. Despite
increased phosphorylated €2, patients with NASH arapparently unable to uggulate
activating transcriptiorfactor 4 (ATF4), CHOP, and growth arrest and DNA dama&fe
(GADD34), whichcontributes to the failure to recovieom ER stresgCao and others 2012
Fang and others 201Bee andothers 2012Pagliassotti 201;,2ZZhang and others 201RF hus
NASH is specifically associated with failure to generate sXBP1 and activatiofjuafN-
terminal kinase (JNK{(Malhi and others 20Q06Accordingly, JNK activation is evident in liver
biopsies from NASH patients and pharmacological or genetic JNK inhibition prevents
lipotoxicityii n vitr oo and ame lodeot madeled NASH @artaveh e p at i
and Gores 2010; Czaja 2010nterestingly, the antiapoptotic-&ell lymphoma2 (BCL2)
protein appears to be strongly expressed in human steatohepatitiably representing an
adaptive respons&hus,on the basis of the recognized significantkepatocyte apoptosis
thepathogenesis of NAFLD, it has been proposedttietevelopment of progressive NAFLD

in some patients but not in others may be the result of increased susceptibility of steatotic

hepatocytes to apoptosis arising from abnomagililation of BCL2 proteins, alteration in INK
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activation, or preferential activation of ER strélsisand others 2014Vlalhi and others 20Q6
Panasiuk and othe2906).

Additional mechanisms of hepatocyte injury in NAFLD/NASH involve the effect of
inflammatory cytokines and particularly TNF and oxi dative stress.
production in the progression of steatosis to NASH is supported by studies detumntat
cytokines can replicate all of the histological features associated with NASH, including

hepatocyte apoptosis/necrosis and Mallory body formation (Marra and others 2008).
4.3 Oxidative Stress

Oxidative stress is a result of an imbalance between prooxidant and antioxidant species.
This could be due to either increased production of prooxidants reactive oxygen species (ROS)
or reactive nitrogen species (RNS) or decreased antioxidant delRatedal sources of ROS
in the liver include the mitochondria, the peroxisomes, the microsomal oxidative system, and
iron overload.(Alkhouri and McCullough 20L2Basaranoglu and others 2Q1Baskol and
others 200Y. The mechanisms responsible for oxidative stress in NAFLD/NASH have been
characterized to some extent showing tRE®A and cholesterol accumulation within the
mitochondria along with TNK) cause mitochondr mitotchondlighs f unct
structural defects associated with impaired mitochondrial respiratory chain activity produce a
state of uncoupled oxidation andgsphorylation that leads ilacreasedROS production. This
concept is further supported by evidence of decreased ATP formation in the liver of subjects
with NASH (Begriche and others 2006ambino and others 20LJAnotherpossiblesource
of ROS can behe cytochrome 850 system. This system, particularly CYP2Elover
expressed in subjects with NAFL&long withcytochrome P4502E1 activity.ieber 2003.
CYP2EL can be induceab a result ohsulin-resistaneas well ago cope with the increase in
FFAs (Lieber 2004. In line with these findingsCYP2E1 deletion in mice results in less
susceptibility to high fat diet induced NAFLD/NASH as well as in lower hepatic oxidative
stresg§Abdelmegeed and others 2012

A growing bodyof evidence from the experimental models of NAFLD/NASH suggests
that oxidative stress plays a key role in the mechanisms causing the deatHadériat
hepatocytes as well as contributes to the activation of hepatic stellate celtsixepraducing
myofibroblast Gambino and others 20)LJAccordingly, antioxidant supplementation reduces
liver injury in experimental rodent models of NASEaurent and other 2004)The relevance

of these observations to humans is supported by several studies showing an increase in
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oxidative stress markers, in the liver and in the serutmotf adult paediatricpatients with
NAFLD/NASH (Chalasani and others 2Q0kura and others 20Q&eki and others 2002
Furthermoreas compared to normal livers, liver biopsies from NASH patients display a lower
MRNAs expression of different antioxidant enzyni®seekumar and others 200®n the
same vein,recent evidences indicates that antioxidant treatments might be effective in

improving hepatic damage in NAS[Racana and Sanyal 2012

4.4 Mechanisms of Inflammation

Inflammation, dong with hepatocyte damage, is the main feature of the progression
from simple steatosis to NASH. In fact, the molecular mechanisms able to promote
inflammation crosgalk with those responsible for hepatocellular damage and fibrdsis.
precise mechasims of inflammation in NASH have ngét beencompletelyelucidated but
current evidence indicates bdtie innateand adaptive immunity have a rafethe initiation
and maintenance dfbularinflammation. The innate immune system is an important factor in
the promotion and progression NASHHepatic infiltration ofinnate immune cells such as
macrophagesgranulocytesand natural killer(NK) has been commonly observed early
stages of thdiseasand they are considered as driving force of NASH progression.

The hepatic macrophage population is named after the scientist Karl Wilhelm von
Kupffer. Kupffer cells are located predominantly in the periportal area. They originate from
bone marrowand in healthy liversKupffer cells are responsible for thphagocytosis of
particulate mattes presentation of antigen accompahby immune regulation, and tfedease
of soluble mediatorsAlike other macrophages, Kupffer cells and hepatanocytederived
macrophages are a highly plastic populations that may adopt various phenotypes ranging
between the extreme states known as M1 and M2. Inflammation driven by M1 Kupffer cells is
counterbalanced by alternatiygbolarized M2 macrophagebkat produce antinflammatory
cytokines such as HLO, and promote resolution of inflammati@urray and Wynn 201;1
Sica and Mantovani 20)2Macrophagepolarization into an M2 phenotype is promoted by
Th2-derived cytokines (144, IL-13) (Murray and Wynn 2011Sica and Mantovani 20}, 2hat
may also originate from hepatocy(&ang and others 2008~hile such &ctors promoting M2
Kupffer cell polarization are poorly characterized

Increasing evidence suggests that Kupffer cells critically contribute to the progression
of NAFLD. In fact at the onset of NASHipid accumulation inKupffer cells significantly

contribute to the production of pioflammatory cyto/chemochines, which, in turn, stimulate
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the liver infiltration by circulating monocyté€$osello Trampont and others 2012; Leroux and
others 2012)Hepatic monocyte infiltratin is primarily promoted by CCL2, a chemokine-up
regulated in the serum and in the liver of patients with NABBukeland and others 2006
that drives the recruitment offlammatory Ly6CGpositive monocyteshtough the interaction
with Ci C chemokine receptor 2 (CCR2&ccording pharmacologicainhibition of genetic
deficiency of CCL2CCR2 dyad reduces macrophage infiltratioand ameliorated
steatohepatitign experimentaimicemodel of NASH(Baeck and others 201Rliura and others
2012. However, variable resulthave been obtained in mice with different genetic
backgrounds(Galastri andothers 201 Other chemokire contributing to monocyte
recruitmentinclude CCL5 (RANTES) as interference with CCL5 functions ameliorates
experimental NASHRerres ad others 2010

Upon liver infiltration monocytes rapidly differentiates to M1 polarized macrophages
and the extent of macrophage M1 responses appears to modulate NASH severity among
different mice strains (Maina and others 2012). Furthernmoaerophageelease of IE15 ard
CXCL16 is important for stimulating the recruitment and the survival-lgifiphocytes and
NKT cells (Locatelli and others 2013; Weland other 2013) Pro-inflammatory cytokines
released from activated Kupffer celidso activate hepiéc sinusoidal endothelial cells to
upregulate adhesion molecules (ICAM1, VCANI and in combination with the chemokines
secreted fronmacrophagestimulate the recruitment of neutrophils to the liy&osello
Trampont and others 20L2Neutrophils in turn secreteeactive oxygen species (ROS),
oxidants, defensins, as well as chemokines to attract more neutrophils and maiRenyses
and others 2012 Following their recruitment to thévzer macrophageseleasenot only pre
inflammatory cybkines but also growth factors &CSF, and GMCSF that can extend the
lifespan of neutrophils thus sustaining their presence at the site of inflamrtR¢&nsen and
others 2012 The production of ROS, NO and cytokines by neutrophils and macrophages
significantly contribute to promote hepatocyte cytotoxicity.

Lymphocytes areommonlyfound throughout the parenchyma and in the portal tracts
of healthy liversandincludeT and Bcellssubpopulationsas well as other subsebelonging
to innateimmunity as natural killer {K) and natural killer Icells (NKT) that shares features
in common with both NK and T cellBIKT cellsare particularly frequent in tHever because
these cdls express a specific chemokine recedICXCRG6) that interacts with the chemokine
CXCL16 abundantly produced by hepatic sinusoidal endotf@késssmann and others 2005
Swain 2010. Althoughthe total number of hepatic CD3+ T lymphocyiesot appreciably
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modified in NASH, an imbalancéetweenCD8+/CD4+ CD3+ T-cell subtypes has been
observed Ferreyra Solari and coworkers 201ZD4+ T helper cells are a sgboup of
lymphocytes that are capable of switching B cell to antibody production, activating cytotoxic
T cells and contributing to the phagocyte functions. Recent reports have shown that an increase
in circulating IFNo-producing CD4+ Tcells characterizes NASH in both paediatric and adult
patients in conjunction with an enhanced liveri&N e x p rFersgsaiSaolan and coworkers
2012 Inzaugaratind others 20)1suggesting the possible relevance ofITifesponses to the
human disease. Furthermore, a higher number €f7Teells has been observed in mice with
steatosis induced by feeding a high fat deetd in liver biopsies of NASH patients.
Accordingly, the Th17 related genes (RORT , -17) IL-21, IL-23) are upregulated in
NASH patients as compared to healthy controls and neutralizatior1af ith. high fat diet fed

mice ameliorates liver injury andflammation Tank and other 2031 In spitelL-17 has been
involved in the pathogenesis of hepatic fibrodeg and others 2012}the actual role of

DC4+Th-17T cells in the pathogenesis of NASH is still poorly characterized.

Conversely, recent studiehave pointed out a possible involvement of natural killer T
(NKT) cells in the progression of NASH. NKT cells account fo1389%6 of mouse and 105%
of rat and human liver lymphocytes. Thegcognize lipid antigens presented by the-non
classical MHC clas I-Hiike molecule CD1 andan be directly cytotoxic by Fas ligand (FasL),
or perforin/granzyme&lependent mechanisms in addition regulae innate and adaptive
immunity through the production of IFDl  a n4l(Selnd and Taniguchi 2005; Exley and
Koziel 2004). Besideclassical cytokines, NKT cells also secrete osteopontin (O8y) &nd
others 201}, a cytokine with both pranflammatory and prdibrogenic capacities and the fetal
morphogen, sonic hedgehog (Shh), which activates hepatic stellate cellsi{its€&)llagen
secreting myofibroblasts and amplifies the repasociated inflammatory respon@déede
2011; Gao and Radaeva 2013; Syn and others)20IBe role of NKT cells during the
progression from NAFLD to NASH is compleas the development of steatosia mice
receiving ahigh fat dietis associated wita reduction of hepatic NKT cells. This reductimn
due toa lowering of hepatic CD1d expression and an increase of NKT apoptosis due to a
impairedproduction of 1-:15 in a commation with an ugregulation in hepatic expressiof
IL-12 (Li and other 2005; Yangnd other 2007 Indeed, Kupffer celtlepletionlowersIL-12
expression and blocks the impairment of NKT cellsgnd other 2005; Kremeand others
2010. On the contra, in mice withadvancedNASH there is an increase in the number of

NKT cells, which parallels the progression of the disease to fibrd&3. cell expansion
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involves IL-15 production and is associated with an increase in liverdlFNand OPN
production (Leatelliand others 2012Accordingly,induction of NASH inNKT cell deficient

miceis characterized byl@unted OPN expression abg an improvement in liver injury and
collagen depositionSyn and othex 20D). In the setting of human NASH, advanced fibrosis

is correlated with increased hepatic levels of OPN and Hh and elevated plasma OPN levels in

comparison with early fibrosiSgn and others 201Zgajiri and other 2009
4.5 Mechanisms ofibrosis.

In many chronic liver diseases unresolved inflammation promotes pathologic repair
leading to progressive fibrosis and cirrhodtsigdman 2008 As mentioned above hepatic
cirrhosis represent the final outcomes of NASH. In fact, within 8 years, 15% of A& hts
develop clinically and histologically evident cirrhosis. Death rate ascribed to NAlGtéd
cirrhosis accounts for 125%, while enestage NASH is responsible for abou1@% of liver
transplants(NeuschwandeTetri and Cadwell 2003) This makesNASH an increasingly
important cause of liver cirrhosis. NASidlated fibrosis develops primarily in the pericentral
areas, where thin bundles of fibrotic tissue surround groups of hepatocytes and thicken the
space of Disse, i n(Brant 2010hThecnkaim nell typie regponsibileafas h i o n
extracellular matrix deposition ehepatic stellate cells (HSCs), These cells respond to the
production oftransforming growth factdsl (TGFb1), plateletderived growth factor (PDGF)
and fibroblastderived growth factors produced by macrophages tdifferentiating into
myofibroblastlike cells (HSC/MSs)hat are responsible for the secretioncoflagen and
extracellular matrix componen{$riedman 2008)Furthermore, decreased hepatic matrix
degradationdue to a reduced production of matrix metalloproteases (MMPs) and/or an
increased production of matrix metalloprotease inhibitors might also contribute to collagen
accumulation(Friedman 2008)Macrophageactivation in response to chronic inflammatory
stimuli is mostly responsible for the secretion of{fillogenic cytokinegFriedman 2008)In
addition, HSC proliferation and transformation to collagemducing myofibroblasts is
influenced by lymphocyteerived cytokines and oxidative strgd$ovo and otkrs 2008)
Although the development of fibrosis in NASH does not appears to be appreciably different
from those in other liver diseasesgjterationsin adipokine secretion consequent to obesity
might have a specific role for the induction of fibrogenesithis condition. Ativated HSCs
selectively express leptin receptors and leptin stimulates HSC survival, the expressien of pro

inflammatory and angiogenic cytokin@&ang and others 2008 he prefibrogenic action of
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leptin might be enhanced by the doimed lowering of adiponectin as adiponectin reduces

proliferation and increases apoptosis of cultured K\§@ng and others 2008)

5Ai ms of the work

In spite of thegrowing number of studies investigating the pathogenesis of
NAFLD/NASH, a number of issues concerning the mechanisms involyadmmoting lobular
inflammation andhe evolution of NASH to fibrosis/cirrhosis are still unresolvagarticular
it is still unclear whyonly some NAFLD patients develgpeatohepatis. Furthemore among
thesubjects with NASHhere is a large intendividual variability in the evolution to fibrosis.
The factors responsible for such an ifitetividual variability represent a particular challenge
as multiple interaction occur between hepatesyinflammatory cellandhepatic stellate cells
in the different phases of the disease progression.

In my doctoral project, | have addresssmme of these isssdy investigatingthe
possible involvement of adaptive immune mechanisms in the evolutiolA&H and
characterizing mrphological and functional modificatieroccurring in monocytelerived

cellsduring the disease progression.
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6.Paper 1
Adaptive Immune Responses Triggered by Oxidative Stress Contribute to Hepatic
Inflammation in NASH

Published on Hepatology 20149:886:897.

Background and i#ns: The mechanisms responsible foe progression afimple steatosis to
steatohepatitis (NASHare still incompletely characterized. Oxidative strisssne of the
features of NAFLD/NASH antepatic oxidative stress markers, such-agdroxynonenal (4
HNE) and 8hydroxydeoxyguanosine, correlate with the severity of nredtammation and
fibrosis, suggesting that oxidative injury might be involved in triggering steatohepatitis.
Studies in atlrosclerosis have evidenced that lipid peroxidation products originating from
oxidized LDL generate a variety of nantigens able to stimulate the innate immune system,
which in turn promotes inflammation in atheroma. As previous data indicate thaicadth
andchildren withNAFLD/NASH have increased titres of IgG against oxidative stress derived
antigensjn in the present study we have used riethioninecholine deficien{MCD) diet
model of steatohepatitis to get insides in the involvement of immasponses in promoting

hepatic inflammation in NASH.

Key results:In MCD dietfed mice, the development bfer injury and lobular inflammation
paralleled with the presendgG againstmalonildialdehyde NIDA) and 4HNE-derived
antigens Moreover, thénepatic recruitment of CD4+ and CD&Hymphocytes rgponsive to

the same antigens was also observed. Mice immunizatiorMidth-adducted bovine serum
albumin (MDA-BSA) before feeding the MCD diet stimulated transaminase release, lobular
inflammation,andthe hepatic expression of proinflammatory cytokimtepatic inflammation

was accompanied by a stimulation in liwer recruitment and h-1 activation of CD4+ T cells

that further stimulated macrophagdél responsedn this settingdepleting CD4 T-cellsin
MCD-fed immunized mice by using an afD4 monoclonal IgG significantly lowered

lobular inflammation and focal necrosis.

Conclusions:Theseresults indicate thaadaptiveimmune responses triggered by oxidative
stressderived antigens contribute to gaic inflammation in experimental NASH by

promotingTh-1 responses by CD4¥-lymphocytes.
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Abstract

Previous studies have shown that human-alooholic steatohepatitis (NASH) is often
associated with the presence of circulating antibodies against proteins adducted by lipid
peroxidation products. Here we usediinethioninecholine deficient (MCD)nodelof NASH

to characterize the possible involvement of adaptive immunity in NASH.

In mice fed withthe MCD diet up to 8 weekaver injury and lobular inflammation worsen in

a timedependent manner in parallel with the development of IgG against malongtdietl
(MDA) and 4hydroxynonenal (4HNE)-derived antigens and the hepatic recruitment of CD4
and CD8 T-lymphocytes that were responsive to the samtigens. Moreovelin these
animals the individual 1gG reactivity against MBalducts positively correied with
transaminase release and FNxpressionTo substantiate the role of immune responses
triggered by oxidative stress in the progression of NASH, mice were immunized with MDA
adducted bovine serum albumin (MEBSA) before feeding the MCD diet. MDBSA
immunization did not affect the livers of control mice, but further stimulated transaminase
release, lobular inflammation and the hepatic expression einffaanmatory cytokine in
MCD-fed mice. The increased severity of NASH in immuni#gD-fed micewas associated
with the liver recruitment and th€h-1 activation ofCD4" T-cells thataccounted for an
increased M1 activation of hepatic macrophalygseover, hepatic fibrosis was also evident
in these animals in concomitance wath IL-15-mediatedncrease ohepaticnatural killer

cells (NKT) and the upegulation inliver osteopontin production by NKT cells and hepatic
macrophage.

Conclusions: Thse results indicate that oxidative stress can contribute to the progression of
NASH by stimulating both humoral and cellular responses, pointing to the possible
contributionof adaptive immunity to the pathogenesis of the disease.

Abbeviations:

4-HNE 4hydroxynonenal; MCD methionireholine deficient; MDA malonildialdehyde;
NAFLD NonAlcoholic Fatty Liver Disease; NASH NonAlcoholic SteatoHepathik;
natural killer;NKT natural killer TcellsOPN osteopontin
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Introduction

A key issue in undstanding the pathogenesis ralooholic fatty liver disease
(NAFLD) concerns the identification of the mechanisms responsible for switching from simple
steatosis to steatohepatitis (NASH). This aspect is clinically relevant because steatosis does
not appernto adversely affect the lorigrm outcome of NAFLD [1], whereas parenchimal
injury and inflammation are the driving forces for the disease evolution to fibrosis/cirrhosis
[2,3]. Oxidative stress is one of the features of NAFLD/NASH [4] and oxidativesstiarkers,
such as the hepatic content ehyddroxynonenal (4dNE) and 8hydroxydeoxyguanosine,
correlate with the severity of neenaflammation and fibrosis [5,6], suggesting that oxidative
injury might be involved in triggering steatohepatitis. Instlsicenario, recengvidence
indicates that lipid peroxidation products originating from phospholipid oxidation can act as
damageassociated molecular patterns (DAMPs) and promote inflammation through the
interaction with both soluble and calésociated pattern recognitiateptors [7,8]. A further
mechanism by which oxidative stress can stimulate inflammation involves adaptive immunity.
Indeed, in atherosclerosis as well as in severaliautaune diseases the interaction of lipid
peroxidation products with cellular protseiteads to the formation of immunogenic adducts
that induce both humoral and cellular immune responses [9,10].

Previous studies from our laboratory have shown that high titres of IgG against some of the
antigens originating from oxidative stress, nammealondialdehyde(MDA) derived adducts,

are detectable in about 40% of adult NAFLD/NASH patients and in 60% of children with
NASH [11,12]. In these latter, high antibody titres associated with more severe lobular
inflammation and 13 fold increased riskaf NAFLD Activity Score O5
ant-MDA 1gG are an independent predictor of fibrosis [11]. From this backgrawesipught

to investigate the possible contribution of immune reactions triggered by oxidative stress in
modulating hepatimflammation in NASH. For the experiments we relayed on a rodent model

of NASH based on mice feeding with a methionoh®line deficient (MCD) diet that, despite

it does not reproduce key features of human NAFLD/NASH such as obesity and insulin

resistancegauses well evident oxidative stress and a rapidly progressing-segstitis [13].

Material and Methods
Animal and Experimental protocol Eight weeks old male C57BL/6 mice were purchased
from HarlanNossan (Corezzana, Italy) and fed for 4 or 8 wealseither methionineholine

deficient (MCD) or control diets (Laboratorio Dottori Piccioni, Gessate, Italy). For
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i mmuni zation experiments mice wer eadductgdect ed
bovine serum albumiMDA-BSA)i n i n c o mp kaduvaat arld r&mastedadier one

week with the same antigen. The contr ol gr o
adjuvant injections. MCD diet feeding was started 2 weeks after the second injection. In some
experiments immunized mice weretat ed wi t h 4@Dd magnoclorial abtihody a n't i
GK1.5 (BioXCell, West Lebanon, NH, USA) while receiving the MCD diet (See
supplementary materials for further details) to deplete hepati¢ Thdlls. The efficiency of

cell depletion was preliminary evaluated by flow cytometry and was >97% in both the liver

and the spleen. All thexperiments were approved by the Italian Ministry of Health and by the
University Commission for Animal Care follang the criteria of the Italian National Research
Council.

Antigen preparation and antibody measuremdpitotein adducts with lipid peroxidation
productswere prepared as in [12,14] and used to coatspyrene microwell ELISA plates

(Nunc, S/A, Roskile, Denmark). Mouse sera (0.20 ml, 1:50 dilution) were added in duplicate

and the antibody binding was revealed using peroxitiaked goat antmouse IgG or IgM

sera as previously described [12,14]. The results were expressed as optical density following

the subtraction of background reactivity.

MRNA extraction and Real time PCRiver RNA was retreranscripted with High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems ltalia, Monza, Italy)-FRIR was
performed in a Techne F&12 termalcgler (Tecnelnc, Burlington NJ, USA) using TagMan
Gene Expression Master Mix and TagMan Gene Expression probes for moudé TNFI L
12p40, I:17a, IFN0  CCL 2, i NOS, CD40, -@dedlégén,T-bed, st eopo
R O R oaiid betaactin (Applied Biosystems lia, Monza, ltaly). All samples were run in
duplicate and theetative gene expression calculated?®* Wasexpressed as fold increase
over control samples.

Histology and immunohistochemistigteatosis and lobular inflammation were scored blind
according to Kleiner et al. [15h hematoxilin/eosin stained sections. Hepatocyte apoptosis
was detected byetminal deoxyribonucleotide transferase (Tdigdiated dUTP niclend
labeling (TUNEL) usingApoptags Kit (Intergen Company, New York, USA)Liver
infiltrating T- and Bcells were evidenced in frozen sections using, respectivelymanise
CD3, antimouse B220 rat monoclonal antibodies (R&D System Europe Ltd, Abingdon, UK)

and a horseadish peoxidase polymer kit (Biocare Medical, Concord, CA, USA9lyclonal
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antibodies againgksmooth muscle actin ([-SMA) (Labvision, BieOptica, Milan, Italy) were
used to detectctivated hepatic stellate cells in formafired sections.

Intrahepatic lympbcyte isolation and flow cytometry analysidepatic mononucleated cells
were isolated and purified on a density gradient as in [16]. The wells stained with
fluorochromeconjugated antibodies for CD45, CD3, CD4, CD8, NK1.1, F4/80, CD69,
CD107a, 1l-2 and IFN-o (eBiosciences,San Diego CA, USA and analyzed with a
FACScalibur (Becton Dikinson) flow cytometer. l8emplemented mouse serum was used to
block unspecific immunoglobulin binding. A polyclonal aasteopontin rabbit antiserum
(Millipore, Temeala, CA, USA) and phycoerythroonjugated antiabbit IgG (Sigma
Aldrich, Milan, Italy) were used for detecting ostepontin producing cells.  Intrahepatic
lymphocyte response to MDA adducts was investigated by flow cytometry analysis?of IL
production fdélowing overnight incubation with 10ug/mL MDA adducted or native murine
albumin in the presence of brefeldin A (3ug/ml), @bbB3e and CD28 antibodies (1pg/ml)
according to [17].

Additional methods are described in the supplementary materials.

Data analysis and statistical calculationStatistical analyses were performed by SPSS
statistical software (SPSS Inc. Chicago IL, USA) usingwrey ANOVA test with
correction for multiple comparisons or Krusik&lhllis test for normparametric values.
Significance was taken at the 5% lewwbrmality distribution was preliminary assessed by the

Kolmogorov+Smirnov.

Results

Immune responses against oxidative stress relatigens associates with NASH
progression.

NASH induced by feeding mice with a methionine/choline deficient (MCD) diet i
characterized by aime-dependenprogression of liver injury (13). Accordingly, D57BL/6

mice receivingthe MCD diet for up to eight weeks we observed a progressive increase in
hepatic triglyceride content, transaminase release and circulatingJTéilels that paralleled

with the histological severity of hepatic inflammation (Supplementary figure 1). Liver
oxidative stress, as measured by thiobarbituric acid reactive compounds (TBARs) was also
well evident at an early time point in the animals with¥ (Fig.1). As observed in humans,
oxidative stress in the mice with NASH associated with the development of IgG against

adducts originating from lipid peroxidation products such as malonyldialdehyde (MDA) and
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4-hydroxynonenal (4ANE) and the IgG titresicreased in parallel with the disease progression
(Fig. 1). Moreover, in these animals the individual IgG reactivity against Midducts, but
not liver TBARs, positively correlated with ALT and TNFmMRNA values (r=0.61, p=0.04;
r=0.66, p=0.03, respecti®. Immunohistochemistry revealed that the hepatic inflammatory
infiltrates were also enriched by &and Blymphocytes (Supplementary figure 1), the number
of which positively correlated wittihe individual IgG reactivity against MDAdducts (r=0.68,
p=0.02; r=0.75, p=0.006, respectivelylrlow cytometry analysis of hepatic mononucleated
cells from control and NASH livers confirmed a progressive recruitmentlgiphocytes
that involved both effector CD8-cells and CD4 helper Fcells (Fig. 1). Erthermorethe
proportion of CD3 T-cells expressing the CD&&tivation markewas increased in the livers
MCD-fed mice as compared to controls (Fig. 1). hitepaticCD4" T-cells from mice with
NASH also showed an enhanced interfepoiN-2 Expressin (Fig.1),suggesting that lipid
peroxidationderived antigens might contribute to the development ofngetliated immune
responses. Supporting this view, we observed @iz&" and CD4 T-cells obtained from
NASH, but not from healthy livers, produce-&. when i ncubated -fiin vi
modified murine albumin (Fig. 1).

The induction of immunitggainst MDAadducts enhances NASH severity in mice.

To substantiate the possible role of adaptive immunity triggered by lipid peroxidietimed

antigensn promoting hepatic inflammation in NASH, we induced immune reactions against

MDA adducts by immunizingC57BL/6 mice with MDA-modified bovine serum albumin
(MDA-BSA) in incomplete Freundds adjuvant befo
preliminaly experiments, this immunization protocol led to appreciable humoral and cellular
reactivity against MDA adducts (not shown). In the animals receiving the control diet MDA

BSA immunization did not affect liver histology and ALT release neither significantl

modified the hepatic expression of pnflammatory markers (Supplementary Fig. 2).
However, following four weeks on the MCD diet ALT release and the hepatic mMRNA
expression of the inflammatory mediators, TNF and CCL 2, we rBSA-hi gher
immunized than in naive mice (Fig. 2). No appreciable changes in liver injury and
infl ammation were observed in mice injectec
receiving the MCD diet (Fig 2)The enhanced severity of NASH was further supported by
histology hat showed higher scores for lobular inflammation and increased frequency of

necraeinflammatory foci and apoptotic cells IMCD-fed immunized mice(Fig. 3).
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Furthermore, circulatingNF-Ulevelswere three fold higher in these latters as compared to
similarly treated naive mice (Fig. 2). Inecent report, Bieghs and-emrkers demonstrated
that the induction of IgM antibodies cresmacting with oxidized phosphatidylcholine
ameliorated NASH caused by feeding a HKigticholesterol diet to LDL receptaidficient
C57BL/6 mice [19]. In our hands, the immunization with MIBSA adducts did not influence
the IgM reactivity towards MDAderived antigens and moderately stimulated that against
oxidized phosphatidylcholineSGpplementaryrig. 3), indicating that different mechanisms
were involved. Thus, we sought to investigate further the role of oxidative-dtress

immunity in promoting liver inflammation in NASH.

Characterization of immune response associated with the developfiéASH in

immunized mice.

Flow cytometry of intrahepatic lymphocytes showed that MB®A immunizationdid not
modify liver T-cells profile in mice fed the control diet (Supplementary Fig. 3). However,
immunization further promoted CD3-cell recruitmentn MCD-fed mice increasing both the
CD8" and CD4 pools (Fig. 4). However, the proportion of CD8-cells expressing the
CD107a activation marker was unchanged (Fig. 4)-1@md Th17 activation of CD4T-
lymphocytes are important pioflammatory stimii. We observed that the expression of the
Th-1 transcription factof-cell T-box transcription factorltbet) aswellaslivdiFN-0 cont en't
were selectively increased in MGBd immunized animals (Fig. 4), in parallel with a
stimulation of macrophages MActivation markers #12p40 and inducible NO synthase
(INOS) (Fig. 2) Among immunized MCHEed mice there was also a positive correlation
between the individudFN-o expression and that 3NF-U , -12p#0 and iNO%=0.82, 0.75

and 0.88 respectively; p<2). Nochanges were instead evident in the hepatic mRNAs for the
Th-17 transcription factor retinoic acrélated orphan receptort  (-RtOR a fida (notf | L
shown).FurthermoreMCD-fed immunized mice also showed anrnggulation in the mRNAs

of CD40ligand (CD40L; CD154) and of its receptor CD40, a pair e$tbmulatory recepter
ligand molecules involved in macrophage activation by CD4ells [19]. Consistently,
depleting CD4 T-cells in MCDfed immunized mice by using an a@D4 monoclonal IgG
significantly lowered the hepatic mMRNA expressionkifl-o and CD40L as well as that of
macrophage M1 markers iINOS and1Pp40 (Fig. 5). In these animals, histology also showed
that CD4 T-cell depletion ameliorated lobular inflammation and focal nesr@sg. 5).
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The progression of NASH in immunized mice also involves NKT cells.
Unexpectedlychanges in liver natural killer NKT) cells associated with the worsening of
NASH occurring in immunized miceAccording to previous observations [20,21], the
development of NASH in naive mice was characterized by the lowering ohawearal killer
(NK) (CD3, NK1.1") andNKT (CD3", NK1.1%) pools On the contrarylCD-fed immunized
animals did not show NK cell depletion, whthe NKT fraction was significantly higher than
in controls (Fig. 6). Recent findings in animal models of NAFLD/NASH have implicated
macrophages production of-IL5 in controlling liver NKT cell differentiation and survival
[22]. In turn, NKT cells havédeen proposed to contribute ttee progression of NASH to
fibrosis through the production of osteopontin (OPN) [16,23]. In hour h#melsxpansion of
NKT cellsobserved in MCEfedimmunized micgaralleled with an increase loépatic 11-15
content (Fig.6). Such an effect was likely mediated by CO4cell activation, as depleting
immunized mice of CD4T-cells significantly lowered the intrahepatic-15 mRNA (Fig. 5).
We also observed that, while the development of NASH in naive mice did not affeQHixe
OPN levels were significantlyp-regulated inMCD-feed immunizedanimals and such an
increase involved an expansion ©OPN-expressing NKT cells and F4/gsitive hepatic
macrophagef~ig. 6). Furthermore, in line with OPN capacity to stimulate tiegellate cell
(HSC) activation,Sirius Red stainingor collagen andU-smooth muscle actin ([-SMA)
positive HSCsveremore evident in the livers of immunized as compare to naive ¥&0D
mice (Fig. 2).

Discussion

Recent studies have implicated ttentribution of adaptive immunity to fat inflammation in
obesity, as CD4CD8" T-cells are recruited to the adipose tissue and provide stimulation for
the macrophage production of girdlammatory mediators [24,25]. Lymphocytes are often
detected in theobular infiltrates of NASH [26], but the actual role of adaptive immunity in the
disease pathogenesis is still poorly understood. We previously reported tisatsobadults

and paediatric NAFLD/NASH patients show antibody responses against oxidaégs s
related antigens, such as MBlrived adductghat associate with an increased severity of
lobular inflammation or fibrosis [10,11]. Similar antibodies are also detected along with hepatic
injury and inflammation in rats with NASH induced by theegal nutrition with a high fat diet,
while preventing oxidative stress withadtetylcysteine attenuates both IgG formation and the

severity of steatohepatitis [27]. In the present study, IgG against lipid peroxidatioed
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adducts are evident duringettprogression of NASH caused a methionine/choline deficient
(MCD) diet in parallel with the liver recruitment of both CDdnd CD8 T-lymphocytes
recognizing the same antigens and positively correlate with the severity liver injury. The
possible contributin of such immune responses to the progression of experimental ASH
further substantiated by the observation that stimulating immune responses against MDA
protein adducts, one of the antigens recognized by the antibodies associated with both human
and ndent NASH, promotes parenchymal injury and inflammation in mice fed with the MCD
diet. Ourdata are not in contrast withrecent report Bieghs and-emrkers showing that IgM
targeting oxidized low density lipoproteins (LDLS) reduces NASH in LDL recegeéicient

mice receiving a higifiat/cholesterol diet [18]. These discrepancies, in fact, can be explained
considering that in the two experimental settings the immune responses involved and the
mechani sms | eading t o NA Swbrkaiceawergimmunieeddithf f er e
heatinactivated pneumococci that lead to the production of natural IgM against bacterial
antigens and croggact with oxidized phosphatidylcholine in LDLs [18]. Feeding a-high
fat/cholesterol diet to LDL receptaieficientmice causes Kupffer cell engulfment by oxidized
LDLs that, in turn, promotes Kupffer cell activation and hepatic inflammation [28]. In this
scenario, IgM interaction with oxidized LDLs reduces their uptake by Kupffer cells, lowering
the preinflammatory $imuli [19]. These conditions are quite different from those occurring in
MCD-induced NASH, where parenchymal injury, oxidative stress and inflammation result
from the impairment of hepatocyte lipid secretion [13]. Furthermore, our data indicate that the
immunization with MDAadducts mainly stimulates IgG production anrdell responses and

that these latter are responsible for stimulating inflammation.

Concerning the mechanisms by which adaptive immunity promotes the evolution of NASH,
we haveobserved that a stimulationinliverIFN pr oducti on and CD40L (C
parallels with the increase of hepatic CO4cells in MCDfed immunized mice. CD40L is a
co-stimulatory molecule predominantly expressed by CD4ells and activated pldags that,

by the interacting with its receptor CD40 on macrophages and lymphocytes, has a key role in
orchestrating inflammation and immunity in several diseases, including atherosclerosis and
obesity [29,30]. Conversely, CDZ -cell depletion preventdié upregulation of IFNo  a n d
ameliorates lobular inflammation, indicating that aIl'hctivation of CD24 T-lymphocytes

plays a major role in promoting NASH. A Thactivation is also a feature of CD#-cell
responses to LDL oxidation antigens in atlseterotic plaques [29]nterestingly, an increase

in circulating IFNo-producing CD24 T-cells has been observed in both paediatric and adult
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NASH patients in conjunction with an enhanced liver4d&N e x pr essi on [ 31, 32] ,
possible relevance dfiese mechanisms to the human disease. A recent report indicates that
an increase in hepatic CD8-cells characterizes paediatric NASH [31]. In our hands,'CD8
T-cell recruitment is also evident in NASH livers and is further promoted byrpreinization.
However, prammunization does no affect the expression CD&ell activation markers,
suggesting thah this experimental settingffector Tcells do not significantly contribute to
hepatic inflammation. Nonetheless, the involvement of CD8ells n NASH requires further
investigations. In a similar manner, more studies are needed to clarify the rolectif B
responses. The presence of circulating IgG might just be a hallmark of immune activation
against oxidative stress derived epitopes, as 8be patients with alcoholic liver disease
showing antiMDA antibodies also have circulating CDZ-lymphocytes responsive to the
same antigens [33]. However, it can be excluded the¢lBresponses can influence the
disease evolution, since growingigence indicates that they can either stimulate or prevent
the progression of liver injury to fibrosis [34,35].

Accumulating evidence indicates that NKT cells can orchestrate inflammation in autoimmune
liver diseases and modulate hepatic fibrogenesi8T34an line with these observations, recent
data point to an involvement of NKT cells in NASH. Indeed, steatosis and the early phases
of steatohepatitis are characterized by the lowering of liver NKT pool as consequenee of IL
12 production and Tir3/gdectin-9 signaling [2622]. Conversely, NKT expansion is a feature

of advanced NASH in both humans and rodents [23,38,39]. In these latter, NKT depletion
prevents hepatic inflammation and fibrosis [23,38]. We observed that an increase in NKT cells
charaterizes the enhanced severity of NASH in immunized M€&®D mice, as opposed to

NKT cell depletion present in similarly treated naive animals, further supporting the
contribution of NKT cells to NASH progression. Changes in the hepatic levelsléf hiae

been proposed to modulate NKT pool in NASH [20,22}18 is a pleiotropic cytokine
responsible for macrophage, T, NK aR&T cell survival and maturation [40]. In healthy
livers, IL-15 is constitutively produced by hepatocytes to createe| Tavoratke environment

[41], while an increased HL5 expression by both hepatocytes and macrophages in response
to injury is critical for driving both innate and adaptive immunity [22,42]. We observed that
IL-15 is selectively upegulated in immunized, but niot naive MCDfed mice concomitantly

with NKT cell recruitment, suggesting that parenchymal damage and inflammation resulting
from Th-1 responses, might promote anlbmediated expansion of NKT cells, which, in

turn, can participate to the evolution of SA.
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According toSyn and ceworkers,osteopontin (OPN) generated by NKT cells can contribute

to fibrosis in NASH [23]. OPN is a Fh cytokine produced by both immune and parenchymal
cells that modulates both inflammation and tissue healing [43]. Indd&d, @oduction by

NKT cells drives concanavalin-lduced hepatitis [44], but OPN can also stimulate collagen
synthesis by hepatic stellate cells (HSCs) through af GiRdipendent pathway [45]. An up
regulation in liver OPN is evident in either humans aadents with advanced NASH
[16,23,46], while OPMNleficient A/J mice are protected against steatohepatitis and fibrosis
induced by MCD diet feeding [46,47]. In our hands, hepatic OPN content is specifically up
regulated in MCDBfed immunized mice in concdtance with NKT cell recruitment and OPN
expressing NKT cells are increased in the livers of these animals. Moreover, we observed that
hepatic macrophages also contribute to OPN production. This is consistent with the capacity
of Th-1 cytokines to stimulat OPN synthesis in macrophages [48]. However, we can not
exclude that in this setting other liver cells, such as cholangiocytes, might also generate OPN
[46]. Differently from that reported by Sahai andworkers [47] using A/J mice, we did not
observe hanges in hepatic OPN expression in naive C57BL/6 mice receiving the MCD diet
for 4 weeks. This discrepancy might reflect strain differences in mice susceptibility to
steatohepatitis [49] and further support importance of OPN in NASH evolutions. Corgsider
OPN action in stimulating HSC [45], the elevated OPN levels observed in-Md€D
immunized mice might account for the stimulation in collagen deposition that is evident in
these animals in spiteahighlEN pr oducti on that should antag
In conclusion, the results presented indicate that immune responses triggered by oxidative
stressderived antigens contribute to hepatic inflammation in experimental NASH by
promoting the THL activation of CD4 T-lymphocytes. NASH in immunized &mnals is also
associated with an increase in liver NKT cells that likely participate to the disease evolution
by generating osteopontin. Altogethdrese data support the observations in humans about the

possible contribution of adaptive immunity in theechanisms leading tdAFLD evolution.
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Figures

Figure 1. Adaptive immune responses against oxidative str@ssved antigens during the
progression of NASH induced by a methioniokoline deficient (MCD) diet.

Panels A-C: Liver oxidative stress, as evaluated by thiobarbituric acid reactive compounds (TBARs), and
circulating IgG against malondialdehyde- (MDA) or 4-hydroxynonenal (4-HNE) modified bovine serum albumin
were measured in control mice (empty bars) or mice fed with the MCD diet for 4 (light grey bars) and 8 (dark
grey bars) weeks. The IgG values are expresses as optical density at 490 nm. The results refer to 8-10 animals in
each 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 (10"-90% percentile) comprise the eighty percent of the values.
Panels D,E: Flow cytometry analysis of liver monucleated cells isolated from controls (Cont) or MCD-fed mice:
representative dot blots of T-lymphocyte staining for CD45 and CD3 and percent distribution of total CD3*, CD8*
or CD4"* T-cells. The values refer to 4-5 animals in each group and the bars represent medians + S.D. Panels F,G:
T-lymphocyte activation in NASH was assessed in intrahepatic CD3* T-cells isolated from mice receiving the MCD
diet for 8 weeks by evaluating the expression of CD69 as well as in CD4* T-cells by interferon-y (IFN-y)
production. Panel H: The contribution of oxidative stress-derived antigens in promoting T-cell responses in NASH
was evaluated in intrahepatic CD4* and CD8* T-cells obtained from control and MCD-fed (8 weeks) mice by
measuring intracellular IL-2 production following in vitro incubation with 10pug/mL of MDA-modified murine
albumin.
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Figure 2: The induction of immune responses against oxidative stressved antigens
worsens liver injury and inflammation in C57BL/6 mice with NASH induced by feeding
methionine-choline deficient (MCD) diet.

C57BL/6 mice were immunized with MDA-modified bovine serum albumin (MDA-BSA) in incomplete Freund’s
adjuvant before 4 weeks feeding with the MCD diet. Panels A-D: The differences in NASH severity were assessed
by alanine aminotransferase (ALT) release, hepatic triglyceride content and liver mRNA levels for TNF-a, CCL2.
The experimental groups were: naive controls (Cont), naive MCD-fed mice (MCD), mice pretreated with the
incomplete Freund’s adjuvant and receiving the MCD diet (Ad+MCD), mice receiving the complete immunization
protocol plus the MCD diet (Imm-MCD). Panel E: Circulating TNF-a levels were determined in the same animals.
Panels F,G: Effect of the stimulation of immune responses on liver mRNA levels for macrophage M1 activation
markers IL-12p40 and iNOS in MCD-fed mice. Hepatic mRNAs were measured by RT-PCR and expressed as fold
increase over control values after normalization to the B-actin gene expression. The values refer to 8-12 animals
in each 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 (10™-90™ percentile) comprise the eighty percent of
the values.
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Figure 3: The induction of immune responses against oxidative stoess/ed antigens
promotes steatehepatitis and fibrosis in mice fed methionine-choline deficient (MCD)
diet.

C57BL/6 mice were immunized with MDA-modified bovine serum albumin (MDA-BSA) in incomplete Freund’s
adjuvant before 4 weeks feeding with the MCD diet. Panels A-E: Liver histology was evaluated in
hematoxilin/eosin stained sections from naive (MCD) or pre-immunized (Imm-MCD) MCD-fed animals
(magnification 400x). Lobular inflammation was scored according to Kleiner et al. [15] while the number of
necro-inflammatory foci and apoptotic hepatocytes were counted in ten different high magnification
microscopic fields. Panels F-I: Collagen deposition (Panels F,G) and activated hepatic stellated cells expressing

a-smooth muscle actin (a-SMA) (Panels H,I) were evidenced by, respectively, Sirius Red staining or
immunohistochemistry.
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Figure 4. Themmune responses against oxidative stredsrived antigens promote the

liver recruitment of lymphocytes and THL responses.

Liver monucleated cells were isolated from the livers of either naive controls (Cont), naive mice fed 4 weeks a
methionine-choline deficient (MCD) diet or mice pre-immunized with MDA-modified bovine serum albumin
before the administration of the MCD diet (Imm-MCD). Panels A-D show representative dot blots of T-
lymphocytes staining for CD45 and CD3 and the percent distribution of total CD3*and CD8* or CD4* T-cells sub-
sets. The values refer to 5-6 animals in each group and the bars represent medians £ S.D. Panel E: Representative
dot blots of CD8* T-cells displaying the CD107b activation marker. Panels F-J: Th-1 activation of CD4* T-cells was
evidenced by the intrahepatic production of interferon-y (IFN-y) and the mRNA expression of the Th-1
trascription factor T-bet, CD40 and CD40 ligand (CD154). The RT-PCR values were normalized to those of the -
actin gene and presented as fold increase over control values. The data refer to 8-12 animals in each 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 (10™-90*" percentile) comprise the eighty percent of the values.
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Figure 5: CD4 T-lymphocyte depletion improves hepatic inflammation in MDBSA

immunized mice receiving the MCD diet.

After immunization with MDA-modified bovine serum albumin (MDA-BSA) C57BL/6 mice were depleted of CD4*
T-cells by repeated injection of an anti-CD4 monoclonal antibody during 4 weeks feeding with the MCD diet.
Panels A-D: Liver histology was evaluated in hematoxilin/eosin stained sections from mice receiving anti-CD4
IgG or vehicle (magnification 400x). Lobular inflammation was scored according to Kleiner et al. [15] while the
number of necro-inflammatory foci were counted in ten different high magnification microscopic fields. Panels
E-I: Effect of CD4* T-cell depletion on the hepatic expression of interferon-y (IFN-y), CD40 ligand (CD154), IL-15
and macrophage M1 activation markers (IL-12p40, iNOS). The mRNA levels were measured by RT-PCR and
expressed as fold increase over control values after normalization to the -actin gene expression. The values
refer to 6 animals in each 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 (10""-90" percentile) comprise the
eighty percent of the values.
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Figure 6: Increased severity of NASH in immunized mice associates with the recruitment

and activation of hepatic NKT cells.

Liver monucleated cells were isolated from the livers of either naive controls (Cont), naive mice fed 4 weeks a
methionine-choline deficient (MCD) diet or mice pre-immunized with MDA-modified bovine serum albumin
before the administration of the MCD diet (Imm-MCD). Panels A-C show representative dot blots of CD3 and
NK1.1 staining and the percent distribution of total CD3"NK1.1* NK and CD3* or NK1.1* NKT-cells sub-sets. The
values refer to 5-6 animals in each group and the bars represent medians = S.D. Panels D,E: The intrahepatic
content of IL-15 and osteopontin were determined by ELISA assays. The data refer to 6-8 animals in each 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 (10"-90t™" percentile) comprise the eighty percent of the values.
Panels G and F show a representative dot blots of the osteopontin (OPN) expression by F4/80* hepatic
macrophages or NK1.1* NK/NKT cells.
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ADAPTIVE IMMUNE RESPONSES TRIGGERED BY OXIDATIVE STRESS
CONTRIBUTE TO HEPATIC INFLAMMATION IN NASH

Salvatore Sutti, Aastha Jindal, Irene Locatelli, Marco Vacchiano, Luca Giliotti, Cristina
Bozzola,
Emanuele Albano.

Supplementary Materials
Addendum to Materials and Methods

Composition of thenethioninecholine deficient (MCRjiet used in the experiments

The MCD diet composition (mg/kg) was as follows: sucrose 455, corn starch 200, corn oil 100,
cellulose 30, mineral mix 35, calcium phosphate 3, vitamin mix 5, Vit A 40, Vit D3 5, Vit E 121,
aminoacid mix 171.

Induction of hepatic CDZ cell depletionFor CD4 T-cell depletion mice were injected IP daily
3 times with 400ug of rat anti-CD4* monoclonal antibody GK1.5 at the start of MDC feeding
and further treated twice a week during the following 3 weeks. According to Arora et al.
(Infect Immun 2006:74:4339-4348), by depleting CD4* T cells, the monoclonal GK1.5 antibody
would make the mice tolerant against the immunization versus rat IgG. Thus, the use as a
control of isotype-matched rat IgG is inappropriate, because it would lead to a mouse anti-
rat 1gG response resulting in immunocomplexe formation and stimulation of inflammation.
Therefore, control mice received saline injection.

Biochemical analysiBlasma ALT and liver triglyceride were determined by spectrometric kits
supplied by Radim S.p.A. (Pomezia, Italy) and Sigma Diagnostics (Milano, Italy), respectively.
Oxidative stress was evaluated in liver homogenates by thiobarbituric acid-reactive
substances according to Ohkawa et al. (Anal Biochem 1979;95:351-358) and protein carbonyl
determination (Oxyblot kit, Merck-Millipore, Milano, Italy). Circulating TNF-at and liver IFN-y,
IL-15 and osteopontin levels were evaluated by commercial ELISA kits supplied by Peprotech
(Milano, Italy) and R&D Systems (Abingdon, UK).
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Supplementary figures

L ° el 18 e 5 e ses A qs"(
Control weeks MCD 8 weeks
D _ E , . F
Steatosis Lobular inflammation Necroinflammatory foci
3 XYY} XYY Y 3 eeoe L]
‘Q_) g E 6 oo
8 S — = y
2 2 (XYY Y] ° 2 2 eeococe eccoe %
g g _p<00s Say e
k<) D @a eee LYY Y
—g 1 . % 1 LI XXX ] L] g 2 P
k] > E p<0.02
T T e S e
o
0 T . Lo r
MCD4w MCDS8w MCD4w MCDS8w MCD4w MCD8w
G H |
500 ALT release " Liver Triglycerides Serum TNF-a
150
400 % 40 |
= 300 2 30 £ 100
) 2 E ==
kS, <0.001
2001  p<0.001 p<0.01 220 $<0.001 p<0.01 50 - p
—————— ———— p<0.001 p<0.
iy B0l W= p<0.001
| —
0 T T T 0 T T r 0
Cont AN 8w Cont 4W 8w Cont ALY 8w

Supplementary Fig 1

Supplementary Figure 1: Tirgependent increase in theseverity of steatohepatitis in
C57BL/6 mice fed methioninecholine deficient (MCD) diet.

Panels A-E: Liver histology was evaluated in hematoxilin/eosin stained sections from naive (MCD) or pre-
immunized (Imm-MCD) MCD-fed animals (magnification 400x). Hepatic steatosis and lobular inflammation were
scored according to Kleiner et al. [15], while the number of necro-inflammatory foci were counted in ten
different high magnification microscopic fields.

Panels F-H: Alanine aminotransferase (ALT) release, liver triglyceride content and circulating TNF-a levels were
evaluated in control (Cont) or MCD-fed (MCD) mice receiving the diet for 4 and 8 weeks. The data refer to 8-10
animals in each group and the boxes include the values within 25" and 75t percentile, while the horizontal bars
represent the medians. Eighty percent of the values are comprised between the extremes of the vertical bars
(10t-90 percentile).

Panels I,J show liver T- and B-lymphocytes (arrows) as evidenced by immunohistochemistry using antibodies
against mouse CD3 and B220, respectively.
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Supplementary Fig 2

Supplementary Figure 2: Induction of immune responses against oxidative stilessed

antigens does not cause liver injury in mice receiviagontrol diet.

C57BL/6 mice were immunized with MDA-modified bovine serum albumin (MDA-BSA) in incomplete Freund’s
adjuvant before the administration of a control diet for 4 weeks. Panels A,B shows liver histology
(hematoxilin/eosin stained sections magnification 200x). Alanine aminotransferase (ALT) release (Panel C), liver
triglyceride content (Panel D) and the hepatic mRNA expression of TNF-a and CCL2 (Panels E,F) were evaluated
in naive (Cont) or pre-immunized (Imm) animals. The RT-PCR values were normalized to those of the B-actin
gene and presented as fold increase over control values. The data refer to 6-8 animals in each group and the
boxes include the values within 25™ and 75 percentile, while the horizontal bars represent the medians. Eighty
percent of the values are comprised between the extremes of the vertical bars (10"-90t" percentile).
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Supplementary Fig 3

Supplementary Figure 3: Effects of mice immunization against Mi2Aved antigens on

liver lymphocytes and humoral immune responses.

C57BL/6 mice were immunized with MDA-modified bovine serum albumin (MDA-BSA) in incomplete Freund’s
adjuvant. Liver monucleated cells were isolated from either naive (Cont) or pre-immunized (Imm) mice fed a
control diet and the percentage distribution of total CD3*, CD8" or CD4* T-cells was evaluated by flow cytometry
(Panels A-C). The values refer to 4 animals in each group and the bars represent medians + S.D. Circulating I1gG
and IgM against malondialdehyde-modified bovine serum albumin (MDA-BSA) or oxidized phosphatidylcholine
(ox-PC) were measured by ELISA in the serum of control (empty bars) or immunized animals (hatched bars) and
the values are expresses as optical density at 490 nm. (Panels D-G). The values refer to 5-6 animals the boxes
include the values within 25" and 75% percentile, while the horizontal bars represent the medians. Eighty
percent of the values are comprised between the extremes of the vertical bars (10™-90" percentile).
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7.Paper 2
CX3CR1-expressing inflammatory dendritic cells contribute to the progression of non
alcoholic steatohepatitigNASH) in mice

Submitted to Clinical Sciences (January 2015)

Background & AimstLiver dendritic cells (DCs) are a heterogeneous population of specialized

bone marrowderived cells involved in antigen presentation to lymphocytes. In healthy livers

DCs havea predominant tolerogenic phenotype, but recent evidence suggests their possible

contribution in the evolution of chronic liver diseasésthis study, we have investigated the
role of monocytederived inflammatory dendritic cells (moDCs) in experimemM&SH
inducedby feeding mice with a methionir@holine deficient (MCD) diet.

Results: The progression ofteatohepatitisvas characterized by an increase hiepatic
mononuclear cells displaying the monocyte/macrophage méfke38, Ly6C andCD11b in
combination withthe fractalkine receptor (GXR1) These cells were characterized by the
expression of dendritic cell (CD11c, MHCII) markers as well as by a sustainedJTNF
production, suggesting monocyte differentiation to inflammatory moDCs. Treatinglkbwe
MCD-fed mice with the b5 donor NaHS that interferes with @X_1/CX3CR1 upregulation

in monocytederived cells, blocked the increase in liverdCK1 and CXCR1 and selectively
prevented the accumulation of TNForoducing CXCR1*-moDCs withoutinterfering with
macrophage functions. Furthermore, NaHS reduced hepatic and circulating TNFe v e | s

ameliorated transaminase release and parenchymal injury.

ConclusionsAltogether, these results show that inflammatoryCR1-moDCs contributed

in swstaining inflammation and livenjury by TNFU producti on during
Inhibition of CXsCR1 through S interference prevents differentiation of moDCs and related
inflammation, suggestinGXsCR1" interference as possible approach to NASH {era
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Abstract

ObjectivesLiver monocyte recruitment plays a major role in the development caiamiholic
steatohepatitis (NASH). Howevdittle is known about the phenotypic changes occurring in
monocytederived cells during dsease evolution.In this study, we have investigated the
possible role of monocyeerived inflammatory dendritic cells (moDCs) in experimental
steatohepatitis

Design MoDCs were analysed by flow cytometry in the livers @7BL/6 mice with
steatohepdts induced by feeding a methionioholine deficient (MCD) diet for up to 8
weeks.

Results The progression obteatohepatitisvas characterized by an increase hiepatic
mononuclear cells displaying the monocyte/macrophage ma#k&d*. In the early pases (4
weeks on the MCD diet) Ly8@"YCD115/F4-80" cells were prevalent. However, their
frequency did not further grow with the disease progression, when a tenfold expansien of F4
80°/CD11kb cells expressinthe fractalkine receptor (GER1)wasevident. These cells were
characterized by the combined expression of monocyt8QF4y6C) and of dendritic cell
(CD11c, MHCII) markers as well as by a sustained INFpr oducti on, sugges:
differentiation to inflammatory moDCs. Hydrogen suffidH:S) is known to interfere with
CX3CL1/CX3CR1 upregulation in monocyteerived cells. Treating 4 weeks M&Bd mice

with the BS donor NaHS while continuing on the same diet, blocked the increase in liver
CX3CL1 and C%CR1 and selectively preventedettaccumulation of TN#E-producing
CX3CR1-moDCs without interfering with macrophage functions. Furthermore, NaHS reduced
hepatic and circulatng TNE | evel s and amel i orated transan
injury.

ConclusionsAltogether, these resslshow thatnflammatory CXCR1-moDCs contributed

in sustaining inflammation and liver injuduring steatohepatitiprogression

Abbreviations:

US MA ;-Smboth Muscle Actin, DCs; Dendritic Cells, moDCs; monoaigeved Dentritic
Cells, MCD;MethionineCholine Deficient diet, NAFLD; NonAlcoholic Fatty Liver Disease,
NASH; NonAlcoholic SteatoHepatitis
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Introduction

The development of lobular inflammation and parenchymal injury represents the key
feature in the transition from nealcoholic fatty liver disease (NAFLD) to steatohepatitis
(NASH) and is clinically relevant because inflammatory mechanisms are the doxkéeg for
the disease evolution to fibrosis/cirrhosis [Qirculating free fatty acids, oxidative damages,
endoplasmic reticulum stress and adipokine unbalances have been proposed to trigger hepatic
inflammation by stimulatindKupffer cell activation [23]. Indeed, at the onset of NASH
Kupffer cells significantly contribute to the production ofymfammatory cyto/chemochines,
which, in turn, stimulate the liver infiltration by circulating monocytes [4,5]. These latter
rapidly differentiates to M1 patized macrophages further contributing to the release of pro
inflammatory mediators [6]. Accordingly, Kupffer cell depletion or interference with monocyte
recruitment through CCL2/CCR2 signaling prevent hepatic injury and inflammation in
experimental mods of NASH [4,6,7]. Furthermore, the extent of macrophage M1 responses
appears to modulate NASH severity among different mice strains [6]. Recent studies have
revealed the existence of at least two distinct monocyte subsets. Inflammatory monocytes are
characterized as Ly8@"YCCR2/CX3CR1 in mice and CD14CD16 in humans and migrate
to tissues in early phase of the response to injury produciAgfteoamatory mediators [9,10].

A second population defined as LyBOCR2/CX3CR1I in mice and CD14CD16' in humans

has less characterized functions and appears involved in tissue healing [9,10]. Studies using
different mice models of chronic liver injury have shown that infiltrating macrophages in
injured livers derive from Ly6C/CD11bxpressing circulatgpn monocytes [12,13]. However,

the phenotype of the monocyderived cells responsible for the evolution of chronic liver
diseases, including NASH, are still incompletely characterized [14]. In this study, we have
investigated the features of liver infilthag monocytederived cells during the progression of
experimental steatohepatitis. To this aim, we used steatohepatitis indnciee iy feeding a
methioninecholine deficient (MCD) diet that, in spitkffering in its pathogenesigom the
human NASHijt allows to follow hepatic chronic inflammation up to the development of overt
fibrosis [15].
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Material and Methods

Animal and Experimental protocol Eight weeks old mal€57BL/6 micewere purchased
from HarlanNossan (Corezzana, Italy) and fed far8 weeks with either methioniaholine
deficient (MCD) or control diets (Laboratorio Dottori Piccioni, Gessate, Italy). In some
experiments, 4 weeks MGi2d mice received NaHS (1mg/kg body wt) daily for further 4
weeks while continuing on their defictediet. The experimental protocols 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 analysisPlasma ALT and liver triglyceridesere determined by spectrometric
kits supplied by Radim S.p.A. (Pomezia, ltaly) and Sigma Diagnostics (Milano, Italy),
respectively. Circulating TN\® wer e evaluated by commerci al
Peprotech (Milano, Italy).

Histology and immunohistbemistry Steatosis and lobular inflammation were scored blind
according to Kleiner et al. [16ln hematoxilin/eosin stained liver sections. Hepatocyte
apoptosis was detected by terminal deoxyribonucleotide transteediated dUTP niclend
labeling (TUNEL) as reported in [17]. Collagen deposition was evidenced by-Bidus Red
staining. Liver macrophages and activated hepatic stellate cells were evidenced in formalin
fixed sections using, respectively, amtouse F480 (eBioscience, San Diego CA, Usand

Us moot h mu sSMA)polyelonal anibodied (Labvision, BiOptica, Milan, Italy) in
combination with horseadish peroxidase polymer kit (Biocare Medical, Concord, CA, USA).
MRNA extraction and Real time PCRiver RNA was retreranscrigged with High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems Italia, Monza, ltaly)-AFIR was
performed in a Techne F&12 termalcycler (Tecnelnc, Burlington NJ, USA) using TagMan
Gene Expression Master Mix and TagMan Gene Expression probesofise TNFU, - | L
12p40, CD11b, iINOS, CCL1, CXC R 1 -pkbdollagen, TG 1(}SMA and betaactin
(Applied Biosystems lItalia, Monza, Italy). All samples were run in duplicate and the relative
gene expression calculated2f&* wasexpressed as fold increase over control samples.
Intrahepatic mononucleated cell isolation and flow cytometry analykiser mononucleated

cells were isolated from the livers of naive and M0 mice and purified on a density
gradient (Lympholyte@M, Cedarlane Laboratoires Ltd. Burlington, Canada) as described in
[ 18] . Cells were washed with Hardamplsmemesddi um
mouse serum to block unspecific immunoglobulin binding. The cells were then stained with
fluorochromeconjugated antibodies for CD45, CD11b, Ly6C, CD11c, MHCII (eBiosciences,
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San Diego CA, USA), F80 (Invitrogen, Abingdon, UK) or CCR1 (R&D System,
Minneapolis, MN, USA) and analyzed with a FACScalibur (Becton Dikinson, Franklin Lakes,

NJ, USA) flow cytometefollowing prior gating for CD45 and the absence of cell aggregates.
Intracellular staining for TNF) was perfor med usi nepnjugated peci f
antibody (eBiosciences, San Diego CA, USA).

Data analysis and statistical calculationStatistical analyses were performed by SPSS
statistical software (SPSS Inc. Chicago IL, USA) usingwrey ANOVA test with
correction for multiple comparisons or Krusk&fhllis test for norparametric values.
Significance was taken at the 5% level. Normalistribution was preliminary assessed by the

Kolmogorov+Smirnov.

Results.

Feeding mice witha methioninecholine deficient(MCD) diet for up to 8 weeks
resulted a progressive worsening of steatohepatitis as evaluated by a time dependent increase
in liver triglyceride accumulation, transaminase release and hepatic inflammation
(Supplementary Fig. 1). Although the hepatic mRNA f -b procdllagen was significantly
up-regulated already after 4 weeks on the MCD diet, appreciable fibrosis, as evidenced by
collagen staining with Pice8 i r i us FSElApositinedactihted hepatic stellate cells
(HSCs), was evident in more advadalisease after 8 weeks of treatment (Supplementary Fig.
1). In parallel with the progression of NASH, flow cytometry showed a-tiependent
expansion of intrdepatic mononuclear cells expressing the mice monocyte/macrophage
marker F480 (Fig. 1). Casistently, F480-positive cells in liver sections increased from
71.8+23 cell/mniin controls up to 146.8+10.2 cells/mip<0.01) in 8 weeks MCed mice.
Previous studies have reported that in injured livers inflammatory macrophages derive from
Ly6C*/CD11b* blood monocytes [1:24]. Accordingly, we observed that in the early phases
of steatohepatitis (4 weeks on the MCD diet) LYBBCD11/F4-80" cells were prevalent.
However, their frequency did not further increased in advanced disease (Fig. 1)sand thi
paralleled with a decline in the mRNAs of inflammatory M1 activation markers inducible NO
synthase (iNOs) and #.2p40 (Supplementary Fig. 1). At this stage, an elevation in the liver
expression of both fractalkine (G&L1) and the fractalkine receptGXsCR1 become evident
(Supplementary Fig. 2). GER1 upregulation largely involved monocytterived F480°
cells (Supplementary Fig. 2) and led to a tenfold expansion of a pool of F4
80'/CD11B/CXsCR1"" myeloid cells (Fig. 1). Further characterizatidritese cells showed
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that they ceexpressed CD11dnd Ly6C (Fig. 2), suggesting their origin from liver infiltrating
Ly6C"9" inflammatory monocytes rather than from the LYECR2/CX3CRI" monocyte
subset. Moreover, these cells showed an increasee®®sipn of the dendritic cell (DC)
markers CD11c and major histocompatibility class Il (MHCII) complex (Fig. 2).

Henning and cavorkers [19] recently reported that the development of steatohepatitis
in MCD-fed mice is associated with an expansion in hepatture myeloid DCs and a
concomitant reduction in B22@hasmocytoid and Cd8&mphocytoid DCs. We confirmed
that the progression of steatohepatitis was characterized by an appreciable increase in the
fraction of hepatic CD1T8""MHCII* DCs (Fig. 2). Such an expansion involved a pool of cells
that were F480"" and Ly6C"9" (Fig. 3), while the pools of CD1TeYMHCII*/B220
phasmocytoid DCs and CDIM¥/MHCII*/CD8& lymphocytoid DCs were significantly
decreased (Supplementary Fig. 3hterestingly, the expandinQC subset also expressed
CX3CR1 and C¥CR1""cells were particularly evident within the pool CD14%F4-80" cells
(Fig. 3). Altogether, these data suggested that DC expansion occurring in during the
progression of steatepatitis involved a subet of C%CR1"9" monocytederived dendritic
cells (moDCs) [20]. M1 activation of hepatic macrophages has been shown to be an important
factor in driving hepatic inflammation in NASH through the production of TNFand ot her
pro-inflammatory mediators [4,6]. However, according to a previous report [20] in our hands
advanced steatohepatitis was characterized by a-dwdulation of M1 activation markers
(Supplementary Fig. 1). Yet a steadily elevation in both the hepatic mRNAeanu ¢evels
of INFU were evident during the disease progr
circulaing TNFU positively <correlated with transam
elevated production of inflammatory mediators, including TWF  featureaof moDCs
[21,22]. In line with this, we observed that CD19¥F4-80' moDCs had an enhanced
expression of TNF) whi ch specifically BCORY qAigv4)d cel |
Furthermore, CYCRI'/TNF-U cells accumulated in the livers of 8 week€BHed mice,
suggesting that C3CR1* moDCs might sustain hepatic TNF pr oducti on dur
progression of steatohepatitis.

Recent studies have shown that genetic and pharmacological interference yGRICX
ameliorates the evolution of atherosclerot@quies [225]. In this context, hydrogen sulfide
(H2S) has been reported to improve atherosclerosis by preventing tregulation of
CX3CL1/CX3CR1 in monocyte/macrophages exposed teipilammatory stimuli [25]. As

CX3CRl-expressing DCs are already present in healthy livers (Fig. 3), in subsequent
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experiments we sought to investigate whether mice treatment with&eddor NaHS might
selectively influence the development of £OR1"9" moDCs in MCDinduced steatoheptii.

Preliminary analysis showed that chronic administration of NaHS (1mg/kg body wt) did not
influence transaminase release and hepatic inflammation markers in control mice (not shown).

In subsequent experiments, mice fed for 4 weeks with the MCD deveel daily NaHS while

continuing on the diet up to the eighth week. In these animals we observed that NaHS
ameliorated C¥CL1 and CXCR1 mRNA upregulation (Fig. 5), without interfering with

those of CCL2, CCR2 or CD11b (Supplementary Fig. 4). Nahtplesmentation did not

modify the hepatic pools of inflammatory macrophages and of DCs (Supplementary Fig. 4),

but halved CXCR1 expression in F80" or CD11&9" cells (Fig. 5).In particular, NaHS

treatment selectively reduced the fraction ofsCR1"9"/F4-80°/CD11¢"" moDCs (Fig. 5).
Furthermore, NaHS decreased intracellular TIF | evel s as wel |l -Uas t he
producing cells (Fig. 6). In line with that, hepatic TNF mMRNA and c iU d wlveetlisn g
were lowered in NaHSupplemented mice (Figg). Despite NaHS treatment did not
significantly influence the histopathological scores of steatosis (2.3+0.8 vs 1.8+0.4; p=0.1) and
lobular inflammation (1.7+0.6 vs 1.6+0.5; p=0.8), it appreciably reduced the number of
necrotic foci and apoptotic cell§Fig. 6). NaHS also prevented further elevation of
transaminase release in the animals maintained on the MCD diet (Fig. 6), indicating that the
sustained production of TNB b ysCRI*XnoDCs contributed to hepatocellular injury in
advanced NASH. AlthougfiNF-Uproducing DCs have also been implicated in promoting
hepatic fibrosis [23], in our hands, mice treatment with NaHS did not appreciably affected pro
collagenl U ;SMANand TGFb1 mRNAs as well as c¢SriusRedgen st
(Supplementaryig. 5).

Discussion

Growing evidence indicates that Ly6@onocytederived macrophages are central
players in NASH as they are important sources of inflammatory mediatd@k d6d, by
interacting with activated CD4 helper-lfmphocytes and NKT cells, drive lobular
inflammation and fibrogenesis [17,26]. Here st®w for the first time that a stdet Ly6C
cells expressing C3CR1 and showing features of inflammatory dendritic cells also contribute
to the evolution of steatohepatitis.
Liver dendritic cells (DCs) are a heterogeneous population of specializethborms\vderived

cells mainly involved in antigen presentation to lymphocytes [27]. In healthy livers, DCs
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represent a small fraction of ngarenchymal cells and have a predominant tolerogenic
phenotype [28], but a dramatic DC expansion occurs in chrimeicdisease in combination

with a stimulation in their antigen presenting activity and the release ahflammatory
cytokines [29]. In particular, experiments in a mice model of NASH have evidenced that
hepatic DCs expand and mature in the early phafst® disease and acquire the capacity to
specifically stimulate CD4T-cells [19]. Such an activation likely relates to the stimulation of
both humoral and cellular immune responses that also characterizes the evolution of NASH
[17]. However, the spedd features of NASKassociated DCs have not been investigated in
detail.

Although most of dendritic cells derive from common bone marrow precursors,
growing evidence indicates that under inflammatory conditions infiltrating monocytes can
differentiate ito a special suket of dendritic cells, called monocyderived inflammatory
dendritic cells (moDCs) [21]. These cellsexpress both dendritic and monocyte/macrophage
surface markers and show a high production of inflammatory mediators combined to an
efficient antigen presenting activity [21]. Our present data add on the involvement of DCs in
NASH by showing that, with the progression of steatohepatitis, DC expansion involves a sub
set of cells featuring monocyte markers FF"/Ly6C"9" along withCXsCR1 expression
and TNFU producti on. On these bases, we -propos
set of Ly6C('9" monocytes/macrophages might acquiresCR1 and differentiate to TNB-
producing moDCs. Supporting this view, Barlic andnarkershave observed that during the
development of atherosclerosis oxidized lipids stimulate human monocytes to switch from
CCR2 to C%CR1 expression [30]. Furthermore, recent studies have shown that'{"y6C
monocytes differentiate to Ly6CD11b/CX3CR1" moDCsin the intestinalamina propria.

This process in greatly enhanced during gut inflammation ardeCRX moDCs exacerbate

colitis by secreting TNE) [ 31, 327 .

Hydrogen sulphide (£6) is increasingly recognized to act as an endogenous mediator exerting
antrinflammatory and cytoprotective activity in several tissue including the gastrointestinal

tract [33,34]. Zhang and esorkers [25] have recently shown that in either RAW 246.7 cells

or mice peritoneal macrophages3-selectively antagonizes @3R1 expregsn induced by

LPS orinterferom acting through signals mediated b\
peroxisome proliferator activated receptor ( P-# AR They al so demons
interfering with the CXCL1/CX3CR1 dyad mice NaHS supplementatioeduces the

development of atherosclerotic plaques [25]. Mice feed with a high fat diet show a reduced
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hepatic HS production [35], while b5 supplementation ameliorates oxidative stress and
hepatic inflammation in mice with MCGilhduced NASH [36]. In ouhands, the &5 donor
NaHS has not a generalized anflammatory action, but interferes with the-tggulation of
CX3CL1/CX3CR1 dyad associated with the progression of steatohepatitis and selectively
blocks the development of TNBproducing CXCR1"9" moDCs, indicating that
CX3CL1/CXsCR1 signaling might have an important role in the differentiation of Y46c
inflammatory monocytes to moDCs. NaHS treatment also prevents further elevation of
transaminase release in the animals maintained on the MCDidditating that CXCR1"
moDCs can contribute to the evolution of steatohepatitis not only through the stimulation of
immune responses [17], but also by directly sustaining hepaticNFfo r oduct i on. Th
line with the observation that TNB-producng DCs sustain hepatic inflammation in mice with
tioacetamidenduced fibrosis [22].

Two recent papers have reported thatCR1 genetic deficiency exacerbates hepatic
injury and fibrosis induced by chronic GQreatment and bile duct ligation [37,38]n
particular, Karlmark and eworkers [38] have shown that GZRL1 is required for the survival
and the differentiation of liver infiltrating macrophages and can limit their M1 polarization.
On the same vein, unspecific hepatic DC destruction exacerkamtesaminophen
hepatotoxicity [39] and unexpectedly worsens the evolution of experimental NASH [19]. At
present, there is no explanation for the discrepancies between these findings and our present
results. We have observed that in the livers of controhalsiabout 30% of DCs constitutively
express C¥CR1. Liver DCs are known to have a predominant imrrsuppressive activity
[28] and these properties are shared also hyOR{" DCs [40]. Thus, itis possible that genetic
CX3CR1 deficiency or hepatic DC altion might enhance damagssociated inflammation
by affecting a population of tolerogenic DCs and might overcame the protection given by
preventing the development of moDCs.

We are well aware that steatohepatitis induced by the MCD diet does not @produ
important features of the human NASH such as obesity and insulin resistance [15]. However,
the difficulties to differentiate the role of moDCS in both clinical and experimental settings
justify its use as, differently from other experimental protocaiscauses extensive
steatohepatitis. Nonetheless, further studies are required to better define the relative
contribution of constitutive versus monocyterived CXCRI-expressing DCs during the

evolution of chronic liver diseases.
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In conclusion,the dda presented indicate that the evolution of steatohepatitis invtiiees
emergence of C2CR1-expressing moDCs that can sustain hepatic inflammation in advanced
disease through TNB production. Our results also show that interference withGQR4 up
regulaton prevents the differentiation of moDCs, pointingdCR1 as a possible target for the
therapy of NASH.
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Figure 1. Changes in the hepatic recruitment of Ly6€9" and CX3CR1+ monocyte
derived cells during the progression of steatohepatitis.

Mice were fed a control or a methioninboline deficient (MCD) diet ar an 8week time
period.

(Panel A) The time changes atfiiahepatic CD45cells expressing the monocyte-8@ marker

and (Panel B) the relative prevalence of LY8CD11b/F4-80" and CX%CR1/CD115/F4-

80" cell subsets were evaluated by flow cytometry of liver mononucleated cells isolated at
different time points. The percent values refers to the number of cells gated as"CDiElLb
data were from 4 animals per group.
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Figure 2. CXsCR1-positive monocytederived cells associated with steatohepatitis show
feature of monocytederived dendritic cells.

Mice were fed a control or a methioninkoline deficient (MCD) diet for-8veeks and liver
CD45" mononucleated cells were analyzed by flow cytometry.

(Panel A) F4-80°/CX3CR1" cells were characterized for the relative distribution of
inflammatory monocyte markers CD11b and Ly6C as well as for the expression of dendritic
cell markers CD11c and MHCII. Grey lines refers to isotypic controls. One experiment
represatative of three.

(Panel B) Liver CD45mononucleated cells were evaluated for the relative prevalence of
CD11d&9MHCII* dendritic cells. The percent values refers to the number of cells gated as
CD118"9". Quantitative data represehainimals per group
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Figure 3. Dentritic cells expansion during the evolution of steatohepatitis involved a pool
of CX3CR1-positive cells with features of monocytelerived dendritic cells.

Mice were fed a control or a methioninboline deficient (MCD) diet foB-weeks and liver
CD45" mononucleated cells were analyzed by flow cytometry.

(Panel A) CD11¥""MHCII* hepatic dendritic cells wereharacterized for the expression of
inflammatory monocyte markers 80 and Ly6C and for that of GER1. The percent valae
refers to the number of cells gated as COYAMHCII*. Quantitative evaluation were from 4
animals per group.

(Panel B) Distribution of CX3CR®" expressing cells among CDI®&F4-80" and
CD11&"Y/F4-80" cells obtained from the livers of 8 week M@&d mice. The percent values
refers to the number of cells gated. One experiment representative of three.
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Figure 4. The progression of steatohepatitis is characterized by the increase in §oR1-
positive monocytederived dendritic cells producing TNFU .

Mice were fed a control or a methioninkoline deficient (MCD) diet for up to-&eeks.

(Panels A & B) Hepatic mRNA expression and circulating levels of TNFwer e eval uat
control and MCBfed mice. Bixes include the values within®2and 7% percentile, while the
horizontal bars represent the medians. The extremities of the vertical B&80{Nfercentile)

comprise the eighty percent of the values. Data were fr@marimals per group.

(Panel C) TNFU e x pr e s s i"8/R4-80 wnd CIL1EY/E4-80" cells was evaluated

by flow cytometry along with (Panels D & E) the differential TNF e x pr es 80" on by
positive or genitive for C¥CR1 and the proportion of TNBproducing CXCR1' cdls in

control and NASH livers. The percent values refers to the number of cells gated in the areas
indicated by the arrows. Grey lines refers to isotypic controls. Quantitative datkomer@4

animals per group.
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Figure 5. Mice treatment with the HS donor NaHS reduces hepatic CX3CL1 expression
and CX3CR1-positive monocytederived dendritic cells associated with the progression of

steatohepatitis.

Mice were fed anethioninecholine deficient (MCD) diet for 8 weekblaHS (1mg/kg body
wt) was administred to MCDfed mice starting from the fourth week of treatment.

(Panel A) The hepatic expression of X1 and CXCR1 was evaluated by RACR in
MRNA extracted from control or MCied mice with or without NaHS supplementation. The
values are expressads
Data are from @ animals per group; boxes include the values withihat®sl 7% percentile,
while the horizontal bars represent the medians. The extremities of the veat@l 6-90"
percentile) comprise the eighty percent of the values.
(Panel B) The effect of NaHS supplementation ors@X1 expression by F80" cells and
CD11d"" cellswas evaluated by flow cytometrgotypic controls are shown as dotted lines.
(Panel C) Changes in the distribution@®%3CR1"9" moDCs following NaHS supplementation
of MCD-fed mice. The percent values refers to the number of cells gateeB&YEB11¢"9",
Data are from 3} animals per group.
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Figure 6. Mice treatment with the H2S donor NaHS reduces hepatic TNK) pr oduct i on
and improves hepatic injury during the progression of steatohepatitis.

Mice were fed anethioninecholine deficient (MCD) diet for 8 weekblaHS (1mg/kg body

wt) was administered to MGEed mice starting from the fourth week of treatment.

(Panel A) TNFU expression and the r86MNFU celswapr ev al ¢
evaluated by flow cytometr{pata are from 3 animals per group.dsypic controls are shown

as dotted lines.

(Panel B) Hepatic TN®) mRNA and c¢ iU cluel vaetlisn gweTM@B-fadlv al u a't
mice with or without NaHS supplementatidiver TNFFU mRNA | evel s were m
RT-PCR and expressed fdd increaseovercomt r ol v al ues aft actn nor mal
gene.CirculatingTNFU | evel s were determined by ELI SA |
6-9 animals per group; boxes include the values withifi &% 74" percentile, while the

horizontal bars represettite medians. The extremities of the vertical bar§@@" percentile)

comprise the eighty percent of the values.

(Panels C & D) Liver histology was evaluated in hematoxilin/eosin stained sections from
control or MCDfed animals (magnification 200xNecrainflammatory foci and apoptotic

cells were counted as reported in [17].

(Panel E) Liver damage was assessed by circulating alanine aminotransferase (ALT) release.
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Supplementary Figure 1
Time dependent variations of hepatic injury, inflammation and fibrogenesis during
mice feeding with a methionine/chahe deficient (MCD) diet.

Wild type C57BL/6 mice received the MCD diet for up to 8 weeks. (A,B) Liver histology

was evaluated by hematoxilin/eosin (EE) and colla@eno-Sirius Red (SR) staining of

liver sections from control or MCiied animals(magnification 200x). (C,D) Alanine
aminotransferase (ALT) release, and hepatic triglyceride content were determined by
enzymatic methods. (B) CD11b, IL12p40, iNOS, procollageh thRNAs were

measured by RPCR andexpressed dsld increasever contrbvalues after normalization

to talca itn gene. (1) Activat edsmdoth mastldactinst el | a
( 3MA) were evidenced by immunohistochemistry. The values refetarBmals per

group and the boxes include the values withifi &8d 7% percentile, while the horizontal
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bars represent the medians. The extremities of the vertical bdf<O@Opercentile)
comprise the eighty percent of the values.
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Supplementary Figure 2
The evolution of MCD-induced steatohepatitis is associated with a ugegulation in the
hepatic expression of fractalkine signaling.

Mice were fed anethioninecholine deficient (MCD) diet over anwBeek time period.

The expression of fractalkine CX3CIl(A) andof his receptor CX3CR1 (B) were evaluated
by RT-PCR inmRNA extracted from whole liver and isolated macrophages of either control
or MCD-fed mice The values arexpressed a$old increaseover control values after
nor mal i z a tactio gee.tData arénfeom-8 animals per group; boxes include the
values within 2% and 74" percentile, while the horizontal bars represent the medians. The
extremities of the vertical bars 1:®0" percentile) comprise the eighty percent of the values.
(C) Liver mononucleated cells were analyzed by flow cytometry for the expressiorsGRIX

in monocytederived F480+ cells.
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Supplementary Figure 3.

The progression of steatohepatitis is associated with a decrease in the pools of
plasmocytoid andlymphocytodid dendritic cells.

Mice were fed a control or a methioninboline deficient (MCD) diet for -8veeks and liver
mononucleated cells were analyzed by flow cytometry.

CD11¢"9MHCII* hepatic dendritic cells were characterized for the expression o
plasmocytoid marker B220 and for the lymphocytoid marker CD8a. Quantitative evaluation
were from 4 animals per group.
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Supplementary Figure 4
The treatment with the H2S donor NaHS does not affect hepatic macrophage and

dendritic cellsin mice associated with steatohepatitis

Mice were fed anethioninecholine deficient (MCD) diet for 8 weekklaHS (1mg/kg body
wt) was administered to MGEed mice starting from the fourth week of treatment.

(A) The hepatic expression of CCL2, CCR2d (D11b was evaluated by RFCR inmRNA
extracted from control or MCiked mice with or without NaHS supplementatiofihe values
areexpressed a@old increasover contr ol val ues-aafgene.rDatm or mal
are from 69 animals per group;dxes include the values within2and 7% percentile, while
the horizontal bars represent the medians. The extremities of the vertical B&@0(10
percentile) comprise the eighty percent of the values.

(B & C) The relative prevalence of BD'/CD116 macrophages ar@D11¢"9"dendritic cells
was evaluated by flow cytometiipata are from 3! animals per group.
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Supplementary Figure 5

The treatment with the H2S donor NaHS does not affect hepatic fibrosis in mice with
advanced steatohepatitis

Mice were fed anethioninecholine deficient (MCD) diet for 8 weekblaHS (1mg/kg body

wt) was administered to MGEed mice starting from the fourth week of treatment.

(A) The hepatic expression of Procollagen U, -1 M@Rs mbot h mus®MAe act i
was evaluated by RPCR inmRNA extracted from control or MCled mice with or without
NaHS supplementationThe values arexpressed a®ld increaseover control values after
nor mal i z a tactio genet Datatare GomBanimals per group; boxésclude the
values within 2% and 7% percentile, while the horizontal bars represent the medians. The
extremities of the vertical bars 1®0" percentile) comprise the eighty percent of the values.
(B) Collagen deposition was evidencedgro-Sirius Red (SR) staining of liver sections from
MCD-fed animalswvith or without NaHS supplementatigmagnification 200x).
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8.Paper 3

Morphological and Functional Changes of Liver Macrophages during the Progression
of Nonalcoholic Steatohepatitis (NASH)

Submitted to Liver International (February 2015)

Background and AimdHepatic macrophages have an important role in NASH evolution as
they represent an important source ofpritammatory mediators during the disease evolution
and regulate the developmeiftfibrosis. The macrophage expansion in NASH mainly results
from liver infiltrating monocytes which differentiates into M1 polarized cells. However, little

is known about the functional changes occurring in liver macrophages during the disease
progressionln this study we used thmethioninecholine deficient (MCD) dietnodel of

NASH to monitor the behaviour of hepatic macrophages.

Results The hepatic F4/8positive macrophages increased in parallel with the disease
progression. At histology macrophagescamulating in NASHformed small clustersf
enlarged cells that contained lipid vesicles positive for the apoptotic cell markers Annexin V
likely originating from the phagocytosis apoptotic bodies derived from dyintpdan
hepatocytes. Flow cytometrigewed that these enlarged macrophages were 196tD1115,
suggesting that they might derive from inflammatory monocytes. However, as compared to
regular size macrophages the enlargedsaitvas characterized by an enhanced expression of
the antiinflammatory mediators 110 and annexin Al. Similar vacuolized macrophages
producing annexin Al were also evident in liver biopsies of NASH patients. In mice with
NASH, the accumulation of enlargéd/80 cellsparalleled with a decline of the macrophage
M1 acivation markers iINOS and L2, while the levels of M2 polarization markers arginase

1 and MGL:1 were unchanged.

Conclusions Altogether, these data indicate that during the progression of NASH liver
macrophages that phagocyte apoptotic hepatocytes eaptiinflammatory properties and
promote the dowsmodulation of the inflammatory phenotype in the remaining macrophage

population.
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Abstract

Background & Aims:Nonalcoholic steatohepatitis (NASH) is characterized by extensive
hepatic monocyte infiltration and monocyderived macrophages have an important role in
regulating the disease evolution. Howewvidtle is known about the functional changes
occurring n liver macrophages during NASH progression. In this study we have investigated
phenotypic and functional modifications of hepatic macrophages in experimental NASH.
Methods:NASH was induced by feeding C57BL/6 mice with a methiomtheline deficient
(MCD) diet up to 8 weeks.

Results:In mice with steatohepatitis liveF4/80positive macrophages increased in parallel
with the disease progression and formed small clusters of enlarged@malized cellsAt
immunofluorencesce these cells contained lipsictes positive for the apoptotic cell marker
Annexin V suggesting the phagocytosis of apoptotic bodies derived from deladdiat
hepatocytes. Flow cytometry revealed that themdarged macrophages expressed
inflammatory monocyte (CD11b, Ly6C, TNF) rkera. However, as compared to regular
size macrophages the enlarged-sabwas characterized by an enhanced production of the
antrinflammatory mediators H10 and annexin Al. Similar vacuolized macrophages
producing annexin Al were also evident in IiN®opsies of NASH patients. In mice with
NASH, the accumulation of enlarg&d/80" cells paralleled with a decline in the expression
of the macrophage M1 activation markers INOSLR.and CXCL10, while the levels of M2
polarization markers arginadeand MGlL-1 were unchanged.

Conclusions: Altogether, these data indicate that during the megion of NASH fat
accumulation within liver macrophages promotes functional changes that can influence hepatic

inflammatory responses.

Keywords: Nonalcoholic fatty liver disease, macrophages, annexin Al, liver inflammation.
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Introduction

Growing evidece indicates that macrophages are important players in the evolution of hepatic
inflammation in NASH. At the onset of the disease Kupffer cell activation in response of lipid
accumulation significantly contributes to the production otipfmmmatory medhtors and

by releasing chemokines such as CCL1, CCL2, CCL5 which stimulate the liver infiltration by
circulating Ly6C"9" monocytes [1,2]. These latter rapidly differentiates to M1 polarized
macrophages further contributing in expanding inflammatory resso [3]. Moreover,
macrophage interaction with CDHelper Flymphocytes and NKT cells has an important role

in sustaining lobular inflammation during the disease progression [4,5]. Accordingly, Kupffer
cell depletion at the onset of NASH or the intenfme with monocyte recruitment through
CCL2/CCR?2 signaling prevents hepatic injury and inflammation in experimental models of
NASH [6,7]. What is less clear is how liver macrophages behave during the disease
progression particularly in relation with thevédopment of fibrosis [8]. Recent studies have
pointed out that hepatic macrophages in human NASH, but not in patients with simple steatosis
often cluster around lipid droplets forming crovike aggregates similar to those present in

the inflamed visceraddipose tissue of obese patientd [[9. Furthermore, these macrophages
appeared enlarged and contained lipid vesicles resembling foam cells in atherosclerotic plaques
[11]. Interestingly, clusters of foamy macrophages are also evident in several mils nfod
experimental NASH where they are associated with the severity of hepatic fibrosis [12]. These
observations prompted us to better characterize the possible origin of foamy macrophages

associated with NASH and their significance in relation to tbeage evolution.

Material and Methods

Animals and Experimental protocol Eight weeks old mal€57BL/6 micewere purchased
from HarlanNossan (Corezzana, Italy) and fed for 4 or 8 weeks with either methicimitiee
deficient (MCD) or control diets (Laboratorio Dottori Piccioni, Gessate, Italy)e
experimental protocols were approved by the University Conwnissr Animal Care and by
the Italian Ministry of Health according to the current law for the use of laboratory animals.
Biochemical analysif?lasma ALT and liver triglycerides were determined by spectrometric
kits supplied by Radim S.p.A. (Pomezidaly) and Sigma Diagnostics (Milano, lItaly),
respectively. Circulating H12 was evaluated by a commercial ELISA kit R&D Systems
(Abingdon, UK).

Histology and immunohistochemistry
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Liver biopsies from NASH patients were available from the Pathology WiiteoOspedale
Maggiore della Carita of Novarhiver macrophages were identified in formafired sections
using either artmouse F4/80 or antiuman CD68 antibodies (eBioscience, San Diego CA,
USA) in combination with peroxidadmked goat antrat IgG or horseradish peroxidase
polymer kit (Biocare Medical, Concord, CA, USA). AnxAl producing cells wistected
using specific antibodies fro@ymed Laboratorie$nvitrogen (Carlsbad, CA, USAHepatic
collagen deposition was evidenced by Piidus Red staining. Ativated hepatic stellate cells
were identified in formalirfixed sections using anth o u s-@nodth muscle actinkSMA)
polyclonal antibodies (Labvision, BiOptica, Milan, Italy)in combination with peroxidase
linked goat antrat IgG andhorseradish peroxidase polymer kit (Biocare Medical, Concord,
CA, USA). Immunofluorescence analysis were performefildnen mice liver sections using
fluorescinlabelled annexin 5 (Roche Diagnostics, Penzberg, Germany) and Texas Red
labelled goat antiat IgG antibodies (Sigma, Milan, Italy).

MRNA extraction and Real time PCRiver RNA was retreranscripted with High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems ltalia, Monza, Italy)-FRIR was
performed in a Techne F812 termalcycler (Tecnelnc, Burlington NJ, USA) using TagMan
Gene Expression Master Mix afi@agMan Gene Expression probes for motlsé-U , -11b1L
IL-12p40, INOS, arginask, MGL-1, and betaactin (Applied Biosystems Italia, Monza, Italy).
All samples were run in duplicate and tletative gene expression was calculate@ds and
expressed as fold increase over control samples.

Isolation and purification of liver macrophaged.iver macrophages were isolated from the
livers of either controls or MCfed mice by collagenase perfusion according to Froh et al.
[13] and purified usindiotinylated antiF4/80 antibodiegeBiosciencesSan Diego CA, USA

and streptavidirtoated magnetic beads (Miltenyi Biotec, Germany). Cell purity, as estimated
by flow cytometryfollowing immunostaining for CD45 and F8D, was above 85%. The cells
wereprocessed for mMRNA extraction using ChargeSwitch® Total RNA Cell Kit (Invitrogen,
Frederick, MD, USA.

Isolation of intrahepatic mononucleated cell and flow cytometry analysisLiver
mononucleated cells were isolated from the livers of naive and-k@bice and purified on

a density gradient (Lympholyte®i, Cedarlane Laboratoires Ltd. Burlington, Canada) as
described in [14]. Cellswerethena s hed wi th Hank&6s medi um and |
complemented mouse serum to block unspecific immunoglobiriding. The cells were then
stained with fluorochromeonjugated antibodies for CD45, CD11b, Ly6C, MHCII
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(eBiosciencesSan Diego CA, USA F4/80 (InvitrogenAbingdon, UK)and analyzed with a
FACScalibur (Becton Dikinson, Franklin Lakes, NJ, USA) flawytometer. Intracellular
staining for TNFU, -12, And 11-:10 was perfomed using specific fluorochrenmjugated
antibodies supplied by (eBioscienc&gn Diego CA, USA AnxAl-producing cells were
detected using a polyclonal a#thxA1l rabbit antiserumMillipore, Temecula, CA, USA) and
phycoerythrinconjugated artiabbit IgG (SigmaAldrich, Milan, ltaly).

Data analysis and statistical calculationStatistical analyses were performed by SPSS
statistical software (SPSS Inc. Chicago IL, USA) usingwagANOV A t est wi th
correction for multiple comparisons or Krusik&lhllis test for normparametric values.
Significance was taken at the 5% level. Normality distribution was preliminary assessed by the

KolmogorovSmirnov test.

Results

Steatohepatitis in mice receiving thmethioninecholine deficient (MCD) diet was
characterized by a time dependent worsening of liver histology, triglyceride accumulation and
transaminase release that led to appreciable fibrosis after 8 weeks of tréSupefementary

Fig. 1). In these animals, immunohistochemistry for the monocyte/macrophage marker F4/80
evidenced that the livers of MGi2d mice showed the diffuse presence of small clusters of
enlarged and vacuolized macrophages that were particaladgnt after 8 weeks of treatment

(Fig. 1). Double staining of frozen sections with @&w/80 antibodies and the lipid dyl

Red O confirmedhat the cytoplasmic vacuoles contained lipid droplets (Fig. 1). Furthermore,

a fraction of the cytoplasmic vaales in F4/80cells were also stained withe apoptotic cell
markerannexin 5(Fig. 1), suggesting the phagocytosis of apoptotic bodies originating from
dying fatladen hepatocytes. In line with these findings, flow cytometry analysis of hepatic
mononudear cells from controls or MClied mice evidenced a steadily increase in F4/80
positive cells during the progression of NASH (Fig. 2). In parallel, we observed that among
F4/80 cells the fraction of enlarged cells, as evidenced by high forward scaB8&rHF
parameter, also significantly increased in the livers of animals with more advanced disease
(Fig. 2). Further characterization of high volume macrophages associated with NASH revealed
that these cells had an enhanced expression of leucocyte aativetrkers CD11b (CD18b)

and CD11c (CD18) as well as of Class Il Major Histocompatibility Complex (MHCII) (Fig.

2). Furthermore, enlarged F4786ells associated with NASH were prevalently LY8C

indicating their origin from circulating inflammatory macytes (Fig. 2).
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Previous studies have shown that lfaden macrophages in NASH had praflammatory

features and stained positive for myeloperoxidase andNFH 9] . Accordingl y,
that enlarged F4/80cells had an increased TNF e x p r (Bupmementary Fig. 2).
However, their accumulation during the progression of experimental NASH was associated
with complex changes in hepatic inflammatory pattern. In fact, while the liver mRNAs for
TNFFU andblincreased st e a d igresgion, whet etxpressibneof di s e
macrophage M1 activation markers such as inducible NO synthase (iINGI2p40 sukunit

and CXCL10 peaked in mice receiving the MCD diet for 4 weeks and declined thereafter
(Supplementary Fig. 3). In line with these findinggamphages isolated from the livers of
MCD-fed mice at different stages of the disease showed that INOS &®#p4l0 expression

was significantly lower in the cells obtained from mice with advanced NASH as compared to
those in the early phase of the digedBig. 3). The same pattern was also confirmed by
evaluating Il:12-producting F4/80 cells with flow cytometry as well as by measuring
circulating IL-12 levels (Fig. 3). On the other hand, macrophage expression of the M2
polarization markers arginadeard galactosaype Gtype lectinl (MGL-1/CD301) was not

affected during NASH progression (Fig. 3).

To get more inside in this phenomenon we measured macrophage production- of anti
inflammatory protein such as interleukii® (IL-10) and annexin Al (AnxAl) &t modulates
hepatic inflammation in NASH [237]. Flow cytometry showed that the prevalence of hepatic
macrophages producing-i10 and AnxAl was increased among F4/86lls isolated from 8
weeks MCDfed mice (Fig. 4). Interestingly, the expression ahlibese antinflammatory
mediators was -3 folds higher in the enlarged F4786ell subset (Fig. 4), while IE12-
producing macrophages did not show appreciable vehetated differences (not shown).
This indicated tha@utocrine/paracrine loops invohg AnxAl and IL-10 released by enlarged
lipid-laden macrophages can dowagulate M1polarized responses. According to previous
studies [912], enlarged vacuolated macrophage with morphology comparable to those
detected in the livers of MGled mice weralso detected by CD68 immunostaining of liver
biopsies from NASH patients (Fig. 5). These same cells were also selectively stained with
antFAnxA1l antibodies (Fig. 5), confirming that also in human NASH lilgiden macrophages
contribute to AnxAl produabin.
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Discussion

Small macrophages clusters around lipid vesicles or surroundiagritgining hepatocytes,
commonly referred as lipogranulomas, are often detectable in human NASH [18] as well as in
many experimental models of the disease [12]. The mbheages in these clusters are enlarged
and have a foamy appearance due to the accumulation of cytoplasmic lipid droplets and
cholesterol crystals [11]. These histological features are reminiscent of-tkevatructures
detectable in adipose tissue of sbsubjects who are characterized by macrophage aggregates
surrounding dead adipocytes and scavenging cells debris and residual lipids [19]. Although
fat-laden macrophages in the crolike structures have been associated with the evolution of
adipose tisue inflammation [20], the actual significance of similar cells in NASH is less well
defined.

The recruitment of circulating monocyte through CCL2/CCR2 signaling is considered the main
responsible for the expansion of liver macrophage pool in NASH [8itfulating
monocytes are currently differentiated in two =ébs. The first include inflammatory
monocytes characterized as LyB{ICCR2/CX3CRZ in mice or CD14/CD16 in humans

that migrate to tissues in early phase of the response to injury produchrglamumatory
mediators [22]. The second population, defined as IFBTR2/CX3CR1T in mice or CD14

/CD16" in humans has less characterized functions and it is thimugbntribute to tissue
healing [21,22]. Immunohistochemical studies in human liver biopsies have shown-that fat
laden macrophage in NASH express leucocyte activation marker CD11b and CD11c along
withTNFFU and myel oper oxinfldnarsaterycapabiity 9,42. Our presgnt o
data add on these findings by showing that beside an increased expression of the CD11b,
CD11c, enlarged macrophages associated with NASH are prevalently'?"y&@licating

their origin from circulating Ly6¢""/CCR2 monogtes. However, in spite showing an-up
regulationof TNFU, t hese same cell s di spl-iaflammatoryi ncr e e
mediators annexin A1 (AnxAl) and-l0. Interestingly, AnxAl is also selectively expressed

by enlarged vacuolized CD6&aaophages in liver biopsies from NASH patierisxAl is

a 37 kDa calciunphospholipidbinding protein that is produced by myeloid cells in response

to glucocorticoids [22]. By interacting with its receptor formyl peptide receptgqodXin As

receptor (FR2/ALX) AnxAl downregulates the production of pmaflammatory mediators

such eicosanoids, NO and-@.and promotes H10 production [23,24].
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Macrophage phagocytosis of apoptotic bodies is known to be an important mechanism in the
termination of acutenflammation as it promotes the release of a variety of mediators involved
in reducing phagocyte recruitment/activation and promoting tissue healing [25,26]. We have
observed that annexin 5 binds to intracellular lipid vesicles in F4@8Is, suggestinght
phagocytosis of apoptotic f#den hepatocytes. Indeed, hepatocyte apoptosis is a common
feature in NASH as a result of lipotoxicity and endoplasmic reticulum stress [27,29].
Furthermore, intracellular lipid accumulation in foam cells of atherosalguiatques has also
been shown to promote macrophage functional changes by stimulating liver X receptors
(LXPs) and peroxisome proliferator activated receptors (PPARS) [29]. Thus, is possible that
the clearance of apoptotic bodies along with lipid accatiat might lead to partial
reprogramming of liver fataden macrophages with the-egpression of both prand anti
inflammatory mediators. This is line with recent observations showing that following acute
liver injury infiltrating Ly6C"" macrophagesxpress AnxA1l along with cyclooxygena@e

[30].

As a result of AnxAl and H10 upregulation in enlarged lipithden macrophages we have
observed a dowmodulation of liver M1polarized responsesiggesting thaAnxAl and IL-

10 act in anautocrine/paracrine loop affecting prdlammatory responses by hepatic
macrophagedccordingly, we have recently reported that the inductioRASH in AnxA1l-
deficient mice is characterized by enhanced lobular inflammation due to increased macrophage
recruitment and the exacerbation of the M1 phenofypge Furthermore, Wan and-aworkers

[16] have shown that in mice with NAFLD 410 secretion promotes the apoptosis of-M1
activated macrophage and that this contributes to hamper the severity of ilotadamation.

In conclusion our data indicate that during the progression of NASH the accumulation of fat
laden macrophage within liver promotes functional changes that influence hepatic

inflammatory responses.
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Figure 1. Morphological changes inliver macrophages during the evolution of
steatohepatitis.

Mice were fedmethioninecholine supplemented (Cont) or deficient (MCD) diets over-an 8
week time period(Panel A) Hepatic macrophages were evidermeanmunohistochemical
staining with antiF4/80 antibodies (magnification 40x). (Panel Byuble staining of frozen
liver sections with the lipid dye Oil Red O (red) and &80 antibody (green
immunofluorescence; magnification 40x). (Panel C}@&alization of macrophages F4/80
immunostaining (red) and annexin 5 (green) in frozen liver section from NASH livers. Cell
nuclei were courtestained with DAPI. Images are representative-dfdstinct samples.
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Figure 2: Flow cytometry analysis of hepatt macrophages during the evolution of
steatohepatisis.

CD45" mononucleated cells were isolated from the livers of micenfethioninecholine
supplemented (Cont) or deficient (MCD) diets over amegk time period(Panel A) F4/80
macrophages were analyzed for cell volume (forward scatter:H)S&hd the monocyte
marker Ly6C distribution. The percent values refers to the number of cells gated ds F4/80
The data were from 31 animals per group(Panel B) expression of leucocyte iaation
markers CD11b (CD18b), CD11c (CD18) and Class Il Major Histocompatibility Complex
(MHCII) among regular or enlarged F478€ells. Dotted lines refer to isotypic controls. One
experiment representative of three.

A

14% 6%

0

SSC-H ——»
200 400 600 600 1000

FSCH ———»

LYeC

33% . 17%

200 400 600 S00 1000

v

F4/80 positive cells Enlarged F4/80 positive cells
20 ~
4 0.01
g ¥ p0or P00 » _—
3 30 -3 15 1
& p<0.05 o
—_— =) B ==
S 204 == 3 W =
o — o
Bg 10 e 57

Cont ~ MCD 4w MCD 8w Cont  MCD 4w MCD 8w

[ Regular F4/80* cells

B Il Enlarged F4/80* cells
& g g
= 5% g f—{a% 84 6%
—
w ] o =
g - - o9
o , e — 0
S8 69% &3 5% 84 52%
8 3- £-]
°|—o° 10! 102 10% 104 °"°o 1 3 a °T ' 4
CD11b G e e Ry e
Figure 2

85



Figure 3. The evolution ofsteatohepatits is associated with a dowmodulation in the M1
activation of liver macrophages.

Mice were fedmethioninecholine supplemented (Cont) or deficient (MCD) diets over-an 8
week time period(Panels AD) Isolated ntrahepatic F4/80macrophagewere evaluated for

the expression d¥11 activation markergducible NOsynthase (iNOS) and #12p40 and of

the M2 polarizationrmarkersgalactosdaype Gtype lectinl (MGL-1) and arginasé were
evaluated by RPCR.TheRT-PCRvalues ar@xpressed a®ld increaseover control values
after nor ma l-actn@dneé. dhe datacare frdme4 abimals per group. (Panel E)
Intracellular Il-:12 expression was evaluated Hgw cytometry in liver CD45F4/48
mononucleated cells isolated at different time points. One experiment representative of three.
(Panel F) Circulating 112 levels were determined control and MCD fed mice by
immunoenzymatic assayhe dta are from $ animals per group; boxes include tlaues
within 28" and 79 percentile, while the horizontal bars represent the medians. The extremities
of the vertical bars (890" percentile) comprise the eighty percent of the values.
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Figure 4: Enlarged macrophages associated with the advancptiases of steatohepatitis
shows increased production of antinflammatory mediators interleukin-10 (IL-10) and
annexin Al (AnxAl).

CD45" mononucleated cells were isolated from the livers of micenfethioninecholine
supplemented (Cont) or deficient (M diets over an-8veek time period(Panel A) Dotted
lines refer to isotypic controls. F4/8fhacrophages were analyzed for the production dfdL
and AnxAl. (Panel Biexpression of IE10 and AnxAl among regular or enlarged FA4(36s.
The percent values refers to the number of cells gated as*FZ18€ cata were from 3!
animals per group.
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Figure 5: Immunohistochemical detection of enleged-foamy macrophages in human
NASH.

Formalinfixed sections of liver biopsies from NASkhtients were immunostained with anti
human CD68 (Panel A) or amtinxAl (Panel B) antibodies in combination with heradish
peroxidase polymer kit (magnification 20x).
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SUPPLEMENTARY MATERIAL
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Supplementary Figure 1

Time dependent variations of hepatic injury and fibrogenesis during mice feeding with a
methionine/choline deficient (MCD) diet.

Mice were fed methionineholine supplemented (Cont) or deficient (MCD) diets over-an 8
week time period. (Panels-B) Liver histology was evaluated by hematoxilin/eosin (EE) and
collagen PicreSirius Red (SR) staining of liver sections (magnification 200x) at the end of the
treatment. (Panels C,D) Alanine aminotransferase (ALT) release, and hepatic triglyceride
content were dermined by enzymatic methods. The values refer@@mBimals per group.
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Supplementary Figure 2

Enlarged macrophages associated with the advanced phases of steatohepatitis shows an
increased production of TNFU .

CD45" mononucleated cells were isoldtérom the livers of mice fed methionioholine
supplemented (Cont) or deficient (MCD) diets over amwegk time period. F4/80
macrophages were analyzed for the production oftNFamong r egul ar or
percent values refers to the numbécells gated as F4/80The data were from-8 animals
per group.
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Supplementary Figure 3. The evolution of NASH is associated with a differential
modulation of liver inflammatory markers.

Mice were fed methionineholine supplemented (Cont) deficient (MCD) diets over an-8

week time period. The hepatic expression of THF -11bL, i n d wsynihdsé (NOH O
and IL-12p40 and CXCL10 was evaluated by-RTR. The RTIPCR values are expressed as
fold increase over control values after normalization tattie geffie. The data are from 5

6 animals per group; boxes include the values within 25th and 75th percentile, while the
horizontal bars represent the medians. The extremities of the vertical barO@itOth
percentile) comprise the eighty pertehthe values.
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9.Di scussi on

One limitation of the studies dealing with NAFLD/NASH pathogenesis relies in the fact
that at present there is no universally accepted mouse model for the disease. In my studies |
have used an experimental modased on the administration of a methionine choline deficient
(MCD) diet model that induces in a rapid (thfeer weeks) and reproducible manner
steatohepatitis similar to human NASH and evolving to fibrosis within @gyhtveeks of
treatment (Larter andeh 2008). However, this model lacks obesity and insulin resistance that
are hallmarks of the human disease. A wide number of studies have shown that feeding rodents
with a high fat diet leads, as in humans, to steatosis combined with subcutaneossenadl vi
obesity, insulin resistance and adipokine unbalances (Larter and Yeh 2008). However, in this
experimental model, liver injury and inflammation are usually modest and fibrosis is very
limited (Larter and Yeh 2008). As the aim of my work has beealifma to characterize the
functional process connected with hepatic inflammation in NASH the MCD model was better
suitable to such purposes in spite of its intrinsic limitations.

Lymphocytes represent along with macrophages the most frequent inflamiceltsrin
lobular and periportal infiltrates of NASH (Brunt 2010). Although growing evidence points
on the importance of adaptive immunity in promoting adipose tissue inflammation in obesity
(Sell and other 2012), so far little attention has been palgbtpdssible involvement of similar
mechanisms in NASH. Oxidative stress is one of the features of NAFLD/NASK (and
others 2002; Chalasani and others 2084d in previous studies we have observed that
antibodies against lipid peroxidatiaterived atigens are detectable in a dietary rat model of
NAFLD as well as in patients with NAFLD/NASH (Albano and others 2005; Baumgartener et
al 2008, Nobili and others 2010). In rodents, reducing lipid peroxidation by supplementation
with the antioxidant Macetytysteine (NAC) prevents antibody response and ameliorates
hepatic injury (Baumgartener et al 2008). The results presented in paper 1 extend these studies
and demonstrate for the first time that, the onset of experimental NASH is characterized by the
hepaic recruitment of both CD4and CD8 T-lymphocytes. Both the lymphocyte subsets
express CD69 activation marker and CO4cells show an increased enhanced interferon
(IFN-2 expression indicating that, as in the adipose tissue, adaptive immunity cabutent
to hepatic inflammation during the progression of steatohepatitis. Beside lymphocyte

recruitment, mice with NASH also show an increase of circulating IgG targeting lipid
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peroxidation derived antigens. Interesting the same antigens are also reddyninepatic T

cells confirming that oxidative stress can promote the activation of both cellular and humoral
immunity in NASH. In both experimental and human NASH immune responses against
malonyldialdehyde (MDA) derived adducts are predominant andhheacterization of the
epitopes recognized has revealed the involvement of cyclic mthgihydroxypyridine3,5
dicarbaldehyde epitopes, also known as malonyldialdehgdaldehyde (MAA) adducts
(Albano and others 2005). These adducts originate by thenbi ned i nt ef acti on
aminogroups with both acetaldehyde and malonyldialdehyde (Thiele and others 2008) and
represent important antigens in immune reactions toward lipid peroxigigrored epitopes
associated with alcoholic liver disease (ALD both humans and experimental animals (Xu

and other 1998; Rolla and others 2000). Moreover;MA# antibodies predict coronary

artery disease in atherosclerotic patieAtsderson and others 201 his latter analogy might

have clinical relevancesagrowing evidence suggest that NAFLD/NASH and atherosclerosis
might share common pathogenetic mechanisms and because NASH is associated with an

increased rick of atherosclerosis ischemic complications (Biegs and other 2012).

The mechanisms by whidchepatic oxidative stress can promote the activation of adaptive
immune responses in NASH are still poorly understood. The liver is recognized to have
unigue immunological properties that modulate systemic tolerance to antigens from the portal
circulation (Racanelli and Rehermann 2006; Crispe 20Uf)der physiological conditions,
Kupffer cells respond to low concentrations of endotoxins by producing inted&QKii.-10)
and low levels of prenflammatory mediators (TNB, ROS and prostanoids) thdown
modulate the antigen presentation by dendritic and endothelial cells, thus suppressing T
activation (Crispe 2014). Such an effect is lost following liver injury because of macrophage
and dendritic cell (DC) activation in response to damage adsdcmolecular patterns
(PAMPs) among which oxidized lipids and lipid peroxidation produ&acénelli and
Rehermann 2006)On this latter respect, a recent studyHsnning and cavorkers (2013)
has shown that the development of NASH in M mice is asociated with an early
expansion in hepatic mature myeladndritic cellswhich acquire the capacity to stimulate
CD4" T-cells. Along with these observations, the data presented in paper 2 demonstrate that
dendritic cellexpansion in NASH involves alsiset of cells featuring monocyte markers{F4
80"9"/Ly6C"9") that are also characterized by $OR1 expression, while the pools of
CD11d"9YMHCII*/B220" plasmocytoid and CD11€YMHCII*/CD8& Iymphocytoid

dendritic cellswere significantly decreasedt i$ known that under inflammatory conditions
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infiltrating monocytes can differentiate into a special -sab of dendritic cells, called
monocytederived inflammatory dendritic cells (moDC£)dmininguez and Ardavin 2010)
These cells cexpress both denitic and monocyte/macrophage surface markers and show a
high production of inflammatory mediators combined to an efficient antigen presenting activity
(Domininguez and Ardavin 2010)Thus, we propose that during the evolution of NASH a
subset of Ly6('9" monocytes/macrophages might acquiresCR1 and differentiate to
moDCs, whichpresent oxidative stresterived antigens to-Band CD4 T-lymphocytes and
stimulate Bcell maturation to plasma cells. Moreover, dendritic cells can also-privss
naive CD8 T-lymphocytes promoting cethediated responses. Beside dendritic cells,
antigen presentation might also involve hepatic stellate délisau and others 2008) and
possibly hepatocytes them self, as-prilammatory cytokines have been shown to induee th
hepatocyte expression of class Il major histocompatibility complex (MHC) astiroalatory
CD80 (B7.1) moleculesHerkel,and others 2003)On the other handhe metabolic changes
leading to NAFLD can also influence the immune system asléhielopment of obesity in
mice fed a high fat/carbohydrate lowers regulatomgells (Tregs) in the liver (Ma and other
2007). This latter event is particularly important, as Tregs depletions contributes to the
development of immune response to oxidatsteessderived antigens in atherosclerosis
(George 2008) Furthermore, adipokine unbalances that characterize obesity may also
influence immune responses, because adiponectin depressesdaditaril Fcell activation,
while leptin stimulates lymphocyteivival and proliferationTilg and Moschen 2006)
Concerning the mechanisms by which adaptive immunity may contribute to sustain hepatic
inflammation in NASH our experiments using mice immunized with MDA adducts to
stimulate B and T cells responses éspaper 1) show that, at least in the early phase of the
disease, CD4T cells play a major role. In particular, the combined use of immunization and
CD4" T-cell depletion with specific antibodies demonstrates that the productleiNef a n d
CD40 ligand(CD154) by Th-1 activated CD4 T-cells is responsible for stimulating M1
activation of hepatic macrophages. On their turn, by releasinf2 |lIROS and NO
macrophages further contributes in promoting lymphocyte functions and oxidative stress.
Interestingly Th-1 activation is also a feature of CD#-cell responses to LDL oxidation
antigens in atherosclerotic plaques (Hansson and Libby 2006) and interference with
CD40/CD154 dyad reduces adipose tissue inflammation in obese Roggi(and others
2011). On the same vein, IFd def i ci ency attenuates steatoh

mice feed with a MCD diet (Lou and others 2013). The relevance of these findings in relation
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to the human disease is supported by the observatiobdtiepaediatric anddallt NASH are
characterized by an increase in circulating 4-Nroducing CD4 T-cells in conjunction with

an enhanced liver I e x p r Iezaugaratamd other 2011; Ferreyra Solari and others
2012). Although data in obese mice indicates thatedll depletion reduces fat inflammation
(DeFuria and other 2013), so far little is known about the role in humoral immunity in NASH.
In this later respect, our preliminary data indicate that in M&@Dmice the presence ahtt

MDA IgG is associated with Ilg@eposition within the inflammatory infiltrates suggesting the
possibility that these antibodies may contribute to hepatic damage by inducing antibody
dependent cytotoxicity or complement activation that in turn promote macrophage responses.
Indeed, Renseand ceworkers (2009) have recently reported that extensive deposition of
complement fractions in liver biopsies form NASH patients is associated with increased
hepatocyte apoptosis, granulocyte infiltration and higher liver expressionldf, IllL-6 and

IL-8 mRNAs. Thus, it is possible that humoral responses triggered by lipid peroxidation
derived antigens might have a role in NASH pathogenesis.

As discussed above Th responses appears an important factor in driving hepatic
inflammation in NASH by stimulating macrophage M1 responses. However, in paper 3 we
report that this inflammatory pattern predominates only during the early phases of NASH,
while upon the disease progression the development of fibrosis is associated to with a down
modulatbon of macrophage M1 activation. In parallel, we have observed that advanced NASH
is characterized by an increased prevalence of enlarg&tiéat macrophages often forming
small aggregates or crowike structures around fat droplets. Macrophages wisimilar
morphology are also evident in liver biopsies from NASH patients (Rensen and others 2009:
loannou and other 2013; Itoh and others 201 munohystochemical studies in human liver
biopsies have shown that theseléaten macrophage contain cestierol crystals and express
leucocyte activation marker CD11b and CD11c along with INFand myel oper o X
suggesting pranflammatory capabilityfRensen and others 200@annou and other 2013;

Itoh and others 2033 Our results confirm the origin dht-laden macrophages from
circulating Ly6C"9"CCRZ2 inflammatory monocytes. However, in spite showing an up
regulationof TNFU, t hese cell s al so di splidlgnmatory i ncr e .
cytokines annexin A1 (AnxAl) and {L0. This latereffect can be particularly relevant in

relation to the changes in hepatic inflammatory pattern, as we have previously shown that liver
AnxAl levels are progressively increased during the progression of NAS8tatelli and

others 2014). AnxAl is a 37 kDacalciumphospholipidbinding protein that is expressed in
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myeloid cells in response to glucocorticoide(retti andD'Acquisto2009). By interacting
with its receptor formyl peptide receptdt.poxin Asreceptor (FPR2/ALXANXAL promotes
IL-10 production and dowregulates macrophage secretion of-pritammatory mediators
such eicosanoids, NO and-@_(Coorayand others 2013)Thus, we propose that the increased
release of AnxAl and H10 by enlarged lipidaden macrophas canact in an
autocrine/paracrine loop downodulating M1-polarized responses in advanced NASH.
Accordingly, we have recently reported that the inductioNASH in AnxAl-deficient mice

is characterized by enhanced lobular inflammation due to increasephage recruitment
and the exacerbation of the M1 phenot{ipecatelli and others 2014).

It is noteworthy that, in spite the decline of macrophage M1 responses, hepatid TNF
production remains sustained even in advanced NASH where it parallelstpameth injury.
The results of paper 2 give a possible explanation for this apparent paradox. As mentioned
above, the progression of NASH is in fact associated with hepatic infiltration gERIX
expressing monocweerived inflammatory dendritic cells @DCs) that are characterized by
an increase secretion of TNF. I'n this context:$domor MaEHS t r eat
selectively interferes with the uggulation of CXCL1/CX3CR1 dyad associated with the
progression of steatohepatitis and blocks teeetbpment of TNRJ-producing CX¥CR1"9"
moDCs. This indicates that GBL1/CX3CR1 signaling might have an important role in the
differentiation of inflammatory monocytes to moDCs. Furthermore, the use of NaHS allows
defining the contribution of moDCs isustaining hepatic inflammation during NASH
progression. In fact, NaHS treatment prevents further elevation of transaminase release in the
animals maintained on the MCD diet, demonstrating tha{GR{" moDCs can contribute to
the evolution of steatohepatitis not only through the stimulation of immune responses (Henning
and others 2013), but also by directly sustaining hepaticONFp r oduct i on. Thi s |
the observation that TNB-producing dadritic cells sustain hepatic inflammation in other
experimental models of liver injuryConnolly and others 2009) as well as during gut
inflammation Rivollier and others 2012)

A further aspect of cell interactions that characterize the progressidA®i involve
NKT cells. Indeed, NKT expansion is one of the features of advanced NASH in both humans
and rodents, while mice deficient in NKT cells show lower hepatic inflammation and fibrosis
than while type littermates (Syn and others 2010; Tajiri ahdret2009). We have observed

that an increase in hepatic NKT cells is associated with the worsening of steatohepatitis in
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immunized MCDfed mice, as opposed to NKT cell depletion present in similarly treated naive
animals, further supporting the contritaurt of NKT cells to NASH progression. Changes in
the macrophage production of CXCL16, a chemokine specifically involved in NKT cell
recruitment along with increased hepatic levels et8 have been proposed to modulate NKT
pool in NASH (Kremer and othe2010;Wehrand others 2013)We have observed that-IL

15 is selectively upegulated in immunized MCied mice concomitantly with stimulation in
NKT cell recruitment, while CD4T cell ablation significantly lowered the intrahepatiels
MRNA. This suggsts that THL responses might promote the expansion of hepatic NKT cell
pool through 1:15 upregulation, which, in turn, can participate to the evolution of NASH.
At present, the mechanisms by which NKT cells contribute to liver injury in NASH dre stil
poorly understoodSyn and ceworkers (2012) have proposed thasteopontin (OPN)
generated by NKT cells can contribute to fibrosis in NASH. Amegulation in liver OPN is
evident in either humans and rodents with advanced NASH and others 2011; 8yand
others 2012;Locatelli and other 2033 while OPNdeficient mice are protected against
steatohepatitis and fibrosis induced by feeding the MCD 8gdtdi and others 2003yn and
others2011). In our hands, hepatic OPN content is specifically asee in MCDfed
immunized mice in concomitance with NKT cell recruitment and @Rpressing NKT cells

are evident in the livers of these animals. Thus, OPN might account for the stimulation in
collagen deposition that is evident in these animals as OPibébadas been shown to directly
stimulate collagen synthesis by hepatic stellate cells (HSCs) (Urtasum and others 2012) and to

promote ductular reactioM{ang and other 2014)
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10Concl usi ons

The data presented indicate that immune responses triggeredidayivex stress
derived antigens can contribute to the progression of experimental NASH by promoting the
Th-1 activation of CD4T-lymphocytes that, in turn stimulates macrophage M1 responses and
liver NKT cell recruitment. Tiese data along with the observations in humans support the
possible contribution of adaptive immunity in the mechanisms leadiNg\E.D evolution.
Nonetheless, NAFLD progression to fibrosis is a complex process that involves
multiple interactions betweemflammatory cells. In particular, we have observed that
macrophages progressively increase their number during NASH progression and change their
phenotype and morphology. This associates with the dowafulation of M1 activation and
the emergence of irdmmatory dendritic cells that sustain inflammation during the advanced
stage of the disease and likely promotes further expansion of adaptive immune responses.
Altogether, these results represent a good starting point to investigate in more detail how the
interactions between innate and adaptive immunity accounts for thénidigdual variability
in the evolution of NAFLD/NASH. Furthermore, the results obtained with sulphide donor open
the possibility to test these compounds as possible novel treattoemtntrol NASH

evolution.
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