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FIRST YEAR RESULTS’ SUMMARY

During the first year of the PhD program in Scieacel Medical Biotechnologies, | demonstrated
that NASH evolution is characterized by complexrges in the differentiation pattern of the cells
derived from monocytes infiltrating the liver. lmpicular, upon the disease evolution to fibrosis,
hepatic macrophage responses are more diversidgedy6C'9" macrophages decline in parallel
with the down-modulation of M1 activation markevghereas a subset of monocyte-derived cells
expressing CXCR1 and showing features of monocyte-derived d@odrells become prevalent.
These changes involve in one side the switch frg@cl. inflammatory macrophages into a Li6c
phenotype that characterizes the re-modulationepftic inflammation during the progression of
NASH to fibrosis. These cells show an intermedatenotype between that of inflammatory and
“atypical” cells and might share similarities wi@D14/CD16" macrophages observed during the
progression of human chronic liver disease.

On the other side, NASH progression is associaii#itl tve monocyte differentiation to GRR1-
expressing inflammatory DCs. These cells not omy contribute to stimulate immune responses
(1), but also directly sustain hepatic injury andflammation through an elevated TNF-
production. These results are consistent with reeeidences indicating that under inflammatory
conditions, infiltrating monocytes can differenéianto a special sub-set of inflammatory dendritic
cells (moDCs), characterized by the co-expressiobodh dendritic and monocyte/macrophage
surface markers and by high production of inflanmonamediators combined to an efficient antigen
presenting activity (2).



INTRODUCTION

NAFLD/NASH epidemiology.

Non-alcoholic fatty liver disease (NAFLD) is becomithe most common form of liver injury
worldwide in relation to the diffusion of overweigand obesity. Indeed, obesity is considered one
of the main causes of the so ‘called metabolic symé’, a cluster of related clinical features that
include insulin resistance, dyslipidemia and hygeston which is the major risk factor in the
development of type 2 diabetes and cardiovascusaades (3). NAFLD is chemically defined as
fat accumulation in the liver exceeding from 5%-10% organ weight or by histological detection
of more than 5% of hepatocytes containing visibleaicellular triglycerides as single large droplet
or as smaller, well-circumscribed droplets admixéth cytoplasmic contents (4, 5). Due to the
growing diffusion of obesity, NAFLD is consideredet most frequent hepatic lesion in western
countries and its prevalence ranges from 3 to Ib#%e general population, but reaches up to 70%
among overweight individuals. Even if hepatic steat is often benign, about 15-20% of patients
affected by NAFLD develop non-alcoholic steatoh&gafNASH), characterized by hepatocellular
damage and lobular inflammation that often evobeekepatic fibrosis, cirrhosis and hepatocellular
carcinoma (6).

Mechanisms leading to hepatocyte injury in NASH

A critical aspect in studying the pathogenesis &FND/NASH is determined by the incomplete
understanding of the mechanisms responsible foptbgression from simple steatosis to NASH.
This aspect is very relevant because parenchynmaga and inflammation typical of NASH are
the factors determining the evolution to fibrosigl airrhosis. The clinical and social relevance of
NAFLD and NASH and their continuous growth worldeiave stimulated a number of studies to
clarify the mechanisms leading to the disease tergit to develop effective treatments able to
block the evolution of the disease (7).

Several studies indicate that fat accumulation iwithepatocytes is determined by insulin-
resistance. Indeed, subjects with NAFLD are inswisistant at the level of: muscle because they
have reduced glucose uptake; liver because thewpiexmpaired suppression of hepatic glucose
production; and adipose tissue because they shglw lipolytic rates and increased circulating
FFAs (8). The latterby flowing through the portal circulation, reachethver, where promote
triglycerides synthesis within the hepatocytBenetheless, additional factors can contribute to
steatosis, in particular an increased dietaryritdkie, an enhanced de novo lipogenesis (DNL), a
decreased FFAs oxidation and an impaired hepapic ltransport through very-low density
lipoproteins (VLDL) (3). Furthermore, NAFLD subjscexhibit changes in the adipokine pattern
that influence lipid metabolism as leptin and rsistimulate FFAs oxidation and favour hepatic
fat, while adiponectin has an anti-inflammatoryiatgt and improves insulin sensitivity. This
imbalance promotes hepatic fat accumulation (9kulin resistance, FFAs, and cholesterol
accumulation within the hepatocytes cause mitochahdysfunction characterized by increased
mitochondrial dimensions, presence of crystallimausions and impaired electron transport chain
enzyme activity.Furthermore, alterations in the mitochondrial el@tttransport chain are an
important source of reactive oxygen species (R@%)Xurn, ROS-dependent lipid peroxidation
promotes a self-sustaining loop that leads to @&rtimitochondrial damage and causes
mitochondrial DNA (mtDNA) mutations (10).

In the recent years, increasing evidences indiaatele for the direct toxicity of circulating free
fatty acids (FFAs) and their metabolites in causamgloplasmic reticulum (ER) stress and cell
death, a phenomenon known as lipotoxicity (11, 12Jeed, hepatocyte incapability to esterify
such an excess of FFAs triggers endoplasmic reticustress and JNK1/2 activation (12, .13)
Accordingly, JNK activation is evident in liver lgsies from NASH patients and pharmacological



or genetic JNK inhibition prevents lipotoxicity mtro and ameliorates steatohepatitis in rodent
models of NASH (13, 14).

Inflammatory mechanisms in the progression of NASH.

Inflammation, along with hepatocyte damage, isrfan feature of the progression from simple
steatosis to steatohepatitis through molecular em@sms closely linked each other. Several factors
have been proposed to contribute to the onset ftdmmatory responses. Pattern-recognition
receptor, including Toll-like receptors (TLRs), ¢tabute to the pro-inflammatory responses in fatty
livers (15). TLRs responses can be activated iy atids and lipid peroxidation products and, in
turn, the signal pathways associated to TLR stitrarlaactivate NF-kB-mediated production of
TNF-o and IL-6 by hepatocytes that trigger Kupffer cétisecrete inflammatory mediators, which
recruit to the liver other phagocytic cells (16).

Although many observations indicate that severalipflammatory mechanisms operate in NASH,
the overall picture is still rather confused. Inrtgaular, the reason why only a fraction of the
subjects with steatosis develops chronic hepati@immation remains unclear. Inflammatory
reactions result from the interplay between innatel adaptive immunity. The first comprises
physical and chemical barriers, humoral factoranfgement and interferop)y, phagocytic cells
(neutrophils and macrophages) and lymphocytic ¢abgural killer and natural killer T cells) that
recognize invading pathogens as well as tissueyinguoviding a rapid response that recruits
immune cells to sites of infection and activates #pecific response of the adaptive immune
system. Adaptive immunity is activated when theatenor non-specific immune system cannot
efficiently destroy the foreign organism. There e types of specific immune response: humoral
mediated by B cells that are able to produce adié@sorecognizing antigens and cellular mediated
by T lymphocytes (17). Available evidence suggés#s adaptive immune responses are prevalent
in NASH and mainly involves macrophages.

Macrophage responses represent an important factoNASH evolution. Resident liver
macrophages, also known as Kupffer cells, repreabatt 20% of non-parenchymal cells in the
liver. Upon activation by bacterial antigens, sasHipopolysaccharides, Kupffer cells modulate the
activation of various immune cells including detidricells, T lymphocytes and neutrophils. It is
well known that the behaviour of macrophages istogieneous, depending on the different
environmental setting (18). Their activation ranfgpetween two separate polarization states: the
“classically activated” pro-inflammatory M1 and tHalternatively activated” anti-inflammatory
M2 states (19). Pro-inflammatory mediators (TLRahgs and IFNY induce M1 polarized
macrophages while M2 polarized macrophages areedlby IL-4, IL-13, immune complexes and
glucocorticoid hormones and are characterized byptioduction of anti-inflammatory cytokines.
Under physiological conditions, Kupffer cells digpla prevalent M2 differentiation and some
evidences suggest that a M2/M1 polarization shifjhtnoccur in the liver during the evolution
from NAFLD to NASH (46).

Studies using different mice models of chronic diigury have shown that circulating monocytes
are the precursors of infiltrating macrophagesnjured livers, that further contribute to drive
lobular inflammation and fibrosis (20, 21). In mias in humans, circulating monocytes can be
distinguished in different subsets on the basiantigens and receptors exposed on the cell surface.
Inflammatory monocytes are characterized as INBQGr1"9")/ CCR2"9"CX3CR1Z in mice and
CD14'/CD16 in humans and migrate to tissues in the early @hasthe response to injury
producing pro-inflammatory mediators (22, 23). Acaed population defined as LyGGrl)/
CCR2/ CX3CRTI in mice and CDI4CD16" in humans has less characterized functions and
appears to contribute in promoting tissue heal2®y @4). Accordingly, Kupffer cell depletion or
interference with monocyte recruitment prevent tiepajury and inflammation in experimental
models of NASH (25, 26). However, the phenotypehef monocyte-derived cells responsible for
the evolution of chronic liver diseases, includM@gSH, are still incompletely characterized.



Growing evidence indicates that infiltrating montesycan also differentiate into dendritic cells (2)
Liver DCs are a heterogeneous population of speetbone marrow-derived cells responsible for
antigen presentation to lymphocytes. DCs are slyadsstributed through the liver, and they are
primarily found in the portal regions and occaslbna the parenchyma (31). In healthy livers,
dendritic cells represent a small fraction of n@amgmchymal cells and can be divided into two main
functional classes as classical (cDCs) and plasto@c{pDCs), this latter representing the majority
of hepatic DCs (32). DCs in healthy livers dispapredominant immature tolerogenic phenotype
characterized by a low capacity to endocytose antigand to stimulate T-lymphocytes combined
with a high production of interleukin-10 (IL-10)3334). However, recent studies have evidenced
that hepatic DCs greatly expand following chroivel injury in combination with a stimulation in
their antigen presenting activity and the releaspro-inflammatory cytokines (35, 36). In these
conditions infiltrating monocytes can also diffetiate into monocyte-derived inflammatory
dendritic cells (IDCs) that co-express both demdahd monocyte/macrophage surface markers and
produce large amounts of inflammatory mediators3@),. These cells co-express both DC and
monocyte/macrophage surface markers and show a grggfuction of inflammatory mediators
combined with an efficient antigen-presenting attiy2). Interestingly, the pro-inflammatory and
immunostimulating functions of hepatic DCs appessoaiated with a cell sub-set with high lipid
content (38).

Nevertheless, a detailed characterization of he@a@s implication in the mechanisms leading to
chronic liver injury is hampered by their still pgohenotypic characterization as well as by thd dua
suppressive or activating actions that these callshave on immune and inflammatory responses
within the liver (32). Experiments using the MCD aebof NASH have evidenced that hepatic DCs
expand and mature in the early phases of the disssasacquire an immune-stimulating phenotype
(35). Such activation likely relates to the actigatof both humoral and cellular immune response
in NASH (1). However, the specific features of NA&Bkociated DCs have not been characterized
in details.



Aims of the study

Aim |

During the first year of Doctorate, | demonstratbdt NASH progression is associated with
monocyte differentiation to CGYCR1-expressing inflammatory DCs. These cells ndy aan
contribute to stimulate immune responses (1), Hsb alirectly sustain hepatic injury and
inflammation through an elevated TNFproduction (39). Based on these results, the relsea
activity of the second year was addressed to egplos topic to better understand the role of this
DC sub-set in the evolution of the pathology.

Aim 1l

Recent studies have pointed out that hepatic mhaggs in human NASH, but not in patients with
simple steatosis often cluster around lipid drapligrived from dead hepatocytes forming crown-
like aggregates similar to those present in thiainéd visceral adipose tissue of obese patients (27
28, 29). These macrophages appear enlarged andircdipid vesicles and cholesterol crystals
resembling foam cells of atherosclerotic plaquéy.(terestingly, clusters of foamy macrophages
are also evident in several mice models of expearisleNASH in association with lobular
inflammation and hepatic fibrosis (29, 30).

As growing evidence indicates that lipid accumolatin macrophages of either adipose tissue or
liver promotes pro-inflammatory responses and psithese cells to lymphocytes recruitment (40,
41), the aim of this study was to investigate theertype and the possible role of foamy
macrophages in modulating lobular inflammation dgiihe evolution of steatohepatitis to fibrosis.

Experimental model

To these aims, we used an experimental model afatepatitis induced by feeding mice with a
methionine-choline deficient (MCD) diet that, initepit is different in its pathogenesis by human
NASH, allowed us to follow hepatic chronic inflamtiwa up to the development of overt fibrosis
(42).



Experimental procedures

Animal and Experimental protocol. Eight-weeks-old male C57BL/6 mice were purchafed
Harlan-Nossan (Corezzana, Italy) and fed for 4 are@ks with either methionine-choline deficient
(MCD) or control diets (Laboratorio Dottori Piccipisessate, Italy). In some experiments, 4 weeks
MCD-fed mice received NaHS (1mg/kg body wt) daity further 4 weeks while continuing on
their deficient diet. The experimental protocolgevapproved by the Italian Ministry of Health and
by the University Commission for Animal Care follmg the criteria of the Italian National
Research Council.

Biochemical analysis. Plasma ALT and liver triglycerides were determirgdspectrometric kits
supplied by Gesan Production s.r.l. (CampobellMdzara, Italy) and Sigma Diagnostics (Milano,
Italy), respectively. Circulating TNE-levels were evaluated by commercial ELISA kits #digal
by Peprotech (Milano, Italy) and R&D Systems (Aldong, UK), respectively.

Histology and immunohistochemistry. Steatosis and lobular inflammation were scorehdbl
according to Kleiner et al. (43) in hematoxilin/gostained sections. Necro-inflammatory foci and
apoptotic cells were counted as reported in (1¢lla@en deposition was evidenced by Sirius Red
staining. Liver macrophages and activated hep#gitate cells were evidenced in formalin-fixed
sections using, respectively, anti-mouse F4-80 de®ence, San Diego CA, USA)-smooth
muscle actind{-SMA), and CD68 antibodies (Labvision, Bio-Optiddilan, Italy) in combination
with peroxidase-linked goat anti-rat IgG and hasdish peroxidase polymer kit (Biocare Medical,
Concord, CA, USA). F4/80 ar-SMA-positive cells were counted in ten diferentroscopic fields
(magnification x20). AnxAl producing cells were elged using specific antibodies from Zymed
Laboratories-Invitrogen (Carlsbad, CA, USA). Hepatllagen deposition was evidenced by Picro-
Sirius Red staining. Immunofluorescence doublenstgi were performed in frozen mice liver
sections using fluorescein-labelled annexin V (RoBliagnostics, Penzberg, Germany) and Texas
Red-labelled goat anti-rat IgG antibodies (Sigmdai Italy).

mMRNA extraction and Real time PCR. Liver RNA was retro-transcripted with High CagpcDNA
Reverse Transcription Kit (Applied Biosystems HalMonza, Italy). RT-PCR was performed in a
Techne TC-312 termalcycler (Tecnelnc, Burlington, NNBA) using TagMan Gene Expression
Master Mix and TagMan Gene Expression probes fousaeolNFe, IL-1B, IL-12p40, CD11b,
CX3CL1, CXCR1, CCL2, CCR2, INOS, arginase-1, MGL-1, {OR1, al-procollagen, TGHL,
a-SMA and beta-actin (Applied Biosystems Italia, Manltaly). All samples were run in duplicate
and the relative gene expression calculated s ®as expressed as fold increase over control
samples.

Intrahepatic mononucleated cell isolation and flow cytometry analysis.  Liver mononucleated cells
were isolated from the livers of naive and MCD-fedce and purified on a density gradient
(Lympholyte®-M, Cedarlane Laboratoires Ltd. Burliog, Canada) as described in (44). Cells
were then washed with Hank’s medium and incuba@ohi® with de-complemented mouse serum
to block unspecific immunoglobulin binding. The Iselvere then stained with fluorochrome-
conjugated antibodies for CD45, CD11b, Ly6C, CD1M¢{CII (eBiosciences, San Diego CA,
USA), F4-80 (Invitrogen, Abingdon, UK) and G&BR1 (R&D System, Minneapolis, MN, USA)
and analyzed with a FACScalibur (Becton Dikinsorariklin Lakes, NJ, USA) flow cytometer
following prior gating for CD45 and the absencecell aggregates. Intracellular staining for TNF-
and IL-12, was perfomed using specific fluorochrecnejugated antibodies supplied by
(eBiosciences, San Diego CA, USA). Intracellulaairgihg for TNFe, IL-12, and IL-10 was
perfomed using specific fluorochrome-conjugatedbaalies supplied by (eBiosciences, San Diego
CA, USA). AnxAl-producing cells were detected usagolyclonal anti-AnxAl rabbit antiserum



(Millipore, Temecula, CA, USA) and phycoerythrinmgogated anti-rabbit IgG (Sigma-Aldrich,
Milan,Italy).

Isolation and purification of liver macrophages. Liver macrophages were isolated from the livdrs o
either controls or MCD-fed mice by collagenase yp&dn according to Froh et al. (45) and purified
using biotinylated anti-F4/80 antibodies (eBioscesy San Diego CA, USA) and streptavidin-
coated magnetic beads (Miltenyi Biotec, Germanyll Gurity, as estimated by flow cytometry
following immunostaining for CD45 and F4-80, wasoa® 85%. The cells were processed for
MRNA extraction using ChargeSwitch® Total RNA Qeil (Invitrogen, Frederick, MD, USA).

Data analysis and dtatistical calculations. Statistical analyses were performed by SPSS stalist
software (SPSS Inc. Chicago IL, USA) using one-wwdOVA test with Tukey’s correction for
multiple comparisons or Kruskal-Wallis test for Aparametric values. Significance was taken at
the 5% level. Normality distribution was prelimigaassessed by the Kolmogorov-Smirnov.



Results |

DC expansion during the evolution of steatohepatitmainly involve a pool of CCR1
inflammatory moDCs.

As mentioned before, NASH progression is associatéti an increase in CCR1-positive
monocyte-derived DCs producing TiKEFig. 1). To better characterize the DC sub-satslved
during the evolution of the pathology, we analyzbd plasmocytoid and lymphocytoid pools.
Interestingly, we observed that CDIAdHCII*/B220" DCs and CD11¢MHCII*/CD8" were
significantly decreased (Fig. 1), suggesting th& &pansion occurring during the evolution of
steatohepatitis mainly involved GER1"9" inflammatory moDCs (2).
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Fig. 1: DC expansion during the evolution of NASHnvolve a pool of TNFe-producing CX3CR1* moDCs. Mice

fed on a control or an MCD diet for 8 week&) (The proportion of TN&-producing CX3CR1cells was evaluated by
flow cytometry in control and NASH liversBj CD11¢'9MHCII* hepatic DCs were characterized for the expression,
respectively, of the plasmocytoid and lymphocytBi@ markers CD8a and B220 in either control or NABiérs.
Quantitative data were from four to five animals geup.



The increase of TNFe levels parallels with a decrease in M1 macrophagivation markers.

M1 activation of hepatic macrophages has been shimwbe an important factor in driving
inflammation in NASH through the production of TNFand other pro-inflammatory mediators
(46, 40). However, advanced steatohepatitis is actarized by a lowering of M1 activation
markers as compared with early NASH (Fig. 2). Thdracellular TNFe content of
Ly6C"9"/CD11b/F4/80° macrophages also peaked in early NASH and substiyuiecreased in
more advanced disease (Fig. 3). Yet, a steadytedevia both the hepatic mMRNA and serum levels
of TNF-o was evident during NASH progression (Fig. 3) ane individual levels of circulating
TNF-a positively correlated with transaminase release82; p = 0,035).
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Fig.2: Advanced steatohepatitis is characterized by lowering of M1 activation markers. Mice were fed with
either control or methionine-choline deficient (Mdlet over a 4 or 8-week time period)(The hepatic expression of
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group.
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Effect of treatment with NaHS on C3CR1-positive moDCs associated with the progressabn
steatohepatitis.

Previous studies have shown that the genetic amdnacological interference with GER1
ameliorates the evolution of atherosclerotic plag{88, 2). In this context. Hydrogen sulfide&)
has been reported to improve atherosclerosis byeptig the up-regulation of GEL1/CX:CR1

in monocyte/macrophages exposed to pro-inflammasgtnguli (2). As CXCR1-expressing DCs
are already present in healthy livers (Fig. 4)suibsequent experiments we sought to investigate
whether the treatment of mice with the »SHdonor sodium sulfide (NaHS) might selectively
influence the development of GER1I" moDCs in MCD-induced steatohepatitis. Preliminary
analysis showed that chronic administration of Ngli®g/kg of body weight) did not influence
transaminase release and hepatic inflammation msaikecontrol mice (results not shown). In
subsequent experiments, mice fed for 4 weeks onMB® diet received daily NaHS while
continuing on the diet up to the eight week. Insthanimals, we observed that NaHS ameliorated
CX3CL1 and CXCR1 mRNA up-regulation (Fig. 4), without interfeginvith that of CCL2, CCR2
or CD11b (Fig. 4). NaHS supplementation did not ifyothe hepatic pools of inflammatory
macrophages and of DCs , but halvedsCRR1 expression in F4/8®r CD11&9" cells (Fig. 5). In
particular, NaHS treatment selectively reduced flaction of CXCRI"9"F4/80/CD11¢""
moDCs (Fig. 5).

Furthermore, NaHS decreased intracellular TdNEvels as well as the fraction of ThHproducing
cells (Fig. 6). In line with this, hepatic TNEMRNA and circulating TNFe: levels were lowered in
NaHS-supplemented mice (Fig. 6). NaHs treatment dwat appreciably influenced the
histopathological scores of steatosis (2.3 = O.8mared with 1.8 £ 0.4; p = 0.1) and lobular
inflammation (1.7 + 0.6 compared with 1.6 + 0.55®.8). However, it significantly reduced the
number of necrotic foci and apoptotic cells (Fig, nd also prevented further elevation of
transaminase release in the animals maintainedhenMCD diet (Fig. 6), indicating that the
sustained production of TN&-by CXsCR1" moDCs contributed to hepatocellular injury in
advanced NASH. Although TNFproducing DCs have also been implicated in prongptiepatic
fibrosis (37), in our hands, treatment of mice wNaHS did not appreciably affectewll-
procollagenp-SMA and TGFB mRNAs as well as collagen staining with Picroi&rRed (Fig. 7).



10

103

6C

102

Ly

>

Contrql

g g = Tt
! 10! 10? -
® ¥ CD11c 21
) ] x
Qf 0% O _®
$§ %§ / é :
o = \ "E Qmu 10!
‘““ 55% 46%
S L
By
~'z
L
=0 10! 10? e 10
CD11¢c
B 1 Cont I \CD 8w
Liver CX30R1 mMRNA 1 Liver CX5CL1T mRNA
© 5 R _ p<00s
T 6 3
= S A
E 4 p=0.05 p= 1
= 14
% 5 ] p<0.001 @ o @
J I i
e == 0<0.001 é p00t L]
0 — = 0 T . : .
Naive NaHS Naive NaHS
Liver CCL2 mRNA 5 Liver CCR2 mRNA
4. -
& 3 g
g p<0 05 2 @
[&] R |
c 21 &‘Q p=0.001 p<0.001
< j
£ 1 I‘::I &\ ! % El
0 T 0 T

Naive  NaHS Naive NaHS

Fig. 4: Effects of hydrogen sulfide on CX¥CR1*" DCs in NASH. Mice were fed with a control or an MCD diet and
liver CD45" mononucleated cells were analyzed by flow cytomettaHS (1 mg/kg) was administered to MCD-fed
mice starting from the fourth week of dieA)(CD11¢9MHCII* hepatic DCs were characterized for the expression
inflammatory monocyte markers F4/80 and Ly6C andhat of CxCR1. The percentages indicate the proportion of
cells gated as CD11#/MHCII*, with quantitative evaluation from 4 animals pesup. B) The hepatic expression of
CXsCL1, CXCR1, CCL" and CCR2 was evaluated by reverse trgtgmm-PCR in mRNA extracted from control of
MCD-fed mice woth or without NaHS supplementati®esults are expressed as fold increases over tg¢Qoot)
values after normalization to tifeactin gene and are from 6 to 9 animals per grboges include the values within the
25" and 7% percentile, whereas the horizontal bars reprebentedian. The extremities of the vertical ba¥" (190"
percentile) comprise 80% of the values.



A MCD 8w/ MCD+NaHS F4-80*/CD11%cells

151
101
5 1
0

MCD MCC+NaHS

CD11b
Yh ot CD45" cells

D

CD11cM9M cells

—
o

—_
[an]

(8]}

% of CD45* cells

’/’///%1

w MCD  MCD+NaHS

CX;CR1M9n/CD11C"9h cells

N
<

p<0.005

| B

MCC+NaHS

Y
(8]

MCD 8w + NaHS

on

(o]

% of F4-80+/CD11cNon cells
o

\J

] ot I MCD 8w
R (RRa e ama ¥ fOSSy MCD 8w + NaHS
cD11c —>»

Fig. 5: Treatment of mice with the S donor NaHS reduces hepatic C3CL1 expression and CXCR1-positive
monocyte derived DCs associated with the progressi@f NASH. Mice were fed on an MCD diet for 8 weeks NaHS
(1 mg/kg) was administered to MCD-fed mice startiragn the fourth week of dietA(B) Intrahepatic mononucleated
cells were analyzed by flow cytometry for the exgsien of the macrophage marker F4/80 and the D&en&D11c.
The results are from 3-4 animals per group) Changes in the distribution of GER1"9" moDCs following NaHS
supplementation of MCD-fed mice. The percentagdi&ate the proportion of cells gated as FA/8D11¢"%", Results
are from three or four animals per group.



A MCD 8w

g B MCD 8w
g e MCD 8w + NaH$
8 - F4-807/TNF-u* cells
r'y E =1 a0
: 2] w p>0.05
3 jg%*\ $20
a1 < 2 o
3 R n N
& w10
=]
MCD 8w + NaHS = =
g I o3, 0 N
10! 102 10° 10¢
- TNF-a MCD  MCD-NaHS
g
¥ B
2 3 TNF-a mRNA Serum TNF-a
v 30 1
° " o MCD 150
oy
S 20 ]
g p>0.001 £ 100, p>0.001
o f———--omcm &
w101 / NaHS 50 @
C . l
MCD 8w 0 - A o 0 T .
T IR R PR °© W w MCD  MCD-NaHS
Q:-‘I,‘;z., ‘}‘r_‘- ..‘p o A "f-"?ﬁ,‘k’,‘ i MCD
= ._-.g.-g ) q:.
K R A A BN D
' 8 1 Focal necrosis 6, Apcptosis
4 L] u_ 5 ™
w6 oo E
£ . p>0.05 £ 4] _teeee .
£ 4] —v—— . o 3 ** prp03 "
L§ [T XL] — HEE 8 2 111
2 : L 1] 1 .
0 T . 0 T T
MCD  MCD-NaHS MCD  MCD-NaHS
ALT release
4001
{ MCD
3001
5 /p>0.o1
2001 f ————— § mcD+
NaH$S
1004
ol —*% : :
To Ay 8w

MCD

Fig. 6: Treatment of mice with the S donor NaHS reduces TNFe production and improves hepatic injury
during the progression of steatohepatitis. Mice were fed with MCD-diet for 8 weeks. NaHS (lg/kg) was
administered to MCD-fed mice starting from the fbuwveek of dietA) TNF-u expression and the relative prevalence
of liver F4/80/ TNF-a* cells was evaluated by flow cytometry. Results faoen three or four animals per group.
Isotypic controls are shown as broken lin®. lepatic TNFee mMRNA and circulating TNFe levels were evaluated in
MCD-fed mice with or without NaHS supplementatidover TNF-« mRNA levels were measured by reverse
transcription-PCR and expressed as fold increase anntrol values after normalization to fhactin gene. Circulating
TNF-a levels were determined by ELISA in the same arsi@ésults are from 6 to 9 animals per group; vaxeude
the values within the 25and 7% percentile, whereas the horizontal bars repretsenmedian. The extremities of the
vertical bars (10 - 90" percentile) comprise 80% of the value€-[§) Liver histology was evaluated in
hematoxylin/eosin-stained sections from controMD-fed animals (Magnification 200x). Necro-inflaratory foci
and apoptotic cells were counted as described )n €2Liver damage was assessed by circulating radani
aminotransferase (ALT) release.



1 Cont [ MCD 8w
A
R Liver procollagen-1a mRNA
©
o 2 p<0.001
Q
£ 20 —
o N
3 N
10 p<0.001 o
s | =
0 T T T T
Naive NaHS
B |
71 Liver a-SMA mRNA
6 i
25 _';Q
N N
2 \\\\
2 I
2 2 1
p<0.01
"= —1p001
O T T T T
Naive NaHS
C 1 Liver TGF-p1 mRNA
o ]
g 2
o AN
g | SRS
5 J_ p<0.001
o 4 -
- ;%l o [

Naive

Fig. 7: NaHS treatment don’t prevent hepatic fibross during the progression of NASH.(A) Liver procollagen-i,
a-SMA and TGFB1 mRNA levels were measured by reverse transcriiGR and expressed as fold increase over
control values after normalization to tieactin gene. Boxes include the values within th& aBd 79 percentile,
whereas the horizontal bars represent the mediam.eXtremities of the vertical bars (1:090" percentile) comprise

" NaHS

A A

.

PR R { AP e LY
*a.{‘;' - g e
Al e >l o
-5\
- *

R
Lol
' Y

o -u!.‘; | ._'_“..-;, ‘

4§3$ﬁiﬁkﬁgrf§$%§§§an

dal PR, JARIRL IR
MCD+NaHS

Y £
& 7

y

o

>

80% of the valuesB) Hepatic collagen deposition was evidenced bydP8irius Red staining.



Discussion

The results presented above indicate that DC expansccurring during the progression of
experimental NASH involves, among different DC slldar populations, a subset of gR1-
positive monocyte-derived DCs producing TMFinterestingly, the increase of TNFlevels
paralleled with the decrease of M1 macrophage aibir markers.

H.S is increasingly recognized as an endogenous toedexerting anti-inflammatory and
cytoprotective activity in several tissues incluglithe gastrointestinal tract (47, 48). In our hands
NaHS does not have a generalized anti-inflammadotipn, but specifically interferes with the up-
regulation of CXCL1/CX3CR1 dyad associated with the progression of steatutitis.
Furthermore, NaHS selectively blocks the develogn@nCXsCR1"" moDCs, indicating that
CX3CL1/CXsCR1 signaling might have an important role in théfecentiation of Ly6Co"
inflammatory monocytes to moDCs. NaHS treatmerd plgevents the exacerbation of liver injury
indicating that CXCR1" moDCs can contribute to steatohepatitis by susigihepatic TNFa
production.

In conclusion, our results also show that interfeee with CXCR1 up-regulation prevents the
differentiation of moDCs, pointing to GER1 as a possible target for the therapy of NASH.

Future perspectives.

As NaHS has not a specific anti-inflammatory effestthe CXCL1/CX3CR1 dyad we would like
to selectively block the expression of §2{ 1/CX3CR1 using more specific methods.

Since two recent papers have reported thaGR4 genetic deficiency exacerbates hepatic injury
and fibrosis induced by chronic CQfteatment and bile duct ligation, we exclude te G3GCR1
knockout mice (36, 43). In addition, since we ofedrthat about 60% of DCs in the livers of
controls animals constitutively express §OR1, is possible that genetic ablation of fractaki
receptor might affect a population of immune-retia hepatic DCs, enhancing damage-
associated inflammation. To solve this problem, pl@n to usean amino terminus—modified
CX3CL1 endowed with CY¥CR1 antagonist activityable to reduce both GER1-dependent
migration and adhesion (19in order to determine iCX3CR1 blockade could prevent the
exacerbation of liver injury in our experimental cieb of steatohepatitis.




Results Il

Experimental NASH is characterized by the presemddipid-laden macrophages.

Steatohepatitis in mice receiving the methioninelde deficient (MCD) diet was characterized by
a time dependent worsening of liver histology,Iyegride accumulation and transaminase release
that led to appreciable fibrosis after 8 weeks ofatment (Fig 1.). In these animals
immunohistochemistry for the monocyte/macrophagekeraF4/80 evidenced that the livers of
MCD-fed mice showed the diffuse presence of smélisters of enlarged and vacuolated
macrophages that were particularly evident afteregks of treatment (Fig. 1). Double staining of
frozen sections with anti-F4/80 antibodies and liped dye Oil Red O confirmed that the
cytoplasmic vacuoles contained lipid droplets (Hiyy. Furthermore a fraction of the cytoplasmic
vacuoles in F4/80cells were also stained with the apoptotic celrkea Annexin V (Fig. 1),
suggesting the phagocytosis of apoptotic bodiggraiing from dying fat-laden hepatocytes.
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Fig. 1: Morphological changes in liver macrophagesluring the evolution of steatohepatitis.Mice were fed either
with control or methionine-cholone deficient (MCBiet over an 8-week time periodd) Hepatic macrophages were
evidenced by immunohistochemical staining with -#4ti80 antibodies (magnification 40xB)( Double staining of
frozen liver sections eith the lipid dye Oil Red (ORO) and anti-F4/80 antibody (green immunofluoeese;
magnification 40x). €) Co-localization of macrophages stained with Tekex anti-F4/80 antibodies (red) and
fluorescein-labeled annexin V (green) in frozentises from NASH livers. Cell nuclei were counteaised with
DAPI. Images are representative of 3-4 distinctfgam



In line with these findings, flow cytometry analyf hepatic mononuclear cells from controls or
MCD-fed mice evidenced a steadily increase in F4@§itive cells during the progression of
NASH (Fig. 2). In parallel, we observed that amé#g80 cells the fraction of enlarged cells, as
evidenced by a high forward scatter (FSC-H) parameilso significantly increase in the liver of
animals with more advanced disease (Fig. 2). Fudharacterization of high volume macrophages
associated with NASH revealed that these cellsamdnhanced expression of leucocyte activation
markers CD11b (CD18b) and CD11c (CD18) as well a€lass Il Major Histocompatibility
Complex (MHCII) (Fig. 2). Furthermore, enlarged &@/ cells associated with NASH were
prevalently Ly6®9" in line with an origin from circulating inflammaty monocytes (Fig. 2).
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Fig. 2: Flow cytometry analysis of hepatic macrophges during the evolution of steatohepatitis. CD45
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per group. B) Expression of leucocyte activation markers CD1CB®11c and Class Il Major Histocompatibility
Complex (MHCII) among regular or enlarged F4/8lls. Dotted lines refer to isotypic controls. ®rperiment
representative of three.



The accumulation of enlarged fat-laden macrophagesiring the progression of NASH is
associated with changes in the hepatic inflammatqattern.

Previous studies have shown that lipid-laden md@agps in human NASH had pro-inflammatory
features and stained positive for myeloperoxidase@ &aNFo (27). We observed that enlarged
F4/80 cells not only express more TNFbut had also a higher production of interleukin{ll2
12), a marker of M1 activation (Fig. 3).
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Fig. 3: Enlarged macrophages associated with the advancechgses of steatohepatitis shows an increased
production of TNF-a.

CD45" mononucleated cells were isolated from the liveframice fed methionine-choline supplemented (Cannt)
deficient (MCD) diets over an 8-week time period/0" macrophages were analyzed for the production df-&Nnd
IL-12 among regular or enlarged cells. The pergahies refers to the number of cells gated as FAMBEe dotted lines
refer to the distribution of TNk and IL-12 cells in the controls. The data were from 3-4v&i$ per group.

In spite of these pro-inflammatory features, theuatulation of enlarged fat-laden macrophages
during the progression of experimental NASH wasoeissed with changes in the hepatic
inflammatory pattern. In fact, the expression ofcrongphage M1 activation markers such as
inducible NO synthase (iNOS), IL-12p40 sub-unit &XICL10 peaked in mice receiving the MCD
diet for 4 weeks and decline thereafter (Fig. 4)lime with these finding, macrophages isolated
from the liver of MCD-fed mice at different stagefsthe disease showed that iINOS and IL-12p40
MRNA levels were significantly lower in the cellbtained from mice with advanced NASH as
compared to those in the early phases of the disgag. 5). The same pattern was also confirmed
by evaluating IL-12 in F4/80macrophages by flow cytometry or by measuringutating IL-12
levels (Fig. 5). Interestingly the lowering of Il2Expression mainly involved the macrophage sub-
set with regular size (Fig. 5). On the other hamdcrophage expression of the M2 polarization
markers arginase-1 and galactose C-type lectin-GL(N/CD301) was not affected in advanced
NASH (Fig. 6). It is noteworthy that the up-regudatin macrophage arginase-1 that characterized
steatohepatitis prevalently involved enlarged déllg. 6).
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Mice were fed methionine-choline supplemented (Lontdeficient (MCD) diets over an 8-week time peli The
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Lipid-laden macrophages have anti-inflammatory capbhties.

To get more inside in the mechanisms leading to déeline of M1 responses we measured
macrophage production of anti-inflammatory protesagh as interleukin-10 (IL-10) and annexin
Al (AnxAl) that have been previously implicatedmodulating hepatic inflammation in NASH
(50, 51, 52). Flow cytometry showed that the fi@ctiof cells producing IL-10 and AnxAl
increased among F4/8Bepatic macrophages cells isolated from 8 week®NkE mice (Fig. 7).
Interestingly, the expression of both these aritaimmatory mediators was 3-7 folds higher in the
enlarged F4/80cell sub-set (Fig. 7). This suggested that AnxAfl é§_-10 released by enlarged
lipid-laden macrophages can down-regulate M1-po¢akiresponses.
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Fig. 7: Enlarged macrophages associated with the adnced phases of steatohepatitis show increased gration

of anti-inflammatory mediators interleukin-10 (IL-1 0) and annexinAl (AnxAl).

CD45" mononucleated cells were isolated from the livénsiice fed either with control or methionine-chraideficient
(MCD) diet over an 8-weeks time period\)(F4/80 positive macrophages were analyzed for the pramtuctf IL-10
and AnxAl among regular or enlarged F4/86lls. The percentages refer to the number o$ ¢glted as F4/80The
data were from 3-4 animals per group.



According to previous studies (27, 28, 29, 30)asged vacuolated macrophages with morphology
comparable to those detected in the livers of M@D-imice were also detected by CD68
immunostaining in liver biopsies from NASH patiertisg. 8). These cells were also selectively
stained with anti-AnxAl antibodies (Fig. 8), confing that also in human NASH lipid-laden
macrophages contributed to AnxAl production.

Fig. 8: Immunohistochemical detection of enlargedeflamy macrophages in human NASHFormalin-fixed sections
of liver biopsies from NASH patients were immunasta with human anti-CD68() or anti-AnxAl 8) antibodies in
combination with horse-radish peroxidase polyme(rkiagnification 20x).



Discussion

Immunohistochemical studies in human liver biopsiase shown that fat-laden macrophages in
NASH express leucocyte activation makers CD11b &idllc along with TNFe and
myeloperoxidase suggesting pro-inflammatory capedsl (27, 30). Our present data show that
beside an increased expression of CD11b and C@hlaxged macrophages associated with NASH
are prevalently Ly6C9" supporting an origin from circulating Ly8€/CCR2 monocytes.
However, despite showing a pro-inflammatory phepefythese same cells display an increased
production of the anti-inflammatory mediators anneX1l (AnxAl) and IL-10 along with a high
expression of arginase-1. Such a mixed phenotypensistent with that observed by Zigmond and
co-workers (53) in Ly6t"" monocyte-derived macrophages, which infiltrateslivier immediately
after acute injury. Interestingly, AnxAl is alsdesgively expressed by enlarged vacuolated CD68
macrophages in liver biopsies from NASH patientardbver, we observed that annexin V stains
intracellular lipid vesicles in F4/80cells, suggesting that the phagocytosis of apmptmidies
derived from dead fat-laden hepatocytes might dauti to AnxAl up-regulation. As a result of
AnxAl and IL-10 up-regulation in enlarged lipid-Bad macrophages we observed a down-
modulation of liver M1-polarized responses that mhaiinvolve the macrophages sub-set with
regular size, suggesting that AnxAl and IL-10 acian autocrine/paracrine loop affecting pro-
inflammatory responses by hepatic macrophages.

In conclusion, our data indicate that, despite rthgio-inflammatory phenotype, fat-laden
macrophages accumulating during the progressiddA8H produce anti-inflammatory mediators
suggesting their contribution in the down-modulatmf hepatic inflammation associated with the
development of fibrosis.

Future perspectives.

Growing evidence points to the importance of AnxAlhe modulation of anti-inflammatory and
pro-resolving responses in rodent models of acafearnmation (54, 55). Based on these
observations, one of the next steps aims to ineréapatic expression of AnxAl, or to develop
AnxAl analogs, to understand if they might haveoteptial for the therapeutic control of NASH
evolution. To this aim, we will first administera@mbinant-AnxAl to MCD-fed mice and we will
analyze how the treatment is able to influencepttogression of the disease and the expression of
pro/anti-inflammatory mediators.

Nonetheless, further studies are required to betiaracterize phenotype and functions of these
foamy-like macrophages in human NASH.
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