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Résumé

RESUME
Role de la cytokine inflammatoire IL-15 dans la progression de la

fibrose hépatique
Bhavesh Variya
Programme de Biologie Cellulaire
Mémoire présenté a la Faculté de Médecine en vue de I’obtention du grade de Maitre en
Sciences (MSc.) en Biologie Cellulaire

L'inflammation chronique du foie provoque une fibrose, qui prédispose au cancer du foie.
En effet, la plupart des cas de ces cancer surviennent dans les cas fibrotiques. Différentes
cellules immunitaires, en particulier les cellules NK et les macrophages ainsi que diverses
cytokines et chimiokines contribuent a la progression de la fibrose et a sa résolution.
L'interleukine-15 (IL-15) est une cytokine pro-inflammatoire produite principalement par
les cellules immunitaires en réponse a des stimuli immunitaires innés. Elle est nécessaire
pour l'infiltration de cellules immunitaires dans le foie. Cependant, le rdle exact de I'IL-
15 dans I'homéostasie du microenvironnement du foie reste a élucider. Par conséquent,
l'objectif de cette thése est de déterminer le role de 1'L-15 dans la progression et la
pathogenése de la fibrose du foie.

La fibrose hépatique a été induite expérimentalement soit par injection intrapéritonéale
de tétrachlorure de carbone (CCly), soit en fournissant un régime riche en graisses et
déficient en choline (CD-HFD) & des souris du type sauvage (WT) ou ///57. Le CCls a
¢té administré par voie intrapéritonéale deux fois par semaine pendant 7 semaines et les
souris ont un acces illimité a la nourriture CD-HFD pendant 12 semaines. Apres la
période d'induction, les souris ont été sacrifiées et les tissus du foie ont été recueillis pour
I'histologie (H&E et Sirius Red), 1'immunohistochimie (a-SMA et le collagéne) et
I'immunofluorescence (CD68). L'expression du géne de la cytokine pro-inflammatoire a
été évaluée par qRT-PCR.

Chez les souris WT, le traitement par CCls a augmenté de manicre significative
I’expression de I’'IL-15 dans le foie, ainsi que le dépo6t de collagéne et une proportion
¢levée de cellules positives pour I’actine du muscle lisse (a-SMA) dans les coupes de
foie. Des observations similaires ont été observées dans le modele de fibrose hépatique
induite par CD-HFD. Les dépots de collagene et les cellules positives pour SMA ont été
significativement réduits dans le foie des souris déficientes en IL-15 traitées avec CCl4
ou traitées avec CD-HFD. Parallelement, l'induction de diverses cytokines pro-
inflammatoires (//12, Tnfa, Tgfb et iNos) et de chimiokines (Ccl2, Ccl5, Cxcl9 et Cxcl10)
aprés traitement par CCly a été significativement réduite chez la souris 77157 par rapport
a la souris controle. De plus, les foies des souris WT nourries avec CD-HFD ont
également montré une expression réduite du gene Ppara, ce qui indique que
I'inflammation médiée par I'lL-15 altere le métabolisme des lipides.

Nos résultats suggerent que la réponse inflammatoire médiée par I'lL-15 pourrait jouer
un rdle important dans la progression de la fibrose hépatique. Nos données indiquent un
role pro-fibrogénique de 1'lL-15 dans la pathogenése de la fibrose hépatique et soulévent
la possibilit¢ de cibler la signalisation de 1'L-15 pour le traitement de la fibrose
hépatique.

Mots clés: IL-15, Fibrose hépatique, Stéatose hépatique non alcoolique (NAFLD),
Régime pauvre en choline (CD-HFD), CCl4, Chimiokines, Inflammation
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Abstract

ABSTRACT
Role of the inflammatory cytokine IL-15 in the progression of Liver

fibrosis
Bhavesh Variya

Cell Biology Program

Master’s thesis presented to the Faculty of Medicine and Health Sciences in view of
obtaining the degree of Master’s in science (MSc.) in Cell Biology

Chronic inflammation in the liver causes liver fibrosis, which predisposes to liver cancer.
Indeed, most cases of liver cancer occur in fibrotic livers. Different immune cells
specifically NK cells and macrophages and various cytokines and chemokines contribute
to the progression of fibrosis as well as its resolution. Interleukin-15 (IL-15) is a pro-
inflammatory cytokine produced mainly by immune cells in response to innate immune
stimuli and is required for immune cell infiltration and homeostasis in the liver
micromilieu. However, the exact role of IL-15 in the homeostasis of liver
microenvironment remains to be elucidated. Hence, the goal of this thesis is to determine
the role of IL-15 in the progression and pathogenesis of liver fibrosis.

Liver fibrosis was experimentally induced in wildtype (WT) and //157 mice either by
intraperitoneal injection of carbon tetrachloride (CCly) twice a week for 7 weeks or by
providing choline-deficient high-fat-diet (CD-HFD) ad libitum for 12 weeks. After the
induction period, mice were sacrificed, and liver tissues were collected for histology
(H&E and Sirius Red), immunohistochemistry (a-SMA and Collagen) and
immunofluorescence (CD68). Proinflammatory cytokine gene expression was assessed
by qRT-PCR.

In WT mice, CCly treatment significantly increased IL-15 expression in the liver along
with increased collagen deposition and elevated proportion of a-smooth muscle actin (a-
SMA) positive cells in liver sections. Similar observations were made in CD-HFD
induced liver fibrosis model also. Both collagen deposition and a-SMA positive cells
were significantly reduced in the livers of CCls-treated or CD-HFD fed IL-15 deficient
mice. Concomitantly, the induction of various proinflammatory cytokines (//12, Tnfa,
Tgfb and iNos) and chemokines (Ccl2, Ccl5, Cxcl9 and Cxcl10) following CCly treatment
was significantly reduced in /157 mice compared to control mice. Additionally, the
livers of CD-HFD fed WT mice also showed reduced Ppara expression indicating that
IL-15 mediated inflammation alters lipid metabolism.

Our results suggest that IL-15 mediated inflammatory response may have an important
role in the progression of liver fibrosis. Our data indicate a pro-fibrogenic role of IL-15
in the pathogenesis of liver fibrosis and raises the possibility of targeting IL-15 signaling
for the management of for liver fibrosis.

Keywords: IL-15, Liver fibrosis, Non-alcoholic fatty liver disease (NAFLD), Choline-
deficient high fat diet (CD-HFD), CCls4, Chemokines, inflammation
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Introduction

1. Introduction
1.1. Structure and function of the liver

1.1.1. Anatomy of the liver

The liver, situated between the digestive tract and the spleen in the abdominal cavity, is
one of the most important and largest organs in the body, which plays a vital role
including detoxification of toxins and foreign substances. Apart from detoxification, liver
is the main site for carbohydrate, lipid and protein synthesis and metabolism, and thereby
maintains homeostasis in the body. It weights approximately 1 to 1.5 kg and representing
around 2 to 3% of average body weight but receives the highest blood supply i.e. about
25 to 30% of total cardiac output (Campbell, 2006; Abdel-Misih and Bloomston, 2010).
Liver is also involved in vital functions such as waste metabolism, production of different
proteins associated with blood coagulation, excretion of bile, hormones, drugs and

xenobiotics (Ahsan et al., 2009).

Liver undergoes rapid changes in size as well as glycogen and protein content depending
on nutrient supplements. It has complex blood supply; 75 to 80% of nutrients-rich but
deoxygenated blood influx is supplied via portal vein, which drains alimentary tract
(duodenum, small intestine, gall bladder, pancreas and a part of colon) while hepatic
arteries bring remaining 20 to 25% oxygen supplemented blood (Rappaport, 1980;
Campbell, 2006). These dual afferent systems merge at the sinusoids. Hepatic blood flow
varies from 800 to 1500 ml/min depending on physiological state of the body (Greenway
and Stark, 1971). The portal blood supply is at low pressure (6-10 mmHg in humans)
while hepatic arterial blood flows at high pressure (around 90 mmHg) and this pressure
1s comparable to the aortic blood pressure. However, portal pressure depends on the

vascularity of splenic and mesenteric arterioles as well as intrahepatic resistance.

The cells in the liver are well organized in a structural unit, termed as Lobule, consisting
of peripheral hepatocytes in hexagonal shape followed with a central vein (Trefts et al.,
2017). In the lobules, hepatocytes are arranged in cords leaving intercellular vascular
space with a thin fenestrated endothelium along with an intermittent membrane known
as sinusoids. This sinusoidal space contains tissue resident macrophages known as
Kupffer cells and hepatic stellate cells (HSCs), considered as hepatic lipocytes (Vernon
and Kasi, 2019). The hepatic acinus is a functional unit of the liver as is the site for solute

exchange between hepatocytes and blood. Acinus is difficult to visualize as it is situated
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Introduction

around efferent vascular system and is of more relevance to hepatic functions (Gumucio,
1983). Based on the hepatic portal acinus, the liver could be structurally divided in 3
zones. As described in Figure 1.1, hepatocytes from zone 1 immediately surround the
portal tract and are mainly involved in the oxidative energy metabolism. Zone 3
hepatocytes surround the central veins and are mainly involved in xenobiotics
metabolism and biotransformation of drugs. Zone 2 hepatocytes are situated between
zone 1 and zone 3 hepatocytes, and they have mixed functions (Trefts et al., 2017; Vernon

and Kasi, 2019).

q Zone 1 % © Hepatic artery
\\
\

Il / --ZSn_e_Z__\\ © Portal vein
4

61 pmmmm— NN

F Zone 3 \ N © Bileduct

R0
¢’~\\
/’\\\
S -
\\~’,
o
0

Figure 1.1. Schematic diagram of portal triad (Adapted from (Trefts et al., 2017)).

Hepatocytes in roughly hexagonal in shape, the vertices represent the portal triad area.
Each portal triad contains branches of bile duct, portal vein and hepatic artery.

Structurally, liver cells could be classified into two main groups, namely epithelial cells
and mesenchymal cells. Hepatocytes are the major epithelial subtype in the liver that
accounts more than 90% of the liver parenchyma. Apart from hepatocytes,
cholangiocytes (biliary epithelial cells), hepatic progenitor cells and intermediate
hepatocyte-like cells are also part of the liver epithelial cells group (Papoulas and
Theocharis, 2009). Cholangiocytes, located in the intra- and extra-hepatic biliary duct
system, are involved in bile modification and transport by releasing water and
bicarbonate. Cholangiocytes also respond to liver injury associated inflammation
(Marzioni et al., 2002; O'Hara et al., 2013). In response to injury, cholangiocytes
proliferate and maintains biliary homeostasis by inducing reparative processes associated
with ductular changes (Strazzabosco and Fabris, 2012; O'Hara et al., 2013). The hepatic

non-parenchymal cell group includes Kupffer cells, hepatic stellate cells, myofibroblasts
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Introduction

and endothelial cells (sinusoidal cell and pit cells) (Papoulas and Theocharis, 2009;
Lemoinne et al., 2013).

1.1.1.1. Hepatocytes

Hepatocytes are the main parenchymal cells in the liver, and are primarily involved in
the metabolism, protein synthesis and detoxification. They also release a variety of
proteins such as complement component 1r/s (Clr/a), C2, C3, C4, C-reactive protein
(CRP) and lipopolysaccharide binding protein (LBP), which play a crucial role in the
maintenance of innate immunity (Gao et al., 2008). In the healthy liver, as part of tissue
repair, dead cells stimulate mature hepatocytes replication leading to reconstitution of
normal tissue function (Jou et al., 2008). However, hepatic oxidative stress, a central
etiology of non-alcoholic steatohepatitis or non- alcoholic fatty liver disease
(NASH/NAFLD) and fibrosis development, inhibits the replication of mature
hepatocytes. This leads to expansion of hepatic progenitor cells which differentiate into
hepatocyte-like cells. Total number of hepatic progenitor cells and hepatocyte-like cells
is strongly correlated with stages of fibrosis, where loss of hepatocytes promotes hepatic
progenitor cell proliferation followed by differentiation into hepatocyte-like cells
(Roskams et al., 2003). Activation of these cells is also associated with the progression
to hepatocellular carcinoma (HCC) (Roskams et al., 2003). The pathogenesis of liver
fibrosis depends on the efficacy of hepatocyte regeneration, therefore impaired
proliferation of hepatic progenitor cells leads to development of NAFLD/NASH and
fibrosis (Jou et al., 2008; Dowman et al., 2010).

1.1.1.2.  Hepatic Stellate Cells

Hepatic stellate cells are located in the space of Disse, sandwiched between the sinusoidal
endothelial cells and hepatic epithelial cells (Figure 1.2). In normal physiological
condition, healthy stellate cells contain abundant amount of lipid droplets for Vitamin A
storage and are in a quiescent state (Blaner et al., 2009). During liver injury, viral
infection, autoimmune disorder or NAFLD, damaged hepatocytes and infiltrated immune
cells secrete pro-inflammatory cytokines which activate quiescent HSCs to differentiate
into proliferative, contractile and fibrogenic myofibroblast-like cells (Bataller and
Brenner, 2005; Friedman, 2008). In response to liver injury, activated stellate cells
generate a temporary scar at the site of damage by producing collagen and other extra

cellular matrix (ECM) components to protect liver from further damage. Additionally,
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Introduction

activated HSCs also secrete various cytokines and growth factors which promote the
proliferation and regeneration of hepatic epithelial cells. However, during chronic liver
injury, repetitively activated stellate cells unceasingly produce ECM components which

leads to onset on liver fibrosis.

Normal liver Liver injury

Hepatocytes Hepatocytes

Endothelial cell

Endothelial cell

Deposition of scar matrix
Kupffer cell activation

Hepatic sinusoid Kupffer cell

Figure 1.2. Morphology of hepatic stellate cells in normal and in injured liver (re-
printed from (Asselah et al., 2009)).

Schematic diagram of hepatic stellate cells (Purple color) within the sinusoidal space in
the subendothelial space.

The stellate cell activation consists of two main phases, namely initiation phase (also
termed as pre-inflammatory phase) and perpetuation phase followed by resolution phase
when the primary insult is resolved (Friedman, 2004). In the initiation phase, stellate cells
get activated through various cytokines and other inflammatory stimuli from injury, that
changes the gene expression. Moreover, products of damaged hepatocytes i.e. DAMPs
and signals from Kupffer cell and endothelial cells also activate stellate cells leading to
change in surrounding ECM-like materials. Once stellate cells get primed and activated,
perpetuation occurs through the inflammatory stimuli required to maintain the activated
phenotype of HSCs leading to development of fibrosis. During this phase, pro-
inflammatory, pro-mitogenic and pro-fibrogenic stimuli are generated (Krizhanovsky et
al., 2008; Lee and Friedman, 2011). In this phase, sustained activation of stellate cells
could be observed with seven distinct features such as proliferation, fibrogenesis,
contractility, chemotaxis, retinoid acid loss, matrix degradation and cytokine release

(Krizhanovsky et al., 2008; Lee and Friedman, 2011).
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Apart from involvement in tissue remodeling and ECM production, stellate cells also
have a significant role as mediators of hepatic immunoregulation (Maher, 2001;
Friedman, 2004). Immunoregulatory role of HSCs is schematically illustrated in Figure
1.3. However, interaction between immune cells and stellate cells are not yet well
understood but this interaction is definitely not unidirectional. Hepatic stellate cells can
augment the injury mediated inflammatory response by increasing the production of
various chemokines such as CCRS5, CCR7, CCL21, monocyte chemotactic peptide-1
(MCP-1) and RANTES which induce the infiltration of leucocytes (Marra and Pinzani,
2002; Bonacchi et al., 2003; Schwabe et al., 2003). Bacterial lipopolysaccharides (LPS)
also stimulate the proinflammatory phenotype of stellate cells through direct interaction
with toll-like receptors (TLRs) that are expressed on surface of stellate cells (Brun et al.,

2005).
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Figure 1.3. Immunoregulatory role of hepatic stellate cells (re-printed from
(Friedman, 2008)).

Various mechanisms which regulate HSCs homeostasis to maintain immune tolerance in
the hepatic micromilieu.

HSCs are also considered as professional antigen presenting cells (APCs) indicating that

stellate cells stimulate proliferation and apoptosis of extravasated and infiltrated
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lymphocytes (Kobayashi et al., 2003; Vinas et al., 2003; Unanue, 2007; Winau et al.,
2007). This indicates towards a regulatory role for stellate cells in lymphocyte infiltration
in the liver during the progression of fibrosis (Kobayashi et al., 2003). In addition to
mononuclear cell infiltration, HSCs also produce various neutrophil chemoattractants as
well as complement protein C4 which contribute to neutrophil infiltration and
accumulation in liver, and liver’s inflammatory response, respectively (Fimmel et al.,
1996; Maher et al., 1998). Stellate cells regulate leucocyte behaviors, and are also
affected by specific subsets of lymphocytes. For instance, in stellate cells, fibrotic events
are promoted more by CD8" T-cells than CD4" T-cells (Safadi et al., 2004). This could
in part explain, the increased fibrosis in patients with hepatitis C virus infection along
with HIV coinfection, where CD8 T-cell count exceeds CD4 T-cells, compared with
patients with only hepatitis C virus infection. Activated HSCs also express TLR4, CD14
and MD2, which together form the LPS receptor complex (Paik et al., 2003). Hence, LPS
induces expression of chemokines and adhesion molecules in the stellate cells through
activation of JNK and Nuclear Factor-Kappa B (NF-kf). Activated stellate cells express
programmed death ligand-1 (PDL-1) but quiescent stellate cells don’t (Yu et al., 2004).
Various immune cells including CD4 T-cells express PD1 and T-cell activation could be
inhibited during the early stages with minimal activation of PD-1. However, the effect of
PD1 activation depends on the degree of stimulation through TCR, stage of lymphocyte
differentiation and, importantly, is context dependent. This suggests that stellate cells can
suppress T-cell mediated cytotoxicity by inducing T-cell apoptosis but not proliferation
or cytokine production. These could be the reasons that transplanted HSCs protect
allograft from rejection, and also support transplanted cell engraftment in the liver

(Benten et al., 2005; Chen et al., 2006).

1.1.1.3. Kupffer cells

Kupffer cells, the liver residential macrophages, are the crucial part of mononuclear
phagocytic system and play a central role in the innate immune responses in the liver.
Kupffer cells are the first line defence mechanism against pathogens that enter the liver
through the elementary canal via portal circulation. Kupffer cells also exert an anti-
inflammatory effect by preventing the systemic entry of gut-derived immunoreactive
substances. Kupffer cells are also part of the mononuclear phagocytic system (Thomson
and Knolle, 2010). The functions of the Kupffer cells are dependent on the disease status;

they are protective in drug induced liver damage and toxin induced liver fibrosis (Ju et
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al., 2002; Ramachandran and Iredale, 2012), while they contribute to inflammation
during the progression of alcoholic and non-alcoholic FLD (Nagy, 2003; Chiang et al.,
2011).

Kupffer cells that seed the liver are embryonic yolk-sac derived (Gomez Perdiguero et
al., 2015). They have self-renewing capabilities and they persist into adulthood in the
absence of any insult to the liver. Various growth factors including macrophage colony
stimulating factor (MCSF) regulate the maturation of Kupffer cells (Naito et al., 1997).
The influx of circulatory monocytes is higher in liver than in other tissues but the number
of Kupffer cells is tightly regulated by complex mechanisms in the liver, the control of
which is not well understood yet. The number of Kupffer cells might be regulated through
apoptosis (Dixon et al., 2013). Jenkins and colleagues revealed increased Kupffer cell
proliferation and expansion in response to IL-4 mediated Ty-2 inflammatory response
(Jenkins et al., 2011; Dixon et al., 2013). However, during infections, if the resident
Kupfter cells are lost, inflammatory monocytes from circulation seed the liver and
acquire the genetic landscape of the tissue microenvironment (Lavin et al., 2014; Lai et
al., 2018). Kupffer cells also play an important role in the alcohol induced hepatitis.
Alcohol induces the gut permeability which leads to increase in serum endotoxin levels
such as LPS. This LPS activates Kupffer cells via TLR-4 and activated Kupffer cells play
a vital role in the inflammatory cascade leading to alcohol hepatitis (Suraweera et al.,
2015).

The close proximity of Kupffer cells with other cells is shown in Figure 1.4. Parenchymal
and non-parenchymal cells, within the sinusoid, support the functions of Kupffer cells
during normal physiology and pathological state. In normal physiology, Kupffer cells
exhibit tolerogenic phenotype. This helps to prevent undesired immune responses
provoked by gut-derived materials as well as by antigen present on dead cells during
clearance by liver (Thomson and Knolle, 2010). However, in several pathological
conditions, Kupffer cells get transformed from tolerogenic to inflammatory phenotype
and start producing inflammatory signals. Hence in these inflammatory conditions, due
to close proximity with other cells, Kupffer cells mediated inflammation alters the
functions of stellate cells and hepatocytes. In various inflammatory conditions such as
NASH, NAFLD and fibrosis, Kupffer cells mediated inflammation leads to progression
of the disease (Dixon et al., 2013). Hence, suggested therapeutic approach is to dampen

the Kupffer cells activation rather than eliminating them as they are still critical for
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minimizing inflammatory responses in the liver that can arise from the gut and systemic

inflammation.
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Figure 1.4. Localization of Kupffer cells in healthy and diseased liver (re-printed from
(Dixon et al., 2013)).
The Kupffer cells are located in hepatic sinusoid, with close proximity to natural killer

(NK), natural killer T-cell (NKT) and liver sinusoid endothelial cells (LSEC). Activated
Kupffer cells produce inflammatory cytokines and chemokines which influence the

activity of hepatocytes and HSCs.

1.2. Functions of the liver

The liver plays a critical role in the human body through its extremely complex
functionality which include; metabolic, immunological, vascular, excretory and secretory

functions (Mitra and Metcalf, 2009).

1.2.1. Metabolic function of the liver

The liver works as a central metabolic unit of the body where it performs all metabolic
processes under the control of circadian rhythm (Reinke and Asher, 2016) i.e.
detoxification of drugs and xenobiotic, metabolism of nutrients, synthesis of plasma
albumin and clotting factors (Heinz and Braspenning, 2015; Trefts et al., 2017). The liver
plays a significant role in metabolism of three key components of nutrients such as

carbohydrate, lipids and proteins.
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1.2.1.1. Carbohydrate metabolism

The liver regulates the amount of systemic glucose levels through several biochemical
mechanisms, including glycogenesis, glycogenolysis, glycolysis and gluconeogenesis.
After digestion of food, glucose enters the blood stream and serum level of glucose
increases. The glucose that is absorbed by the intestine through the portal vein moves to
hepatocytes where GLUT?2 transporters are involved in its hepatic uptake (Takeda et al.,
1993). The glucose surplus is transformed into glycogen by insulin via dephosphorylated
active glycogen synthase (Mitra and Metcalf, 2009). After 2-3 hours of the postprandial
phase once the systemic glucose level goes down to the basal state, the glycogen gets
converted into glucose through glycogenolysis regulated by glucagon via adenylate
cyclase/cAMP/PK-A pathway (Chiang, 2014). Next, inside the hepatocytes, hexokinase
phosphorylates glucose into glucose 6-phosphate which undergoes several
biotransformation steps i.e. isomerization into either glucose 1-phosphate or fructose 6-
phosphate and oxidation processes where it is converted into gluconolactone. Glucose 1-
phosphate forms UDP-glucose which serves as a predecessor of glycogen and UDP-
gluconate. Fructose 6-phosphate may either initiate glycolysis pathways where it is
converted into pyruvate and acetyl-Co-A or it can combine to glutamine or enter into
hexosamine pathway. Pentose phosphate pathway is initiated if glucose 6-phosphate

undergoes oxidation and is transformed to gluconolactone (Adeva-Andany et al., 2016).

1.2.1.2. Metabolism of lipid/fat

The liver establishes a physiological connection with intestinal tract as well as adipose
tissues by which it plays a central role in the metabolism of lipids. Elevated expression
of various transcription factors such as SREBP1¢c, ChREBP and FoxO1 regulate synthesis
of fatty acids (FA). Translocation of FA takes place via transporter proteins i.e.
FAT/CD36, FATP, FABP and caveolin-1 which enhances its uptake by hepatocytes
(Canbay et al., 2007). Metabolism of fat takes place by two pathways i.e. exogenous
pathway and endogenous pathway. In the former only dietary fat and cholesterols are
absorbed as chylomicrons in the intestine. Here free fatty acid and glycerol together form
triglyceride (TG) followed by esterification of cholesterol (Chol). TG and Chol unite to
form chylomicrons (Chyl). The Chyl enters the systemic circulation and migrates toward
peripheral tissues, where free fatty acids are separated from Chyl to be consumed as

energy, transformed to TG or deposited in adipocytes. The remnants are utilized to form
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High-density lipoprotein (HDL). In the later pathway the Chyl enters the liver and gets
defragmented to form TG and Chol ester. Their hydrolysis by lipoprotein lipase (LPL)
converts them into intermediate-density lipoprotein (IDL) or very low-density lipoprotein
(VLDL) remnants. The VLDL remnants are transformed to LDL having maximum
cholesterol and least TG in their composition. These LDL are again internalized via
LDLR into the liver and converted into bile acid which is released into the intestine to
emulsify the upcoming fat (Izem et al., 1998). The fat enters the liver and ultimately gets
converted into acetyl Co-A via B-oxidation in mitochondria of hepatocytes and enters in
the TCA cycle followed by either conversion into H>O and CO: or transformation into
ketone bodies. Acetyl Co-A may also take part in de-novo synthesis of cholesterol,
lipoprotein and triglyceride phospholipids. Insulin retards fatty acid oxidation while
glucagon augments the oxidation process (Voet et al., 2016). Insulin resistant patients are
more prone to develop hypertriglyceridemia associated metabolic syndrome due to

augmented level of triglyceride and elevated lipogenesis (Otero et al., 2014).

1.2.1.3. Metabolism of protein

The liver plays a prime role in metabolism of protein via production of plasma proteins,
deamination, transamination and formation of urea. Liver synthesizes various clotting
factors viz. coagulation factor II, V, VII, IX, X, XI, XII, XIII, and fibrinogen; thyroid
binding globulins, albumins, VLDL ApoB-100, and several complements. The systemic
circulation retains approximately 80% of proteins synthesized in the liver and further
contribute to regulate oncotic pressure, lipid as well as hormonal transport and general
homeostasis of the body. Net hepatic plasma protein synthesis lies between 30-60 g/day
(Charlton, 1996). The deamination process consists of -NH> nicking process from the
amino acid (Glutamate) in the presence of glutamate dehydrogenase which leads to the
formation of ammonia (NH3). The by-product - a-ketoglutarate - formed after this
biochemical reaction, is consumed to produce energy by conversion into lipid and
glucose (Mitra and Metcalf, 2009). A transaminase enzyme present in the liver promotes
transamination of amino acids followed by subsequent redistribution of amino groups
among amino acids. The L-glutamate/ a-ketoglutarate pair function as an amino group
donor/ acceptor couple in the process of transaminase reactions. Glutamate pyruvate
transaminase and alanine aminotransferase are two enzymes for diagnostic purposes. All
transaminases consume pyridoxal phosphate where pyridoxal phosphate serves as a

carrier of —-NHj3 groups as well as an electron sink by enabling a-hydrogen dissociation
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from the amino acid (Bhagavan, 2002). The hepatic parenchymal cells synthetize most
of the coagulation factors while reticuloendothelial cells promote clearance of the
released products. Together these activities regulate homeostasis. The extent of liver
injury governs the level of dysfunction in coagulation process i.e. in case of the acute or
chronic liver abnormalities there would be scarcity of the coagulation factors associated
with vitamin K such as; VII, IX, and X; prothrombin; proteins C and S, while other factors

would be normal (Mammen, 1992).

1.2.2. The liver and immune system

The existence of diversified immunogenic cellular environment as well as non-
hematopoietic cellular systems efficiently govern the complex immunological
functions of a healthy liver and make it a prime site for immunological reactions. The
release of inflammatory mediators in the presence of any external component i.e.
microbial or dietary products activates the immune system in the healthy liver which
is an important factor required for several metabolic, cellular remodeling, maintenance
of tolerance toward innocuous molecules and to remain vigilant towards upcoming
infectious substances, tissue impairments as well as malignant tissues. In the diseased
state, the regulation of inflammatory responses also helps to sustain the homeostatic
state when the immune system gets activated beyond its threshold because of
infections and cellular distress. If the liver fails to govern the hyperactive immune
signals by eliminating such stimuli, there will be pathologically exaggerated
inflammatory response which retard homeostasis of hepatic cellular environment and
increases the risk of fibrosis, cirrhosis and liver failure (Robinson et al., 2016). The
hepatic cells as well as Kupffer cells (described in section 1.1.1.) that reside in the
liver, express pattern recognition receptors. These receptors are target for microbial
associated molecular pattern as well as DAMPs present in blood entering from portal
circulation and leads to neutralize them without accelerating inflammatory stimuli.
This mechanism of clearance that involves systemic circulation from the intestine via
portal circulation guards the remaining organs from an excessive immunogenic
response (Janeway, 1992; Takeuchi and Akira, 2010; Kubes and Mehal, 2012). The
hepatic microenvironment expresses an intricate cytokine system which is composed
of pro-inflammatory IL-2, IL-12, IL-7, IL-15 and IFN-y as well as anti-inflammatory
cytokines such as IL-10, IL-13 and transforming growth factor beta (TGF-f) in its
basal healthy state (Golden-Mason et al., 2004; Kelly et al., 2006). The innate immune
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response of hepatocellular microenvironment is mediated by lymphocytes viz. NK
cells, mucosal associated invariant T cells (MAIT), NKT cells and yo T cells which
play an important role in the production of cytokines and regulate both innate as well
as adaptive immunogenic stimulus in liver. The adaptive immune system is composed
of major histocompatibility complexes (MHC)-associated CD8" T-cells, CD4" T-cells
as well as B-cells which is an essential part of humoral immunity. The hepatic system
also comprises innate-like CD5" B-cells which get elevated during hepatotropic viral

infections (Robinson et al., 2016).

1.3. Steatosis/ fatty liver

Hepatic steatosis or fatty liver is a clinical feature of many hepatic disorders including
Hepeatitis C virus (HCV) infection, non-alcoholic steatohepatitis, alcoholic steatosis and
alcoholic steatohepatitis (El-Zayadi, 2008; Sakhuja, 2014). The liver is considered as
fatty when greater than 5% fat (triglyceride) is deposited in hepatic tissues (Bedogni et
al., 2014). Insulin resistance (IR) has been considered as the key factor behind
hepatocellular fatty acid deposition. Furthermore, HCV infection elevates the risk of IR
which promotes non-alcoholic steatosis and fibrosis (Romero-Gomez, 2006). Alcoholic
fatty liver is an extremely catastrophic state which aggravates fibrosis and cirrhosis if
consumption of alcohol is not stopped. The pathological condition follows multiple
molecular mechanisms such as decreased PPAR-a activity, elevated NADH/NAD" ratio
and elevated level of complement c3. Upregulation of SREBP-1 activity because of
reduced activity of sirtuin-1, activated AMPK and/or elevated TNF-a level due to alcohol
consumption also aggravate this pathological condition. Moreover, inactivation of
enzymes related to peroxisomal B-oxidation as well as mitochondrial fat leads to

accumulation of fat in the liver (Purohit et al., 2009).

About 25% of global, 30% of US and 24% European populations suffer from non-
alcoholic fatty liver disease. By year 2020, this pathological state is expected to become
a major factor for chronic hepatic disorders (Ofosu et al., 2018; Younossi et al., 2019;
Younossi, 2019). Between 2015 and 2016, 4.7% US adults have been reported to suffer
from alcoholic fatty liver disease. Stage 2 and stage 3 liver fibrosis was reported to affect
1.5% and 0.2% of US adults, respectively (Wong et al., 2019). Elevated level of fat in the
liver induces hepatocellular damage by multiple factors i.e. oxidative damage, lipid

peroxidation which leads to aggravated inflammatory response followed by

12|Page



Introduction

mitochondrial abnormality, induced cytokine activity as well as advancement of fibrosis.
TNF-a secreted from active macrophages of the hepatic-fatty tissues aggravates IR and
contribute to steatohepatitis. Free fatty acid promotes apoptotic events in hepatocytes and
leads to liver damage. Reactive oxygen species (ROS) activates stellate cells and
subsequent collagen deposition whereas by-products of lipid peroxidation upregulate
nuclear factors which promote overexpression of procollagen type I which is responsible

for fibrosis and ultimately cirrhosis (El-Zayadi, 2008).
1.4. Liver fibrosis

Liver fibrosis is characterised by extreme accumulation of ECM-like proteins i.e.
collagen in disproportionate manner which in the later stage transforms to cirrhosis,
hepatic failure, and aggravates portal hypertension. This catastrophic disaster rises the
requirement of liver transplantation. The other mechanisms involved in the development
of liver fibrosis are; oxidative stress, activation of immune cells and stellate cells;
anaerobic-proinflammatory state and epigenetic modification in the hepatic
microenvironment (Olsen et al., 2011; Mann, 2014; Pellicoro et al., 2014). Oxidative
stress and ROS alter the structural and functional defense mechanisms which actively
contribute to the fibrogenesis in liver. In general, the ROS or reactive aldehyde such 4-
HNE produced by injured or nearby active hepatic tissues, can alter the functional
characteristics of myofibroblasts through anomalous transcription of profibrogenic genes
i.e. MCP1, procollagen type-I and TIMP1. Hence oxidative damage is one of the prime

mechanisms behind fibrogenesis in case of chronic alcohol consumption (Pinzani, 2015).

Hepatic steatosis associated hepatocellular damage has been considered as the prime
reason behind hepatic inflammation and immune cells activation. Active hepatic
macrophages (Kupffer cells), T-cells, dendritic cells (DC) and neutrophils are involved
in activation of inflammatory pathways (Koyama and Brenner, 2017). These
inflammatory signals include fibrogenic cytokines such as leptin, angiotensin II, TGF-
B1, secretion of CXCL10 by leukocytes and activation of hedgehog signaling pathway.
Expression of mesenchymal snail and twist genes activate portal fibroblasts, stellate cells,
and myofibroblasts which have been considered as major contributors for collagen
production in the damaged hepatocellular system (Bataller and Brenner, 2005; Liu et al.,
2011). Furthermore, IR is also considered as the major factor for the induction of fibrosis

through several mechanisms which include; hyperleptinemia, steatosis, subsided
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expression of receptor- PPARY and extensive TNF-a production (Romero-Gomez, 2006).
Involvement of various liver cells in the pathogenesis of fibrosis has been illustrated in

the Figure 1.5.
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Figure 1.5. Potential mechanisms by which cholangiocytes, HSC and progenitor cells
promote fibrosis (re-printed from (Lemoinne et al., 2013)).

Interaction of hepatic progenitor cells with myofibroblasts in healing response. Hepatic
progenitor/ductular cells interact with myofibroblasts through various pathways which
triggers pro-fibrogenic and/or pro-regenerative actions, depending on their origin and
microenvironment. These inflammatory mediators act on mesenchymal cells through
their respective receptors such as TNFo via TNFR, IL6 via IL6R, ET-1 via ET receptors,
VEGF via VEGFR and IGFS via IGF receptors (ETI- Endothelin 1, CTGF- Connective
tissue growth factor, IGFS- Insulin-like growth factors, MF- Myofibroblast, VEGF- Vascular
endothelial growth factor, PDGF- Platelet-derived growth factor, Gas6- Growth arrest-specific
6, TIMPI- Tissue inhibitor matrix metalloproteinase 1).

1.4.1. Inflammation induced liver fibrosis: Role of HSCs and Kupffer cells

Chronic hepatic damage activates significantly catastrophic events: hepatocyte death,
inflammation and innate immune system activation. It is evident that cell inflammation
and cell death are interrelated. Infiltration of immune cells and chronic inflammation
aggravate hepatic cell death during hepatitis by promoting cytolytic cytokines and ligands
for TNFR. The hepatocellular death in reverse also works as the trigger factor behind
infiltration of leukocytes and inflammatory process (Seki and Schwabe, 2015). These

events activate hepatic stellate cells which release ECM leading to progression of fibrosis
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and play a significant role in cytokines secretion which contributes to inflammation.
Activation of stellate cells takes place in several ways i.e. elevated levels of IL-1 through
the activation of inflammasome in Kupffer cells by DAMPs; activation of NF-«f signals
in Kupffer cells and recruited macrophages; and macrophage-derived TGF-B1 (Koyama
and Brenner, 2017). Obese patients show leptin mediated activation of stellate cells which
is further associated with increased expression of TGF-B1 and upregulation of the
hedgehog pathway (Verdelho Machado and Diehl, 2018). Besides upregulation of
inflammatory functions of resident Kupffer cells and immune cells, active HSCs are also
regarded as a primary source of myofibroblasts which secrete and accumulate ECM
proteins aggravating fibrosis. Liver of the healthy individual retains 5-10% of HSCs
which remain inactive during regular physiology but gets activated through several
cytokines and growth factors derived paracrine and autocrine signals initiated by
infiltrating as well as resident immune cells. The transcription factors i.e. STAT3,
SMAD3, AP-1, YAP1,SOX9, YAP1 and GL12; activate fibrogenic genes such as TGFp,
and promote trans-differentiation of HSCs to myofibroblasts (Mann and Smart, 2002).

1.4.2. Role of NK and NKT cells in control of liver fibrosis

NK cells dwell in hepatic sinusoidal space and constitute 50% of total hepatic
lymphocytes. Activation of HSCs due to liver injury promotes activation of NK cells.
The active HSCs produce high amount of retinoic acid which activates expression of
RAEl. RAEI serves as the ligand for NKG2D and MICA receptor on NK cells.
Additionally, expression of NKp46 related ligands are also regulated by HSCs. Once the
NK cells become active, they become cytotoxic for HSCs. Furthermore, interferon
gamma (IFN-y) secreted by NK cells also promotes apoptosis as well as cytostatic events
in HSCs and reduces their population and retard fibrotic events (Gao and Radaeva, 2013;
Fasbender et al., 2016). In many pathological conditions such as chronic liver disease,
HSCs find the way to escape from cytotoxic events by NK cells and cause fibrosis and
cirrhosis due to excessive expression of TGF-B by hyperactive HSCs and myofibroblasts.
Here, TGF-P serves as a potent NK cell inhibitor and hinders the cytotoxic effects of NK
cells upon HSCs (Gao and Radaeva, 2013). Chronic consumption of alcohol inhibits NK
cells functions by inhibiting the expression of IFN-y, NKG2D and TRAIL; aggravate
HSCs activity and promote alcohol induced liver fibrosis (Jeong et al., 2008).
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Human liver has fewer NKT cells. In contrast to NK cells, NKT cells aggravate liver
fibrosis by upregulation of profibrotic hedgehog ligands and cytokines such as IL-13, IL-
4 and osteopontin. In certain other situations, NKT cells can retard liver fibrosis by
production of IFN-y and through its cytotoxic action on HSCs (Gao and Radaeva, 2013).
The complex role of NKT cells is observed in HCV infected patients. In HCV positive
patients without cirrhosis, NKT secrete both anti-fibrotic (IFN-y) as well as profibrotic
(IL-4 and IL-13) cytokines. However, in cirrhotic patients, NKT cells predominantly
release pro-fibrotic cytokines i.e. IL-4 and IL-13 and promote liver fibrosis (de Lalla et

al., 2004).

1.4.3. Role of cytokines (TNF-a, IFN-y, IL6, IL12, IL15) and ROS in liver fibrosis

Cytokines are released by nearly all kind of cells in the liver and serve as prime regulators
of healthy physiology and abnormal pathophysiological state of the liver by orchestrating
the signals involved in hepatocellular regeneration, inflammation, cholestasis, fibrosis,
and cell death in response to liver injury. IL-6 and TNF-a are the two prototypic
proinflammatory cytokines which are secreted in the preliminary phase of any liver
damage and stimulate synthesis of subsequent cytokines to trigger recruitment of
inflammatory cells which lead to fibrosis as a part of healing process (Tilg and Diehl,
2000). Resident macrophages and infiltrating lymphocytes produce TNFa as well as ROS

at the time of liver damage (Gressner, 2001).

TNFa initiates several molecular signals involved in inflammation, proliferation as well
as apoptosis. It transforms quiescent HSCs into their active fibrogenic myofibroblast
phenotype which initiate fibrotic events. Fibrosis induced by carbon tetrachloride (CCl4)
treatment was lower in mice lacking TNFR1 thereby demonstrating a significant role for
TNFa in fibrosis (Baud and Karin, 2001; Sudo et al., 2005). Pro-TNFa is cleaved by
Tumor necrosis factor-alpha converting enzyme (TACE) at Ala’® and Val’ site to
generate the active TNFa. NASH induced by Choline-deficient high fat diet (CD-HFD)
along with high fructose supplemented diet show high expression of TACE, subsequent
higher production of TNFa, collagen, TGF-f and a-smooth muscle actin expression.
Furthermore, in diabetic patients, upregulation of TACE has been documented which
unambiguously points towards a role for TNF-o in the development of NASH and
fibrosis (Jiang et al., 2013). TNF-a signaling through TNFR1 activates NF-kf via
phospholipase C (PLC) and endosomal acidic sphingomyelinase (aSMase) pathways.

16 |Page



Introduction

Activation of aSMase by TNF-a is associated with DAG activity. Activated aSMase
activates NF-«kf3 by inhibiting NF-«xf} inhibitor-I (IkB) (Schutze et al., 1995). Active NF-
kP translocates to the nucleus and serves as a transcription factor for Mmp9 and
accelerates MMP9 production which in turn contributes to ECM remodeling that has been
considered as one of the TNF-a associated mechanisms involved in liver fibrosis (Tarrats
etal., 2011). Available data also suggest involvement of TNF-a dependent TAK1, JNK,
RIP1 and RIP3 signals in the progression of liver fibrosis (Yang and Seki, 2015).

IFN-y is mainly secreted by T-cells and NK cells that are responsible for killing tumors
and infected cells (Weng et al., 2005). IFN-y has complicated effects on fibrosis and there
are several ambiguities with respect to its action on liver remodeling effects. Generally,
IFN-y has been documented to supress fibrogenesis induced by dimethyl nitrosamine and
CCls. However, exogenous IFN-y ameliorates fibrosis in chronic HCV infected victims
through the STAT-1 pathway by killing active (but not quiescent) HSCs. Furthermore,
IFN-y also enhances expression of the NK stimulatory receptor, NKG2D, and the death
activator receptor, TRAIL. Thus activation of IFN-y in NK cells mediates the loss of
HSCs and retardation of fibrosis (Horras et al., 2011). In contrast, Luo et al. observed
that fibrosis associated genes such as 7gfb, Tnfa, iNos, 1l4 and osteopontin were reduced
in CD-HFD fed IFN-y deficient mice compared to CD-HFD fed WT mice. Furthermore,
Ifng”” mice were less prone to develop fibrosis when compared with the wild type mice

(Luo et al., 2013).

1.5. Animal models of steatosis and liver fibrosis

Development of animal models, mimicking human alcoholic fatty liver disease (AFLD),
NASH/NAFLD and fibrosis are essential to understand the underlying fundamental
cytological as well as bio-molecular aspect of the human pathological state. These
strategies contribute to the development of novel therapeutic approaches to cure these
ailments. To date, there is no perfect pre-clinical model that mimics histopathological as
well as physiological features of these pathologies, but some animal models have been
created which can replicate specific features observed in human patients. Animal models
for AFLD include; binge ethanol feeding/ acute ethanol gavage in rodents, chronic
ethanol feeding/ Lieber-DeCarli (LDC) liquid diet model (4-12 weeks), intragastric
ethanol infusion model/ Tsukamoto-French model (4-8 weeks), short-term chronic plus

single binge ethanol feeding (10 days), long-term chronic plus single binge ethanol
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feeding (8 weeks), chronic (4 weeks) ethanol feeding plus daily binge during the last 3
days, hybrid model of high-cholesterol, high-fat diet feeding and intragastric ethanol
infusion (8 weeks); Hybrid model with weekly alcohol binge (8 weeks) (Xu and
Tsukamoto, 2016; Gao et al., 2017; Bertola, 2018; Ghosh Dastidar et al., 2018; Lamas-
Paz et al., 2018).

Animal models for NAFLD are induced by genetic mutation, dietary means or
combination of both. The dietary models include methionine and choline-deficient
(MCD) diet, choline-deficient, L-amino acid defined (CDAA) high fat diet (also termed
as CD-HFD), atherogenic diet (cholesterol and cholate), high-fructose diet, western and
fast food style diet (ALIOS and AMLN model), diet-induced animal model of non-
alcoholic fatty liver disease (DIAMOND) model, etc. Genetic models include ob/ob
mice, db/db mice, KK-AY mice and foz/foz mice. Models which are developed by
combined dietary as well as genetic mutation include; ob/ob mice and MCD diet, ob/ob
mice and AMLN diet, db/db mice and MCD diet, and foz/foz mice and HFD models.
Animal models which reveal characteristics of both alcoholic and non-alcoholic
steatohepatitis include intragastric high fat overfeeding combined with ethanol infusion
and high fat diet with binge ethanol feeding (Hebbard and George, 2011; Clapper et al.,
2013; Matsumoto et al., 2013; Asgharpour et al., 2016; Machado and Diehl, 2016;
Hansen et al., 2017; Lau et al., 2017; Van Herck et al., 2017; Bertola, 2018; Lau et al.,
2018; Palladini et al., 2019).

The animal models for fibrosis developed by exposure of chronic ethanol fed mice to
hepatotoxins i.e. lipopolysaccharide, CCls, dimethyl nitrosamine, thiocetamide and
diethyl nitrosamine treatment have been documented to develop liver fibrosis in rats
(Starkel and Leclercq, 2011). Animal models representing biliary fibrosis include
common biliary duct ligation, primary sclerosing cholangitis models such as Abch4”-
mouse, chemical and infectious agent induced cholangitis, animal model with enteric
bacterial cell wall components, biliary epithelial and endothelial cell injury model;
primary biliary cirrhosis models i.e. 2-OA-BSA-a-GalCer mice and Ae2a,b”" mice; diet
induced cholestatic liver injury ie. 0.1% 3,5-diethylcarbonyl-1,4-dihydrocollidine
(DDC) modified diet and o-naphtylisothiocyanate (ANIT) modified diet, d-
galactosamine induced biliary fibrosis; autoimmune fibrosis model include; infection of
WT FVB/N mouse with Ad-2D6, Alb-HA/CL4-TCR transgenic mouse, schistosoma

mansoni/japonicum infection models and heterologous serum models (Liedtke et al.,
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2013; Liu et al., 2013; Matsumoto et al., 2013; Delire et al., 2015; Yanguas et al., 2016;
Kim et al., 2017; Benten et al., 2018).

1.5.1. Choline deficient high fat diet (CD-HFD) induced steatosis

NAFLD is regarded as hepatic steatosis in subjects without severe alcohol consumption
(Stephenson et al., 2018). CD-HFD model has been documented as the most suitable
dietary model for the development of NAFLD associated fibrosis in rodents. Scarcity of
choline in diet exacerbates defects in B-oxidation of lipids and diminishes the production
of VLDL which in turn accelerates hepatocellular fatty accumulation, oxidative damage,
hepatocellular necrosis, alteration in adipokines and cytokines with little inflammation
and fibrosis (Van Herck et al., 2017). De Lima and his colleagues fed CD-HFD (54%
trans fatty acid and 35% total fat) to SD rats for 16 weeks and observed human
representative histological changes with NASH along with cirrhosis, CK19 positive liver
carcinoma and oval cell proliferation (de Lima et al., 2008). Wu et al. fed
choline/methionine deficient (MCD)-HFD to rats for 2 weeks and observed significantly
higher level of hepatic steatosis with non-significant alteration in necro-inflammatory
features when compared with normal control animals (Wu et al., 2011). Recently,
C57BL/6 mice maintained on choline deficient regular diet (CDD) for 8 weeks were
observed to have significantly higher level of serum Lactate dehydrogenase (LDH),
Alkaline Phosphatase (ALP), Alanine Aminotransferase (ALT) and Aspartate
Aminotransferase (AST) followed by extreme histopathological alteration as seen in
steatosis such as microvascular as well as macrovascular fatty accumulation and
ballooned hepatocytes (Oh et al., 2019). Raubenheimer et al. fed HFD (45% calories as
fat) to C57BL/6 mice for 8 weeks followed by CDD in last 4 weeks and observed
significant elevation in hepatic TG level. Animals on CD-HFD showed elevated
expression of Pcytla and Dgat2 genes with reduced expression of Pepck. Hepatic lipid
content was significantly raised without altering body weight. The CD-HFD animals also
exhibited improved glucose tolerance as well as insulin sensitivity which suggested that

CD-HFD doesn’t aggravate type-2 diabetic symptoms (Raubenheimer et al., 2006).

1.5.2. CCls induced liver fibrosis

CCls has been documented to induce liver damage and fibrosis by promoting the
infiltration by inflammatory cells. The study conducted by Dong et al showed that

treatment of wistar rats with CCls for 9 weeks reproduced the histological atypical
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changes in hepatocellular region that are observed in humans, such as abnormally
elevated serum AST, ALT and raised hepatic hydroxy proline levels. In brief, the study
showed for the first time that CCls induced oxidative stress that results in hepatic necrosis,
inflammation, severe destruction of hepatic lobes due to paraplastic connective tissues
and eventually severe fibrosis (Dong et al., 2016). Chronic treatment with CCls leads to
hepatocellular damage which in turn activates and induces the proliferation of HSCs
followed by excessive release of ECM. Eventually hepatocytes are replaced by excess
ECM that induces scar formation and ultimately leads to fibrosis (Duval et al., 2014;
Mafanda et al., 2018). Furthermore, CCl4 has been also reported to alter the retinol pool
by impairing CYP4A3 enzymatic activity, which is one of the most significant events
that initiates cirrhotic events (Lee et al., 2015). Guo et al. treated SD rats with 50% CCls
(1 mL/kg in peanut oil) for 4 weeks and observed upregulation of Tgfb, TimpI and Coll
genes, elevated levels of collagen with a concomitant reduction in markers associated

with antioxidative processes (Guo et al., 2017).

Metabolism of CCls by CYP2EI1 enzymes release the free radical metabolite CCl3". The
active trichloromethyl radical interacts with nucleic acids, lipids and proteins to form
adducts. Inter adduct formation due to DNA-CCI3® interaction leads to mutational
changes and progresses to HCC. Furthermore, as CCl3" again undergoes oxygenation
process and forms CCI300", a trichloromethyl peroxy radical, which reacts with lipids
and initiates lipid peroxidation as well as destruction of polyunsaturated fatty acids
(PUFA) in several lipid bilayer membranes i.e. plasma membrane, mitochondrial

membrane and endoplasmic reticulum membrane (Scholten et al., 2015).

1.6. IL-15

The yc cytokine family includes IL-2, I[L-4, IL-7, IL-9, IL-15 and IL-21. These cytokines
share the common y-chain (also known as CD132 or IL-2Ry) as the signalling component
of their receptors. Interleukin 15 belongs to the IL-2 superfamily, and shares many
activities with IL-2, including the ability to stimulate lymphocytes, to generate and
maintain NK cells and cytotoxic T-cells, stimulate immunoglobulin production by B cells
and T-cell proliferation (Waldmann and Tagaya, 1999). Abnormalities in IL-15
expression have been detected in various disorders including chronic inflammatory
conditions and malignancy. Abnormally high level of IL-15 has been detected in adult T-

cell leukemia and tropical plastic paraparesis (Azimi et al., 1998). IL-15 is over-
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expressed in patients suffering from rheumatoid arthritis and inflammatory bowel disease
(Mclnnes et al., 1996; Reinecker et al., 1996; Mclnnes et al., 1997). Hence, IL-15 is a

potential immunotherapeutic target in inflammation induced diseases.

1.6.1. Structure

IL-15, a member of 4-alpha-helicle bundle family, is a 14-15 kDa molecular weight
glycoprotein with 114 amino acids, and is mainly secreted by macrophages as well as
several non-lymphoid cells (Fehniger and Caligiuri, 2001). IL-15 protein has two cystine
disulphide bonds between Cys** and Cys®, and Cys*® and Cys® (Grabstein et al., 1994).
IL-15 gene was mapped on human chromosome 4q31, and the central region of mouse
chromosome (Anderson et al., 1995). Human IL-15 has 9 exons (exons 1-8 and 4a) with
eight introns (Seigel et al., 1984). IL-15 shows high homology between human, murine
and simian species. Human and simian IL-15 show 97% homology while 73% homology

was observed between human and murine IL-15 (Grabstein et al., 1994).

There are two alternative IL-15 precursor leader peptides; a short 21-aa (amino acid)
short single peptide (SSP) and the classical 48-aa long single peptide (LSP). Both
peptides share 11 amino acids encoded by exon 5 (Onu et al., 1997; Tagaya et al., 1997).
Although they show structural variations, both precursors produce identical mature IL-
15 protein in humans and in mice (Fehniger and Caligiuri, 2001). Intracellular
localization and secretion of mature IL-15 is determined by the type of the leader peptide.
SSP-IL-15 and LSP-IL-15 appear to have 2-3 log-fold less secretion than IL-2 (Tagaya
et al, 1997). Analysis of IL-15, fused with green fluorescence protein (GFP),
demonstrated that LSP-IL-15 selectively targets the secretory pathway (endoplasmic
reticulum and Golgi apparatus) while SSP-IL-15 is restricted to the cytoplasm and
nucleus (Gaggero et al., 1999; Kurys et al., 2000). SSP-IL-15 is found to be mainly
expressed in thymus, heart, testis and appendix, while LSP-IL-15 is predominantly
expressed in placenta, lung, kidney, liver, thymus, skeletal muscle and heart (Meazza et
al., 1996; Tagaya et al., 1997). However, biological significance for differential
expression of IL-15 remains to be elucidated (Gaggero et al., 1999).

1.6.2. IL-15 Receptors

IL-15 receptor, similar to IL-2 receptor, is a heterotrimer, consisting of three subunits.
They share the beta chain (CD122), and gamma chain (CD132) which is shared amongst
all yc family cytokines (Leonard et al., 2019). The alpha chains are unique to IL-15 and
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IL-2. IL-15Ra and IL-2Ra share structural similarity with pristine GP-1 motif, also
known as extra-cellular protein binding Sushi domain (Giri et al., 1995). Another
similarity between these receptors is that genes for IL-15Ra and IL-2Ra have similar
intron and exon organization, and they are closely linked in human (10q14-15) and
murine genomes (chromosome 2 associated to Vim2 and Spna?2) (Takeshita et al., 1992).
IL-15 binds with IL-15Ra with higher affinity having Kq equal to or greater than 107! M
(Krause et al., 1996). However, like IL-2Ra, it has no role in signal transduction. Indeed,
IL-15/2Rp, along with yc, have central role in signal transduction. In the absence of their
respective alpha chains, IL-2 or IL-15 signals through heterodimeric IL-2RByc and /IL-
15RByc, respectively. However, the binding affinity is comparatively lower than in the

presence of IL-2Ra or IL-15Ra (Armitage et al., 1995).

1.6.3. IL-15 signal transduction

IL-15, synthesized in the cell, binds to IL-15Ra intracellularly in the endoplasmic
reticulum (ER) and this complex shuttles to the cell surface leading to the expression of
IL-15/IL-15Ra complex on the cell surface. Thus IL-15 is not secreted and hence its
detection in the biological fluid may not provide information about its bioactivity. The
IL-15Ra presents the IL-15 to the responding cell that expresses IL-15RByc complex.
This unique molecular mechanism is also termed as trans-presentation (Dubois et al.,
2002; Stonier and Schluns, 2010) (Figure 1.6). In addition to the paracrine signaling, IL-
15/IL-15Ra complex activates signal through IL-158yc present on the same cell. This
phenomena is termed as cis-presentation, but its physiological significance is not yet clear
(Olsen et al., 2007). Soluble form of IL-15 can also be constitutively generated through

defined proteolytic cleavage of IL-15Ra transmembrane receptor.

Transcript levels of full-length IL-15Ra are detected in various cell lines and tissues
(Steel et al., 2010). Expression of all 8 isoforms of IL-15Ra 1s observed in certain tissues,
for instance intestine, brain, liver, peripheral blood mononuclear cells. However, relative
expression of these isoforms varies from each other tissues (Anguille et al., 2009). Free
IL-15 in biological fluid is also affected by the presence of soluble IL-15Ra (Budagian
et al., 2004; Bulfone-Paus et al., 2006).

Activation of IL-15 signaling leads to stimulation of Janus kinase and Signal
Transduction and Activator of Transcription (STAT) pathways (Sabatti et al., 2009).
Activation of IL-2/IL-15RB chain (CD122) recruits JAK1 leading to STAT3
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phosphorylation, while gamma chain (CD132) recruits and phosphorylates JAK3 leading
to phosphorylation of STATS. Upon phosphorylation, STAT3 and STATS undergo
dimerization and form homo- or hetero-dimer, and translocate to the nucleus where they
activates transcription of certain genes (Johnston et al., 1995). Apart from STAT
signaling, IL-15 activation also induces phosphorylation of Spleen Tyrosine kinase (Syk)
and Lck (Ratthe and Girard, 2004; Uhlin et al., 2005).
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Figure 1.6. Trans-presentation of IL-15 (re-printed from (Stonier and Schluns, 2010)).

Schematic illustration of IL-15 trans-presentation. A) IL-15 conjugates with IL-15Ro. in
the ER and shuttle to the surface where this conjugate signals through IL-15Rpyc present
on the neighboring cell surface. B) In cis-presentation, IL-15 presented by IL-15Ra. on
the same cell. This presentation system may operate in autocrine or paracrine manner.
C) Artificially generated IL-15/IL-15Ra complex may act as agonist for IL-15 and
stimulates signal in neighbouring cells. D) Cleaved empty IL-15Ra binds with soluble IL-
15 and antagonize the IL-15.

1.6.4. Immunological function of IL-15

IL-15 is produced by various tissues including kidney, skeletal muscles, placenta, heart,
lung, macrophages and monocytes, and other cell types (Grabstein et al., 1994; Carson et
al., 1995; Fehniger and Caligiuri, 2001). IL-15 from monocytes and macrophages play

an important role in immune activation (Carson et al., 1995; Doherty et al., 1996). IL-15
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upregulates the expression /I8, I/12 and Mcpl (monocyte chemotactic protein-1) in
macrophages to attract neutrophils and monocytes to the site of infection (Badolato et al.,
1997; Budagian et al., 2006). Concurrently, IL-15 also increases the secretion of IL-6 and
TNF-a (Budagian et al., 2006), while production of IL-10 from monocytes, macrophage
and T-cells is observed in the absence of IL-15 (Gillgrass et al., 2014). Monocytes are
identified as prototype cells having highest expression of IL-15Ra allowing trans-
presentation of IL-15. IL-15 level also regulates DC differentiation. (Regamey et al.,
2007; Perera et al., 2012). IL-15 priming increases the expression of CDS83 and
costimulatory molecules such as CD70, CD80, CD83 and CD86 (Abdel-Salam and
Ebaid, 2008; Anguille et al., 2009). IL-15 also modulates adaptive immune responses
through upregulation of IL-2 production, which is crucial for T-cell priming as well as

DC mediated NK cell activation (Feau et al., 2005).

IL-15Ra and Byc are constitutively expressed by human neutrophils, and this constitutive
expression helps neutrophils to escape apoptosis, modulate phagocytosis and to recruit
other inflammatory cells to the site of inflammation (Bouchard et al., 2004; Ratthe and
Girard, 2004; Perera et al., 2012). Additionally, IL-15 also increases the expression of
MHC class-II, CD64 (high affinity Fc receptor for immunoglobulin G), and CD14
(lipopolysaccharide receptor) on the surface of neutrophils. This increases the ability of
neutrophils to take up the pathogen through specific antibodies during gram-negative
infection (Abdel-Salam and Ebaid, 2008). Mast cells can use IL-15 receptor without the
requirement of IL-15Ra while T lymphocytes and NK cells cannot (Waldmann and
Tagaya, 1999).

Mice lacking 7115 or 111 5ra are deficient for NK cells, CD8" T-cells but not CD4" T-cells
(Patidar et al., 2016). IL-15 plays a critical role in the homeostasis and maintenance of
lymphocytes, specifically memory phenotype CD8" T-cells, by upregulating the
expression of anti-apoptotic molecule (Bcl-2). This indicates that IL-15 and IL-15Ra
signals are critical for the survival of CD8" lymphocytes (Wu et al., 2002). It is also
confirmed that IL-15 trans-presentation by DC is required for the maintenance and
homeostasis of CD8" T-lymphocytes (Stonier and Schluns, 2010). In addition to CDS8
homeostasis, 1L-15 also modulates various physiological functions including
proliferation, survival and T-cell responsiveness. Under normal homeostasis, CD4" T-
cells require IL-7 and IL-15 for maintenance (van Leeuwen et al., 2009). However,

memory phenotype CD4" cells are independent of IL-15 signals, and this is attributed to
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reduced expression of IL-15Rp chain on CD4" lymphocytes than in memory CD8" T-
cells (van Leeuwen et al., 2009). Additionally, effect of IL-15 on mature CD4" cells
depends on the activation status of these cells. In the absence of concomitant TCR
triggering, rather than exerting growth factor activity of IL-2, IL-15 induced quiescent
phenotype along with down-regulation of CD25, CD71 and CD95 expression (Dooms et
al., 1998). Nevertheless, quiescent phenotype of CD4 " lymphocytes is lost in the presence
of concomitant TCR signaling leading to vigorous proliferation with resistance against
TCR-induced death (Dooms et al., 1998). Moreover, IL-15 alone induces CD40L
(CD145) on activated CD4" T-cells without concomitant signaling through CD3 and
CD28 (co-stimulatory molecule), so that these cells have increased ability to interact with
APCs (Skov et al., 2000). In humans, ageing induces a loss in naive T-cells with the
concomitant accumulation of CD28(null) T-cell (T-cells which lost CD28 expression),
and results in reduced immune response to infections. IL-15 supplementation selectively
stimulates the proliferation of CD8"CD28(null) lymphocytes rather than CD8"CD28"
lymphocytes. Simultaneously, IL-15 also stimulates cytotoxicity of CD8'CD28(null)
lymphocytes by stimulating the expression of perforin and granzyme B (Alonso-Arias et
al., 2011; Broux et al., 2015). Hence, IL-15 could be useful tool in elder persons to

stimulate immune functions in order to fight against infections.

1.6.5. Functions of IL15 in liver homeostasis

Liver, as a lymphoid organ, contains abundant immune cells including CD8" T cells, NK
and NKT cells and these cells require IL-15 for their development, homeostasis and
maintenance (Lodolce et al., 2002; Crispe, 2009). Multiple non-hematopoietic liver cells
such as HSCs (present in sinusoid space), sinusoid endothelial cells and parenchymal
cells can present antigen to induce and maintain immune tolerance and to avoid
autoimmunity (Crispe, 2009). Trans-presentation of IL-15 by liver associated
hematopoietic and non-hematopoietic cells have been shown to maintain the IL-15-
dependent immune subsets in the liver (Cepero-Donates et al., 2016b). Kupffer cells,
which are the liver resident macrophages, are the major cell type that express IL-15
(Stienstra et al., 2010; Cui et al., 2014). Hepatocytes are also a major source of IL-15/IL-
15Ra complex (Yokota et al., 2015). In addition, IL-15 from stellate cells has been shown

to support the homeostasis of NKT cells in the liver micromilieu (Winau et al., 2007).
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Previously, our lab has showed reduced lipid accumulation in 77157 as well as 111 5ra™
mice (Ramanathan et al., 2014; Cepero-Donates et al., 2016a; Cepero-Donates et al.,
2016b). We have observed that deficiency of IL-15 reduced lipid accumulation in the
liver and prevented weight gain induced by HFD. Serum cholesterol and free fatty acid
levels were also found to be elevated in WT mice but not in ///5 null mice (Ramanathan
et al., 2014). Conditional deletion of IL-15Ra in macrophages and hepatocytes showed
that both cell types are important for the maintenance of NK and NKT cells in the hepatic
microenvironment. However, neither hepatocyte nor macrophage specific deletion of IL-
15Ra is sufficient to prevent development of NAFLD (Cepero-Donates et al., 2016a;
Cepero-Donates et al., 2016b). Jiao et al. observed that IL-15 and IL-15Ra reduced
development of scar tissues and thereby liver fibrosis (Jiao et al., 2016). This reduced
fibrosis might be attributed to hepatocyte- and HSCs- mediated IL-15 signals that
maintained homeostasis of NK cells, NKT cells and CD8" T-cells. They also observed
increased collagen production from the stellate cells isolated from //15ra” mice liver
(Jiao et al., 2016). Nevertheless, as mentioned in previous section, the role of NK cells in

the pathogenesis of liver fibrosis is controversial.
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1.7. Thesis premises

NASH and related liver ailments like liver fibrosis and HCC are major health problems
since the past 2 decades. Liver disease can evolve from fatty liver to steatohepatitis
followed by liver fibrosis, and in the long-run to cirrhosis, HCC and liver failure (Haslam
and James, 2005). NASH associated with chronic inflammation leads to activation of
stellate cells and ultimately fibrosis. In addition to activation of Kupffer cells, circulatory
macrophages and other immune cells also get recruited in the hepatic environment.
NASH/NAFLD associated inflammation promotes liver micromilieu towards a pro-
inflammatory environment by promoting production of proinflammatory cytokines by
damaged hepatocytes. In addition, activated stellate cells and Kupffer cells also induce
the production of proinflammatory cytokines such as TNF-a, IL-6 and IL-12 (Li et al.,
2003). Recently, IL-15 was also found to be up-regulated in the patients suffering from
fibrosis (Jiao et al., 2016).

IL-15 is a proinflammatory cytokine, which is indispensable for the homeostasis of NK,
NKT and CD8" T-cells (Kennedy et al., 2000). Infiltration of these cells promotes the
progression of liver fibrosis hence it is believed to have a prominent role in the
pathogenesis of liver fibrosis. However, involvement of IL-15 in the regulation of liver
pathologies is not yet clear. Hence, we have addressed the role of IL-15 in the
pathogenesis of liver fibrosis using in-vivo mouse models resembling inflammation as

well as diet induced liver fibrosis and fatty liver (NAFLD).
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1.8. Hypothesis

Based on above premises, we hypothesize that IL-15 signaling promotes development

of liver fibrosis by inducing hepatic inflammation.

1.9. Objectives

The specific aims of my research project are:

1. To assess the role of IL-15 in the CCls induced liver fibrosis

a.

Determine the degree of fibrosis in wild type and /75 null mice using microscopic
analysis of the liver tissue.
Assess the severity of inflammation and macrophage infiltration by microscopic
analysis of the liver tissue.
Evaluate inflammation, fibrosis and chemotaxis related genes expression in the

liver tissues of wild type and 1//5” mice after 7 weeks of CCls injection.

2. To define the role of IL-15 in the development of liver fibrosis induced by

choline-deficient high fat diet (CD-HFD)

Evaluate the severity of steatosis, inflammation and fibrosis induced by CD-HFD
in wild type and //15-knockout mice using microscopic analysis of the liver tissue.
Estimate the expression of series of genes involved in inflammation, fibrosis,
chemotaxis and metabolism after 12 weeks of choline-deficient high fat diet.

Elucidate the role of IL-15 in the metabolic alteration induced by choline-

deficient high fat diet.

3. To evaluate the role of IL-15 in the development of NAFLD like condition

a.

Characterize the induction of NASH/NAFLD by CD-HFD in wild type and /15
null mice using microscopic and macroscopic analysis of the liver tissue.
Evaluate the expression of genes involved in inflammation, fibrosis, chemotaxis

and metabolism in the liver tissue of WT and /157 mice after 2 weeks of CD-

HFD.
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2. Materials and Methods

2.1. Experimental mice

All the experimental mice used were in C57BL/6 background and were housed in filter-
topped individually ventilated cages in a specific-pathogen-free facility. Mice were fed
with standard chow diet and drinking water ad libitum unless specified otherwise. All the
experimental protocols were approved by Institutional ethics committee and were in

accordance with University Animal Care Committee (UACC).

Wild type (WT) C57BL/6 mice were obtained from Charles River (Canada) and /157
mice of C57BL/6 background were purchased from Taconics. The mice were bred in our

facility in order to uniformize the housing conditions (Lacraz et al., 2016).

2.1.1. Induction of liver fibrosis in mice using CCls

CCla, diluted in corn oil as vehicle at 1:3 ratio, was injected to 8-12 weeks old WT or
11157 male mice for seven weeks (approximately 0.5 ul CCls/g body weight, twice a
week, i.p.) (Mafanda et al., 2018). An equivalent volume of corn oil was injected in the
control mice. Two days after the last injection, all mice were sacrificed. Part of liver
tissue was fixed in 10% neutral formalin for histology and another part was snap-frozen

in liquid nitrogen for RNA and protein analyses.

2.1.2. Induction of liver fibrosis in mice by Choline-deficient High-fat-diet

To induce liver fibrosis, 8-12 weeks old WT or 7/157- male mice were maintained on CD-
HFD (L-amino acid diet with 60 kcal% fat with 0.1% methionine and without choline;
A06071302; Research Diet Inc.) (Matsumoto et al., 2013) while control mice were fed
normal CHO diet. All mice were maintained on CD-HFD or CHO diet for 12 weeks after
which they were sacrificed. Part of the liver tissue was fixed in neutral formalin for
histology study and another part was snap-frozen in liquid nitrogen for RNA and protein

analysis.

2.1.3. Induction of NASH in mice by Choline-deficient High-fat-diet

To induce liver fibrosis, 8-12 weeks old WT or 7/157- male mice were maintained on CD-
HFD while control mice were fed with normal CHO diet. All mice were maintained on

CD-HFD or CHO diet for 2 weeks after which the mice were sacrificed. Part of the liver
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tissue was fixed in neutral formalin for histological analysis and another part was snap-

frozen in liquid nitrogen for RNA and protein analysis.
2.2. Tissue processing for histology

2.2.1. Hematoxylin and eosin staining of liver tissue

After fixation, liver tissue was embedded in paraffin and serial sections of 4 pm were
taken. Sections were deparaffinized (placed in the xylene) and rehydrated with 100%
alcohol for 1-2 min followed by 70% alcohol for 1-2 min again. Sections were rinsed in
distilled water and stained with hematoxylin. Excess stain was removed by washing
under running water, sections were treated with 1% acetic acid and saturated aqueous
solution of lithium bicarbonate and the slides were re-washed under running water for 7-
10 min. Sections were counter stained with eosin-phloxine solution for 30 seconds to 1
min and dehydrated in 70% alcohol followed by absolute alcohol, 3-5 minutes each, and

mounted with Permount™ mounting medium (SP15-500, Fisher Scientific).

Slides were scanned using Nanozoomer 2.0 RS (Hamamatsu Photonics) and images were
analyzed using NanoZoomer Digital Pathology (NDP, Hamamatsu Photonics). The
researcher performing the analysis was blinded to the treatment protocols and the sections

were analyzed.

2.2.2. Picrosirius-Red staining of liver tissue

As described earlier, liver sections were deparaffinized and rehydrated in alcohol gradient
and were rinsed in distilled water. Sections were stained with eosin-phloxine solution for
30 seconds to 1 min and washed with distilled water for 5 min. The sections were kept in
saturated solution of picrosirius red (1 g direct Red-80 (365548, Sigma-Aldrich) in 500
ml of saturated aqueous picric acid solution (approx. 14-15 g wet picric acid (197378,
Sigma-Aldrich) in 1 1 of distilled water)) for 1 hr. After 1 hr, collagen staining was
intensified by immersing sections in acidified water (0.5% glacial acetic acid in water)
for 10-15 sec and repeated in a fresh aliquot of acidified water. Then the sections were
quickly washed in water and dehydrated in 70% alcohol followed by absolute alcohol, 3-
5 minutes each, and mounted with Permount™ mounting medium (SP15-500; Fisher
Scientific). The slides were scanned using Nanozoomer 2.0 RS and images were analyzed

using NanoZoomer Digital Pathology.
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2.2.3. Immunohistochemistry (IHC) of liver tissue

As described earlier, liver sections were deparaffinized and rehydrated with gradient
alcohol solution and were rinsed in distilled water. Antigen retrieval was carried out by
heating slides in 10 mM citrate buffer (0.96 g citric acid in 500 ml of distilled water
containing 0.01% Tween-20, pH 6) for 10 min using a microwave and occasionally, the
solution was allowed to cool to avoid bumping, and slides were allowed to cooldown in
citrate buffer. Then slides were washed in distilled water for 3-5 min and endogenous
peroxide activity was blocked by incubating slides with 0.3% H2O> in PBS for 10-12 min
followed by a wash in PBS. Tissue sections on slide were secured with hydrophobic pen
to avoid draining of solution and blocking was performed for 90 min using 1% BSA in
PBS. After BSA blocking, slides were washed in PBS and sections were incubated
overnight with either a-SMA (7:200; ab5694,; Abcam) or Collagen-1 (1:200; ab34710;
Abcam) rabbit polyclonal antibody at 4°C in humidified chamber. Excess of primary
antibody was removed by washing three times in PBS containing 0.01% Tween-20, and
sections were again incubated with HRP conjugated anti-rabbit secondary antibody
(1:500; LNA934V; GE Healthcare) for 75-90 min at room temperature in humidified

chamber.

After secondary antibody staining, sections were again washed three times in PBS
containing 0.01% Tween-20 and incubated with peroxide-substrate solution (DAB;
D3939; Sigma-Aldrich) for 10-15 min, meanwhile sections were observed under light
microscope to verify staining, and excess of DAB was washed with PBS solution.
Sections were counter-stained with eosin-phloxine solution for 30 seconds to 1 min and
dehydrated in 70% alcohol followed by absolute alcohol, 3-5 minutes each, and mounted
with Permount™ mounting medium. All the slides were scanned using Nanozoomer 2.0

RS and images were analyzed using NanoZoomer Digital Pathology.

2.2.4. Immunofluorescence (IF) staining of liver tissue

As described in the earlier section, liver sections were deparaffinized and rehydrated with
gradient alcohol solution and were rinsed in distilled water. Antigens were retrieved by
heating slides in 10 mM citrate buffer for 10 min in a microwave and slides were allowed
to cooldown. Then slides were washed in distilled water for 3-5 min, tissue sections on
slide were secured with hydrophobic pen and blocking was performed for 90 min using

1% BSA in PBS. After BSA blocking, slides were washed in PBS and sections were
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incubated overnight with CD68 rabbit polyclonal antibody (1:200; ab125212; Abcam) at
4°C in humidified chamber. Excess primary antibody was removed by washing three
times in PBS containing 0.01% Tween-20, and sections were again incubated with anti-
rabbit, AF488 conjugated goat secondary antibody (1:500; A-11034; Invitrogen) for 75-

90 min at room temperature in dark humidified chamber.

After secondary antibody staining, sections were again washed three times in PBS
containing 0.01% Tween-20 and nucleus were counter stained with Hoechst 33342 in
PBS (1:10000; H3570; Invitrogen) for 8-10 min. Slides were washed with PBS solution
to remove excess of Hoechst, and mounted with DAKO Fluorescence Mounting Medium
(83023; DAKO). The slides were scanned using Nanozoomer 2.0 RS and images were
analyzed using NanoZoomer Digital Pathology.

2.3. RNA isolation from liver tissue

A small piece of liver was lysed with the help of metal beads in 1 ml of TRIzol®. Samples
were homogenized, 200 pl of chloroform was added and centrifuged for 15 minutes at
12000 xg to separate the two phases. The aqueous layer was collected in a new tube
containing 500 pl of cold isopropanol and allowed to stand for 10-20 min to precipitate
RNA, and again centrifuged at 12000 xg for 10 min. Supernatant was removed carefully
and the RNA pellet was washed using 75% of ice-cold ethanol, and suspended in RNAse-
free water. Purity of the extracted RNA was evaluated by measuring the 260/280 nm and
260/230 nm absorption ratios with Nanodrop 2000 (Thermo Fisher Scientific). 1 pg of

RNA was run on a denaturing formaldehyde-agarose gel to assess RNA quality.

2.4. Quantitative polymerase chain reaction (qPCR)

Complementary-DNA were synthesized from 1 pg of total RNA using Quantitect®
(Qiagen). Primers were selected by analyzing the efficiency and melting curve for each
primer pair. The primers used in the study are listed in Table 2.1. Gene expression was
evaluated with the MyQi5® cycler (Bio-Rad) using SYBR Green Supermix (Bio-Rad).
Relative expression of the various gene targets was calculated by comparison with

Gapdh.
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Table 2.1: List of murine oligonucleotide sequences

Gene Sense Antisense
Collal CTCCCAGAACATCACCTATCAC ACTGTCTTGCCCCAAGTTCCG
Col3al AAGTCAAGGAGAAAGTGGTCG CAGTCTCCCCATTCTTTCCAG
Ag;jj / AGGGAGTAATGGTTGGAATGG GTGTCGGATGCTCTTCAGG
Tgfb ATACGCCTGAGTGGCTGTCT CTGATCCCGTTGATTTCCA
Mmp?2 CACCTACACCAAGAACTTCCG GTCACTGTCCGCCAAATAAAC
Mmp9 AACTCACACGACATCTTCCAG CCACCTTGTTCACCTCATTTTG
Timpl TTGCACTCTGGCATCTGG TGGTCTCGTTGATTTCTGGG
1115 CCCATGTCAGCAGATAACCA GAGCTGGCTATGGCGATG
1l15ra ACTGTTGCTCCCGCTGAG ATTCTTGACCCGGATGTCAG
116 AGTCCGGAGAGGAGACTTCA TTGCCATTGCACAACTCTTT
([pl;g ) CATTGAACTGGCGTTGGAAG TGAGGGAGAAGTAGGAATGGG
118 CTTCGTTGACAAAAGACAGCC CACAGCCAGTCCTCTTACTTC
Ifng CCTAGCTCTGAGACAATGAACG TTCCACATCTATGCCACTTGAG
Tnfa CCAAGGCGCCACATCTCCCT GCTTTCTGTGCTCATGGTGT
iNos AATCTTGGAGCGAGTTGTGG CAGGAAGTAGGTGAGGGCTTG
F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
Ccl2 CATCCACGTGTTGGCTCA GATCATCTTGCTGGTGAATGAGT
Cel5 TGCAGAGGACTCTGAGACAGC GAGTGGTGTCCGAGCCATA
Cxcl9 AGTCCGCTGTTCTTTTCCTC TGAGGTCTTTGAGGGATTTGTAG
Cxcll0 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA
Cx3crl GTTATTTGGGCGACATTGTGG ATGTCAGTGATGCTCTTGGG
Ppara CGGGAACAAGACGTTGTCAT CAGATAAGGGACTTTCCAGGTC
Acadvl AAAGGAACTCACTGGGCTG ACTTAACTCTGGGTGGACAATC
Acadl GGTGGAAAACGGAATGAAAGG GGCAATCGGACATCTTCAAAG
Acadm TGTCGAACACAACACTCGAAA CTGCTGTTCCGTCAACTCAA
Acads CCTGGGATGGGCTTCAAAATAG GGTTCTCGGCATACTTCACAG
Acatl AGCACACTGAACGATGGAG CGCAAGTGGAAAATCAATGGG
Atf6 GAGGCTGGGTTCATAGACATG GCTAGTGGTTTCTGTGTACTGG
Cyp4al0 CCCAAGTGCCTTTCCTAGATG GCAAACCATACCCAATCCAAG
Cptla GAAGAAGTTCATCCGATTCAAGA ACACCCACCACCACGATAAG
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Cd36 |TTGTACCTATACTGTGGCTAAATGAG| CTTGTGTTTTGAACATTTCTGCTT

Hmgcs2 CATCGAGGGCATAGATACCAC CACTCGGGTAGACTGCAATG

Gapdh AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC

2.5. Statistical analysis

Statistical analysis was performed with the GraphPad Prism 6 Software (San Diego,
USA). The statistical significance (p value) was calculated by non-parametric one-way
ANOVA (Analysis of variance) between two groups followed by Tukey's multiple post-
hoc comparisons test. Differences were considered significant at * p<0.05, ** p<0.01,

% p<0.001, **** p<0.0001. Error bars indicate the standard error of mean (SEM).
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3. Results

Previous work from this laboratory showed that inflammation contributes to the
development of NAFLD and liver fibrosis (Cepero-Donates et al., 2016b; Kandhi et al.,
2016; Mafanda et al., 2018). Deficiency of IL-15, a pro-inflammatory cytokine, reduced
the accumulation of lipids in the liver when the mice were maintained on high fat diet.
To assess whether absence of IL-15 also prevented the development of liver fibrosis, we
used CD-HFD as HFD alone is not sufficient to induce fibrosis in murine models
(Stephenson et al., 2018). To determine the pro-fibrotic role of IL-15, age matched WT
and 11157 mice received CCls injection or were fed with choline-deficient high fat diet to

induce liver and metabolic diseases (Matsumoto et al., 2013; Mafanda et al., 2018).

3.1. CCls-induced liver fibrosis is reduced in the absence of 1115

CCls was injected in wild type and /15 deficient mice for 7 weeks as shown in Figure

3.1.

Week-1 Week-2 Week-3 Week-4 Week-5 Week-6 Week-7

Figure 3.1. CCly was administered intraperitoneally twice a week for 7 weeks.

CCly was diluted in corn oil at 1:3 ratio, and injected to 8-12 weeks old WT or 11157
male mice for seven weeks (0.5 ul CCly/g body weight, twice a week)

3.1.1. CCls induced fibrotic liver showed increase in 1/15 and I/15ra expression

To identify pathological role of 1/15, we evaluated /115 and I/15ra gene expression in the
livers following induction of fibrosis. CCls produces free radicals and induces
inflammatory cascades that result in hepatocyte damage. CCls treatment induced the
expression of /15 and 1/15ra genes expression in wild type mice (Figure 3.2). Il15ra
expression was also increased in the 77157, As expected, we did not detect the expression

of 1115 in 11157 mice.
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Figure 3.2. CClyinjection increased 1115 and 1l15ra gene expression in livers from wild
type mice.

1115 and Il15ra RNA levels were evaluated in liver samples from CCly or corn oil injected
wild type or 1115 null mice. The data is expressed as relative expression when compared
to housekeeping gene (Gapdh). Results are shown as the mean + SEM of two independent
experiments. n = 7 to 11 mice per group. Statistical significance between treated and

control groups, followed by Tukey's multiple comparisons test, is given as *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001.

3.1.2. Loss of 1115 reduced myofibroblast activation and decreased the expression of

ECM modifying enzymes

CCls induces hepatocyte damage which initiates inflammatory cascade to activate hepatic
stellate cells leading to the initiation of hepatic fibrogenic response. Consequently, we
observed extensive bridging fibrosis, documented by Sirius red staining of collagen
fibrils, in the liver sections of CCly treated wild type mice (Figure 3.3A). Liver sections
of CCly treated 71157 mice showed almost 3 times less fibrotic area as compared CCl4
treated WT mice (Figure 3.3B). Immunohistochemical staining for collagen-I revealed
significantly reduced collagen-I deposition in 7//5”7- mice when compared to WT mice

treated with CCl4 (Figure 3.4).

In the presence of inflammation, HSC differentiates into myofibroblast, which starts
producing extracellular matrix proteins such as SMA. Immunohistochemical staining
with a-SMA, a myofibroblast marker, also showed substantial increase in a-SMA staining
in the livers of CCls treated WT mice when compared to control mice that received
vehicle, corn oil only (Figure 3.5A). The intensity of a-SMA staining was significantly
(p<0.01) lower in the livers of /157 mice when compared to controls following CCls

treatment (Figure 3.5B).
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Figure 3.3. 1115 deficiency reduced CCly induced collagen fibrils (Sirius red staining)
in liver.

A). Sections of liver tissues collected from wild type and 1115 deficient mice were stained
with picrosirius red. Representative images from at least 4-5 mice for each group are
shown. B). Quantification of the Sirius red-stained areas of collagen deposition was
carried out using ImageJ software. Results are shown as the mean = SEM of at least 4-5
mice per group. Statistical significance between treated and control groups, followed by
Tukey's multiple comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and
*HAED<0.0001.
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Figure 3.4. CCly induced collagen deposition in the liver is decreased in 11157 mice.

A). Sections of liver tissues collected from WT and 11157 mice were stained for collagen-
1 to detect collagen deposition (brown color) in liver. Representative images from 4-5
mice for each group are shown. B). Quantification of collagen-I positive area was carried
out using ImageJ software. Results are shown as the mean = SEM of at least 4-5 mice
per group. Statistical significance between treated and control groups, followed by
Tukey's multiple comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and
*HEXD<0.0001.
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Figure 3.5. CCly injection increased aSMA expression in the liver of WT mice when
compared to 11157 mice.

A). Sections of liver tissues collected from WT and 11157 mice were stained for aSMA to
detect aSMA expression (brown color) in liver. Representative images from 4-5 mice for
each group are shown. B). Quantification of aSMA stained area was carried out using
ImageJ software. Results are shown as the mean = SEM of 4-5 mice per group. Statistical
significance followed by Tukey's multiple comparisons test is given as *p<0.05,

*p<0.01, ***p<0.001 and ****p<0.0001.

Absence of IL-15 reduces the presence of fibrogenic proteins such as collagen-I and
aSMA during CCls induced fibrogenic response. To assess the activation of stellate cells
that are the main source of ECM proteins during the fibrotic response, we quantified the
expression of various genes responsible for the production (Collal, Col3al, Acta2? and
Tgfb) as well as the maintenance (Mmp2 and Mmp9) of ECM. We observed significantly
reduced expression of Collal and Col3al (that code for collagen type 1 al and type 3
al chain, respectively) in 1/157 liver following CCls treatment (Figure 3.6). Moreover,
11157 mice also exhibited significant (p<0.01) reduction in Acta2 gene expression
(encodes aSMA), in CCly treated 1/757 mice when compared to CCls treated WT mice.
The important profibrogenic cytokine gene, 7gfb that was abundantly increased in the
livers of CCly injected WT mice, was significantly lower in CCl4 treated /157 mice. The
basal level of expression of these genes were generally comparable between control WT

and 11157 mice.
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Figure 3.6. CCly induced fibrogenic markers and ECM modifying enzyme expressions
were reduced in the absence of IL-15.

Collal, Col3al, Acta2, Tgfb, Mmp2 and Mmp9 RNA levels were evaluated in liver
samples from CCly or corn oil injected WT or 11157 mice. The data is expressed as
relative expression when compared to housekeeping gene (Gapdh). Results are shown as
the mean + SEM of two independent experiments. n = 7 to 11 mice per group. Statistical
significance between treated and control groups, followed by Tukey's multiple
comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

Matrix metalloproteinases (MMPs) are the group of enzymes responsible for
maintenance and degradation of ECM during physiological and pathological conditions.
To determine the presence of MMPs, we examined the expression of Mmp2 and Mmp9
genes in the liver tissues. CCl4 treatment significantly augmented the expression of Mmp?2
and Mmp9 (p<0.001) in the liver of WT mice (Figure 3.6). However, the magnitude of
Mmp2 and Mmp9 was not significant difference between CCly treated //15 and WT
mice. These results suggest that expression of MMPs are not directly controlled by IL-

15.
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3.1.3. Immune cell infiltration was reduced in the livers of CCl4 treated 17157 mice
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Figure 3.7. Mononuclear cell infiltration was reduced in the livers of CCly treated 1115

 mice when compared to WT mice liver.

A). Sections of liver tissues collected from WT and 115 mice were stained with
hematoxylin and eosin (H&E). Representative images from at least 4-5 mice for each
group are shown. B). Clusters of mononuclear cell infiltrations, indicated by arrowheads
(»), were counted randomly in 4 mm?® area of liver sections from the indicated mice
group. Results are shown as the mean + SEM of at least 4-5 mice per group. Statistical
significance between treated and control groups, followed by Tukey's multiple
comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

As illustrated in Figure 3.7, H&E stained liver sections from corn oil injected mice
exhibited normal hepatic architecture without infiltration of mononucleated cells while
CCly injected mice showed increased mononuclear cell infiltration. Although the livers
of CCly injected /1157 mice showed infiltration of immune cells, the degree of infiltration

was significantly reduced in 17157

mice when compared to controls. As shown
previously, CCls injection alone is a well established model to study liver fibrosis but
does not otherwise resemble human NASH/NAFLD (Van Herck et al., 2017; Castro and
Diehl, 2018). In our experiment, CCls did not induce microvascular or macrovascular

steatosis in both WT and /757 mice.
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3.1.4. Deficiency of I/15 reduced CCls induced proinflammatory cytokine gene

expression
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Figure 3.8. Loss of 1115 showed protection against CCly induced proinflammatory
cytokine expression.

116, 1112 (p40), 1118, Tnfa and Ifng RNA levels were evaluated in liver samples from CCly
or corn oil injected WT or 11157 mice. The data is expressed as relative expression when
compared to housekeeping gene (Gapdh). Results are shown as the mean = SEM of two
independent experiments. n = 7 to 11 mice per group. Statistical significance between
treated and control groups, followed by Tukey's multiple comparisons test, is given as

%9<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

The above finding indicates reduced immune cell infiltration in the absence of ///5 and
suggests that the inflammation may also be reduced in CCls-treated /157 mice. Hence,
we examined the induction of pro-inflammatory cytokine gene expression in the liver
tissue. As depicted in Figure 3.8, CCls injection increased 1/6, 1112(p40) and Tnfa
expression in WT mice liver when compared to corn oil injected WT mice liver.
Deficiency of [/15 significantly reduced CCls-induced 1/12(p40) and Tnfa gene
expression (p<0.01 and p<0.001, respectively) when compared to CCls injected WT
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mice. /6 expression was statistically comparable between CCls injected WT mice and
CCly injected 77157 mice (Figure 3.8). The expression of /18 remained unaltered in the
CCly injected wild type as well as ///5 deficient mice. Along with this, Ifng gene
expression was also observed to be increased in CCls injected WT mice liver, but
surprisingly we did not detect Ifng gene expression in the ///5 deficient mice liver. These
observations are in line with the requirement of IL-15 for the homeostasis of IFNy

(Strengell et al., 2003).

3.1.5. 1115 deficiency reduced macrophage infiltration induced by CCls in the liver

Macrophages are the most studied immune cells in the context of liver associated ailments
including NAFLD and fibrosis. Their infiltration in different tissues correlates with the
inflammatory status of the tissue. We observed a significant increase in F'4/80 expression,
a marker for resident macrophages, in the livers of WT mice receiving CCls (Figure 3.9)

suggesting an increase in their numbers in the liver.
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Figure 3.9. Deficiency of 1115 reduced CCly induced F4/80+ macrophages in the liver.

F4/80 RNA levels (as an indicator for the resident macrophage subset) were evaluated
in liver samples from CCly or corn oil injected WT or 11157 mice. The data is expressed
as relative expression when compared to housekeeping gene (Gapdh). Results are shown
as the mean £ SEM of two independent experiments. n = 7 to 11 mice per group.
Statistical significance between treated and control groups, followed by Tukey's multiple
comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

CCly induced increase in F4/80 expressing macrophages was significantly reduced in
CCly treated 11157 mice when compared to CCls treated WT mice. We further evaluated

the macrophage infiltration by immunofluorescence using anti-CD68 antibody. As

42| Page



Results

depicted in Figure 3.10, we observed increased frequency of macrophage infiltration in
the CClys injected WT mice liver that was significantly less increased in ///5 deficient

mice post CCly injection.
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Figure 3.10. Increased presence of CD68+ macrophages in the livers of CCly treated
WT mice.

A). Liver tissue sections were stained for CD68 by immunofluorescence to detect
macrophages (green color). Representative images from at least 4-5 mice for each group
are shown. B). Average number of CD68S positive cells per field. Results are shown as the
mean + SEM for at least 4-5 mice per group. Statistical significance between treated and
control groups, followed by Tukey's multiple comparisons test, is given as *p<0.05,

**p<0.01, ***p<0.001 and ****p<0.0001.

3.1.6. CCls induced chemokine expression is decreased in the absence of 7/15

The above finding confirmed that ///5 deficiency protected against CCls induced
inflammation and fibrogenic response along with reduced macrophage infiltration in
liver. The infiltration by immune cells is mainly driven by chemokines, some of which
recruit inflammatory immune cells, while other recruit monocytes that are responsible
for the resolution of liver fibrosis (Oo et al., 2010; Wasmuth et al., 2010; Marra and
Tacke, 2014). Therefore, we also examined the expression of pro-inflammatory, pro-
fibrogenic chemokines (Ccl2, Ccl5, Cxcl9 and Cxcli10). As shown in Figure 3.11, Ccl2
was induced following CCls treatment in both WT and /1157 mice. However, the

expression of other chemokines such as Ccl5 and Cxcl9 was significantly increased
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(»<0.01 and p<0.0001, respectively) in WT mice but not in ///5 deficient mice (Figure
3.11).
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Figure 3.11. CCly induced chemokine expression is reduced in the absence of 1115.

Ccl2, Ccl5, Cxcl9 and Cxcll0 RNA levels were evaluated in liver samples from CCly or
corn oil treated WT or 11157 mice. The data is expressed as relative expression when
compared to housekeeping gene (Gapdh). Results are shown as the mean = SEM of two
independent experiments. n = 7 to 11 mice per group. Statistical significance between

treated and control groups, followed by Tukey's multiple comparisons test, is given as

*0<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

3.2. Il15 contributes to liver fibrosis induced by Choline-deficient high fat diet for

12 weeks

The experiments carried out in the previous section with CCls demonstrated that IL-15 is
induced during liver fibrosis and in its absence, the severity of the signs is attenuated. In
metabolic syndrome, accumulation of fat in the liver leads to fibrosis later in life.
However, in pre-clinical models HFD is not sufficient to induce fibrosis. When combined
with choline-deficiency, high fat diet (CD-HFD) supplement results in fibrosis (Itagaki
et al., 2013; Matsumoto et al., 2013; Stephenson et al., 2018). To understand the role of
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IL-15 in NAFLD-associated fibrosis, we maintained WT and 7757 mice on CD-HFD for

a period of 12 weeks.

3.2.1. CD-HFD induces the expression of 7/15 and 1l15ra

As shown in Figure 3.12, after 12 weeks of CD-HFD supplement, the expression of 7/15
and //15ra was increased in WT mice liver by 4 and 6 fold, respectively. //15ra gene
expression was also increased (p<0.05) in ///5 null mice liver after CD-HFD but was
significantly lower (p<0.01) when compared to CD-HFD fed WT mice liver. As

expected, we did not detect the expression of 7715 in 11157 mice.
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Figure 3.12. Expression of 1115 and Il15ra is increased in the livers of WT mice
maintained on CD-HFD for 12 weeks.

1115 and I115ra RNA levels were evaluated in liver samples from WT and 11157 mice after
12 weeks on CD-HFD. The data is expressed as relative expression when compared to
housekeeping gene (Gapdh). Results are shown as the mean + SEM of two independent
experiments. n = 8 to 11 mice per group. Statistical significance between treated and
control groups, followed by Tukey's multiple comparisons test, is given as *p<0.05,

*p<0.01, ***p<0.001 and ****p<0.0001.

3.2.2. CD-HFD induced steatosis was comparable in wild type and 7/15 deficient

mice

H&E stained liver sections from WT and //157 mice maintained on CHO diet showed
normal hepatic architecture along with clear hepatic lining without triglycerides

accumulation (Figure 3.13). Liver sections of WT mice on CD-HFD for 12 weeks showed
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abundant fatty accumulation with microvascular as well as macrovascular steatosis along

with increase in infiltration by mononucleated cells (grade 3 steatosis).

CHO diet CD-HFD diet

Figure 3.13. Livers from wild type or 1115 deficient mice showed identical degree of
steatosis after 12 weeks of CD-HFD.

Sections of liver tissues collected from WT and 11157 mice were stained with hematoxylin
and eosin (H&E). Representative images from at least 4-5 mice for each group are

shown.

However, CD-HFD fed 7/157 mice liver also depicted comparable microvascular and
macrovascular steatosis with reduced infiltration of mononuclear cells. These
observations suggest that ///5 promotes progression of NAFLD associated inflammation
and inflammation associated liver fibrosis but not the lipid accumulation or lipid

transport.

3.2.3. Il15 deficiency reduced collagen deposition as well as the expression of

fibrosis-associated markers in CD-HFD induced liver fibrosis

As mentioned in section 3.1.4., sterile inflammation initiates hepatocyte damage leading
to activation of HSCs to produce fibrogenic response. In line with previous results, livers
of CD-HFD fed WT mice suggested abundant bridging fibrosis, as seen from Sirius red
staining of collagen fibrils, when compared to livers of CD-HFD fed /157 mice (Figure
3.14). Similar results were also observed by collagen-I immunohistochemistry (Figure
3.15). Activated myofibroblast starts producing extracellular matrix consisting of
collagen-I. These cells can be stained by a-SMA staining (Talbott et al., 2018). As shown

in Figure 3.16, a-SMA staining also showed extensive activation of myofibroblasts in the
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livers of CD-HFD fed WT mice. However, liver sections of 7//57 mice fed on CD-HFD
showed reduced a-SMA staining.

CHO diet CD-HFD diet

Figure 3.14. Loss of 1115 diminishes liver collagen fibril formation (Sirius red staining)
induced after 12 weeks of CD-HFD.
Sections of liver tissues collected from WT and 11157 mice were stained with picrosirius

red. Representative images from at least 4-5 mice for each group are shown.

CHO diet CD-HFD diet

Figure 3.15. 1115 deficiency reduced collagen deposition in the livers of mice
maintained on CD-HFD.

Sections of liver tissues collected from WT and 11157 mice and Collagen-1 immune-
histological staining was performed using anti collagen-I antibody to detect collagen
deposition (brown color). Representative images from at least 4-5 mice for each group

are shown.
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CHO diet CD-HFD diet
5

Figure 3.16. CD-HFD for 12 weeks increased a-SMA production in liver but loss of
1115 reduced a-SMA levels.

Sections of liver tissues collected from WT and I1157 mice and a-SMA immune-
histological staining was performed using anti a-SMA antibody to detect smooth muscle
actin production (brown color). Representative images from at least 4-5 mice for each

group are shown.

Sirius red staining for collagen fibrils and collagen-I immunohistochemical staining
suggested reduced fibrosis in 7//5” mice. Further, we evaluated the expression of genes
responsible for ECM production and maintenance. As shown in Figure 3.17, the
expressions of Collal and Col3al, gene coding for collagen, were significantly elevated
in the liver of WT mice maintained on CD-HFD but the amplitude of increase was lower
in 71157 mice livers. CD-HFD fed /157 mice liver showed substantially reduced
expression of Acta2, which encodes for a-SMA, as compared to choline-deficient high fat
diet fed wild type mice liver (Figure 3.17). Moreover, profibrotic cytokine gene, 7gfb,
that was significantly elevated in WT mice receiving CD-HFD showed a modest increase
in 7157 mice. These results reflect the differences that were observed following CCl4
treatment. Next, we assessed whether the reduced accumulation of ECM in the livers of
1115 null mice was associated with altered expression of enzymes responsible for the

regulation as well as degradation of extracellular matrix i.e. MMPs and TIMPs.

The expressions of matrix metalloproteinases and tissue inhibitors of MMPs varies

during hepatic fibrogenic response to favor extracellular matrix production.
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Figure 3.17. Loss of 1115 diminished the expression of fibrogenic markers and ECM

modifying enzymes in CD-HFD induced fibrotic liver.

Collal, Col3al, Acta2, Tgfb, Mmp2, Mmp9 and Timpl RNA levels were evaluated in

liver samples from WT and I1157 mice after 12 weeks of dietary manipulation. The data

is expressed as relative expression when compared to housekeeping gene (Gapdh).

Results are shown as the mean = SEM of two independent experiments. n = 8 to 11 mice

per group. Statistical significance between treated and control groups, followed by

Tukey's multiple comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and
*AEED<0.0001.
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Gene expression of Mmp2 and Mmp9, that both encode for matrix metallopeptidase
(extracellular matrix modifying enzymes), were significantly increased (»<0.0001) in
WT mice liver maintained on CD-HFD while loss of 7/75 resulted in lesser magnitude of
increase in Mmp2 and Mmp9 (Figure 3.17). Notably, CD-HFD induced 7imp 1 expression
was significantly reduced (p<0.0001) by the loss of //15. These results indicate that //15
contributes to the fibrogenic response, as observed with CCls induced liver fibrosis, and

that in its absence ECM deposition is reduced in the liver (Figure 3.17).

3.2.4. Loss of Il15 protected against CD-HFD induced proinflammatory and

profibrogenic cytokine expression
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Figure 3.18. CD-HFD triggered inflammatory and profibrogenic cytokine expression
were reduced in absence of 115.

116, 1112 (p40), 1118, Ifng and Tnfa RNA levels were evaluated in liver samples from WT
and 11157 mice after 12 weeks of dietary manipulation. The data is expressed as relative
expression when compared to housekeeping gene (Gapdh). Results are shown as the
mean + SEM of two independent experiments. n = 8 to 11 mice per group. Statistical
significance between treated and control groups, followed by Tukey's multiple
comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Next, we asked whether the reduction in the fibrosis associated genes was due to
alteration in metabolism or, due to reduction in the expression of pro-inflammatory genes,
as IL-15 promotes inflammation (Cepero-Donates et al., 2016a; Jonakowski et al., 2017).
The altered production of pro-inflammatory and profibrogenic cytokine gene expression
has been implicated in the fibrosis-associated complications. We examined the
expression of cytokine genes in the liver tissues and observed significantly increased
expressions of /16 and 1/12(p40) in CD-HFD fed WT mice when compared to control
mice (Figure 3.18). Loss of 1/15 significantly reduced //6 and 1/12(p40) gene expressions
(»<0.05 and p<0.0001, respectively) as compared to WT mice maintained on CD-HFD.
As depicted in Figure 3.18, CD-HFD caused significant induction of 7nfa expression in
control mice that was markedly reduced in the absence of ///5. Interestingly, the
expression pattern of ///8 and Ifng were identical to the CCls induced liver fibrosis
experiment (section 3.1.4.). The expression of ///8 remained unaltered in WT as well as
11157 mice maintained on CD-HFD (Figure 3.18). While, Ifig was increased in the CD-
HFD fed WT mice, we did not detect Ifirg gene expression in the 77757 mice liver.

3.2.5. CD-HFD-induced increase in F4/80 and iNos expression was reduced in

absence of 1115
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Figure 3.19. 1115 deficiency showed protection against CD-HFD induced F4/80 and
iNos expressions in liver.

F4/80 and iNos RNA levels were evaluated in liver samples from WT and 11157 mice
after 12 weeks of dietary manipulation. The data is expressed as relative expression when
compared to housekeeping gene (Gapdh). Results are shown as the mean = SEM of two
independent experiments. n = 8 to 11 mice per group. Statistical significance between

treated and control groups, followed by Tukey's multiple comparisons test, is given as
*0<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Macrophages respond to pro-inflammatory and profibrogenic cytokines and play a
crucial role during the hepatic fibrogenic response. To observe macrophage infiltration,
we evaluated the expression of F4/80, a marker for macrophages, and observed
significantly elevated F'4/80 expression in WT mice liver fed with CD-HFD as compared
to control WT mice (Figure 3.19). Loss of 7//5 reduced CD-HFD induced F4/80
expression as compared to WT liver. As portrayed in Figure 3.19, expression of iNos
gene was also dramatically increased in CD-HFD fed WT, while loss of /15 showed
significant protection (p<0.01) against CD-HFD induced iNos expression.

3.2.6. 1115 deficiency reduced CD-HFD induced chemokine expression
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Figure 3.20. CD-HFD for 12 weeks induced chemokine expression in WT mice liver
but not in 1115 deficient mice.

Ccl5, Cxcl9 and Cxcll0 RNA levels were evaluated in liver samples from WT and 11157
mice after 12 weeks of dietary manipulation. The data is expressed as relative expression
when compared to housekeeping gene (Gapdh). Results are shown as the mean = SEM
of two independent experiments. n = 8 to 11 mice per group. Statistical significance

between treated and control groups, followed by Tukey's multiple comparisons test, is

given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

Various immune cells including macrophages play a vital role in this inflammatory
response and these cells are recruited by various chemokines for the resolution of liver
fibrosis. Therefore, we also examined the expression of pro-inflammatory chemokines
Ccl5, Cxcl9 and Cxcl10. The Ccl5 chemokine that recruit inflammatory monocytes was
increased in the livers of WT mice maintained on CD-HFD for 12 weeks while its
expression was not increased in IL-15 deficient CD-HFD livers (Figure 3.20). Even
though both Cxcl9 and Cxcl10 are induced by IFN-y, Cxc/10 can be induced independent
of IFN-y. Hence, we saw an increase in Cxcl//0 but not in Cxc/9 that is strictly IFN-y
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dependent (Amichay et al., 1996; Farber, 1997; Qian et al., 2007; Tokunaga et al., 2018).
Thus, these results suggest that IL-15 contributes indirectly to the recruitment of immune

cells through upregulation of chemokines.

3.2.7. CD-HFD reduced Ppara expression in WT mice but not in 7/15 deficient mice

CD-HFD induces steatosis-associated inflammation which leads to fibrosis in metabolic
syndrome. CD-HFD also alters cholesterol and fatty acid metabolism which increase the
risk of cardiovascular events. Hence, we checked the expression of genes associated with
lipid synthesis and metabolism. Ppara is a key regulatory transcription factor which
regulates beta oxidation, fatty acid synthesis and uptake, bile acid synthesis, ketogenesis
and triglycerides turnover (Liss and Finck, 2017). As depicted in Figure 3.21, CD-HFD
supplement showed substantial reduction in Ppara gene expression in WT liver but not
in //15 null liver. Thus, in the absence of ///5, CD-HFD has no effect on Ppara gene
expression. Gene expressions of A#6, a transcription factor which is involved in fatty
acid oxidation by binding with Ppara, and Cptla, a gene that encodes carnitine
palmitoyltransferase-1 enzyme, playing a critical role in translocation of long chain fatty
acid through mitochondrial membrane for hepatic beta-oxidation, were significantly
upregulated by CD-HFD and loss of 7//5 did not modulate increased expression of A#f6
and Cptla (Figure 3.21).

Another important player of fatty acid metabolism is Cd36, which allows lipid
transportation across the plasma membrane, and Hmgcs2, the gene that regulates
mitochondrial fatty acid oxidation and controls production of ketone bodies. We also
observed dramatic increase (p<0.01) in expression of Cd36 in the liver of WT as well as

1115”7 mice fed with CD-HFD (Figure 3.21).

Acyl-CoA dehydrogenase (ACAD) enzymes, a family of four enzymes, catalyze the
sequential steps in the mitochondrial fatty acid oxidation and produce acetyl-CoA for the
tricarboxylic acid (TCA) cycle. As shown in Figure 3.21, the gene expression of Acads,
responsible for short chain fatty acid oxidation, was significantly upregulated while
Acadvl, responsible for very long chain fatty acid oxidation, was downregulated in CD-
HFD fed WT liver. Notably, loss of 7/15 did not have any impact on alteration of Acads
and Acadvl expression. Cyp4al(), the microsomal cytochrome P450 enzyme involved in

w-oxidation, was also decreased in the liver of WT mice receiving CD-HFD and the
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expression of Cyp4al() was comparable in the liver of CD-HFD fed /75 null mice (Figure

3.21).
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Figure 3.21. Choline-deficient high fat diet for 12 weeks significantly reduced Ppara

expression in wild type but not in 1115 deficient mice liver.

Ppara, Atf6, Cptla, Cd36, Hmgcs2, Acads, Acadvl and Cyp4alO) RNA levels were

evaluated in liver samples from WT and 1115 mice after 12 weeks of dietary

manipulation. The data is expressed as relative expression when compared to

housekeeping gene (Gapdh). Results are shown as the mean + SEM of two independent

experiments. n = 8 to 11 mice per group. Statistical significance between treated and

control groups, followed by Tukey's multiple comparisons test, is given as *p<0.05,

*p<0.01, ***p<0.001 and ****p<0.0001.
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3.2.8. CD-HFD did not alter Acyl-CoA dehydrogenase family gene expression

responsible for long and medium chain fatty acid metabolism
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Figure 3.22. Choline-deficient high fat diet did not alter the expression of enzymes
responsible for long and medium chain fatty acid metabolism.

Acadl, Acadm and Acatl RNA levels were evaluated in liver samples from WT and 1115
"~ mice after 12 weeks of dietary manipulation. The data is expressed as relative
expression when compared to housekeeping gene (Gapdh). Results are shown as the
mean = SEM of two independent experiments. n = 8 to 11 mice per group. Statistical
significance between treated and control groups, followed by Tukey's multiple

comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

Another 2 members of ACAD family i.e. Acadl, responsible for long chain fatty acid
oxidation, and Acadm, responsible for medium chain fatty acid oxidation, were not
altered by CD-HFD in WT or 1/15" mice liver (Figure 3.22). Excess of cellular
cholesterol is stored in the form of cholesteryl ester with the help of acyl-coenzyme A
(CoA): cholesterol acyltransferase enzyme. We thus examined the expression of Acatl
which encodes acyl-coenzyme A (CoA): cholesterol acyltransferase enzyme, and the
gene expression of Acatl was also not altered in the liver of either WT or /1157 mice fed

with CD-HFD (Figure 3.22).

Minimal regulation of the genes regulating metabolism in the ///57" mice in the fibrosis
model indicate towards the involvement of inflammation pathways rather than direct
metabolic alteration in CD-HFD induced hepatic diseases. Reduced expression of Ppara
in CD-HFD fed WT mice might be mediated through IL-15 induced inflammation rather

than direct involvement of IL-15 in the metabolism.
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3.3. Choline-deficient high fat diet manipulation for 2 weeks produced significant

alteration

To determine whether short-term exposure to CD-HFD was sufficient to produce
steatosis/NAFLD like condition, CD-HFD was provided for 2 weeks. Age-matched male
WT and //157" mice were maintained on regular or CD-HFD and were analyzed as

described above.

3.3.1. Choline-deficient high fat diet for 2 weeks is sufficient to upregulate the
expression of /15 and Il15ra

After 2 weeks of CD-HFD, wild type mice showed significant increase in //15 and //15ra
expression (Figure 3.23), while ///5 null mice showed significant protection against
choline-deficient high fat diet induced elevation in /1 5ra expressions in liver. Although,
1115ra expression was also increased (p<0.05) in /715 deficient mice, the expression was
significantly low (p<0.01) as compared to choline- deficient high fat diet treated wild

type mice. As expected, we did not detect the expression of 7/15 in 7/15 null mice.
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Figure 3.23. Two weeks of CD-HFD manipulation increased 1115 and Il15ra

expression.

1115 and 1l15ra RNA levels were evaluated in liver samples from wild type and 1115 null
mice after 2 weeks of dietary manipulation. The data is expressed as relative expression
when compared to housekeeping gene (Gapdh). Results are shown as the mean + SEM
of two independent experiments. n = 5 to 7 mice per group. Statistical significance
between treated and control groups, followed by Tukey's multiple comparisons test, is

given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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3.3.2. Choline-deficient high fat diet for 2 weeks induced 7nfa and F4/80 expressions

in wild type mice but not in 7/15 deficient mice

The above results indicated involvement of /15 and //15ra in the progression of NAFLD
and steatosis like condition. As inflammation plays a critical role in the progression of
NAFLD to steatosis or NASH followed by fibrosis (Bedossa, 2017), significant increase
in the expression of 7nfa and F'4/80 in the livers of WT mice maintained on CD-HFD,
but not in ///5 deficient mice, suggests a role for IL-15 in promoting inflammation at
early time points (Figure 3.24). Reduced expressions of Tnfa and F4/80 indicated a low
degree of inflammation and reduced macrophage infiltration in ///5 null mice,

respectively, and revealed protection against inflammation in the absence of 7/15.
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Figure 3.24. CD-HFD diet for 2 weeks increased Tnfa and F4/80 expression in wild
type mice but not in 1115 deficient mice.

Tnfa and F4/80 RNA levels were evaluated in liver samples from wild type and 1115 null
mice after 2 weeks of dietary manipulation. The data is expressed as relative expression
when compared to housekeeping gene (Gapdh). Results are shown as the mean + SEM
of two independent experiments. n = 5 to 7 mice per group. Statistical significance
between treated and control groups, followed by Tukey's multiple comparisons test, is

given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

3.3.3. 1l15 deficiency reduced fibrosis-associated markers induced by choline-

deficient high fat diet for 2 weeks

Although two weeks of choline-deficient high fat diet increased inflammation which was
reversible, prolonged administration of choline-deficient high fat diet will leads to

inflammation-associated steatosis which develops into liver fibrosis (Itagaki et al., 2013).
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Therefore, to check the progression of liver fibrosis, series of genes involved in the

progression of fibrosis were assessed.
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Figure 3.25. Two weeks of CD-HFD diet is sufficient to increase the expression of
fibrosis associated genes.

Collal, Col3al, Acta2? and Tgfb RNA levels were evaluated in liver samples from wild
type and 1115 null mice after 2 weeks of dietary manipulation. The data is expressed as
relative expression when compared to housekeeping gene (Gapdh). Results are shown as
the mean + SEM of two independent experiments. n = 5 to 7 mice per group. Statistical
significance between treated and control groups, followed by Tukey's multiple
comparisons test, is given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

As depicted in Figure 3.25, Collal, Col3al and Tgfb expressions were significantly
increased (p<0.0001) in the wild type mice after 2 weeks of choline-deficient high fat
diet administration but were significantly lower in the ///5 null mice receiving choline-

deficient high fat diet. The expression of Acta2, responsible for production of a-Sma, was
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not significantly altered (Figure 3.25) when compared to the respective control animals

receiving normal diet.

3.3.4. Choline-deficient high fat diet for 2 weeks increased chemokine expression in

the liver lacking 1115

Infiltration of immune cells during hepatic injury is mainly derived from release of
chemokines, hence we checked expression of chemokines Cc/5 and Cxcll0 receptors.
Choline-deficient high fat diet given for 2 weeks showed drastic increase in Cc/5 and
Cxcl10 expression in wild type mice (Figure 3.26). However, deficiency of /115 reduced
CD-HFD-induced CCI5 and Cxcll0 expression when compared to wild type mice
receiving choline-deficient high fat diet, suggesting increased immune cell infiltration in

absence of /15 due to modulation of chemokines expression.
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Figure 3.26. CD-HFD diet for 2 weeks induced chemokine expressions but deficiency

of 1115 protected against elevation in chemokine expressions.

Ccl5 and Cxcll0 RNA levels were evaluated in liver samples from wild type and 1115 null
mice after 2 weeks of dietary manipulation. The data is expressed as relative expression
when compared to housekeeping gene (Gapdh). Results are shown as the mean + SEM
of two independent experiments. n = 5 to 7 mice per group. Statistical significance
between treated and control groups, followed by Tukey's multiple comparisons test, is

given as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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3.3.5. Choline-deficient high fat diet for 2 weeks did not alter Ppara expression in

liver

CD-HFD induces metabolic diseases through metabolic as well as epigenetic alterations.
Hence, we studied expression of transcription factor Ppara, which is implicated in lipid
homeostasis and liver pathogenesis in different contexts. Choline-deficient high fat diet
did not alter expression of Ppara either in wild type or 1/15 null mice liver (Figure 3.27).
This result indicates involvement of inflammation and other pathways rather than

metabolic alteration in 2 weeks choline-deficient high fat diet induced hepatic disorders.
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Figure 3.27. Two weeks CD-HFD diet manipulation did not alter Ppara gene

expression.

Ppara RNA level was evaluated in liver samples from wild type and 1115 null mice after
2 weeks of dietary manipulation. The data is expressed as relative expression when
compared to housekeeping gene (Gapdh). Results are shown as the mean = SEM of two
independent experiments. n = 5 to 7 mice per group. Statistical significance between
treated and control groups, followed by Tukey's multiple comparisons test, is given as

*0<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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3.4. Summary of results

In this work, we investigated the role of IL-15 in the homeostasis, development and
pathogenesis of NASH and liver fibrosis. We found that IL-15 plays an inflammatory
and profibrogenic role in the pathogenesis of inflammation associated liver fibrosis.
Moreover, we observed that loss of IL-15 reduced inflammation and collagen deposition
in various experimental animal models. Inflammation induced chemokine expression and
immune cell infiltrations were also found to be reduced in the absence of 1/75.
Additionally, proinflammatory and profibrogenic gene expression were also
downregulated in the absence of 1/15. Furthermore, in context of metabolism, we showed
that IL-15 mediated inflammation is responsible for the downregulation of Ppara gene
expression. Overall, our results contribute to a better understanding of the profibrogenic

role of IL-15 in the inflammation associated liver fibrosis.
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4. Discussion

NAFLD is the most common liver disorder in the western world, with a global estimated
prevalence of 20% of cases of liver disorders. The majority of patients have simple
steatosis or NAFLD without inflammation or liver damage (Vernon et al., 2011). A
subgroup of NAFLD patients develops inflammation associated with ballooning
degradation of hepatocytes which leads to development of fibrosis and/or cirrhosis
ending with hepatocellular carcinoma (Ong and Younossi, 2007; Vernon et al., 2011;
Yoo et al., 2017). NAFLD is part of metabolic syndrome that includes obesity, diabetes
and dyslipidemia. Simple NAFLD is a stable disease with or without slow progression
over time while inflammation associated NAFLD, also termed as NASH, may lead to
advanced fibrosis and cirrhosis which increases mortality due to liver-associated and

cardiovascular events (Stal, 2015).

Liver fibrosis is a series of multiple pathological conditions starting from fatty liver to
apoptosis and necrosis of hepatocytes which stimulates production and deposition of
extracellular matrix and collagen through activation of stellate cells. The early detection
of various fibrosis stages and cirrhosis is crucial for diagnosis to start therapeutic
interventions. Liver biopsy is considered as a gold standard for the assessment of hepatic
inflammation and stages of liver fibrosis, however, due to sampling variation and low
patient acceptance due to pain, this invasive technique is not widely acceptable amongst
patients (Patel and Shackel, 2014; Stal, 2015). However, recent advanced technique such
as serum biomarkers, physical and physiological examination (breath test), made non-
invasive techniques more applicable in clinical practices (Patel and Shackel, 2014; Patel
et al., 2015; Li et al., 2018). Nevertheless, results of these non-invasive techniques can
be influenced by physiological condition of patients due to non-specificity toward liver
(Patel and Shackel, 2014; Sharma et al., 2014). Thus, there is a need for the identification

of reliable biomarkers for steatosis, steatohepatitis, fibrosis and hepatocellular carcinoma.

Fibrosis results from chronic inflammation, which can be defined as an inflammatory
immune response which persists for several months or years with immune cell
infiltration, tissue remodeling and repair simultaneously. Even though fibrosis can have
distinct etiology, chronic persistent inflammation which induces production of
angiogenic factors, proteolytic enzymes, growth factors and profibrogenic cytokines

leading to production and deposition of extracellular matrix which eventually alters
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normal hepatic architecture due to remodelling, is a hallmark of fibrosis (Tomasek et al.,
2002; Friedman, 2004). As inflammation plays a critical role in progression of liver
disorders, regulation of inflammatory cascades may prevent the progression of NAFLD

to liver fibrosis and cirrhosis.

IL-15 is known to have a pathological role in the development of various autoimmune
diseases such as type 1 diabetes, rheumatoid arthritis and inflammatory bowel diseases
(MclInnes and Liew, 1998; Yokoyama et al., 2009; Bobbala et al., 2012). Previously, we
observed that IL-15 is implicated in the pathology of high fat diet induced fatty liver and
absence of /115 or /1 5ra retards development of fatty liver (Cepero-Donates et al., 2016a;
Cepero-Donates et al., 2016b). Hence, in line with our previous work, here we assessed

the role of IL-15, an immune-inflammatory cytokine, in the pathogenesis of liver fibrosis.

It is not known whether human hepatic stellate cells express IL-15 in normal
physiological condition as well as in fibrogenesis. IL-15 expression has been observed in
liver tissues, hepatocyte and hepatoma cell lines (Golden-Mason et al., 2004; Correia et
al., 2009). In this experimental work, we observed constitutive expression of //15 as well
as Il15ra in the mouse liver. Transcriptome microarrays of normal and fibrotic human
liver showed a significant increase /L/5 and ILI5Ra expression in fibrotic liver as
compared to healthy liver (Jiao et al., 2016). Increased expression of /L5 and IL15Ra in

liver fibrosis supports a role for IL-15 in the progression of the liver pathology.

In line with previous observations, we also observed increased ///5 and //1 5ra expression
in HFD induced NAFLD as well as CD-HFD or CCls induced liver fibrosis animal
models. Previously, Sun and Zemel have also observed increase in //15 expression in the
skeletal muscles and adipose tissues after high calcium obesogenic diet (Sun and Zemel,
2007). In accordance to this result, we also observed elevated expression of //75 in the
liver of obese mice receiving high-fat-diet, suggesting involvement of the ///5 in the

pathogenesis of liver ailments.

Inflammation is a common response to any chronic injury leading to formation of scar
tissue and ultimately fibrosis. CCls injected wild type mice also showed extensive liver
injury, characterized by necrosis, degeneration and ballooning of hepatocytes along with
infiltration of mononuclear inflammatory immune cells and widespread fibrosis. CCls
administration leads to alteration in various key pathways such as drug metabolism by

CYP450 leading to generation of free radicals along with oxidative stress (Scholten et
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al., 2015; Dong et al., 2016). However, CCls injected /157 mice showed reduced
inflammation and fibrosis when compared to WT mice treated with CCls. In line with
these results, CD-HFD induced fibrotic liver also showed similar results. Recruited
proinflammatory macrophages convert to patrolling macrophages and play a critical role
in tissue repair and restoration after an injury (Dal-Secco et al., 2015). However, massive
infiltration of monocyte derived macrophages is a peculiar feature of acute and chronic
liver injury in humans (Zimmermann et al., 2010; Antoniades et al., 2012) and this pro-
and anti-fibrotic role of infiltrated macrophages could be attributed to different subsets.
In the early phase of liver injury, chemokines recruit Ly6CH pro-inflammatory
monocytes that promotes fibrosis by direct interaction with stellate cells and through
production of TGFB while Ly6C"® macrophages demonstrate anti-fibrotic action by
accelerating the regression of fibrosis (Karlmark et al., 2009; Baeck et al., 2012;
Ramachandran et al., 2012). In line with this data, we also observed increased F4/80 gene
expression as well as CD68+ve macrophages in CCls injected or CD-HFD treated WT
mice liver but the expression of F4/80 and macrophages infiltration were significantly
reduced in the absence of IL-15, indicating that IL-15 plays crucial role in the recruitment
of macrophages in liver micromilieu during the inflammatory conditions like NAFLD
and fibrosis. Earlier, Alleva et al. also showed that IL-15 alters macrophage functions in
a cytokine dependent manner (Alleva et al., 1997). In macrophages, IL-15 acts as
autocrine regulator of pro- and anti-inflammatory cytokines. High level of IL-15 favors
production of pro-inflammatory cytokines such as TNF-a, IL-1 and IL-6 while low
concentration favors production of anti-inflammatory cytokine IL-10 via macrophages
(Alleva et al., 1997). IL-15 is also known to activate macrophages but underlying

mechanism is yet to be elucidated.

Various pro-inflammatory cytokines promote liver fibrosis by promoting secretion of key
profibrogenic cytokine TGFf, leading to activation and proliferation of stellate cells
(Borthwick et al., 2013). The expression of 116, 1l12(p40), Tnfa and iNos genes was
significantly increased in WT mice treated with CCl4 or CD-HFD, whereas expression of
these gene was significantly lower in /1157 mice receiving CCls or CD-HFD, suggesting
that IL-15 acts upstream of pro-inflammatory cytokines and is crucial to maintain the
production and release of inflammatory cytokines. TNFa has a proven inflammatory role
in the development of NASH and progression to fibrosis through upregulating the

expression of various fibrogenic molecules such as Mcpl, Tgfb, Collal, Timpl and
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MMPs (Yang and Seki, 2015; Kakino et al., 2018). Increased 7nfa expression in fibrotic
WT mice is associated with increased inflammation, proliferation and apoptosis of
hepatocytes, however the molecular mechanisms of TNFa in liver fibrosis is not well
studied. Similarly, increased expression of other pro-inflammatory cytokines such as 7/6
and /112(p40), is also associated with degree of liver damage (Choi et al., 1994; Araujo
et al., 2001; Hammerich and Tacke, 2014). The role of IFNy in the development and
homeostasis of the liver is not clear and remains controversial. Previously, Luo et al.
observed reduced liver fibrosis in Ifiig”" mice due to suppression of inflammatory
response of macrophages as well as reduced activation of HSC during the progression of
liver fibrosis (Luo et al., 2013). Clinically it is also observed that enhanced level of IFNy
in the serum is directly correlated with liver dysfunction rather than inflammatory disease
(Attallah et al., 2016). In line with these observations, we also observed significant
elevated expression of /fng in fibrotic WT mice liver. In contrast, IFNy is known for
attenuating liver fibrosis by inhibiting stellate cells proliferation and collagen production,
through augmenting NK cell mediated killing of activated HSCs (Czaja et al., 1989; Shi
etal., 1997; Shen et al., 2002; Jeong et al., 2008; Gao and Radaeva, 2013). IFNy treatment
improved fibrotic score in patients with chronic HBV infection due to inhibition of
profibrotic TGFB (Weng et al., 2005). It is possible that IFNy treatment activated NK
cells that resulted in the control of HBV infection and had indirect effect on TGFf
expression and fibrosis. However, absence of Ifing expression in /1157 mice liver supports
profibrotic role of IFNy in the development of liver fibrosis, although the reason for

impaired Ifng expression in IL-15 deficient mice livers remains to be addressed.

During inflammation, activated Kupffer cells, sinusoidal endothelial cells and HSCs
produce large amount of NO through iNOS. iNOS is also identified as fibrogenic, due to
enhanced expression of Mmps and HIF-1a, in the development of liver fibrosis (Rockey
and Chung, 1996, Mustafa and Olson, 1998; Aram et al., 2008; Anavi et al., 2015;
Iwakiri, 2015). Inhibition of iNOS or iNos” mice also showed reduction in
experimentally induced liver fibrosis (Aram et al., 2008; Anavi et al., 2015). We also
observed a significant increase in the expression of iNos gene in WT fibrotic liver that
was diminished in the absence of IL-15. Previously, Hou et al. demonstrated increased
level of iNOS in acetaminophen-induced hepatotoxicity while loss of /715 reduced iNOS
levels (Hou et al., 2012). However, regulation of iNOS through IL-15 signaling is yet to
be elucidated.
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Inflammatory cytokines increase progression of liver fibrosis by inducing TGFp, an
fibrogenic growth factor, which promotes stellate cell proliferation and drive fibroblast
into myofibroblast (Desmouliere et al., 1993; Borthwick et al., 2013). WT mice treated
with CCls or CD-HFD showed significant increase in the expression of 7gfb gene while
11157 mice showed reduced expression of Tgfb when compared to WT mice, suggesting
reduced TGFp signaling in absence of IL-15. In contrast, Benahmed and colleagues
showed that IL-15 inhibits Smad dependent TGFf signalling in lymphocytes (Benahmed
et al., 2007). In line with our hypothesis, CCl4 or CD-HFD induced collagen and aSMA
gene and protein expression was reduced in the absence of IL-15. This indicates that in
the absence of IL-15, stellate cells are spared from the effects of inflammation as seen

from the reduced expression of Mmps and Timp1 expression.

MMPs are a group of enzymes mainly responsible for the degradation of ECM. However,
collective analysis of the role of MMPs in different fibrosis models revealed both
properties i.e. inhibitory and stimulatory activities in the development of fibrosis
(Giannandrea and Parks, 2014; Duarte et al., 2015; Jablonska-Trypuc et al., 2016). Apart
from ECM remodeling, MMPs also influence various cellular activities such as survival,
proliferation, differentiation, migration and gene expression (Page-McCaw et al., 2007;
Giannandrea and Parks, 2014). In the liver, MMPs are expressed by stellate cells and
MMPs play crucial role in matrix substrate clearance from the injured environment to
maintaining the activated stellate cell phenotype (Guo and Friedman, 2007). Although,
MMPs clear various ECM substrates in vitro, their in vivo replica is not yet clear. The in
vivo functions of MMPs are influenced by their differential expression at various stages
of fibrosis which alter their ability to cleave normal matrix substrate versus fibrotic
interstitial fibrillar collagen (Benyon and Arthur, 2001; Gelse et al., 2003; Guo and
Friedman, 2007; Giannandrea and Parks, 2014). In the liver, MMP1 and MMP2 are
identified as having anti-fibrotic properties while MMP3 and MMP9 promote fibrosis.
However, functions of these MMPs depend on progression of fibrosis and are tissue
dependent (Giannandrea and Parks, 2014; Duarte et al., 2015). MMP1 and MMP2
contribute to fibrosis resolution via promoting collagen degradation and suppressing
collagen expression, respectively (Benyon and Arthur, 2001; Giannandrea and Parks,
2014). MMP9 is also involved in neutrophils and leucocytes infiltration during liver
injury (Hanumegowda et al., 2003; Hamada et al., 2008). In line with this, we also
observed drastic reduction in CD-HFD induced MmpI and Mmp9 gene expression in /15
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deficient livers when compared CD-HFD fed WT mice. Interestingly, in CCls induced
fibrotic mice, expression of Mmp2 and Mmp9 is comparable between WT and 71157
mice. Loss of IL-15 altered expression of Mmp2 and Mmp9 in CD-HFD induced liver
fibrosis but not in CCls induced fibrosis. TIMP-1 is an endogenous metalloproteinase
which contributes in fibrosis via inhibition of different MMPs (Brew et al., 2000).
Recently, Thiele and colleagues have identified that TIMP-1 is upregulated, but not
essential for the progression of liver fibrosis (Thiele et al., 2017). TIMP-1 expression is
upregulated by activated HSCs leading to inhibition of MMPs which contributes to
progression of fibrosis (Schuppan et al., 2001; Roderfeld, 2018). CD-HFD induced
Timp1 expression is reduced in the absence of IL-15. However, regulation of MMPs and

TIMPs by IL-15 in liver fibrosis is not well studied.

Altered expression of chemokines as well as their receptors play a critical role in the
progression and pathogenesis of liver fibrosis. Apart from recruitment of immune cells,
chemokines also contribute to immune surveillance and maintain homeostasis of other
nonimmune cells, such as fibrogenic response of stellate cells (Marra, 2002; Wasmuth et
al., 2010). Activation of liver myofibroblasts leads to production and release of different
chemokines viz. CCL2, CCL3, CCL5, CCL11, CXCLS8, CXCL9 and CXCL10 which
further recruits immune cell infiltration in the liver (Holt et al., 2009). Activated stellate
cells, Kupffer cells and damaged hepatocytes secrete high level of CCL2 which promotes
hepatic infiltration of monocytes leading to fibrogenesis (Karlmark et al., 2009; Seki et
al., 2009b; Ehling et al., 2014). Although CCLS5 is strongly expressed by hepatic stellate
cells, lymphocytes, platelets, macrophages, endothelial cells and hepatocytes also
contribute to the secretion of CCL5 (Appay and Rowland-Jones, 2001). CCLS5 exerts its
action on stellate cells in autocrine as well paracrine manner and controls HSC migration,
activation and proliferation (Mafanda et al., 2018). CCL5 is also identified to have
detrimental effects during progression of hepatic fibrosis, atherosclerosis, obesity and
other inflammatory disorders (Wu et al., 2007; Koenen et al., 2009; Seki et al., 2009a;
Mafanda et al., 2018). In line with this, we also observed increased Ccl/2 and Ccl5 gene
expression in CD-HFD as well as CCly injected mice, however the expression of Cc/2

and Ccl5 was substantially lower in 7//5 null mice receiving CCl4 (Figure 3.11 and 3.20).

Notably, CCls or CD-HFD treated wild type mice livers showed increased expression of
Cxcl9 and Cxcl10, which are important mediators in tissue scaring and progression of

fibrosis by exerting dual effects on intrahepatic immune cells as well as hepatic stellate
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cells. CXCR3 associated chemokines such as CXCL9, CXCL10 and CXCL11 have been
identified to be involved in inflammation and liver fibrosis due to recruitment of
lymphocytes leading to release of interferon and interleukin (Loetscher et al., 1996;
Zeremski et al., 2008). Previously, profibrogenic role of CXCL9 and CXCL10 has been
proven due to the secretion of IFNy and IL-9 (Loetscher et al., 1996; Zeremski et al.,
2008; Guo et al., 2018; Mazzi, 2019). In contrast to this finding, Wasmuth et al. observed
increased liver fibrosis in Cxcr3”" mice indicating an anti-fibrotic role of CXCL9 and
CXCR3. (Wasmuth et al., 2009). Reduced expression of Cxcl9 and Cxcl10 in 11157
fibrotic liver could be due to absence of /fng that induces these 2 chemokines. Increased
expression of Cc/5 and Cxcl10 in CD-HFD induced NASH indicates the secretion of pro-
fibrogenic chemokines at the effector phase of the fibrogenic cascade. Apart from
CXCR3 associated chemokines, fractalkine receptor CX3CR1, largely expressed by
monocyte derived macrophages, monocytes and dendritic cells, was also found to possess
antifibrotic role by regulating differentiation and survival of hepatic infiltrated monocytes
(Karlmark et al., 2010; Marra and Tacke, 2014). The expression of Cx3crl was found to
be abundantly increased in CCls injected WT mice liver with nonsignificant reduction in
11157 mice as compared to CCls injected WT mice. However, regulation of CX3CRI1 via
IL-15 remains to be addressed. Reduced fibrosis in ///5”" mice might be attributed to
markedly reduced recruitment of immune cells and immune cell-mediated inflammation.
However, further studies are needed to unravel the mechanism by which IL15 regulates
various chemokines involved in progression of liver fibrosis in different cellular

compartment.

As a metabolic hub, the liver maintains whole body energy homeostasis. At the cellular
level, mitochondria- the powerhouse of the cell, connects and integrates the hormonal,
biochemical and inflammatory pathways to achieve the energetic and biochemical
demands of the cell (Mello et al., 2016). In the pathogenesis of obesity and metabolism-
associated disorders such as NASH/NAFLD, lipotoxicity, insulin resistance and adipose
derived inflammation play a central role. However, central mechanisms responsible for
development of fibrosis and hepatic metastasis from NASH are complex and not well
understood yet (Ipsen et al., 2018; Rakotoarivelo et al., 2018). In hepatic steatosis, lipid
acquisition exceeds its disposal through increased fatty acid uptake and de-novo
lipogenesis, and reduced fatty acid oxidation (Sozio et al., 2010; Ipsen et al., 2018).

PPARa is the main regulatory nuclear receptor that controls lipid metabolism as well as
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glycolysis and gluconeogenesis pathways in mice (Rakhshandehroo et al., 2009; Janssen
et al., 2015). Ppara-/- mice fed with methionine and choline deficient diet showed
abundant liver fibrosis when compared with WT mice while treatment with Wy-14,643
(PPARa agonist) showed reduction in fibrosis indicating antifibrotic role of PPARa
through reducing fibrotic stimuli such as lipid peroxidation (Ip et al., 2003; Ip et al.,
2004). We did not observe reduction in Ppara gene expression in WT or 17157 mice fed
with CD-HFD for 2 weeks. This finding is in line with the recent reports indicating
negligible alteration in lipid homeostasis with minimal or no inflammation after 2 weeks
of HFD feeding (Shang et al., 2017; Andrich et al., 2018; Denver et al., 2018). However,
WT mice fed with CD-HFD for 12 weeks showed significant reduction in Ppara gene
expressions in liver while //757" mice did not reveal reduction in Ppara expression
suggesting IL-15 mediated inflammation plays a critical role in lipid homeostasis
alteration through down-regulation of Ppara expression. Expression of Atf6
(transcription factor involved in fatty acid oxidation through binding with Ppara), Cptla
(encodes enzyme that transfer long chain fatty acids from acyl-CoA to carnitine to form
acyl-carnitine) and Acads (responsible for short chain fatty acid oxidation) were
significantly upregulated by CD-HFD diet and comparable between WT and /157" mice.

These observations indicate that IL-15 may not directly regulate lipid homeostasis.

Collectively, our results indicate a pro-fibrotic role for IL-15 in the pathogenesis of liver
fibrosis. Thus, IL-15 could be a potential therapeutic target for the management of liver

fibrosis.
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5. Conclusions

Inflammation associated liver fibrosis is a potentially life-threatening complication
associated with high mortality. Several pro-inflammatory and fibrogenic cytokines have
been implicated in the pathogenesis of liver fibrosis. The role of IL-15 in the regulation
and homeostasis of various immune cells such as NK cells, NKT cells and other
lymphocytes has been well characterized but its role in cells such as hepatocytes, stellate
cells and Kupffer cells was not well studied. Thus, this study was carried out to

investigate the role of IL-15 in hepatocytes and stellate cells.

CD-HFD or CCly treatment increased the expression of ///5 as well as other pro-
inflammatory cytokines such as /16, Tnfa and 1/12. The livers of WT mice fed CD-HFD
also showed reduced Ppara gene expression indicating that IL-15 mediated inflammation
alters lipid metabolism. In addition to reduced inflammatory mediators, IL-15 deficient
livers preserved lipid homeostasis through maintaining Ppara regulatory machinery.
Liver infiltrated immune cells play a critical role in the activation of stellate cells as well
as progression of liver fibrosis. Macrophage infiltration was significantly increased in
WT fibrotic liver but not in 77757 mice liver, and this could be attributed to reduced
expression of various chemokine gene (Cc/2 and Ccl5), responsible for macrophage
chemotaxis. We also observed reduced ECM deposition such as collagen and a-SMA in
11157 mice liver indicating reduced stellate cell activation in the absence of IL-15.
Interestingly, we observed increased expression of /fng gene in fibrotic livers from WT
mice but Ifirg was not detected in 7/15”" mice liver. In a nutshell, we identified pro-
fibrogenic role of in the progression of liver fibrosis through upregulation of

inflammatory and fibrotic cytokines.
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6. Perspectives

The results obtained from the current experimental work indicate a pro-fibrotic role for
IL-15 in the pathogenesis of liver fibrosis. While our results indicate that IL-15 regulates
inflammation rather than metabolism directly, additional experiments are needed to
understand the underlying mechanisms. Recently, Jiao et al. observed that absence of IL-
15Ra reduces the ECM deposition and thereby help in reducing fibrosis (Jiao et al.,
2016). Study from Jiao and colleagues used I//57a”" mice to study development of
fibrosis rather than /157" mice. Additionally, we did not observe Ifig gene expression in
11157 mice liver. Thus, it will be important to know the contribution of IL-15 and IFNy
by analysing the development of fibrosis in the livers of Ifng” and I/157Ifng”" mice.
Additionally, measurement of various inflammatory and pro-fibrogenic cytokines in
these mice plasma might provide detailed mechanisms contributing towards the

development of liver fibrosis.

Moreover, we used complete /715 knockout mice rather than conditional deletion. Hence,
it would be more interesting to prepare primary culture of hepatic stellate cells or
hepatocytes from WT or /157 mice to assess the role of IL-15 in the production of ECM
and proinflammatory cytokines. Additionally, macrophage mediated stellate cell
regulation also plays a critical role in progression of liver fibrosis. Therefore, coculture
of stellate and macrophage will provide us with additional insights into the molecular
mechanisms by which //15 deficient macrophages regulate the activation of stellate cells

and thereby liver fibrosis.
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