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Abstract

Direct-acting antivirals eliminate hepatitis C virus (HCV) in more than 95% of treated individuals
and may abolish liver injury, arrest fibrogenesis, and reverse fibrosis and cirrhosis. However, liver
regeneration is usually a slow process that is less effective in the late stages of fibrosis. What is more,
fibrogenesis may prevail in patients with advanced cirrhosis, where it can progress to liver failure and
hepatocellular carcinoma. Therefore, the development of antifibrotic drugs that halt and reverse
fibrosis progression is urgently needed.

Fibrosis occurs due to the repair process of damaged hepatic tissue, which eventually leads to
scarring. The innate immune response against HCV is essential in the initiation and progression of
liver fibrosis. HCV-infected hepatocytes and liver macrophages secrete proinflammatory cytokines
and chemokines that promote the activation and differentiation of hepatic stellate cells (HSCs) to
myofibroblasts that produce extracellular matrix (ECM) components. Prolonged ECM production by
myofibroblasts due to chronic inflammation is essential to the development of fibrosis.

While no antifibrotic therapy is approved to date, several drugs are being tested in phase 2 and phase
3 trials with promising results. This review discusses current state-of-the-art knowledge on treatments
targeting the innate immune system to revert chronic hepatitis C (CHC)-associated liver fibrosis.
Agents that cause liver damage may vary (alcohol, virus infection, etc.), but fibrosis progression
shows common patterns among them, including chronic inflammation and immune dysregulation,
hepatocyte injury, HSC activation, and excessive ECM deposition. Therefore, mechanisms
underlying these processes are promising targets for general antifibrotic therapies.

Key points:

e The development of liver fibrosis is related to life-threatening complications, which can end in
liver failure and hepatocellular carcinoma.

e Strategies targeting the innate immune system to induce fibrosis regression include blocking
chronic inflammation, hepatocyte injury, hepatic stellate cell activation, and excessive deposition
of the extracellular matrix.

e Although several drugs are being tested in phase 2 and 3 trials with promising results, no
antifibrotic therapy has been approved to date.

e New therapeutic strategies, such as combination therapies with different antifibrotics, novel
techniques for drug testing and delivery, and the use of omics to decipher key signaling pathways
involved in liver fibrosis, will aid in searching for an effective antifibrotic treatment.



1 Introduction

Hepatitis C virus (HCV) is a significant global health burden. The World Health Organization (WHO)
estimates that there are about 71 million people with chronic hepatitis C (CHC) worldwide [1, 2].
CHC leads to hepatic inflammation, fibrosis, cirrhosis [3], and life-threatening complications that,
even after HCV elimination, can end in hepatocellular carcinoma (HCC) [3, 4].

Liver fibrosis is a dynamic and potentially reversible process that attempts to repair damaged hepatic
tissue but, ultimately, leads to the excessive accumulation of extracellular matrix (ECM). Liver
fibrosis is induced by chronic liver injury of different etiologies, such as viral hepatitis, non-alcoholic
fatty liver disease (NAFLD), alcohol-associated liver disease (AALD), or cholestatic, autoimmune,
and genetic disorders [5]. Although these diseases are triggered by different agents [6-9], they all
converge towards common mechanisms: chronic parenchymal injury, inflammatory/immunological
responses, fibrogenesis, and portal hypertension [10]. Notably, molecular mechanisms and disease
progression triggered by CHC resemble those causing NAFLD [11, 12].

The recent introduction of direct-acting antivirals (DAAS) has led to sustained virological response
(SVR) rates greater than 95% in DAA-treated HCV patients [13]. SVR is associated with a reduced
risk of hepatic decompensation, liver transplantation, and mortality [14, 15]. Moreover, many studies
have shown that achieving SVR abolishes liver injury, arrests fibrogenesis, and helps reverse fibrosis
and compensated cirrhosis, as discussed in various reviews and meta-analyzes on long-term outcomes
in CHC patients who achieve SVR both with interferon (IFN)-based [16, 17] and IFN-free treatments
[18]. However, despite the impressive efficacy of DAAs, some critical issues remain that would
benefit from antifibrotic therapy. (i) Liver fibrosis is usually reversed in the early stages of infection
after HCV clearance [19], but regression of liver fibrosis is not often observed in patients with
advanced fibrosis or cirrhosis [20-27]. (ii) The spontaneous reversal of liver fibrosis is slow and could
be accelerated by antifibrotic therapy [28]. (iii) Some degree of immune system activation may persist
after SVR [29-33]. (iv) About 5% of CHC patients fail to clear the virus after DAA treatment [34-
36]. (v) Many individuals become reinfected or relapse after DAA therapy, especially in high-risk
behavior groups (people who inject drugs, men who have sex with men) [37-39]. In all these
individuals, fibrosis regression is hampered.

Therefore, patients in all the above-mentioned situations are potential candidates for antifibrotic
therapy. Although several drugs are currently in phase 2 and 3 trials [40-42], there is no currently
approved antifibrotic treatment. Therefore, halting fibrosis progression continues to be a public health
priority, and potent antifibrotic strategies are urgently needed [8, 43-45].

This review focuses on targets and molecular mechanisms involved in HCV-associated liver fibrosis
to decrease inflammation and halt or reverse fibrosis progression. Additionally, advanced clinical
trials involving treatments to these targets are briefly discussed as well. Studies on liver fibrosis
regression from non-viral aetiologies are also examined since they may guide research on HCV-
associated hepatic fibrosis due to shared mechanisms.

1.2 Methodology

A comprehensive search using MEDLINE (PubMed), Web of Science, SCOPUS, AdisInsight
databases, clinical trial registries (ClinicalTrials.gov), and websites of manufacturers was conducted
(the main search from 2017 to 2020, although previous studies are also mentioned). A search using
combinations of the following terms was performed: ‘HCV”, ‘innate’, ‘therapy’, ‘antifibrotic’, ‘liver
fibrosis’, ‘chronic liver disease’, ‘chronic hepatitis C’, and ‘liver cirrhosis’. All studies were included
without language restriction.



2 Mechanisms underlying hepatic fibrosis

Liver fibrosis results from the activation of several complex pathways designed to repair damaged
hepatic tissue but ultimately lead to uneven scarring of liver tissue [46]. Fibrosis begins with the
damage of hepatocytes resulting in the release of inflammatory cytokines, which trigger the activation
of resident liver macrophages (Kupffer cells [KCs]); the activation and differentiation of hepatic
stellate cells (HSCs) into proliferative, contractile, and fibrogenic myofibroblasts (activated HSCs;
aHSCs); and the migration of leukocytes to the site of injury [46]. The aHSCs secrete reactive oxygen
species (ROS), cytokines and chemokines that promote inflammation [47, 48]. Leukocytes amplify
the inflammatory response and activate more HSCs. The aHSCs produce fibers and large amounts of
ECM proteins, such as collagen types 1 (Coll), 3 and 4, elastin, fibronectin, laminin, and
proteoglycans [49, 50]. Additionally, ECM degradation (fibrinolysis) is reduced. Therefore, liver
fibrosis is a dynamic and potentially reversible process characterized by an imbalance between
fibrogenesis and fibrinolysis [51]. Eventually, progressive ECM accumulation results in a disruption
of liver architecture, vascular changes, scarring, and organ dysfunction [52].

2.1 Inflammatory response

Inflammation is a defense mechanism against HCV infection and hepatic damage caused by the virus
[53]. The mechanism responsible for CHC-associated fibrosis is a multifaceted process orchestrated
by a broad spectrum of non-immune cells (hepatocytes, liver sinusoidal endothelial cells (LSECs),
and HSCs) and professional immune cells (KCs, dendritic cells (DCs), natural killer (NK), and NK
T cells) that are in the circulation or distributed within the hepatic compartment. There are multiple
innate immune responses to HCV infection due to cellular diversity and the release of many
immunological factors that activate HSCs, secrete ECM components, and promote fibrosis [49]. For
clarity, the topic of inflammatory response to HCV infection is divided here into four sections. The
reader is referred to recent seminal reviews for more details [52, 54-58].

() Activation of pattern recognition receptors (PRRs) and induction of the IEN response in infected
hepatocytes. Infected hepatocytes express several PRRs that recognize viral pathogen-associated
molecular patterns (PAMPS), such as single- and double-stranded RNA (ssRNA and dsRNA), by
cytoplasmic sensors, such as retinoic acid-inducible gene | (RIG-1) and melanoma differentiation-
associated protein 5 (MDA-5), and the endosomal toll-like receptor (TLR)3 [59, 60]. Viral
recognition activates a signaling cascade that induces IFN, a primary response to the viral infection
[61], proinflammatory chemokines (C-C motif chemokine ligand (CCL)3, CCL4, regulated on
activation, normal T-cell expressed and secreted (RANTES), interleukin (IL)-8, and C-X-C motif
chemokine ligand (CXCL)10) [59, 62, 63], and several IFN-stimulated genes (ISGs) [64-66], which
establish an antiviral state in uninfected neighboring cells to control virus replication and spread.

(if) Hepatocyte injury and inflammatory response. In response to hepatocyte injury, high levels of
proinflammatory cytokines, such as tumor necrosis factor-alpha (TNF-a), IL-18, IL-12, and IL-1p,
are produced by KCs and other immune cells that are recruited to the liver. This is responsible for the
amplification of the inflammatory response during CHC [67-72].

(iii) Inflammasome activation. HCV is phagocytosed by KCs where it activates the nucleotide-
binding oligomerization domain-like receptor pyrin domain-containing protein 3 (NLRP3)
inflammasome. The inflammasome is a cytoplasmic multiprotein complex that stimulates the
activation of caspase-1, which cleaves pro-1L-1 and pro-IL-18 resulting in their mature forms [73].
The production of IL-1p is correlated with amplified inflammatory responses and liver fibrosis
progression [67, 74, 75]. NLRP3-mediated activation of IL-18 induces IFN in monocytes, which
inhibits HCV replication [76]. IL-18 activation is also a marker in acute hepatitis C infection and an
indicator of persistent HCV infection [69].

(iv) Other cells involved in chronic inflammation. HCV's initial interaction with other innate immune
cells is essential to understand the adaptive immune response and CHC. In addition to KCs,
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infiltrating human monocyte-derived macrophages, defined in humans as CD14/CD16 cell subsets
[77] and in the mouse as lymphocyte antigen 6 complex, locus C (Ly6C) [78, 79], contribute to
inflammation and fibrogenesis [80, 81]. Mouse Ly6C'®" macrophages (homologous to human
CD14"“Y/CD16"9") adopt a fibrinolytic phenotype that reduces inflammation and replaces resident
tissue macrophages. Ly6CM9" macrophages (homologous to human CD14"9"/CD16'°") are
inflammatory and are recruited when the injury persists [81, 82].

In the early stages of liver injury, NK cells are activated by IFN-1 and other cytokines (IL-12, IL-18)
[83] and control HCV infection by killing HCV-infected hepatocytes and inducing T-cell responses
[84, 85]. However, alterations in phenotype and function of NK cells are observed in liver disease's
final advanced stages [86], namely increased cytotoxicity, which contributes to healthy hepatocyte
death, and a decreased production of IFN-y, which reduces HCV clearance [87, 88]. Similarly to NK
cells, NK T cells inhibit HCV replication during the acute phase of infection through IFN-y
production [89]. However, the prevalence of NK T cells decreases during CHC [90]. At the same
time, they produce profibrotic cytokines (IL-4, IL-13), promoting HSC activation [91].

DCs play a key role in controlling the antiviral response during CHC. Conflicting evidence in
functionality and phenotype of DCs from CHC patients has been observed [92]. Some studies show
that DCs exhibit normal maturation and proliferation markers, and preserve their ability to present
antigens [93-95]. In contrast, other reports demonstrate that DC maturation and proliferation is altered
in CHC patients, leading to an attenuated antiviral response [96-99].

HCV clearance coincides with strong and sustained T-cell responses, which deteriorate once CHC is
established, leading to T-cell exhaustion [100]. CHC patients develop a lack of effective HCV-
specific CD4*/CD8" T-cells [101, 102], coincident with an increase in regulatory T cells (Treg) and
a reduction in T-helper 17 cells (Th17) [103], leading to immune dysfunction and loss of immune
control, which can only be partially restored [104].

2.2 HSC activation and ECM deposition

During normal repair/regeneration of damaged liver, healthy hepatocytes fill the gaps created by dead
hepatocytes. When liver damage persists, there is an excessive replacement of healthy parenchyma
by scar tissue (ECM) that interferes with normal liver function. Liver injury leads to the secretion of
profibrotic and growth factor molecules (transforming growth factor-beta (TGF-f) [105-108],
platelet-derived growth factor (PDGF) [109, 110], vascular endothelial growth factor (VEGF) [111-
113], connective tissue growth factor (CTGF) [114-116], ROS [117-120], etc.) from infected-
hepatocytes, activated KCs, infiltrating immune cells, LSECs, and cholangiocytes that activate HSCs
[121-123]. The aHSCs phagocytose apoptotic bodies from HCV-infected hepatocytes [124, 125],
triggering a profibrotic response [126]. The aHSCs cause an exaggerated wound scarring response
through the excessive replacement of healthy parenchyma with ECM components [50]. Matrix
metalloproteinases (MMPs) and their endogenous inhibitors, tissue inhibitors of metalloproteinases
(TIMPSs), are implicated in ECM degradation and HSC activation. The ECM increase is accompanied
by the downregulation of MMPs and the upregulation of TIMPs, which are produced by several
hepatic cells [127-133]. Therefore, an MMP/TIMP imbalance is associated with fibrosis. Further, the
activation of HSCs leads to the loss of lipid droplets that contain retinoids (vitamin A and its
metabolites) present in the cytoplasm of quiescent HSCs [134-136], which leads to homeostatic
imbalance and chronic inflammation [137, 138].

In summary, all these findings support the idea that HSC activation, scar formation inhibition, and
enhancement of ECM degradation are potential targets for remodeling ECM and reversing fibrosis.



3 Strategies for liver fibrosis regression

The elimination of the causal agent is not sufficient to induce a rapid reversal of advanced fibrosis or
cirrhosis. After HCV clearance, the regression, or the resolution of fibrosis, involves eliminating
inflammatory pathways, aHSCs, and degradation of excess ECM. Overall, strategies to induce
fibrosis regression include: (i) reducing inflammation and immune responses, (ii) inhibiting
hepatocyte injury, (iii) suppressing HSC activation and the underlying signaling pathways, and (iv)
inducing scar ECM degradation [5, 139, 140]. Therefore, many mechanisms related to the innate
immune response are involved in the regression of liver fibrosis, making them potential targets for

therapy (Figure 1).
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Figure 1. Antifibrotic strategies and targets for the treatment of hepatitis C virus-associated liver
fibrosis. See the text for a full description of each therapeutic approach. ASK-1 apoptosis signal-
regulating kinase 1, CCR C-C motif chemokine receptor, Coll collagen type 1, CXCL C-X-C motif
chemokine ligand, Gal-3 galectin 3, HSCs hepatic stellate cells, LOXL2 lysyl oxidase-like 2, MR
mineralocorticoid receptor, NOXs nicotinamide adenine dinucleotide phosphate oxidases, ROCKs
Rho-associated protein kinases, TLRs toll-like receptors, VAP-1 vascular adhesion protein 1

3.1 Inflammation and immunoregulatory targets

Despite the successful elimination of HCV infection after DAA treatment, both residual liver disease
and immune activation persist in many cases. For example, after viral clearance several
immunological traits remain altered, such as elevated markers of macrophage activation [30],
decreased NK cell repertoire diversity [32], an altered milieu of soluble inflammatory mediators
[141], the appearance of Tregs [31], and dysfunction of mucosal-associated invariant T-cells [33].
Therefore, the impact of the cellular immune system could persist after achieving SVR, and
modulation of the proinflammatory response that leads to liver injury is a potential target for
antifibrotic treatments. Other strategies, mostly targeting the innate inflammatory system, have also
been discussed. The most advanced antifibrotic candidates developed to interfere with
inflammation/immunomodulation processes are summarized in Table 1.

Table 1 Clinical studies focusing on antifibrotics targeting inflammation/immunoregulatory

mechanisms




Compound Target Patients Clinical trial Ref.
identifier / Trial
stage
Nalmefene (JKB- TLR4 Biopsy-proven NASH NCT02442687 [142]
121) Phase 2 completed
Cenicriviroc CCR2/CCR5 NASH with fibrosis NCT02217475 [143-
(CENTAUR) 145]
Phase 2 completed
NASH with fibrosis NCT03028740 [146]
(AURORA)
Phase 3 recruiting
NASH from CENTAUR/ NCT03059446 -
AURORA studies Phase 2 enrolling by
invitation
Cenicriviroc + CCR2/CCR5 + NASH with fibrosis NCT03517540 [147]
Tropifexor (LIN- FXR (TANDEM)
452) Phase 2 active, not
recruiting
BI-1467335 (PXS- VAP-1 NASH with fibrosis NCT03166735 [148]
4728A) Phase 2 completed
TERN-201 VAP-1 NASH with fibrosis Phase 2 recruiting [149]
Belapectin (GR-MD-  Gal-3 NASH with advanced bridging NCT02421094 [150]
02) fibrosis (NASH-FX)
Phase 2 completed
NASH with cirrhosis and NCT02462967 [151]
portal hypertension (NASH-CX)
Phase 2 completed
NASH with cirrhosis, portal NCT04365868 [152]
hypertension and not (NASH-RX)
esophageal varices Phase 2/3 recruiting
Apararenone (MT- MR NASH NCT02923154 -
3995) Phase 2 completed

CCR2 C-C motif chemokine receptor 2, CCR5 C-C motif chemokine receptor 5, FXR farnesoid X receptor,
Gal-3 galectin 3, MR mineralocorticoid receptor, NASH non-alcoholic steatohepatitis, TLR4 toll-like receptor
4, VAP-1 vascular adhesion protein 1

3.1.1 Toll-like receptors (TLRs)

TLRs are PRRs that play a fundamental role in innate immunity [153, 154]. TLRs recognize HCV
PAMPs (viral RNA and proteins), mediate cytokine production, lead to liver damage, and are
associated with CHC pathogenesis [155-157]. TLR4 is activated by HCV NS5A and increases IFN-
B and IL-6 production [158]. In CHC patients, there is increased TLR4 expression, which leads to
high levels of serum and intrahepatic TNF-a that contribute to chronic inflammation [155, 159, 160].
Therefore, TLR4 antagonists are potential therapeutic agents for the management of liver fibrosis
(Table 1). JKB-121 is the only small molecule that has progressed as a TLR4 receptor antagonist to
a phase 2 trial (NCT02442687) in patients with biopsy-proven non-alcoholic steatohepatitis (NASH).
Despite the promising results obtained in in vitro and preclinical studies [161], JKB-121 did not
improve endpoints compared to the control group and did not show a beneficial effect on liver disease
[142].

Other TLRs are also potential targets for antifibrotic therapy. HCV core and NS3 proteins activate
TLR2, which forms a heterodimer complex with TLR1 or TLR6 in monocytes and KCs [162]. In
CHC patients, TLR2-TLR1/6 dimers stimulate the production of inflammatory cytokines, such as
TNF-a, IL-10, and IL-8, which alter DC function and antiviral activity of KCs [98, 163, 164].



NS3/4A disrupts TLR3 signaling by cleaving toll-IL-1-receptor domain-containing adaptor-inducing
IFN-B (TRIF), which hampers IFN antiviral activity [165, 166] and promotes persistent HCV
infection [167]. Notably, polyinosinic:polycytidylic acid (usually abbreviated poly I:C) is a TLR3
ligand that has been shown to reduce liver fibrosis by killing aHSCs in a mouse model of liver fibrosis
[168]. Therefore, TLR3 agonists may be useful in counteracting liver fibrosis.

Phagocytosed HCV ssRNA stimulates TLR7/8, which leads to inflammatory mediators via NLRP3-
dependent inflammasomes [67]. TLR9 recognizes unmethylated cytosine-phosphate-guanine (CpG)
DNA motifs from apoptotic cells, and acts as a critical mediator of HSC differentiation [169]. In this
case, TLR7/8/9 antagonists may also work as potential antifibrotic treatments.

3.1.2 Chemokines and chemokine receptors

CHC progression is associated with proinflammatory macrophage recruitment via C-C motif
chemokine receptor (CCR)2 [170-173], and recruitment of HSCs and leukocytes via CCR5 [173,
174]. Cenicriviroc (TAK-652) is a dual CCR2/CCR5 antagonist initially used as a treatment against
human immunodeficiency virus (HIV) infection [175]. A phase 2 study (CENTAUR; NCT02217475)
evaluated cenicriviroc's efficacy and safety in NASH patients with liver fibrosis [143], showing an
improvement in liver fibrosis and attenuated inflammatory signaling in treated patients [144, 145].
Cenicriviroc is currently in a phase 3 trial (AURORA; NCT03028740) in NASH patients with liver
fibrosis to evaluate the improvement in fibrosis and long-term clinical outcomes related to cirrhosis
progression [146]. There is currently a phase 2 rollover study (NCT03059446) in patients who
participated in CENTAUR or AURORA studies to assess the long-term safety of continuous
cenicriviroc treatment. A phase 2 trial (TANDEM, NCT03517540), testing the combination of
cenicriviroc and tropifexor (LIN-452; a farnesoid X receptor (FXR) agonist) in NASH patients with
liver fibrosis is currently ongoing to evaluate the safety, tolerability, and efficacy of the combination
therapy compared to monotherapy [147] (Table 1).

Other chemokines, such as CXCL9, 10, and 11, are ligands of the C-X-C motif chemokine receptor
3 (CXCR3), which are highly expressed during chronic inflammation and CHC progression [176-
178]. In a mouse model of chronic liver inflammation [179] and CHC patients [180, 181], there is a
downregulation of C-X3-C motif chemokine receptor 1 (CX3CR1) and its ligand CX3CL1. These
chemokines are, therefore, potential targets for antifibrotic therapies.

3.1.3 Vascular adhesion protein 1 (VAP-1)

Vascular adhesion protein 1 (VAP-1) is a sialoglycoprotein that facilitates leukocyte recruitment and
promotes oxidative stress [182]. Increased levels of the soluble form of VAP-1 (sVAP-1) have been
reported in different chronic liver diseases, such as NAFLD, primary sclerosing cholangitis [182,
183], and recently, CHC [184]. Therefore, VAP-1 is being investigated in different chronic liver
diseases and has been suggested as a potential therapeutic target for CHC [185].

The VAP-1 inhibitor BI-1467335 (PXS-4728A) has been in a phase 2 clinical trial (NCT03166735)
to evaluate the liver infiltration of immune cells, reduction of alanine aminotransferase (ALT) levels,
and fibrosis in NASH patients (Table 1). This trial has already been completed, and despite meeting
the targets, the study has been halted due to possible undesired drug interactions [148]. To avoid
potential drug-drug interactions of PXS-4728A, the semicarbazide-sensitive amine oxidase inhibitor
TERN-201 is currently in a phase 2 trial to treat non-cirrhotic NASH patients. In healthy volunteers,
TERN-201 is well-tolerated and inhibits VAP-1 after single and multiple doses [149] (Table 1).

3.1.4 Galectin (Gal)

Galectins (Gal) are galactose-binding proteins expressed and released by several cells involved in
numerous biological processes, including innate immune responses [186]. Gal-3 is an important
marker of chronic liver fibrosis because Gal-3 stimulates aHSCs to produce Coll and TGF-p [187-
190]. Gal-3 is elevated in patients with chronic liver diseases, and its expression is 3-fold higher in
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alcoholic cirrhosis than in HCV-mediated cirrhosis due to different injury mechanisms [191]. Thus,
Gal-3 could also be a target for antifibrotic therapy in CHC patients.

Belapectin (GR-MD-02) is a Gal-3 polysaccharide polymer inhibitor [192] that has been in two phase
2 trials to evaluate safety and efficacy in NASH patients with cirrhosis (NASH-CX; NCT02462967)
and advanced fibrosis (NASH-FX; NCT02421094) [150, 151]. Belapectin improved hepatocyte
ballooning, reduced the development of esophageal varices (a marker of reduced blood flow to the
liver), and showed a favorable safety profile. However, these findings were not significant [150, 151].
Belapectin announced patient enrollment to phase 2b/3 (NASH-RX; NCT04365868) to assess the
safety, tolerability, and efficacy in NASH patients with cirrhosis, clinical signs of portal hypertension,
and without esophageal varices (Table 1). The study is expected to start in late 2020, and data readout
is expected in late 2023 [152].

3.1.5 Mineralocorticoid receptor (MR)

The mineralocorticoid receptor (MR) is a nuclear receptor expressed in LSECs and HSCs, whose
activation induces inflammation by stimulating ROS and collagen deposition [193, 194]. It is relevant
in the NAFLD setting [193, 195], but few studies are currently evaluating MR expression in the
progression of CHC [196]. However, preliminary investigations point to MR receptor blockade as a
potential antifibrotic strategy to explore in patients with CHC.

To date, the non-steroidal MR antagonist apararenone (MT-3995) has already completed a phase 2
trial (NCT02923154) to evaluate the efficacy, safety, tolerability, and pharmacokinetics in NASH
patients (Table 1). However, this study analyzes ALT levels and adverse changes, not a direct
improvement in liver fibrosis, but no published data are available yet.

3.2 Inhibition of hepatocyte injury/death

Inhibition of hepatocyte apoptosis may be an approach for potential antifibrotic therapies in CHC
patients. Caspase inhibition or reduction of oxidative stress by blocking apoptosis signal-regulating
kinase-1 (ASK-1), nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs), or
Rho-associated protein kinases (ROCKS) are promising strategies. Antifibrotics undergoing clinical
trials based on inhibition of hepatocyte injury/death are listed in Table 2.

Table 2 Clinical studies focusing on antifibrotics inhibiting hepatocyte injury/death

Compound Target Patients Clinical trial Ref.
identifier / Trial
stage
Emricasan (IDN-6556, Caspase CHC @ with compensated Phase 1/2 completed  [197]
PF-03491390) cirrhosis
CHC @ without cirrhosis NCT00088140 [198]
Phase 2 completed
CHC ® with compensated NCT02230683 [199]
cirrhosis and portal Phase 2 completed
hypertension
CHC @, AALD, or NASH with  NCT02230670 [200]
cirrhosis Phase 2 completed
CHC ® with advanced cirrhosis NCT01937130 [201]
and acute or chronic liver Phase 2 terminated
failure
NASH with decompensated NCT03205345 [202]
cirrhosis (ENCORE-LF)
Phase 2b active, not
recruiting




NASH with compensated NCT02960204 [202]
cirrhosis and portal (ENCORE-PH)
hypertension Phase 2b completed
NASH with fibrosis NCT02686762 [151]
(ENCORE-NF)
Phase 2b completed
CHC © with liver NCT02138253 [203]
transplantation but still with (POLT-HCV-SVR)
fibrosis Phase 2b completed
Nivocasan Caspase Biopsy-proven NASH NCT00740610 [204]
(GS-9450) Phase 2 completed
CHC @ with fibrosis NCT00874796 [205,
NCTO00725803 206]
Phase 2 terminated
and completed
Selonsertib (GS-4997) ASK-1 NASH with fibrosis NCT02466516 [207,
Phase 2 completed 208]
NASH with bridging fibrosis NCT03053050 [209-
(STELLAR-3) 211]
Phase 3 terminated
NASH with compensated NCT03053063 [209-
cirrhosis (STELLAR-4) 211]
Phase 3 terminated
Selonsertib in dual ASK-1 + NASH with bridging fibrosis or NCT03449446 [212]
combination FXR compensated cirrhosis (ATLAYS)
ASK-1 + Phase 2 completed
ACC
Selonsertib in dual and ASK-1 + NASH NCT02781584 [213]
triple combinations ACC with advanced fibrosis Phase 2 active, not
ASK-1 + recruiting
FXR
ASK-1 +
FXR + ACC
Fasudil ROCK NASH and CHC ® with Phase 2 completed [214]
cirrhosis and portal
hypertension
IMM 124-E Gut-liver NASH NCT02316717 -
axis Phase 2 completed

W HCV patients had HCV RNA (PCR) >10° IU/mL, @ Patients with HCV infection who were previously
intolerant to treatment or failed to achieve an SVR during anti-HCV treatment; ® Excluded HCV infected
subjects receiving or planning on receiving antiviral therapy during the course of the study; ® Excluded HCV
infected subjects who are receiving or are planed to receive antiviral therapy during the study; © Active HCV
infection; ® HCV was eliminated by antiviral therapies prior to the study; " ® Not specified whether the
individuals included are with active HCV or not. ACC acetyl-CoA carboxylase, AALD alcohol-associated liver
disease, ASK-1 apoptosis signal-regulating kinase 1, CHC chronic hepatitis C, FXR farnesoid X receptor, HCV
hepatitis C virus, NASH non-alcoholic steatohepatitis, PCR polymerase chain reaction, ROCK Rho-associated
protein kinases, SVR sustained virological response.

3.2.1 Caspases

Caspases are proteases involved in the apoptosis of HCV-infected hepatocytes via the extrinsic
pathway (a death receptor-dependent pathway that activates caspase 8/10) or the intrinsic pathway
(triggered by intracellular stress resulting in mitochondrial membrane perturbation, activation of
caspases 9, 3, 6, and 7, and subsequent degradation of cellular components) [215]. Moreover,
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hepatocyte apoptosis via caspase results in HSC activation, Coll production [216, 217], and is
associated with inflammation in CHC [218, 219].

Emricasan (IDN-6556, PF-03491390) is a pan-caspase inhibitor that reduces aspartate
aminotransferase (AST) and ALT activity in CHC patients [197]. Two clinical trials in phase 1 and
phase 2 have shown emricasan to be safe and well-tolerated in CHC patients [197, 198]. Emricasan
was also effective in CHC patients (NCT00088140) and patients with compensated cirrhosis and
portal hypertension (NCT02230683). Both studies showed significant reductions in AST and ALT
levels [198, 199]. Moreover, in a phase 2 trial (NCT02230670), emricasan improved liver function
in cirrhotic patients with CHC, AALD, or NASH using the Model for End-Stage Liver Disease
(MELD) score [200], a predictor of survival in decompensated cirrhotic patients. However, in another
phase 2 trial (NCT01937130) in CHC patients with advanced cirrhosis and acute or chronic liver
failure, its efficacy was not confirmed [201]. Recently, three phase 2b trials evaluating emricasan in
NASH patients with preexisting liver fibrosis (ENCORE-NF; NCT02686762), decompensated
cirrhosis (ENCORE-LF; NCT03205345), or compensated/early decompensated cirrhosis (ENCORE-
PH; NCT02960204), also failed because they did not reach the endpoints related to improvement of
liver inflammation or hepatic fibrosis [151, 202]. On the other hand, a phase 2 trial in CHC patients
who had liver transplantation and achieved SVR following anti-HCV therapy but still had fibrosis
and/or incomplete cirrhosis (POLT-HCV-SVR; NCT02138253) has shown a significant
improvement in liver fibrosis [203] (Table 2).

The safety and activity of another caspase inhibitor, nivocasan (GS-9450), was evaluated in patients
with CHC (NCT00874796, NCT00725803) and NASH (NCT00740610). Nivocasan reduced ALT
levels in both types of patients, but only CHC patients showed a reduction in cytokeratin 18 (a marker
for liver cell apoptosis) [204, 220]. Nevertheless, the phase 2 trial was stopped due to significant
abnormalities and adverse events in several individuals [205] (Table 2).

In summary, there is evidence that targeting cell death may be beneficial for liver fibrosis resolution.
Despite the disappointing results, the knowledge gained will guide the search for other caspase
inhibitor-based alternatives to treat chronic liver disease [221].

3.2.2 Apoptosis signal-regulating kinase 1 (ASK-1)

ASK-1 is a serine/threonine-protein kinase that is primarily activated in response to oxidative stress
and regulates cell death through p38 mitogen-activated protein kinase (MAPK), and c-Jun N-terminal
kinase (JNK) intracellular pathways [222]. In CHC patients, TGF-B, VEGF, and ROS production
mediate the development of angiogenesis via ASK-1 [113].

The only ASK-1 compound that has successfully entered the clinical stage is selonsertib (GS-4997)
(Table 2). In a phase 2 trial (NCT02466516), selonsertib was safe, effective, and improved fibrosis
in NASH patients [207, 208]. Furthermore, reduced fibrosis was associated with decreased liver
stiffness and collagen content, but these results must be taken with a grain of salt due to the absence
of a control group. Selonsertib progressed to a phase 3 trial for NASH-induced bridging fibrosis
(STELLAR-3, NCT03053050) or compensated cirrhosis (STELLAR-4, NCT03053063), but
unfortunately, neither fibrosis regression nor reduction of disease progression was observed [209].

A phase 2 trial (ATLAS, NCT03449446) has recently evaluated the safety and efficacy of dual
combinations of selonsertib/cilofexor (GS-9674, a non-steroidal FXR agonist) and
selonsertib/firsocostat (GS-0976, an acetyl-CoA carboxylase inhibitor) in NASH patients with
advanced fibrosis, including bridging fibrosis and cirrhosis. Both dual combinations showed fibrosis
improvement at lower doses compared with the higher doses used in monotherapy. Moreover, fewer
side effects of cilofexor were observed in the combination group compared with cilofexor as
monotherapy [212]. Another phase 2 trial also evaluated dual and triple combinations with
selonsertib, cilofexor, firsocostat, fenofibrate (a peroxisome proliferator-activated receptor (PPAR)-
a specific inhibitor) and vascepa (a diacylglycerol acyltransferase inhibitor) in NASH patients with
advanced fibrosis (Table 2). Preliminary data presented at the 2019 American Association for the
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Study of Liver Diseases (AASLD) annual meeting showed that only firsocostat/fenofibrate
combination led to a fibrosis improvement [213]. Nevertheless, these results on combination therapies
should be interpreted with caution due to the small sample size.

3.2.3 Nicotinamide adenine dinucleotide phosphate oxidases (NOXs)/Rho-
associated protein Kinases (ROCKs)

NOXs are enzymes that mediate electron transfer from NADPH to molecular oxygen, producing
superoxide radicals. NOXs promote oxidative stress, which leads to hepatocyte apoptosis, HSC
activation, and ECM deposition [223]. The role of NOXs in CHC patients has been increasingly
recognized and involves dysregulation of T-cell response and hepatocyte injury [224-228].

As with NOXs, Ras homolog gene member A (RhoA) and its downstream effector, ROCKSs, promote
oxidative stress. ROCKSs are serine/threonine kinases that act as effectors of the small GTPase Rho,
enhancing fiber formation, HSC contractility, and promoting hepatocyte apoptosis [229, 230].
Although few studies relate ROCKs and HCV infection [231], ROCKs and NOXs share oxidative
stress as the mechanism that causes the fibrosis progression. Therefore, ROCKSs are targets to consider
as antifibrotic therapy in CHC patients in the future. Interestingly, the ROCK inhibitor fasudil reduces
portal venous pressure in cirrhotic rats [232] and decreases portal venous and arterial pressure in CHC
and NASH patients with cirrhosis and portal hypertension [214] (Table 2).

3.2.4 Hepatocyte protection via gut-liver axis

The importance of the gut-liver axis in CHC has been recently revised [233-236]. The gut and the
liver are interconnected, both anatomically and physiologically. The gut-liver imbalance in CHC
patients can be responsible for several cirrhosis-related complications [237] and HCC development
[238, 239]. These studies are consistent with those of patients with other chronic liver diseases [233,
240]. The liver harbors translocated bacteria and a repertoire of gut-derived microbial products
(lipopolysaccharide (LPS) is the most studied PAMP) that traverse the intestinal epithelium and
activate the innate and inflammatory immune response in the liver [241, 242]. This bacterial
translocation from the gut occurs during CHC, particularly in the cirrhotic stage [243]. The
exacerbated cellular activation in CHC leads to impaired intestinal permeability with an increased
translocation of bacteria and bacterial products that activate TLR4 [244]. Additionally, CHC patients
show an altered intestinal microbial composition associated with liver fibrosis, which is characterized
by an abundance of Enterobacteriaceae and Bacterioidetes and a slight decrease in Firmicutes [245].
Thus, therapies that prevent bacterial translocation into systemic circulation and the liver are of
interest. However, further studies should be performed to show whether there are more factors in
addition to the bacterial composition that modulate the gut-liver axis, liver function, and fibrosis
progression.

A phase 2 trial with IMM 124-E (hyperimmune bovine colostrum enriched with IgG anti-LPS) has
currently been completed in patients with severe alcoholic hepatitis (NCT02316717) (Table 2). The
results are expected soon, although the improvement in fibrosis is not one of the endpoints.

3.3 Inhibition of HSC activation

There are numerous potential targets to inhibit HSC activation and its fibrogenic response due to the
complexity and multitude of pathways involved in their activation and functionality and the number
of substances released during liver damage. Here, we focus on antifibrotic strategies aimed at the
inactivation/elimination of aHSCs or any pathways involved in their activation [246] (Figure 2).
Candidates that are currently in clinical trials are summarized in Table 3.
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Figure 2. Hepatic stellate cell (HSC) activation/inactivation in liver disease. When chronic hepatitis
C-mediated liver injury occurs, HSC activation is triggered by different cytokine stimuli from
neighboring cells. If liver damage persists, many changes in HSC physiology occur. Activated HSCs
(aHSC) proliferate, acquire a contractile phenotype, and produce ECM components. Inactivation or
elimination of aHSCs is achieved by apoptosis, senescence, or reversion to quiescence. See the text
for a full description of the different processes. S5HT serotonin 5-hydroxytryptamine, Akt
serine/threonine-protein kinase B, Ang Il angiotensin 11, ASK-1 apoptosis signal-regulating kinase 1,
CB1/2 cannabinoid receptor type 1/2, CCL C-C motif chemokine ligand, CTGF connective tissue
growth factor, CX3CR1 C-X3-C motif chemokine receptor 1, ECM extracellular matrix, FGF
fibroblast growth factor, Gal-3 galectin 3; Hg hedgehog, IFN-y interferon-gamma, IL interleukin,
JNK c-Jun N-terminal kinase, Ly6C lymphocyte antigen 6 complex locus C, MMP matrix
metalloproteinase, NF-«xB nuclear factor x-light-chain-enhancer of activated B cells, NGF nerve
growth factor, NK natural killer, NKG2D natural killer group 2 member D, NOXs nicotinamide
adenine dinucleotide phosphate oxidases, PDGF platelet-derived growth factor, PPAR-y peroxisome
proliferator-activated receptor-gamma, ROCKSs Rho-associated protein kinases, ROS reactive oxygen
species, TFG-p transforming growth factor-beta, TIMP tissue inhibitor of metalloproteinase, TNF-«
tumor necrosis factor-alpha, TRAIL tumor necrosis factor-related apoptosis-inducing ligand, VEGF
vascular endothelial growth factor, 1 increased, | decreased

Table 3 Clinical studies focusing on antifibrotics inhibiting hepatic stellate cell activation

Compound Target Patients Clinical trial identifier  Ref.
/ Trial stage

Tipelukast (MN- Leukotriene NASH and NAFLD with NCT02681055 -

001) receptor hypertriglyceridemia Phase 2 completed

N Do . NCT02161952

Pirfenidone TGF-B CHC ® with cirrhosis Phase 2 completed [247]
NCT04099407

Pirfenidone TGF-B CHC @ with advanced fibrosis (PROMETEO) [248]
Phase 2 recruiting

Losartan ATR1 CHC @ with fibrosis NCT00298714 [227]

Phase 4 completed
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Losartan, valsartan ~ ATR1 CHC @ with portal Phase 2 completed [249]
and irbesartan hypertension and liver biopsy
Irbesartan ATR1 CHC © with fibrosis NCT00265642 -
(FIBROSAR)
Phase 3 completed
Candesartan and ATR1 CHC © with fibrosis NCT03770936 -
ramipril Phase 3 recruiting
OCA FXR NASH without cirrhosis NCT01265498 [250]
(FLINT)
Phase 2 completed
NASH with compensated NCT03439254 [251]
cirrhosis (REVERSE)
Phase 3 active, not
recruiting
NASH with fibrosis NCT02548351 [251,
(REGENERATE) 252]
Phase 3 active, not
recruiting
Nor-UDCA FXR Primary sclerosing cholangitis NCT01755507 [253]
(NUC-3)
Phase 2 completed
Tropifexor in dual FXR + NASH with fibrosis NCT03517540 [147]
combination CCR2/CCR5 (TANDEM)
Phase 2 active, not
recruiting
Cilofexor in dual FXR + ASK-1  NASH with bridging fibrosis ~ NCT03449446 [212]
combination or compensated cirrhosis (ATLAS)
Phase 2 completed
Cilofexor in FXR +ASK-1 NASH NCT02781584 [213]
dual/triple FXR + ACC with advanced fibrosis Phase 2 active,
combinations FXR + ASK-1 recruiting
+ ACC
FXR + ACC +
DGAT
FXR + ACC +
PPAR
Pioglitazone PPAR-y NASH with fibrosis NCT00063622 [148,
(PIVENS) 254]
Phase 3 completed
Farglitazar PPAR-y CHC @ with fibrosis NCT00244751 [255]
Phase 2 completed
Elafibranor (GFT- PPAR-0/3 NASH without cirrhosis NCT01694849 [256]
505) (GOLDEN-505)
Phase 2b completed
NASH with fibrosis NCT02704403 [167]
(RESOLVE-IT)
Phase 3 active, not
recruiting
Lanifibranor (IVA-  PPAR-a/y/d NASH with steatosis and NCT03008070 [257]
337) necroinflammation (NATIVE)

Phase 2b completed

@) Patients with positive anti-HCV antibodies and detectable serum HCV RNA; @ Patients with SVR; © Active
HCV infection; ® Positive serology for HCV and detectable HCV RNA; ® Patients without antiviral therapy,
and non-responders or patients with relapse after antiviral treatment; © Not specified whether the individuals
included are with active HCV or not;  Serum HCV RNA positive, and failure to achieve SVR with previous
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treatment. ACC acetyl-CoA carboxylase, ASK-1 apoptosis signal-regulating kinase 1, ATR1 angiotensin Il type
1 receptor, CCR2 C-C motif chemokine receptor 2, CCR5 C-C motif chemokine receptor 5, CHC chronic
hepatitis C, DGAT diglyceride acyltransferase, FXR farnesoid X receptor, HCV hepatitis C virus, NAFLD non-
alcoholic fatty liver disease, NASH non-alcoholic steatohepatitis, nor-UDCA nor-ursodeoxycholic acid,
OCA obeticholic acid, PPAR peroxisome proliferator-activated receptor, SVR sustained virological response,
TGF-p transforming growth factor-beta.

3.3.1 Clearance of activated HSCs

Removing aHSCs can be achieved through three well-known mechanisms [246] (Fig. 2), which are
described below:

(1) Apoptosis. In contrast to hepatocytes, HSC apoptosis is required for fibrosis regression in CHC
patients [258]. Hepatocytes, KCs, NK, and NK T cells can initiate HSC apoptosis through different
signaling pathways [259], such as the inhibition of leukotriene receptors, a class of arachidonic acid-
derived bioactive molecules, and the blockade of JNK phosphorylation [260, 261]. In this regard,
tipelukast (MN-001) is a promising compound demonstrating antifibrotic and antiinflammatory
activity in preclinical models. However, new therapies promoting aHSC apoptosis are still not
available in clinical trials, although current studies with tipelukast are being carried out in NASH and
NAFLD individuals with hypertriglyceridemia (NCT02681055) (Table 3).

(ii) Senescence. Senescence is a physiological mechanism that restricts cell division to avoid the
accumulation of damaged cells. Senescent HSCs adopt a more inflammatory but less fibrogenic
phenotype [262-265]. Therefore, inducing HSC senescence may be a potential antifibrotic therapy.

(iii) Quiescence. Monocyte-derived macrophages direct the reversal of aHSC to an inactive
phenotype. Nearly 50% of aHSCs can revert to a quiescent phenotype with a lower threshold to
reactivation by exposure to fibrogenic agents [266]. Therefore, this process is another potential
antifibrotic target.

3.3.2 Inhibition of cellular receptor signaling pathways
Several growth factors and signaling pathways are involved in the development of liver fibrosis:

(i) TGE-B. The most potent profibrotic cytokine in the liver is TGF-, which is stored as an inactive
latent complex in the ECM [267, 268]. TGF-B triggers several signaling pathways to control the
epithelial-to-mesenchymal transition involved in chronic liver disease [269, 270]. Several studies
have shown high levels of TGF-B in CHC patients [271, 272] that decrease after SVR [273, 274].
TGF-p can have apoptotic or cancerogenic effects during CHC [275, 276]. A phase 2 trial
(NCT02161952) with pirfenidone, a TGF-f inhibitor, showed an improvement in liver inflammation
and fibrosis in cirrhotic CHC patients [247]. Pirfenidone is currently in a phase 2 trial (PROMETEO;
NCT04099407) in patients with advanced liver fibrosis from diverse chronic liver disease aetiologies,
including CHC patients. This study showed an improvement in inflammation and liver stiffness
through the administration of extended-release pirfenidone, but these results must be interpreted
carefully due to the absence of a control group [248]. Therefore, targeting TGF-B1 as an antifibrotic
therapy will be a challenge, and additional studies are required to understand the mechanisms
involved in CHC.

(i) Other growth factors. Liver injury is further exacerbated by growth factors and signaling
pathways, such as PDGF, VEGF, CTGF, epidermal growth factor (EGF), and Wnt/B-catenin, which
are strongly implicated in CHC and HCC [116, 277-280]. PDGF is the most potent mitogen and
chemoattractant factor that stimulates HSC proliferation [281, 282] and contributes to the
development of CHC [109, 110]. VEGF is released from LSECs and HSCs to form new blood vessels
by playing a key role in angiogenesis [113]. Several reports have shown that HCV core can upregulate
VEGF expression in chronic patients with HCV-related HCC [280, 283-285]. CTGF is a potent
fibrogenic protein expressed at low levels in normal liver, but it is produced at high levels in
hepatocytes and aHSCs during CHC [114-116]. EGF is overexpressed in aHSCs and contributes to
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fibrosis development and HCC [278, 286, 287]. EGF is also elevated in CHC patients with advanced
stages of fibrosis [288, 289].

(iii) Wnt pathway. The Wnt pathway plays a crucial role in cellular differentiation and development
and is associated with both the induction and inhibition of HSC activation [290]. When Wnt activation
occurs, B-catenin translocates to the nucleus recruiting cyclic adenosine monophosphate (CAMP)-
response element-binding protein (CREB), which activates HSCs and promotes macrophage-
mediated inflammation [291]. Inhibition of canonical Wnt pathway activation using CREB/B-catenin
inhibitors was shown to reduce aHSC and liver fibrosis in mice [292]. In contrast, B-catenin-
dependent canonical Wnt activation seems necessary to maintain the quiescent state of HSCs [205].
Non-canonical Wnt pathway activation increased HSC survival in a rat model [293]. It has recently
been reported that the inhibition of the activation of canonical and non-canonical Wnt signaling
pathways can prevent NASH-related liver fibrosis in mice on a methionine-choline-deficient diet
[294]. Therefore, the Wnt pathway is a highly complex process, but its careful modulation could be
a promising antifibrotic strategy.

(iv) Angiotensin Il (Ang II). Ang Il is secreted by HSCs and binds to Ang Il type 1 receptor (AT1R)
[295]. Ang II/AT1R interactions induce HSC activation, proliferation, contraction, and increased
deposition of Coll. Therefore, blocking Ang Il by Ang-converting enzyme inhibitors or AT1R
blockers may be an effective antifibrotic strategy [203, 296]. In a phase 4 trial (NCT00298714), the
long-term administration of losartan (an AT1R blocker) decreased inflammation, fibrogenic
mediators, and Coll deposition in CHC patients [227] (Table 3). However, this study lacked
randomization. A phase 3 clinical trial (NCT03770936) is also evaluating the efficacy of two AT1R
antagonists, candesartan and ramipril, in CHC patients, and results are expected in 2027. A mixture
of ATR1 antagonists (losartan, valsartan, and irbesartan) led to reduced fibrosis in CHC patients with
portal hypertension [249]. A phase 3 study examined the efficacy of irbesartan on liver fibrosis
progression in CHC patients (NCT00265642) (Table 3), but these results have not been published
yet.

(v) Hedgehog pathway. The Hedgehog pathway is a critical modulator of liver repair [297]. During
CHC, HCV activates Hedgehog signaling in hepatocytes to promote fibrogenesis [298, 299], which
is enhanced by the accumulation of profibrotic and growth factors, such as TGF-p, PDGF, and EGF
[300-302]. Thus, Hedgehog signaling inhibitors could attenuate liver fibrosis, as has been observed
in different animal models [303-305].

(vi) Neurotransmitters. HSC activation is also influenced by neurotransmitters expressed in
myofibroblasts, such as cannabinoids (CB), opioids, and serotonin 5-hydroxytryptamine (5HT). The
CB system is involved in neuromodulatory functions through a profibrogenic receptor (CB1) and an
antifibrotic and hepatoprotective receptor (CB2) [212]. Curcumin and derivatives can inhibit CB1
and the cellular pathways involved in HSC activation [306, 307]. There are currently ongoing trials
using CB1 antagonists for metabolic liver diseases, but the goal of fibrosis improvement is not listed
as an endpoint. Conversely, CB2 agonists have been seen to reduce collagen by inducing HSC
quiescence/apoptosis [308, 309]. Moreover, a germline genetic variant in the CNR2 gene (encoding
CB2) is associated with necro-inflammation in CHC patients with HIV/HCV coinfection [310].
Therefore, antifibrotic therapies should be aimed at using mainly CB1 antagonists and, to a lesser
extent, CB2 agonists. Opioid signaling increases HSC proliferation, and the opioid antagonist
naltrexone and other opioid-like compounds attenuate liver fibrosis [214, 311]. 5HT has a profibrotic
effect, and its receptors are upregulated in HSCs. Moreover, 5-HT2A and 5-HT2B receptor
antagonism reduces inflammation and aHSCs, and increases aHSC apoptosis in mice and rat models
[312].

3.3.3 Inhibition of nuclear receptor signaling pathways

HSCs express a diverse group of nuclear receptors, mainly the FXR and PPARs, which are potential
targets for antifibrotic agents [49, 313].
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(i) EXR. FXR is a nuclear receptor present in the liver that plays a role as a regulator of hepatic bile
acid homeostasis, HSC activation, and Coll production [314, 315]. It is important for bile acid-
mediated HCV replication [316]. Thus, FXR could also represent a therapeutic target for the treatment
of liver fibrosis [313]. However, most FXR ligands failed clinical assessment due to poor
pharmacokinetics or toxicity. Obeticholic acid (OCA) is a potent whole-body bile acid FXR agonist
that, in a phase 2 study (FLINT; NCT01265498), was well-tolerated, improved necroinflammation,
and reduced fibrosis in non-cirrhotic NASH patients [250]. OCA is currently being conducted in two
phase 3 studies in NASH patients with compensated cirrhosis (REVERSE; NCT03439254) and non-
cirrhotic patients (REGENERATE; NCT02548351) [251]. The results of the REGENERATE interim
analysis showed a clinically significant improvement in liver fibrosis [252] (Table 3). However, OCA
has some side effects, such as elevation of low-density lipoprotein (LDL) levels ('bad’ cholesterol)
and pruritus [317]. Other bile acid FXR agonists are being investigated, such as nor-ursodeoxycholic
acid (nor-UDCA), which is the most advanced drug in a phase 2 trial for primary sclerosing
cholangitis (NUC-3; NCT01755507), but the goal of improvement of liver fibrosis is not listed as an
endpoint [253] (Table 3). Several non-bile acid synthetic FXR agonists have been developed to
enhance tolerability and avoid the drawbacks of OCA [318], such as cilofexor (ATLAS,
NCT03449446, and NCT02781584) and tropifexor (Table 3). Tropifexor has entered a phase 2 trial
(TANDEM, NCT03517540) combined with cenicriviroc [147]. INT-767, a dual agonist on FXR/G-
protein-coupled bile acid receptor (Gpbarl), has shown to modulate KC activation and improve liver
function by reducing steatosis and fibrosis in preclinical studies. Unfortunately, currently there are
no ongoing clinical trials [319].

(i) PPARs. PPARs belong to the steroid/thyroid hormone receptor superfamily and are mainly
expressed in hepatocytes [320]. Three PPAR isoforms have been identified (PPAR-y, PPAR-a, and
PPAR-0), which vary in tissue distribution and are potential antifibrotic therapy targets. PPAR-y and
PPAR-a are decreased during HCV infection [321, 322], while PPAR-4 has not been investigated
relating to HCV infection. Thiazolidinediones (TZDs) are PPAR-y agonists that reduce aHSC and
collagen deposition [323]. A phase 2 study with pioglitazone (PIVENS, NCT00063622) showed
significant reductions in liver enzyme levels, steatosis, inflammation, and hepatocellular ballooning,
but with substantial adverse effects [148, 254]. Clinical trials in both CHC and NASH patients have
been unsuccessful regarding evidence of reduced fibrosis [148, 255] (Table 3). TZDs can suppress
HCC recurrence in HCV-infected patients [324] and help to improve steatosis in the context of
HIV/HCV co-infection [325]. Nevertheless, TZD treatments have several clinical concerns, such as
a higher risk of prostate and pancreas cancer, body weight gain, and increased cardiovascular events,
among others. Elafibranor (GFT-505), a hepatotropic dual PPAR-0/6 agonist tested in a phase 2b trial
(GOLDEN-505; NCT01694849), was well-tolerated, improved liver enzymes, and reduced liver
fibrosis in non-cirrhotic NASH patients [256]. A phase 3 trial is currently underway to evaluate
histological improvement and all-cause mortality and liver-related outcomes in NASH patients
(RESOLVE-IT; NCT02704403), but results from an interim analysis were disappointing [167]
(Table 3).

Other PPAR drugs are also in development, including lanifibranor (IVA-337; a pan-PPAR agonist),
saroglitazar (a PPAR-a/y dual agonist), and seladelpar (a PPAR-6 agonist). IVA-337 is an agonist
that activates all three PPARs (PPAR-y, PPAR-a, and PPAR-) and is currently being tested in a
phase 2b trial (NATIVE; NCT03008070) in non-cirrhotic NASH patients with liver steatosis and
moderate to severe necroinflammation (Table 3). The clinical trial has already been completed and
showed a favorable tolerability profile with a significant reduction in steatosis and fibrosis. These
results support the idea of entering into phase 3 development [257].

3.4 Reduction of fibrosis

Drugs directly targeting fibrosis are promising candidates. Scarring is a dynamic process whose
regression depends on its duration and scar factors. Since aHSCs are in the injured liver, not in the
healthy liver, their apoptosis may facilitate scar removal and fibrosis regression [326]. Here, we focus
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on potential antifibrotic therapies based on inhibiting collagen synthesis and ECM cross-linking
enzymes that directly affect scar tissue. In this regard, nanotechnology could have a crucial role [327].
Examples of antifibrotic candidates that reduce fibrotic scar evolution undergoing clinical trials are
listed in Table 4.

Table 4 Clinical studies focusing on antifibrotics promoting fibrosis degradation

Clinical trial identifier / Trial

Compound Target  Patients stage Ref.
ND-L02- Coll CHC ® with moderate to extensive NCT02227459 [328-

s0201 fibrosis Phase 1b/2 completed 330]
o . NCT03420768 [328-

®
CHC  with cirrhosis Phase 2 completed 330]
) . e NCT01452308

Simtuzumab  LOXL2 Unknown etiology with fibrosis Phase 2 completed [331]
HIV andior CHC © with fibrosis o 101707472 [331]

Phase 2 completed
NASH with advanced fibrosis, but NCT01672866

not cirrhosis Phase 2 terminated [332]
. . . NCT01672879
NASH with compensated cirrhosis Phase 2 terminated [332]
PAT-1251 LOXL2 Healthy volunteers NCT02852551 -
Phase 1 completed
PXS-5153A LOXL2 Healthy volunteers Two phases 1 completed gzldé(])

@) patients with SVR; @ Patients with a SVR for at least one year before the date of screening are included,
and patients with detectable HCV RNA at screening are excluded; ® Patients must have HCV RNA > 2000
IU/ml, and failed therapy or are unwilling to receive or have contraindications to interferon therapy for HCV.
CHC chronic hepatitis C, Coll collagen type 1, HCV hepatitis C virus, HIV human immunodeficiency virus,
LOXL2 lysyl oxidase-like 2, NASH non-alcoholic steatohepatitis, SVR sustained virological response.

3.4.1 Collagen type 1 (Col1)

The major ECM components produced by aHSCs are collagens, especially Coll, which represent the
major structural component of the fibrotic scaffold (more than 50% of the scar protein) [333, 334]
with levels being 10-fold higher in advanced fibrosis and cirrhosis [335]. Therefore, targeting Coll
could be a potent antifibrotic strategy. Total hepatic collagen content and proinflammatory cells in
the liver were significantly reduced after treatment with specific small interfering RNAs (SiIRNAS)
targeting the procollagen al(I) gene in three in vivo models of liver fibrosis progression and an in
vivo model of advanced fibrosis regression [327]. Similar results were found in transgenic mice with
inducible knockdown of Coll, 3, 4, or 6 [336]. Promising results were also obtained with Coll
siRNA-loaded cationic nano-hydrogel particles [337, 338].

Human heat shock protein 47 (hsp47) is a Coll chaperone expressed in HSCs that is essential for the
maturation and secretion of collagen [49]. Targeted conjugates like vitamin A-coupled liposomes
containing hsp47-siRNA (ND-L02-s0201) can be used to block collagen synthesis in different rodent
models [339]. Currently, ND-L02-s0201 is being investigated in two clinical trials in phase 1b/2 and
2, respectively, in patients with fibrosis (NCT02227459) and cirrhosis after clearing the HCV
infection (NCT03420768) (Table 4). These studies have shown that ND-L02-s0201 was well-
tolerated [329, 330] and was not immunogenic [328]. Therefore, Col1, and other ECM molecules that
play essential roles in the fibrotic matrix organization could also be targets of antifibrotic therapy.

3.4.2 Lysyl oxidase-like 2 (LOXL2)

The lysyl oxidases are a family of enzymes secreted by HSCs involved in collagen cross-linking and
ECM stabilization. The imbalance in this process leads to excessive cross-linking characterized by
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liver scarring and stiffness, which leads to liver failure [340]. Moreover, ECM stiffness promotes
HSC proliferation via integrins. Of the five members, lysyl oxidase-like-2 (LOXL2) is the most
widely studied in chronic liver diseases including CHC [341, 342]. LOXL2 is a matrix enzyme
overexpressed by aHSCs that stabilizes ECM, making it more resistant to protease degradation.
Therefore, ECM cross-linking and remodeling can be regulated by LOXL?2 inhibitors [343].

The 1gG4 monoclonal antibody simtuzumab (SIM, GS-6624) is a LOXL2 inhibitor that has shown
poor results in a clinical trial (Table 4) [341]. Two pilot phase 2 trials (NCT01452308,
NCT01707472) in patients with liver fibrosis of variable etiology (i.e., HIV and/or HCV-infected
patients) showed that simtuzumab was well-tolerated and had no serious adverse events [331].
However, two phase 2 studies in NASH patients with bridging fibrosis or compensated cirrhosis
(NCT01672866, NCT01672879) were stopped due to a lack of efficacy in decreasing liver fibrosis
or liver-related clinical events in cirrhotic patients [332]. These disappointing results using antibodies
have opened the way for small molecules, which can maximize inhibition by more easily penetrating
the fibrotic matrix and intracellular compartments, and some of which are now in the early stages of
clinical trials [344].

PAT-1251 is a potent irreversible inhibitor of LOXL2 that has shown high specificity in preclinical
studies [345]. Consequently, PAT-1251 was the first small-molecule LOXL2-inhibitor to enter into
clinical trials (Table 4). The phase 1 trial (NCT02852551) in healthy volunteers has already been
completed, but results are not publicly available. PXS-5153A (BI-1467335), another LOXL2
inhibitor, improved liver function by diminishing collagen content and collagen cross-links in a
mouse model [343]. Two phase 1 trials with PXS-5153A have been completed showing good safety
and pharmacokinetic profile and a substantial and highly significant reduction of LOXL2 levels [240,
318] (Table 4). These results support the use of small molecules targeting LOXL2, or other lysyl
oxidases, as a tool for treating liver diseases with abnormal increases in collagen cross-linking.

4 Conclusions

After HCV clearance by successful DAA treatments, liver fibrosis may persist. Even if the cure of
HCV infection leads to fibrosis regression, this is a long process. Therefore, once HCV infection is
cured, the therapeutic targets for reversing liver fibrosis focus on using antifibrotic agents.

Current antifibrotic approaches targeting HCV-associated liver fibrosis are mainly based on reducing
inflammation, hepatocyte injury, and HSC activation; or inducing ECM degradation after HCV
removal. To date, there is a wide variety of antifibrotic drugs that are being tested in clinical trials,
but most of them are analyzed on NASH patients. These antifibrotic drugs should also be evaluated
in patients cured of HCV infection, although it is expected that the results with NASH patients can
be extrapolated to CHC patients. However, no compound is currently approved by the Food and Drug
Administration (FDA) or the European Medicines Agency (EMA). Moreover, the promising results
obtained in preclinical steps do not accurately predict outcomes in human clinical trials. Furthermore,
due to the diverse stages of liver fibrosis, the complexity of the process, and different patients’ genetic
backgrounds, more research is needed to explore the question of whether or not antifibrotic drugs are
effective treatments.

Liver fibrosis regression requires new therapeutic strategies, such as the use of mitochondrial open
reading frames of the 12S ribosomal RNA type-c (MOTS-c) agonists [346], cell-based therapy [347-
349], or combined treatments. Nanoparticles can also be an attractive tool because they accumulate
in the liver [350]. The combinations of two or more antifibrotic compounds addressing multiple
pathways offer the most exciting approaches. The advantages of combination therapies rely on using
lower doses of drugs, which reduces toxicity problems and side-effects derived from prolonged
treatments, and has a higher efficacy due to additive or even synergistic effects compared to
monotherapy.
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Several promising antifibrotic drugs and targets are currently undergoing preclinical studies and will
be evaluated in the clinic shortly. Moreover, the use of novel techniques, such as precision-cut liver
slice cultures, human liver organoids, humanized mice, as well as omics technology for the analysis
of signaling pathways triggered during chronic liver disease [2, 351-354], will provide valuable
information for testing possible antifibrotic drugs.

20



Declarations
Funding

This study was supported by grants from Instituto de Salud Carlos Il (ISCII; grant numbers
P117CI111/00003 and PI120CI11/00004 to SR, and PI119CI11/00009 to IM). The study was also funded
by the RD16CI111/0002/0002 project as part of the Plan Nacional R + D + | and co-funded by ISCIII-
Subdireccion General de Evaluacion and the Fondo Europeo de Desarrollo Regional (FEDER). DSC
is supported through Fundacion SEIMC-GESIDA by a fellowship award from Fundaciéon ONCE
‘Oportunidad al Talento, 2019/20’ co-financed by Fondo Social Europeo (202001FONCEL1).

Competing interests
The authors declare that they have no conflicts of interest.

Ethics approval

Not applicable.

Consent to participate
Not applicable.

Consent for publication

Not applicable.

Availability of data and material

Not applicable.

Code availability

Not applicable.

Authors’ contributions

Conceptualization: SR and IM.

Data curation: DSC and IM.

Funding acquisition: SR and M.

Investigation: DSC, SR, and IM.

Supervision and visualization: SR and IM.

Writing — original draft preparation: DSC, SR, and IM.
Writing — Review & Editing: DSC, SR, and IM.

All authors have read and approved the final manuscript.

21



References

1. Polaris Observatory HCVC. Global prevalence and genotype distribution of hepatitis C virus
infection in 2015: a modelling study. Lancet Gastroenterol Hepatol. 2017;2(3):161-76.

2. Yong KSM, Her Z, Chen Q. Humanized Mouse Models for the Study of Hepatitis C and Host
Interactions. Cells. 2019;8(6):604.

3. Lingala S, Ghany MG. Natural History of Hepatitis C. Gastroenterol Clin North Am.
2015;44(4):717-34.

4. Spearman CW, Dusheiko GM, Hellard M, Sonderup M. Hepatitis C. Lancet.
2019;394(10207):1451-66.

5. Weiskirchen R, Weiskirchen S, Tacke F. Recent advances in understanding liver fibrosis:
bridging basic science and individualized treatment concepts. F1000Res. 2018;7:F1000 Faculty Rev-
921.

6. Hernandez-Gea V, Friedman SL. Pathogenesis of liver fibrosis. Annu Rev Pathol.
2011;6:425-56.

7. Trautwein C, Friedman SL, Schuppan D, Pinzani M. Hepatic fibrosis: Concept to treatment.
J Hepatol. 2015;62(1 Suppl):S15-24.

8. Marcellin P, Kutala BK. Liver diseases: A major, neglected global public health problem
requiring urgent actions and large-scale screening. Liver Int. 2018;38 Suppl 1:2-6.

9. Li S, Hong M, Tan HY, Wang N, Feng Y. Insights into the Role and Interdependence of
Oxidative Stress and Inflammation in Liver Diseases. Oxid Med Cell Longev. 2016;2016:4234061.

10.  Novo E, Cannito S, Paternostro C, Bocca C, Miglietta A, Parola M. Cellular and molecular
mechanisms in liver fibrogenesis. Arch Biochem Biophys. 2014;548:20-37.

11.  van der Poorten D, George J. Disease-specific mechanisms of fibrosis: hepatitis C virus and
nonalcoholic steatohepatitis. Clin Liver Dis. 2008;12(4):805-24, ix.

12.  Virzi A, Roca Suarez AA, Baumert TF, Lupberger J. Rewiring Host Signaling: Hepatitis C
Virus in Liver Pathogenesis. Cold Spring Harb Perspect Med. 2020;10(1).

13.  European Association for the Study of the Liver. Electronic address: easloffice@easloffice.eu.
EASL Recommendations on Treatment of Hepatitis C 2016. J Hepatol. 2017;66(1):153-94.

14.  Simmons B, Saleem J, Heath K, Cooke GS, Hill A. Long-Term Treatment Outcomes of
Patients Infected With Hepatitis C Virus: A Systematic Review and Meta-analysis of the Survival
Benefit of Achieving a Sustained Virological Response. Clin Infect Dis. 2015;61(5):730-40.

15.  Fehily SR, Papaluca T, Thompson AJ. Long-Term Impact of Direct-Acting Antiviral Agent
Therapy in HCV Cirrhosis: Critical Review. Semin Liver Dis. 2019;39(3):341-53.

16.  Akhtar E, Manne V, Saab S. Cirrhosis regression in hepatitis C patients with sustained
virological response after antiviral therapy: a meta-analysis. Liver Int. 2015;35(1):30-6.

17. Liu Z, Wei X, Chen T, Huang C, Liu H, Wang Y. Characterization of fibrosis changes in
chronic hepatitis C patients after virological cure: A systematic review with meta-analysis. J
Gastroenterol Hepatol. 2017;32(3):548-57.

18. Wei L, Huang YH. Long-term outcomes in patients with chronic hepatitis C in the current era
of direct-acting antiviral agents. Expert Rev Anti Infect Ther. 2019;17(5):311-25.

19.  Salas-Villalobos TB, Lozano-Sepulveda SA, Rincon-Sanchez AR, Govea-Salas M, Rivas-
Estilla AM. Mechanisms involved in liver damage resolution after hepatitis C virus clearance.
Medicina Universitaria. 2017;19(75):100-7.

22



20.  Diez C, Berenguer J, Ibanez-Samaniego L, Llop E, Perez-Latorre L, Catalina MV, et al.
Persistence of clinically significant portal hypertension after eradication of HCV in patients with
advanced cirrhosis. Clin Infect Dis. 2020.

21.  Li DK, Chung RT. Impact of hepatitis C virus eradication on hepatocellular carcinogenesis.
Cancer. 2015;121(17):2874-82.

22. loannou GN, Beste LA, Green PK, Singal AG, Tapper EB, Waljee AK, et al. Increased Risk
for Hepatocellular Carcinoma Persists Up to 10 Years After HCV Eradication in Patients With
Baseline Cirrhosis or High FIB-4 Scores. Gastroenterology. 2019;157(5):1264-78 e4.

23.  Carrat F, Fontaine H, Dorival C, Simony M, Diallo A, Hezode C, et al. Clinical outcomes in
patients with chronic hepatitis C after direct-acting antiviral treatment: a prospective cohort study.
Lancet. 2019;393(10179):1453-64.

24.  Lledo GM, Carrasco |, Benitez-Gutierrez LM, Arias A, Royuela A, Requena S, et al.
Regression of liver fibrosis after curing chronic hepatitis C with oral antivirals in patients with and
without HIV coinfection. AIDS. 2018;32(16):2347-52.

25.  Reig M, Marino Z, Perello C, Inarrairaegui M, Ribeiro A, Lens S, et al. Unexpected high rate
of early tumor recurrence in patients with HCV-related HCC undergoing interferon-free therapy. J
Hepatol. 2016;65(4):719-26.

26.  Kozbial K, Moser S, Schwarzer R, Laferl H, Al-Zoairy R, Stauber R, et al. Unexpected high
incidence of hepatocellular carcinoma in cirrhotic patients with sustained virologic response
following interferon-free direct-acting antiviral treatment. J Hepatol. 2016;65(4):856-8.

27.  Conti F, Buonfiglioli F, Scuteri A, Crespi C, Bolondi L, Caraceni P, et al. Early occurrence
and recurrence of hepatocellular carcinoma in HCV-related cirrhosis treated with direct-acting
antivirals. J Hepatol. 2016;65(4):727-33.

28.  Poynard T, Moussalli J, Munteanu M, Thabut D, Lebray P, Rudler M, et al. Slow regression
of liver fibrosis presumed by repeated biomarkers after virological cure in patients with chronic
hepatitis C. J Hepatol. 2013;59(4):675-83.

29.  Garcia-Broncano P, Medrano LM, Berenguer J, Brochado-Kith O, Gonzalez-Garcia J,
Jimenez-Sousa MA, et al. Mild profile improvement of immune biomarkers in HIV/HCV-coinfected
patients who removed hepatitis C after HCV treatment: A prospective study. J Infect. 2020;80(1):99-
110.

30.  Gorin JB, Malone DFG, Strunz B, Carlsson T, Aleman S, Bjorkstrom NK, et al. Plasma
FABP4 is associated with liver disease recovery during treatment-induced clearance of chronic HCV
infection. Sci Rep. 2020;10(1):2081.

31.  Langhans B, Nischalke HD, Kramer B, Hausen A, Dold L, van Heteren P, et al. Increased
peripheral CD4(+) regulatory T cells persist after successful direct-acting antiviral treatment of
chronic hepatitis C. J Hepatol. 2017;66(5):888-96.

32.  Strunz B, Hengst J, Deterding K, Manns MP, Cornberg M, Ljunggren HG, et al. Chronic
hepatitis C virus infection irreversibly impacts human natural killer cell repertoire diversity. Nat
Commun. 2018;9(1):2275.

33.  Hengst J, Strunz B, Deterding K, Ljunggren HG, Leeansyah E, Manns MP, et al.
Nonreversible MAIT cell-dysfunction in chronic hepatitis C virus infection despite successful
interferon-free therapy. Eur J Immunol. 2016;46(9):2204-10.

34. Rossi C, Young J, Martel-Laferriere V, Walmsley S, Cooper C, Wong A, et al. Direct-Acting
Antiviral Treatment Failure Among Hepatitis C and HIV-Coinfected Patients in Clinical Care. Open
Forum Infect Dis. 2019;6(3):0fz055.

23



35.  Pawlotsky JM. Retreatment of Hepatitis C Virus-Infected Patients with Direct-Acting
Antiviral Failures. Semin Liver Dis. 2019;39(3):354-68.

36.  Piecha F, Ganssler JM, Ozga AK, Wehmeyer MH, Dietz J, Kluwe J, et al. Treatment and re-
treatment results of HCV patients in the DAA era. PLoS One. 2020;15(5):e0232773.

37.  Simmons B, Saleem J, Hill A, Riley RD, Cooke GS. Risk of Late Relapse or Reinfection With
Hepatitis C Virus After Achieving a Sustained Virological Response: A Systematic Review and
Meta-analysis. Clin Infect Dis. 2016;62(6):683-94.

38.  Hagan H, Jordan AE, Neurer J, Cleland CM. Incidence of sexually transmitted hepatitis C
virus infection in HIV-positive men who have sex with men. AIDS. 2015;29(17):2335-45.

39. Midgard H, Bjoro B, Maeland A, Konopski Z, Kileng H, Damas JK, et al. Hepatitis C
reinfection after sustained virological response. J Hepatol. 2016;64(5):1020-6.

40. Guo YC, Lu LG. Antihepatic Fibrosis Drugs in Clinical Trials. J Clin Transl Hepatol.
2020;8(3):304-12.

41.  Chang Y, Li H. Hepatic Antifibrotic Pharmacotherapy: Are We Approaching Success? J Clin
Transl Hepatol. 2020;8(2):222-9.

42.  Santoro R, Mangia A. Progress in promising anti-fibrotic therapies. Expert Rev Gastroenterol
Hepatol. 2019;13(12):1145-52.

43.  Muriel P. Fighting liver fibrosis to reduce mortality associated with chronic liver diseases:
The importance of new molecular targets and biomarkers. EBioMedicine. 2019;40:35-6.

44.  Schuppan D, Ashfag-Khan M, Yang AT, Kim YO. Liver fibrosis: Direct antifibrotic agents
and targeted therapies. Matrix Biol. 2018;68-69:435-51.

45.  Rudnick DA. Antifibrotic therapies in liver disease: Ready for primetime? Clin Liver Dis
(Hoboken). 2017;9(6):138-40.

46.  Sebastiani G, Gkouvatsos K, Pantopoulos K. Chronic hepatitis C and liver fibrosis. World J
Gastroenterol. 2014;20(32):11033-53.

47.  Duffield JS, Lupher M, Thannickal VJ, Wynn TA. Host responses in tissue repair and fibrosis.
Annu Rev Pathol. 2013;8:241-76.

48.  Phan SH, Zhang K, Zhang HY, Gharaee-Kermani M. The myofibroblast as an inflammatory
cell in pulmonary fibrosis. Curr Top Pathol. 1999;93:173-82.

49.  Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev
Gastroenterol Hepatol. 2017;14(7):397-411.

50.  Tracy LE, Minasian RA, Caterson EJ. Extracellular Matrix and Dermal Fibroblast Function
in the Healing Wound. Adv Wound Care (New Rochelle). 2016;5(3):119-36.

51.  Ekpanyapong S, Reddy KR. Hepatitis C virus therapy in advanced liver disease: Outcomes
and challenges. United European Gastroenterol J. 2019;7(5):642-50.

52.  Khatun M, Ray RB. Mechanisms Underlying Hepatitis C Virus-Associated Hepatic Fibrosis.
Cells. 2019;8(10).

53.  Baskic D, Vukovic V, Popovic S, Jovanovic D, Mitrovic S, Djurdjevic P, et al. Correction:
Chronic Hepatitis C: Conspectus of immunological events in the course of fibrosis evolution. PL0oS
One. 2019;14(8):e0221142.

54. Mahmoudvand S, Shokri S, Taherkhani R, Farshadpour F. Hepatitis C virus core protein
modulates several signaling pathways involved in hepatocellular carcinoma. World J Gastroenterol.
2019;25(1):42-58.

24



55.  Li K, Lemon SM. Innate immune responses in hepatitis C virus infection. Semin
Immunopathol. 2013;35(1):53-72.

56.  Saha B, Szabo G. Innate immune cell networking in hepatitis C virus infection. J Leukoc Biol.
2014;96(5):757-66.

57.  Heim MH, Thimme R. Innate and adaptive immune responses in HCV infections. J Hepatol.
2014;61(1 Suppl):S14-25.

58.  Fahey S, Dempsey E, Long A. The role of chemokines in acute and chronic hepatitis C
infection. Cell Mol Immunol. 2014;11(1):25-40.

59. Li K, Li NL, Wei D, Pfeffer SR, Fan M, Pfeffer LM. Activation of chemokine and
inflammatory cytokine response in hepatitis C virus-infected hepatocytes depends on Toll-like
receptor 3 sensing of hepatitis C virus double-stranded RNA intermediates. Hepatology.
2012;55(3):666-75.

60.  Hiet MS, Bauhofer O, Zayas M, Roth H, Tanaka Y, Schirmacher P, et al. Control of temporal
activation of hepatitis C virus-induced interferon response by domain 2 of nonstructural protein 5A.
J Hepatol. 2015;63(4):829-37.

61.  Pagliaccetti NE, Eduardo R, Kleinstein SH, Mu XJ, Bandi P, Robek MD. Interleukin-29
functions cooperatively with interferon to induce antiviral gene expression and inhibit hepatitis C
virus replication. J Biol Chem. 2008;283(44):30079-89.

62.  Wagoner J, Austin M, Green J, Imaizumi T, Casola A, Brasier A, et al. Regulation of CXCL-
8 (interleukin-8) induction by double-stranded RNA signaling pathways during hepatitis C virus
infection. J Virol. 2007;81(1):309-18.

63.  Harvey CE, Post JJ, Palladinetti P, Freeman AJ, Ffrench RA, Kumar RK, et al. Expression of
the chemokine IP-10 (CXCL10) by hepatocytes in chronic hepatitis C virus infection correlates with
histological severity and lobular inflammation. J Leukoc Biol. 2003;74(3):360-9.

64.  Zhou Z, Hamming OJ, Ank N, Paludan SR, Nielsen AL, Hartmann R. Type Il interferon
(IFN) induces a type | IFN-like response in a restricted subset of cells through signaling pathways
involving both the Jak-STAT pathway and the mitogen-activated protein kinases. J Virol.
2007;81(14):7749-58.

65.  Bigger CB, Brasky KM, Lanford RE. DNA microarray analysis of chimpanzee liver during
acute resolving hepatitis C virus infection. J Virol. 2001;75(15):7059-66.

66.  Su Al, Pezacki JP, Wodicka L, Brideau AD, Supekova L, Thimme R, et al. Genomic analysis
of the host response to hepatitis C virus infection. Proc Natl Acad Sci U S A. 2002;99(24):15669-74.

67. Negash AA, Ramos HJ, Crochet N, Lau DT, Doehle B, Papic N, et al. IL-1beta production
through the NLRP3 inflammasome by hepatic macrophages links hepatitis C virus infection with
liver inflammation and disease. PLoS Pathog. 2013;9(4):e1003330.

68. Mengshol JA, Golden-Mason L, Arikawa T, Smith M, Niki T, McWilliams R, et al. A crucial
role for Kupffer cell-derived galectin-9 in regulation of T cell immunity in hepatitis C infection. PL0S
One. 2010;5(3):€9504.

69.  Chattergoon MA, Levine JS, Latanich R, Osburn WO, Thomas DL, Cox AL. High plasma
interleukin-18 levels mark the acute phase of hepatitis C virus infection. J Infect Dis.
2011;204(11):1730-40.

70.  El-Emshaty HM, Nasif WA, Mohamed IE. Serum Cytokine of IL-10 and IL-12 in Chronic
Liver Disease: The Immune and Inflammatory Response. Dis Markers. 2015;2015:707254.

71.  Capone F, Guerriero E, Colonna G, Maio P, Mangia A, Castello G, et al. Cytokinome profile
evaluation in patients with hepatitis C virus infection. World J Gastroenterol. 2014;20(28):9261-9.

25



72.  Nishitsuji H, Funami K, Shimizu Y, Ujino S, Sugiyama K, Seya T, et al. Hepatitis C virus
infection induces inflammatory cytokines and chemokines mediated by the cross talk between
hepatocytes and stellate cells. J Virol. 2013;87(14):8169-78.

73.  Schroder K, Tschopp J. The inflammasomes. Cell. 2010;140(6):821-32.

74.  Negash AA, Olson RM, Griffin S, Gale M, Jr. Modulation of calcium signaling pathway by
hepatitis C virus core protein stimulates NLRP3 inflammasome activation. PL0oS Pathog.
2019;15(2):e1007593.

75.  Shrivastava S, Mukherjee A, Ray R, Ray RB. Hepatitis C virus induces interleukin-1beta (IL-
1beta)/IL-18 in circulatory and resident liver macrophages. J Virol. 2013;87(22):12284-90.

76.  Serti E, Werner JM, Chattergoon M, Cox AL, Lohmann V, Rehermann B. Monocytes activate
natural Killer cells via inflammasome-induced interleukin 18 in response to hepatitis C virus
replication. Gastroenterology. 2014;147(1):209-20 e3.

77.  Wong KL, Yeap WH, Tai JJ, Ong SM, Dang TM, Wong SC. The three human monocyte
subsets: implications for health and disease. Immunol Res. 2012;53(1-3):41-57.

78.  Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with
distinct migratory properties. Immunity. 2003;19(1):71-82.

79.  Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, Drevets DA, et al.
Subpopulations of mouse blood monocytes differ in maturation stage and inflammatory response. J
Immunol. 2004;172(7):4410-7.

80.  El-Bassioudni NE, Amin NA, EI Amir A, Farid AA, Madkour ME, Atta RI. Down Regulation
of Classical Monocytes Subset in Patients with Hcv Related Liver Fibrosis. J Egypt Soc Parasitol.
2017;47(1):207-10.

81.  Karlmark KR, Weiskirchen R, Zimmermann HW, Gassler N, Ginhoux F, Weber C, et al.
Hepatic recruitment of the inflammatory Grl+ monocyte subset upon liver injury promotes hepatic
fibrosis. Hepatology. 2009;50(1):261-74.

82. Ingersoll MA, Spanbroek R, Lottaz C, Gautier EL, Frankenberger M, Hoffmann R, et al.
Comparison of gene expression profiles between human and mouse monocyte subsets. Blood.
2010;115(3):e10-9.

83.  Amadei B, Urbani S, Cazaly A, Fisicaro P, Zerbini A, Ahmed P, et al. Activation of natural
killer cells during acute infection with hepatitis C virus. Gastroenterology. 2010;138(4):1536-45.

84.  Golden-Mason L, Cox AL, Randall JA, Cheng L, Rosen HR. Increased natural Killer cell
cytotoxicity and NKp30 expression protects against hepatitis C virus infection in high-risk individuals
and inhibits replication in vitro. Hepatology. 2010;52(5):1581-9.

85.  Pelletier S, Drouin C, Bedard N, Khakoo SI, Bruneau J, Shoukry NH. Increased degranulation
of natural killer cells during acute HCV correlates with the magnitude of virus-specific T cell
responses. J Hepatol. 2010;53(5):805-16.

86.  Nattermann J, Feldmann G, Ahlenstiel G, Langhans B, Sauerbruch T, Spengler U. Surface
expression and cytolytic function of natural killer cell receptors is altered in chronic hepatitis C. Gut.
2006;55(6):869-77.

87.  Ahlenstiel G, Titerence RH, Koh C, Edlich B, Feld JJ, Rotman Y, et al. Natural killer cells are
polarized toward cytotoxicity in chronic hepatitis C in an interferon-alfa-dependent manner.
Gastroenterology. 2010;138(1):325-35 el-2.

88.  Oliviero B, Varchetta S, Paudice E, Michelone G, Zaramella M, Mavilio D, et al. Natural
killer cell functional dichotomy in chronic hepatitis B and chronic hepatitis C virus infections.
Gastroenterology. 2009;137(3):1151-60, 60 el-7.

26



89. Yel,Wang X, Wang S, Wang Y, Song L, Hou W, et al. CD56+ T cells inhibit hepatitis C
virus replication in human hepatocytes. Hepatology. 2009;49(3):753-62.

90. Yamagiwa S, Matsuda Y, Ichida T, Honda Y, Takamura M, Sugahara S, et al. Sustained
response to interferon-alpha plus ribavirin therapy for chronic hepatitis C is closely associated with
increased dynamism of intrahepatic natural killer and natural killer T cells. Hepatol Res.
2008;38(7):664-72.

91. de Lalla C, Galli G, Aldrighetti L, Romeo R, Mariani M, Monno A, et al. Production of

profibrotic cytokines by invariant NKT cells characterizes cirrhosis progression in chronic viral
hepatitis. J Immunol. 2004;173(2):1417-25.

92.  Losikoff PT, Self AA, Gregory SH. Dendritic cells, regulatory T cells and the pathogenesis
of chronic hepatitis C. Virulence. 2012;3(7):610-20.

93.  Longman RS, Talal AH, Jacobson IM, Rice CM, Albert ML. Normal functional capacity in
circulating myeloid and plasmacytoid dendritic cells in patients with chronic hepatitis C. J Infect Dis.
2005;192(3):497-503.

94.  Canaday DH, Burant CJ, Jones L, Aung H, Woc-Colburn L, Anthony DD. Preserved MHC-
Il antigen processing and presentation function in chronic HCV infection. Cell Immunol.
2011;266(2):187-91.

95.  Longman RS, Talal AH, Jacobson IM, Albert ML, Rice CM. Presence of functional dendritic
cells in patients chronically infected with hepatitis C virus. Blood. 2004;103(3):1026-9.

96.  Auffermann-Gretzinger S, Keeffe EB, Levy S. Impaired dendritic cell maturation in patients
with chronic, but not resolved, hepatitis C virus infection. Blood. 2001;97(10):3171-6.

97.  Awverill L, Lee WM, Karandikar NJ. Differential dysfunction in dendritic cell subsets during
chronic HCV infection. Clin Immunol. 2007;123(1):40-9.

98.  Szabo G, Dolganiuc A. Subversion of plasmacytoid and myeloid dendritic cell functions in
chronic HCV infection. Immunobiology. 2005;210(2-4):237-47.

99.  Kunitani H, Shimizu Y, Murata H, Higuchi K, Watanabe A. Phenotypic analysis of circulating
and intrahepatic dendritic cell subsets in patients with chronic liver diseases. J Hepatol.
2002;36(6):734-41.

100. Nitschke K, Flecken T, Schmidt J, Gostick E, Marget M, Neumann-Haefelin C, et al. Tetramer

enrichment reveals the presence of phenotypically diverse hepatitis C virus-specific CD8+ T cells in
chronic infection. J Virol. 2015;89(1):25-34.

101. Gruener NH, Lechner F, Jung MC, Diepolder H, Gerlach T, Lauer G, et al. Sustained
dysfunction of antiviral CD8+ T lymphocytes after infection with hepatitis C virus. J Virol.
2001;75(12):5550-8.

102. Ulsenheimer A, Gerlach JT, Gruener NH, Jung MC, Schirren CA, Schraut W, et al. Detection
of functionally altered hepatitis C virus-specific CD4 T cells in acute and chronic hepatitis C.
Hepatology. 2003;37(5):1189-98.

103. Hao C, Zhou Y, He Y, Fan C, Sun L, Wei X, et al. Imbalance of regulatory T cellsand T
helper type 17 cells in patients with chronic hepatitis C. Immunology. 2014;143(4):531-8.

104. Osuch S, Metzner KJ, Caraballo Cortes K. Reversal of T Cell Exhaustion in Chronic HCV
Infection. Viruses. 2020;12(8).

105. Schulze-Krebs A, Preimel D, Popov Y, Bartenschlager R, Lohmann V, Pinzani M, et al.
Hepatitis C virus-replicating hepatocytes induce fibrogenic activation of hepatic stellate cells.
Gastroenterology. 2005;129(1):246-58.

27



106. Horowitz JC, Rogers DS, Sharma V, Vittal R, White ES, Cui Z, et al. Combinatorial activation
of FAK and AKT by transforming growth factor-betal confers an anoikis-resistant phenotype to
myofibroblasts. Cell Signal. 2007;19(4):761-71.

107. Lin W, Tsai WL, Shao RX, Wu G, Peng LF, Barlow LL, et al. Hepatitis C virus regulates
transforming growth factor betal production through the generation of reactive oxygen species in a
nuclear factor kappaB-dependent manner. Gastroenterology. 2010;138(7):2509-18, 18 el.

108. Lin W, Wu G, Li S, Weinberg EM, Kumthip K, Peng LF, et al. HIVV and HCV cooperatively
promote hepatic fibrogenesis via induction of reactive oxygen species and NFkappaB. J Biol Chem.
2011;286(4):2665-74.

109. Ben-Ari Z, Tambur AR, Pappo O, Sulkes J, Pravica V, Hutchinson I, et al. Platelet-derived
growth factor gene polymorphism in recurrent hepatitis C infection after liver transplantation.
Transplantation. 2006;81(3):392-7.

110. El-Bassiouni NE, Nosseir MM, Madkour ME, Zoheiry MM, Bekheit IW, Ibrahim RA, et al.
Role of fibrogenic markers in chronic hepatitis C and associated hepatocellular carcinoma. Mol Biol
Rep. 2012;39(6):6843-50.

111. Abe M, Koga H, Yoshida T, Masuda H, Iwamoto H, Sakata M, et al. Hepatitis C virus core
protein upregulates the expression of vascular endothelial growth factor via the nuclear factor-
kappaB/hypoxia-inducible factor-lalpha axis under hypoxic conditions. Hepatol Res.
2012;42(6):591-600.

112. Kanda T, Steele R, Ray R, Ray RB. Hepatitis C virus core protein augments androgen
receptor-mediated signaling. J Virol. 2008;82(22):11066-72.

113. Hassan M, Selimovic D, Ghozlan H, Abdel-kader O. Hepatitis C virus core protein triggers
hepatic angiogenesis by a mechanism including multiple pathways. Hepatology. 2009;49(5):1469-
82.

114. Nagaraja T, Chen L, Balasubramanian A, Groopman JE, Ghoshal K, Jacob ST, et al.
Activation of the connective tissue growth factor (CTGF)-transforming growth factor beta 1 (TGF-
beta 1) axis in hepatitis C virus-expressing hepatocytes. PL0oS One. 2012;7(10):e46526.

115. Paradis V, Dargere D, Vidaud M, De Gouville AC, Huet S, Martinez V, et al. Expression of
connective tissue growth factor in experimental rat and human liver fibrosis. Hepatology.
1999;30(4):968-76.

116. Kovalenko E, Tacke F, Gressner OA, Zimmermann HW, Lahme B, Janetzko A, et al.
Validation of connective tissue growth factor (CTGF/CCN2) and its gene polymorphisms as
noninvasive biomarkers for the assessment of liver fibrosis. J Viral Hepat. 2009;16(9):612-20.

117. Ivanov AV, Valuev-Elliston VT, Tyurina DA, lvanova ON, Kochetkov SN, Bartosch B, et al.
Oxidative stress, a trigger of hepatitis C and B virus-induced liver carcinogenesis. Oncotarget.
2017;8(3):3895-932.

118. Serejo F, Emerit I, Filipe PM, Fernandes AC, Costa MA, Freitas JP, et al. Oxidative stress in
chronic hepatitis C: the effect of interferon therapy and correlation with pathological features. Can J
Gastroenterol. 2003;17(11):644-50.

119. Emerit I, Serejo F, Filipe P, Alaoui Youssefi A, Fernandes A, Costa A, et al. Clastogenic
factors as biomarkers of oxidative stress in chronic hepatitis C. Digestion. 2000;62(2-3):200-7.

120. Bauerle J, Laguno M, Mauss S, Mallolas J, Murillas J, Miquel R, et al. Mitochondrial DNA
depletion in liver tissue of patients infected with hepatitis C virus: contributing effect of HIV
infection? HIV Med. 2005;6(2):135-9.

28



121. Gandhi CR. Hepatic stellate cell activation and pro-fibrogenic signals. J Hepatol.
2017;67(5):1104-5.

122. Olsen AL, Bloomer SA, Chan EP, Gaca MD, Georges PC, Sackey B, et al. Hepatic stellate
cells require a stiff environment for myofibroblastic differentiation. Am J Physiol Gastrointest Liver
Physiol. 2011;301(1):G110-8.

123. Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D, et al. Liver sinusoidal
endothelial cells: Physiology and role in liver diseases. J Hepatol. 2017;66(1):212-27.

124.  Aweya JJ, Tan YJ. Modulation of programmed cell death pathways by the hepatitis C virus.
Front Biosci (Landmark Ed). 2011;16:608-18.

125. Deng L, Adachi T, Kitayama K, Bungyoku Y, Kitazawa S, Ishido S, et al. Hepatitis C virus
infection induces apoptosis through a Bax-triggered, mitochondrion-mediated, caspase 3-dependent
pathway. J Virol. 2008;82(21):10375-85.

126. Gieseler RK, Marquitan G, Schlattjan M, Sowa JP, Bechmann LP, Timm J, et al. Hepatocyte
apoptotic bodies encasing nonstructural HCV proteins amplify hepatic stellate cell activation:
implications for chronic hepatitis C. J Viral Hepat. 2011;18(11):760-7.

127. Murawaki Y, lkuta Y, ldobe Y, Kawasaki H. Serum matrix metalloproteinase-1 in patients
with chronic viral hepatitis. J Gastroenterol Hepatol. 1999;14(2):138-45.

128. Attallah AM, El-Far M, Abdel Malak CA, Omran MM, Farid K, Hussien MA, et al. Fibro-
check: a combination of direct and indirect markers for liver fibrosis staging in chronic hepatitis C
patients. Ann Hepatol. 2015;14(2):225-33.

129. Lichtinghagen R, Bahr MJ, Wehmeier M, Michels D, Haberkorn CI, Arndt B, et al. Expression
and coordinated regulation of matrix metalloproteinases in chronic hepatitis C and hepatitis C virus-
induced liver cirrhosis. Clin Sci (Lond). 2003;105(3):373-82.

130. Okamoto K, Mandai M, Mimura K, Murawaki Y, Yuasa I. The association of MMP-1, -3 and
-9 genotypes with the prognosis of HCV-related hepatocellular carcinoma patients. Res Commun
Mol Pathol Pharmacol. 2005;117-118:77-89.

131. Okamoto K, Ishida C, Ikebuchi Y, Mandai M, Mimura K, Murawaki Y, et al. The genotypes
of IL-1 beta and MMP-3 are associated with the prognosis of HCV-related hepatocellular carcinoma.
Intern Med. 2010;49(10):887-95.

132. Lichtinghagen R, Michels D, Haberkorn CI, Arndt B, Bahr M, Flemming P, et al. Matrix
metalloproteinase (MMP)-2, MMP-7, and tissue inhibitor of metalloproteinase-1 are closely related
to the fibroproliferative process in the liver during chronic hepatitis C. J Hepatol. 2001;34(2):239-47.

133. Medeiros T, Saraiva GN, Moraes LA, Gomes AC, Lacerda GS, Leite PE, et al. Liver fibrosis
improvement in chronic hepatitis C after direct acting-antivirals is accompanied by reduced
profibrogenic biomarkers-a role for MMP-9/TIMP-1. Dig Liver Dis. 2020;52(10):1170-7.

134. Geerts A. History, heterogeneity, developmental biology, and functions of quiescent hepatic
stellate cells. Semin Liver Dis. 2001;21(3):311-35.

135. Friedman SL. Hepatic stellate cells: protean, multifunctional, and enigmatic cells of the liver.
Physiol Rev. 2008;88(1):125-72.

136. Blaner WS, O'Byrne SM, Wongsiriroj N, Kluwe J, D'Ambrosio DM, Jiang H, et al. Hepatic
stellate cell lipid droplets: a specialized lipid droplet for retinoid storage. Biochim Biophys Acta.
2009;1791(6):467-73.

137. Van Linthout S, Miteva K, Tschope C. Crosstalk between fibroblasts and inflammatory cells.
Cardiovasc Res. 2014;102(2):258-609.

29



138. Buckley CD, Pilling D, Lord JM, Akbar AN, Scheel-Toellner D, Salmon M. Fibroblasts
regulate the switch from acute resolving to chronic persistent inflammation. Trends Immunol.
2001;22(4):199-204.

139. Tacke F, Weiskirchen R. An update on the recent advances in antifibrotic therapy. Expert Rev
Gastroenterol Hepatol. 2018;12(11):1143-52.

140. Tanwar S, Rhodes F, Srivastava A, Trembling PM, Rosenberg WM. Inflammation and
fibrosis in chronic liver diseases including non-alcoholic fatty liver disease and hepatitis C. World J
Gastroenterol. 2020;26(2):109-33.

141. Hengst J, Falk CS, Schlaphoff V, Deterding K, Manns MP, Cornberg M, et al. Direct-Acting
Antiviral-Induced Hepatitis C Virus Clearance Does Not Completely Restore the Altered Cytokine
and Chemokine Milieu in Patients With Chronic Hepatitis C. J Infect Dis. 2016;214(12):1965-74.

142. Diehl AM, Harrison S, Caldwell S, Rinella M, Paredes A, Moylan C, etal. JKB-121 in patients
with nonalcoholic steatohepatitis: A phase 2 double blind randomized placebo control study. Journal
of Hepatology. 2018;68:5103.

143. Friedman S, Sanyal A, Goodman Z, Lefebvre E, Gottwald M, Fischer L, et al. Efficacy and
safety study of cenicriviroc for the treatment of non-alcoholic steatohepatitis in adult subjects with
liver fibrosis: CENTAUR Phase 2b study design. Contemp Clin Trials. 2016;47:356-65.

144. Friedman SL, Ratziu V, Harrison SA, Abdelmalek MF, Aithal GP, Caballeria J, et al. A
randomized, placebo-controlled trial of cenicriviroc for treatment of nonalcoholic steatohepatitis with
fibrosis. Hepatology. 2018;67(5):1754-67.

145. Ratziu V, Sanyal A, Harrison SA, Wong VW, Francque S, Goodman Z, et al. Cenicriviroc
Treatment for Adults With Nonalcoholic Steatohepatitis and Fibrosis: Final Analysis of the Phase 2b
CENTAUR Study. Hepatology. 2020.

146. Anstee QM, Neuschwander-Tetri BA, Wong VW, Abdelmalek MF, Younossi ZM, Yuan J, et
al. Cenicriviroc for the treatment of liver fibrosis in adults with nonalcoholic steatohepatitis:
AURORA Phase 3 study design. Contemp Clin Trials. 2020;89:105922.

147. Pedrosa M, Seyedkazemi S, Francque S, Sanyal A, Rinella M, Charlton M, et al. A
randomized, double-blind, multicenter, phase 2b study to evaluate the safety and efficacy of a
combination of tropifexor and cenicriviroc in patients with nonalcoholic steatohepatitis and liver
fibrosis: Study design of the TANDEM trial. Contemp Clin Trials. 2020;88:1058809.

148. Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM, et al.
Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl J Med.
2010;362(18):1675-85.

149.  Terns Pharmaceuticals. Terns Pharmaceuticals receives fast track designation for TERN-201
as a treatment for NASH. 2020. https://www.ternspharma.com/9-10-20-terns-pharmaceuticals-
receives-fast-track-designation-for-tern-201-as-a-treatment-for-nash. Accessed 10 Nov 2020.

150. Harrison SA, Dennis A, Fiore MM, Kelly MD, Kelly CJ, Paredes AH, et al. Utility and
variability of three non-invasive liver fibrosis imaging modalities to evaluate efficacy of GR-MD-02
in subjects with NASH and bridging fibrosis during a phase-2 randomized clinical trial. PLoS One.
2018;13(9):e0203054.

151. Chalasani N, Abdelmalek MF, Garcia-Tsao G, Vuppalanchi R, Alkhouri N, Rinella M, et al.
Effects of Belapectin, an Inhibitor of Galectin-3, in Patients With Nonalcoholic Steatohepatitis With
Cirrhosis and Portal Hypertension. Gastroenterology. 2020;158(5):1334-45 eb.

152.  Galectin Therapeutics. Press Release: Galectin Therapeutics Announces Commencement of
Patient Enrollment of the Adaptively-Designed Phase 2b/3 Trial of Belapectin in NASH Cirrhosis.

30


https://www.ternspharma.com/9-10-20-terns-pharmaceuticals-receives-fast-track-designation-for-tern-201-as-a-treatment-for-nash
https://www.ternspharma.com/9-10-20-terns-pharmaceuticals-receives-fast-track-designation-for-tern-201-as-a-treatment-for-nash

2020. https://investor.galectintherapeutics.com/news-releases/news-release-details/update-galectin-
therapeutics-announces-commencement-patient. Accessed 10 Nov 2020

153.  Chigbu DI, Loonawat R, Sehgal M, Patel D, Jain P. Hepatitis C Virus Infection: Host(-)Virus
Interaction and Mechanisms of Viral Persistence. Cells. 2019;8(4):376.

154.  Sepulveda-Crespo D, Resino S, Martinez I. Innate Immune Response against Hepatitis C
Virus: Targets for Vaccine Adjuvants. Vaccines (Basel). 2020;8(2):E313.

155. Sato K, Ishikawa T, Okumura A, Yamauchi T, Sato S, Ayada M, et al. Expression of Toll-
like receptors in chronic hepatitis C virus infection. J Gastroenterol Hepatol. 2007;22(10):1627-32.

156. Howell J, Angus P, Gow P, Visvanathan K. Toll-like receptors in hepatitis C infection:
implications for pathogenesis and treatment. J Gastroenterol Hepatol. 2013;28(5):766-76.

157. Ishii S, Koziel MJ. Immune responses during acute and chronic infection with hepatitis C
virus. Clin Immunol. 2008;128(2):133-47.

158. Machida K, Cheng KT, Sung VM, Levine AM, Foung S, Lai MM. Hepatitis C virus induces
toll-like receptor 4 expression, leading to enhanced production of beta interferon and interleukin-6. J
Virol. 2006;80(2):866-74.

159. Wi SM, Moon G, Kim J, Kim ST, Shim JH, Chun E, et al. TAK1-ECSIT-TRAF6 complex
plays a key role in the TLR4 signal to activate NF-kappaB. J Biol Chem. 2014;289(51):35205-14.

160. Dolganiuc A, Norkina O, Kodys K, Catalano D, Bakis G, Marshall C, et al. Viral and host
factors induce macrophage activation and loss of toll-like receptor tolerance in chronic HCV
infection. Gastroenterology. 2007;133(5):1627-36.

161. Csak T, Velayudham A, Hritz I, Petrasek J, Levin I, Lippai D, et al. Deficiency in myeloid
differentiation factor-2 and toll-like receptor 4 expression attenuates nonalcoholic steatohepatitis and
fibrosis in mice. Am J Physiol Gastrointest Liver Physiol. 2011;300(3):G433-41.

162. Thompson MR, Kaminski JJ, Kurt-Jones EA, Fitzgerald KA. Pattern recognition receptors
and the innate immune response to viral infection. Viruses. 2011;3(6):920-40.

163. Tu Z, Pierce RH, Kurtis J, Kuroki Y, Crispe IN, Orloff MS. Hepatitis C virus core protein
subverts the antiviral activities of human Kupffer cells. Gastroenterology. 2010;138(1):305-14.

164. Shehata MA, Abou EI-Enein A, EI-Sharnouby GA. Significance of toll-like receptors 2 and 4
MRNA expression in chronic hepatitis C virus infection. Egypt J Immunol. 2006;13(1):141-52.

165. Li K, Foy E, Ferreon JC, Nakamura M, Ferreon AC, lkeda M, et al. Immune evasion by
hepatitis C virus NS3/4A protease-mediated cleavage of the Toll-like receptor 3 adaptor protein
TRIF. Proc Natl Acad Sci U S A. 2005;102(8):2992-7.

166. Wang N, Liang Y, Devaraj S, Wang J, Lemon SM, Li K. Toll-like receptor 3 mediates
establishment of an antiviral state against hepatitis C virus in hepatoma cells. J Virol.
2009;83(19):9824-34.

167. Motavaf M, Noorbakhsh F, Alavian SM, Sharifi Z. Distinct Toll-like Receptor 3 and 7
Expression in Peripheral Blood Mononuclear Cells From Patients with Chronic Hepatitis C Infection.
Hepat Mon. 2014;14(4):e16421.

168. Radaeva S, Sun R, Jaruga B, Nguyen VT, Tian Z, Gao B. Natural killer cells ameliorate liver
fibrosis by killing activated stellate cells in NKG2D-dependent and tumor necrosis factor-related
apoptosis-inducing ligand-dependent manners. Gastroenterology. 2006;130(2):435-52.

169. Watanabe A, Hashmi A, Gomes DA, Town T, Badou A, Flavell RA, et al. Apoptotic
hepatocyte DNA inhibits hepatic stellate cell chemotaxis via toll-like receptor 9. Hepatology.
2007;46(5):1509-18.

31


https://investor.galectintherapeutics.com/news-releases/news-release-details/update-galectin-therapeutics-announces-commencement-patient
https://investor.galectintherapeutics.com/news-releases/news-release-details/update-galectin-therapeutics-announces-commencement-patient

170. Asselah T, Bieche I, Laurendeau I, Paradis V, Vidaud D, Degott C, et al. Liver gene expression
signature of mild fibrosis in patients with chronic hepatitis C. Gastroenterology. 2005;129(6):2064-
75.

171.  Zhdanov KV, Gusev DA, Chirskii VS, Sysoev KA, lakubovskaia LA, Shakhmanov DM, et
al. [Chronic HCV-infection and expression of mRNA of CC-chemokines and their receptors]. Zh
Mikrobiol Epidemiol Immunobiol. 2008(4):73-8.

172. Decalf J, Fernandes S, Longman R, Ahloulay M, Audat F, Lefrerre F, et al. Plasmacytoid
dendritic cells initiate a complex chemokine and cytokine network and are a viable drug target in
chronic HCV patients. J Exp Med. 2007;204(10):2423-37.

173. Boisvert J, Kunkel EJ, Campbell JJ, Keeffe EB, Butcher EC, Greenberg HB. Liver-infiltrating
lymphocytes in end-stage hepatitis C virus: subsets, activation status, and chemokine receptor
phenotypes. J Hepatol. 2003;38(1):67-75.

174. Apolinario A, Majano PL, Alvarez-Perez E, Saez A, Lozano C, Vargas J, et al. Increased
expression of T cell chemokines and their receptors in chronic hepatitis C: relationship with the
histological activity of liver disease. Am J Gastroenterol. 2002;97(11):2861-70.

175. Xu F, Acosta EP, Liang L, He Y, Yang J, Kerstner-Wood C, et al. Current Status of the
Pharmacokinetics and Pharmacodynamics of HIV-1 Entry Inhibitors and HIV Therapy. Curr Drug
Metab. 2017;18(8):769-81.

176. Helbig KJ, Ruszkiewicz A, Semendric L, Harley HA, McColl SR, Beard MR. Expression of
the CXCR3 ligand I-TAC by hepatocytes in chronic hepatitis C and its correlation with hepatic
inflammation. Hepatology. 2004;39(5):1220-9.

177. Zeremski M, Petrovic LM, Chiriboga L, Brown QB, Yee HT, Kinkhabwala M, et al.
Intrahepatic levels of CXCR3-associated chemokines correlate with liver inflammation and fibrosis
in chronic hepatitis C. Hepatology. 2008;48(5):1440-50.

178. Hintermann E, Bayer M, Pfeilschifter JM, Luster AD, Christen U. CXCL10 promotes liver
fibrosis by prevention of NK cell mediated hepatic stellate cell inactivation. J Autoimmun.
2010;35(4):424-35.

179. Aoyama T, Inokuchi S, Brenner DA, Seki E. CX3CL1-CX3CRL1 interaction prevents carbon
tetrachloride-induced liver inflammation and fibrosis in mice. Hepatology. 2010;52(4):1390-400.

180. Wasmuth HE, Zaldivar MM, Berres ML, Werth A, Scholten D, Hillebrandt S, et al. The
fractalkine receptor CX3CR1 is involved in liver fibrosis due to chronic hepatitis C infection. J
Hepatol. 2008;48(2):208-15.

181. Efsen E, Grappone C, DeFranco RM, Milani S, Romanelli RG, Bonacchi A, et al. Up-
regulated expression of fractalkine and its receptor CX3CRL1 during liver injury in humans. J Hepatol.
2002;37(1):39-47.

182. Weston CJ, Shepherd EL, Claridge LC, Rantakari P, Curbishley SM, Tomlinson JW, et al.

Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis. J Clin Invest.
2015;125(2):501-20.

183. Kurkijarvi R, Adams DH, Leino R, Mottonen T, Jalkanen S, Salmi M. Circulating form of
human vascular adhesion protein-1 (VAP-1): increased serum levels in inflammatory liver diseases.
J Immunol. 1998;161(3):1549-57.

184. Kraemer M, Krawczyk M, Noor F, Grunhage F, Lammert F, Schneider JG. Increased
Circulating VAP-1 Levels Are Associated with Liver Fibrosis in Chronic Hepatitis C Infection. J Clin
Med. 2019;8(1):103.

32



185. Lalor PF, Tuncer C, Weston C, Martin-Santos A, Smith DJ, Adams DH. Vascular adhesion
protein-1 as a potential therapeutic target in liver disease. Ann N 'Y Acad Sci. 2007;1110:485-96.

186. Brinchmann MF, Patel DM, Iversen MH. The Role of Galectins as Modulators of Metabolism
and Inflammation. Mediators Inflamm. 2018;2018:9186940.

187. Dong R, Zhang M, Hu Q, Zheng S, Soh A, Zheng Y, et al. Galectin-3 as a novel biomarker
for disease diagnosis and a target for therapy (Review). Int J Mol Med. 2018;41(2):599-614.

188. Li LC, LiJ, Gao J. Functions of galectin-3 and its role in fibrotic diseases. J Pharmacol Exp
Ther. 2014;351(2):336-43.

189. Sciacchitano S, Lavra L, Morgante A, Ulivieri A, Magi F, De Francesco GP, et al. Galectin-
3: One Molecule for an Alphabet of Diseases, from A to Z. Int J Mol Sci. 2018;19(2):379.

190. Henderson NC, Mackinnon AC, Farnworth SL, Poirier F, Russo FP, Iredale JP, et al. Galectin-
3 regulates myofibroblast activation and hepatic fibrosis. Proc Natl Acad Sci U S A.
2006;103(13):5060-5.

191. Gudowska M, Gruszewska E, Cylwik B, Panasiuk A, Rogalska M, Flisiak R, et al. Galectin-
3 Concentration in Liver Diseases. Ann Clin Lab Sci. 2015;45(6):669-73.

192. Chan YC, Lin HY, Tu Z, Kuo YH, Hsu SD, Lin CH. Dissecting the Structure-Activity
Relationship of Galectin-Ligand Interactions. Int J Mol Sci. 2018;19(2):392.

193. Pizarro M, Solis N, Quintero P, Barrera F, Cabrera D, Rojas-de Santiago P, et al. Beneficial
effects of mineralocorticoid receptor blockade in experimental non-alcoholic steatohepatitis. Liver
Int. 2015;35(9):2129-38.

194. Viengchareun S, Le Menuet D, Martinerie L, Munier M, Pascual-Le Tallec L, Lombes M.
The mineralocorticoid receptor: insights into its molecular and (patho)physiological biology. Nucl
Recept Signal. 2007;5:e012.

195. Schreier B, Wolf A, Hammer S, Pohl S, Mildenberger S, Rabe S, et al. The selective
mineralocorticoid receptor antagonist eplerenone prevents decompensation of the liver in cirrhosis.
Br J Pharmacol. 2018;175(14):2956-67.

196. van Rossum TG, de Jong FH, Hop WC, Boomsma F, Schalm SW. 'Pseudo-aldosteronism'
induced by intravenous glycyrrhizin treatment of chronic hepatitis C patients. J Gastroenterol
Hepatol. 2001;16(7):789-95.

197.  Pockros PJ, Schiff ER, Shiffman ML, McHutchison JG, Gish RG, Afdhal NH, et al. Oral IDN-
6556, an antiapoptotic caspase inhibitor, may lower aminotransferase activity in patients with chronic
hepatitis C. Hepatology. 2007;46(2):324-9.

198.  Shiffman ML, Pockros P, McHutchison JG, Schiff ER, Morris M, Burgess G. Clinical trial:
the efficacy and safety of oral PF-03491390, a pancaspase inhibitor - a randomized placebo-
controlled study in patients with chronic hepatitis C. Aliment Pharmacol Ther. 2010;31(9):969-78.

199. Garcia-Tsao G, Fuchs M, Shiffman M, Borg BB, Pyrsopoulos N, Shetty K, et al. Emricasan
(IDN-6556) Lowers Portal Pressure in Patients With Compensated Cirrhosis and Severe Portal
Hypertension. Hepatology. 2019;69(2):717-28.

200. Frenette CT, Morelli G, Shiffman ML, Frederick RT, Rubin RA, Fallon MB, et al. Emricasan
Improves Liver Function in Patients With Cirrhosis and High Model for End-Stage Liver Disease
Scores Compared With Placebo. Clin Gastroenterol Hepatol. 2019;17(4):774-83 e4.

201. Mehta G, Rousell S, Burgess G, Morris M, Wright G, McPherson S, et al. A Placebo-
Controlled, Multicenter, Double-Blind, Phase 2 Randomized Trial of the Pan-Caspase Inhibitor
Emricasan in Patients with Acutely Decompensated Cirrhosis. J Clin Exp Hepatol. 2018;8(3):224-
34.

33



202. Reed NI, Jo H, Chen C, Tsujino K, Arnold TD, DeGrado WF, et al. The alphavbetal integrin
plays a critical in vivo role in tissue fibrosis. Sci Transl Med. 2015;7(288):288ra79.

203. Wu Y, Li Z, Wang S, Xiu A, Zhang C. Carvedilol Inhibits Angiotensin Il-Induced
Proliferation and Contraction in Hepatic Stellate Cells through the RhoA/Rho-Kinase Pathway.
Biomed Res Int. 2019;2019:7932046.

204. Ratziu V, Sheikh MY, Sanyal AJ, Lim JK, Conjeevaram H, Chalasani N, et al. A phase 2,
randomized, double-blind, placebo-controlled study of GS-9450 in subjects with nonalcoholic
steatohepatitis. Hepatology. 2012;55(2):419-28.

205. Kordes C, Sawitza I, Haussinger D. Canonical Wnt signaling maintains the quiescent stage of
hepatic stellate cells. Biochem Biophys Res Commun. 2008;367(1):116-23.

206. Manns MP, Lawitz E, Hoepelman AIM, Choi HJ, Lee JY, Cornpropst M, et al. Short term
safety, tolerability, pharmacokinetics and preliminary activity of GS 9450, a selective caspase
inhibitor, in patients with chronic HCV infection. Journal of Hepatology. 2010;52:S114-S5.

207. Loomba R, Lawitz E, Mantry PS, Jayakumar S, Caldwell SH, Arnold H, et al. The ASK1
inhibitor selonsertib in patients with nonalcoholic steatohepatitis: A randomized, phase 2 trial.
Hepatology. 2018;67(2):549-59.

208. Younossi ZM, Stepanova M, Lawitz E, Charlton M, Loomba R, Myers RP, et al. Improvement
of hepatic fibrosis and patient-reported outcomes in non-alcoholic steatohepatitis treated with
selonsertib. Liver Int. 2018;38(10):1849-59.

209. Harrison SA, Wong VW, Okanoue T, Bzowej N, Vuppalanchi R, Younes Z, et al. Selonsertib
for patients with bridging fibrosis or compensated cirrhosis due to NASH: Results from randomized
phase 111 STELLAR trials. J Hepatol. 2020;73(1):26-39.

210. Younossi ZM, Stepanova M, Anstee QM, Lawitz EJ, Wai-Sun Wong V, Romero-Gomez M,
et al. Reduced Patient-Reported Outcome Scores Associate With Level of Fibrosis in Patients With
Nonalcoholic Steatohepatitis. Clin Gastroenterol Hepatol. 2019;17(12):2552-60 €e10.

211. Younossi ZM, Stepanova M, Younossi |, Racila A. Validation of Chronic Liver Disease
Questionnaire for Nonalcoholic Steatohepatitis in Patients With Biopsy-Proven Nonalcoholic
Steatohepatitis. Clin Gastroenterol Hepatol. 2019;17(10):2093-100 e3.

212. Rivera P, Vargas A, Pastor A, Boronat A, Lopez-Gambero AJ, Sanchez-Marin L, et al.
Differential hepatoprotective role of the cannabinoid CB1 and CB2 receptors in paracetamol-induced
liver injury. Br J Pharmacol. 2020;177(14):3309-26.

213. Lawitz EJ, Neff G, Ruane PJ, Younes Z, Zhang J, Jia C, et al. Fenofibrate Mitigates Increases
in Serum Triglycerides Due to the ACC Inhibitor Firsocostat in Patients with Advanced Fibrosis due
to NASH: A Phase 2 Randomized Trial. Hepatology. 2019;70:1489A-90A.

214. Fukuda T, Narahara Y, Kanazawa H, Matsushita Y, Kidokoro H, Itokawa N, et al. Effects of
fasudil on the portal and systemic hemodynamics of patients with cirrhosis. J Gastroenterol Hepatol.
2014;29(2):325-9.

215. Masuoka HC, Guicciardi ME, Gores GJ. Caspase inhibitors for the treatment of hepatitis C.
Clin Liver Dis. 2009;13(3):467-75.

216. Canbay A, Taimr P, Torok N, Higuchi H, Friedman S, Gores GJ. Apoptotic body engulfment
by a human stellate cell line is profibrogenic. Lab Invest. 2003;83(5):655-63.

217. Canbay A, Friedman S, Gores GJ. Apoptosis: the nexus of liver injury and fibrosis.
Hepatology. 2004;39(2):273-8.

34



218. Bantel H, Lugering A, Heidemann J, Volkmann X, Poremba C, Strassburg CP, et al. Detection
of apoptotic caspase activation in sera from patients with chronic HCV infection is associated with
fibrotic liver injury. Hepatology. 2004;40(5):1078-87.

219. Bantel H, Lugering A, Poremba C, Lugering N, Held J, Domschke W, et al. Caspase activation
correlates with the degree of inflammatory liver injury in chronic hepatitis C virus infection.
Hepatology. 2001;34(4 Pt 1):758-67.

220. Manns MP, Lawitz E, Hoepelman AIM, Choi HJ, Lee JY, Cornpropst M, et al. Short term
safety, tolerability, pharmacokinetics and preliminary activity of GS-9450, a selective caspase
inhibitor, in patients with chronic HCV infection. Journal of Hepatology. 2010;52:S114-S5.

221. Woolbright BL, Ding WX, Jaeschke H. Caspase inhibitors for the treatment of liver disease:
friend or foe? Expert Rev Gastroenterol Hepatol. 2017;11(5):397-9.

222. Ogier JM, Nayagam BA, Lockhart PJ. ASK1 inhibition: a therapeutic strategy with multi-
system benefits. J Mol Med (Berl). 2020;98(3):335-48.

223. de Mochel NS, Seronello S, Wang SH, Ito C, Zheng JX, Liang TJ, et al. Hepatocyte NAD(P)H
oxidases as an endogenous source of reactive oxygen species during hepatitis C virus infection.
Hepatology. 2010;52(1):47-59.

224. Choi J, Corder NL, Koduru B, Wang Y. Oxidative stress and hepatic Nox proteins in chronic
hepatitis C and hepatocellular carcinoma. Free Radic Biol Med. 2014;72:267-84.

225. Jiang JX, Torok NJ. NADPH Oxidases in Chronic Liver Diseases. Adv Hepatol. 2014;2014.

226. Mihm S, Fayyazi A, Ramadori G. Hepatic expression of inducible nitric oxide synthase
transcripts in chronic hepatitis C virus infection: relation to hepatic viral load and liver injury.
Hepatology. 1997;26(2):451-8.

227. Colmenero J, Bataller R, Sancho-Bru P, Dominguez M, Moreno M, Forns X, et al. Effects of
losartan on hepatic expression of nonphagocytic NADPH oxidase and fibrogenic genes in patients
with chronic hepatitis C. Am J Physiol Gastrointest Liver Physiol. 2009;297(4):G726-34.

228. Mahmoud WA, Abdelkader NA, Mansor A. Could serum nitrate and nitrite levels possibly
predict hepatorenal syndrome in hepatitis C virus-related liver cirrhosis? Indian J Gastroenterol.
2014;33(3):274-80.

229. Okimoto S, Kuroda S, Tashiro H, Kobayashi T, Taogoshi T, Matsuo H, et al. Vitamin A-
coupled liposomal Rho-kinase inhibitor ameliorates liver fibrosis without systemic adverse effects.
Hepatol Res. 2019;49(6):663-75.

230. lkedaH, KumeY, Tejima K, Tomiya T, Nishikawa T, Watanabe N, et al. Rho-kinase inhibitor
prevents hepatocyte damage in acute liver injury induced by carbon tetrachloride in rats. Am J Physiol
Gastrointest Liver Physiol. 2007;293(4):G911-7.

231. Pinilla-Macua 1, Fernandez-Calotti P, Perez-Del-Pulgar S, Pastor-Anglada M. Ribavirin
uptake into human hepatocyte HHLS5 cells is enhanced by interferon-alpha via up-regulation of the
human concentrative nucleoside transporter (nCNT2). Mol Pharm. 2014;11(9):3223-30.

232. Anegawa G, Kawanaka H, Yoshida D, Konishi K, Yamaguchi S, Kinjo N, et al. Defective
endothelial nitric oxide synthase signaling is mediated by rho-kinase activation in rats with secondary
biliary cirrhosis. Hepatology. 2008;47(3):966-77.

233. Ohtani N, Kawada N. Role of the Gut-Liver Axis in Liver Inflammation, Fibrosis, and Cancer:
A Special Focus on the Gut Microbiota Relationship. Hepatol Commun. 2019;3(4):456-70.

234. Preveden T, Scarpellini E, Milic N, Luzza F, Abenavoli L. Gut microbiota changes and
chronic hepatitis C virus infection. Expert Rev Gastroenterol Hepatol. 2017;11(9):813-9.

35



235. Derovs A, Laivacuma S, Krumina A. Targeting Microbiota: What Do We Know about It at
Present? Medicina (Kaunas). 2019;55(8).

236. Milosevic I, Vujovic A, Barac A, Djelic M, Korac M, Radovanovic Spurnic A, et al. Gut-
Liver Axis, Gut Microbiota, and Its Modulation in the Management of Liver Diseases: A Review of
the Literature. Int J Mol Sci. 2019;20(2).

237. Bajaj JS, Heuman DM, Hylemon PB, Sanyal AJ, White MB, Monteith P, et al. Altered profile
of human gut microbiome is associated with cirrhosis and its complications. J Hepatol.
2014,60(5):940-7.

238. Grat M, Wronka KM, Krasnodebski M, Masior L, Lewandowski Z, Kosinska I, et al. Profile
of Gut Microbiota Associated With the Presence of Hepatocellular Cancer in Patients With Liver
Cirrhosis. Transplant Proc. 2016;48(5):1687-91.

239. Xie G, Wang X, Liu P, Wei R, Chen W, Rajani C, et al. Distinctly altered gut microbiota in
the progression of liver disease. Oncotarget. 2016;7(15):19355-66.

240. Marra F, Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in NASH pathogenesis. J
Hepatol. 2018;68(2):280-95.

241. Szabo G, Bala S, Petrasek J, Gattu A. Gut-liver axis and sensing microbes. Dig Dis.
2010;28(6):737-44.

242. Sousa GM, Oliveira IS, Andrade LJ, Sousa-Atta ML, Parana R, Atta AM. Serum levels of
Th17 associated cytokines in chronic hepatitis C virus infection. Cytokine. 2012;60(1):138-42.

243. Munteanu D, Negru A, Radulescu M, Mihailescu R, Arama SS, Arama V. Evaluation of
bacterial translocation in patients with chronic HCV infection. Rom J Intern Med. 2014;52(2):91-6.

244. Ray K. Gut microbiota: Obesity-induced microbial metabolite promotes HCC. Nat Rev
Gastroenterol Hepatol. 2013;10(8):442.

245.  Aly AM, Adel A, EI-Gendy AO, Essam TM, Aziz RK. Gut microbiome alterations in patients
with stage 4 hepatitis C. Gut Pathog. 2016;8(1):42.

246. Higashi T, Friedman SL, Hoshida Y. Hepatic stellate cells as key target in liver fibrosis. Adv
Drug Deliv Rev. 2017;121:27-42.

247. Flores-Contreras L, Sandoval-Rodriguez AS, Mena-Enriquez MG, Lucano-Landeros S,
Arellano-Olivera |, Alvarez-Alvarez A, et al. Treatment with pirfenidone for two years decreases
fibrosis, cytokine levels and enhances CB2 gene expression in patients with chronic hepatitis C. BMC
Gastroenterol. 2014;14:131.

248. Poo JL, Torre A, Aguilar-Ramirez JR, Cruz M, Mejia-Cuan L, Cerda E, et al. Benefits of
prolonged-release pirfenidone plus standard of care treatment in patients with advanced liver fibrosis:
PROMETEO study. Hepatol Int. 2020;14(5):817-27.

249. Corey KE, Shah N, Misdraji J, Abu Dayyeh BK, Zheng H, Bhan AK, et al. The effect of
angiotensin-blocking agents on liver fibrosis in patients with hepatitis C. Liver Int. 2009;29(5):748-
53.

250. Neuschwander-Tetri BA, Loomba R, Sanyal AJ, Lavine JE, Van Natta ML, Abdelmalek MF,
et al. Farnesoid X nuclear receptor ligand obeticholic acid for non-cirrhotic, non-alcoholic
steatohepatitis (FLINT): a multicentre, randomised, placebo-controlled trial. Lancet.
2015;385(9972):956-65.

251. Ratziu V, Sanyal AJ, Loomba R, Rinella M, Harrison S, Anstee QM, et al. REGENERATE:
Design of a pivotal, randomised, phase 3 study evaluating the safety and efficacy of obeticholic acid
in patients with fibrosis due to nonalcoholic steatohepatitis. Contemp Clin Trials. 2019;84:105803.

36



252. Younossi ZM, Ratziu V, Loomba R, Rinella M, Anstee QM, Goodman Z, et al. Obeticholic
acid for the treatment of non-alcoholic steatohepatitis: interim analysis from a multicentre,
randomised, placebo-controlled phase 3 trial. Lancet. 2019;394(10215):2184-96.

253. Fickert P, Hirschfield GM, Denk G, Marschall HU, Altorjay I, Farkkila M, et al.
norUrsodeoxycholic acid improves cholestasis in primary sclerosing cholangitis. J Hepatol.
2017;67(3):549-58.

254. Chalasani NP, Sanyal AJ, Kowdley KV, Robuck PR, Hoofnagle J, Kleiner DE, et al.
Pioglitazone versus vitamin E versus placebo for the treatment of non-diabetic patients with non-
alcoholic steatohepatitis: PIVENS trial design. Contemp Clin Trials. 2009;30(1):88-96.

255.  McHutchison J, Goodman Z, Patel K, Makhlouf H, Rodriguez-Torres M, Shiffman M, et al.
Farglitazar lacks antifibrotic activity in patients with chronic hepatitis C infection. Gastroenterology.
2010;138(4):1365-73, 73 el-2.

256. Ratziu V, Harrison SA, Francque S, Bedossa P, Lehert P, Serfaty L, et al. Elafibranor, an
Agonist of the Peroxisome Proliferator-Activated Receptor-alpha and -delta, Induces Resolution of
Nonalcoholic Steatohepatitis Without Fibrosis Worsening. Gastroenterology. 2016;150(5):1147-59
eb.

257. Sven MF, Pierre B, Manal FA, Quentin MA, Elisabetta B, Vlad R, et al. A randomised,
double-blind, placebo-controlled, multi-centre, dose-range, proof-of-concept, 24-week treatment
study of lanifibranor in adult subjects with non-alcoholic steatohepatitis: Design of the NATIVE
study. Contemp Clin Trials. 2020;98:106170.

258. Gonzalez SA, Fiel MI, Sauk J, Canchis PW, Liu RC, Chiriboga L, et al. Inverse association
between hepatic stellate cell apoptosis and fibrosis in chronic hepatitis C virus infection. J Viral
Hepat. 2009;16(2):141-8.

259. Glassner A, Eisenhardt M, Kramer B, Korner C, Coenen M, Sauerbruch T, et al. NK cells
from HCV-infected patients effectively induce apoptosis of activated primary human hepatic stellate
cells in a TRAIL-, FasL- and NKG2D-dependent manner. Lab Invest. 2012;92(7):967-77.

260. Lei C,Wu S, WenC, LiY, Liu N, Huang J, et al. Zafirlukast attenuates advanced glycation
end-products (AGEs)-induced degradation of articular extracellular matrix (ECM). Int
Immunopharmacol. 2019;68:68-73.

261. Vonghia L, Van Herck MA, Weyler J, Francque S. Targeting Myeloid-Derived Cells: New
Frontiers in the Treatment of Non-alcoholic and Alcoholic Liver Disease. Front Immunol.
2019:10:563.

262. Huang YH, Chen MH, Guo QL, Chen YX, Zhang LJ, Chen ZX, et al. Interleukin10 promotes
primary rat hepatic stellate cell senescence by upregulating the expression levels of p53 and p21. Mol
Med Rep. 2018;17(4):5700-7.

263. Jin H, Lian N, Zhang F, Chen L, Chen Q, Lu C, et al. Activation of PPARgamma/P53
signaling is required for curcumin to induce hepatic stellate cell senescence. Cell Death Dis.
2016;7:€2189.

264. Panebianco C, Oben JA, Vinciguerra M, Pazienza V. Senescence in hepatic stellate cells as a
mechanism of liver fibrosis reversal: a putative synergy between retinoic acid and PPAR-gamma
signalings. Clin Exp Med. 2017;17(3):269-80.

265. Paradis V, Youssef N, Dargere D, Ba N, Bonvoust F, Deschatrette J, et al. Replicative
senescence in normal liver, chronic hepatitis C, and hepatocellular carcinomas. Hum Pathol.
2001;32(3):327-32.

37



266. Kisseleva T, Cong M, Paik Y, Scholten D, Jiang C, Benner C, et al. Myofibroblasts revert to
an inactive phenotype during regression of liver fibrosis. Proc Natl Acad Sci U S A.
2012;109(24):9448-53.

267. Dewidar B, Meyer C, Dooley S, Meindl-Beinker AN. TGF-beta in Hepatic Stellate Cell
Activation and Liver Fibrogenesis-Updated 2019. Cells. 2019;8(11):1419.

268. Rios DA, Valva P, Casciato PC, Frias S, Soledad Caldirola M, Gaillard M, et al. Chronic
hepatitis C liver microenvironment: role of the Th17/Treg interplay related to fibrogenesis. Sci Rep.
2017;7(1):13283.

269. Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist CA, Engel ME, et al. Transforming
growth factor-betal mediates epithelial to mesenchymal transdifferentiation through a RhoA-
dependent mechanism. Mol Biol Cell. 2001;12(1):27-36.

270. Katsuno Y, Meyer DS, Zhang Z, Shokat KM, Akhurst RJ, Miyazono K, et al. Chronic TGF-
beta exposure drives stabilized EMT, tumor stemness, and cancer drug resistance with vulnerability
to bitopic mTOR inhibition. Sci Signal. 2019;12(570).

271. Chen Q, Yang W, Wang X, Li X, Qi S, Zhang Y, et al. TGF-betal Induces EMT in Bovine
Mammary Epithelial Cells Through the TGFbetal/Smad Signaling Pathway. Cell Physiol Biochem.
2017;43(1):82-93.

272. Flisiak R, Maxwell P, Prokopowicz D, Timms PM, Panasiuk A. Plasma tissue inhibitor of
metalloproteinases-1 and transforming growth factor beta 1--possible non-invasive biomarkers of
hepatic fibrosis in patients with chronic B and C hepatitis. Hepatogastroenterology.
2002;49(47):1369-72.

273. Janczewska-Kazek E, Marek B, Kajdaniuk D, Borgiel-Marek H. Effect of interferon alpha
and ribavirin treatment on serum levels of transforming growth factor-betal, vascular endothelial
growth factor, and basic fibroblast growth factor in patients with chronic hepatitis C. World J
Gastroenterol. 2006;12(6):961-5.

274. Kotsiri I, Hadziyannis E, Georgiou A, Papageorgiou MV, Vlachogiannakos I, Papatheodoridis
G. Changes in serum transforming growth factor-betal levels in chronic hepatitis C patients under
antiviral therapy. Ann Gastroenterol. 2016;29(1):79-84.

275. Pavio N, Battaglia S, Boucreux D, Arnulf B, Sobesky R, Hermine O, et al. Hepatitis C virus
core variants isolated from liver tumor but not from adjacent non-tumor tissue interact with Smad3
and inhibit the TGF-beta pathway. Oncogene. 2005;24(40):6119-32.

276. Battaglia S, Benzoubir N, Nobilet S, Charneau P, Samuel D, Zignego AL, et al. Liver cancer-
derived hepatitis C virus core proteins shift TGF-beta responses from tumor suppression to epithelial-
mesenchymal transition. PLoS One. 2009;4(2):e4355.

277. Moon H, Cho K, Shin S, Kim DY, Han KH, Ro SW. High Risk of Hepatocellular Carcinoma
Development in Fibrotic Liver: Role of the Hippo-YAP/TAZ Signaling Pathway. Int J Mol Sci.
2019;20(3).

278. Fuchs BC, Hoshida Y, Fujii T, Wei L, Yamada S, Lauwers GY, et al. Epidermal growth factor

receptor inhibition attenuates liver fibrosis and development of hepatocellular carcinoma.
Hepatology. 2014;59(4):1577-90.

279. WangJN, LiL, LiLY, Yan Q, LiJ, Xu T. Emerging role and therapeutic implication of Wnt
signaling pathways in liver fibrosis. Gene. 2018;674:57-69.

280. Shimoda K, Mori M, Shibuta K, Banner BF, Barnard GF. Vascular endothelial growth
factor/vascular permeability factor mRNA expression in patients with chronic hepatitis C and
hepatocellular carcinoma. Int J Oncol. 1999;14(2):353-9.

38



281. Bonner JC. Regulation of PDGF and its receptors in fibrotic diseases. Cytokine Growth Factor
Rev. 2004;15(4):255-73.

282. Pellicoro A, Ramachandran P, Iredale JP, Fallowfield JA. Liver fibrosis and repair: immune
regulation of wound healing in a solid organ. Nat Rev Immunol. 2014;14(3):181-94.

283. Mukozu T, Nagai H, Matsui D, Kanekawa T, Sumino Y. Serum VEGF as a tumor marker in
patients with HCV-related liver cirrhosis and hepatocellular carcinoma. Anticancer Res.
2013;33(3):1013-21.

284. Yvamoto EY, Ferreira RF, Nogueira V, Pinhe MA, Tenani GD, Andrade JG, et al. Influence
of vascular endothelial growth factor and alpha-fetoprotein on hepatocellular carcinoma. Genet Mol
Res. 2015;14(4):17453-62.

285. Llovet JM, Pena CE, Lathia CD, Shan M, Meinhardt G, Bruix J, et al. Plasma biomarkers as
predictors of outcome in patients with advanced hepatocellular carcinoma. Clin Cancer Res.
2012;18(8):2290-300.

286. Lupberger J, Zeisel MB, Xiao F, Thumann C, Fofana I, Zona L, et al. EGFR and EphA2 are
host factors for hepatitis C virus entry and possible targets for antiviral therapy. Nat Med.
2011;17(5):589-95.

287. Roca Suarez AA, Baumert TF, Lupberger J. Beyond viral dependence: The pathological
consequences of HCV-induced EGF signaling. J Hepatol. 2018;69(3):564-6.

288. Mailly L, Xiao F, Lupberger J, Wilson GK, Aubert P, Duong FHT, et al. Clearance of
persistent hepatitis C virus infection in humanized mice using a claudin-1-targeting monoclonal
antibody. Nat Biotechnol. 2015;33(5):549-54.

289. Badawy AA, El-Hindawi A, Hammam O, Moussa M, Gabal S, Said N. Impact of epidermal
growth factor receptor and transforming growth factor-alpha on hepatitis C virus-induced
hepatocarcinogenesis. APMIS. 2015;123(10):823-31.

290. Nishikawa K, Osawa Y, Kimura K. Wnt/beta-Catenin Signaling as a Potential Target for the
Treatment of Liver Cirrhosis Using Antifibrotic Drugs. Int J Mol Sci. 2018;19(10):3103.

291. Park CY, Choi SH, Kang SM, Kang JI, Ahn BY, Kim H, et al. Nonstructural 5A protein
activates beta-catenin signaling cascades: implication of hepatitis C virus-induced liver pathogenesis.
J Hepatol. 2009;51(5):853-64.

292. Akcora BO, Storm G, Bansal R. Inhibition of canonical WNT signaling pathway by beta-
catenin/CBP inhibitor ICG-001 ameliorates liver fibrosis in vivo through suppression of stromal
CXCL12. Biochim Biophys Acta Mol Basis Dis. 2018;1864(3):804-18.

293. Corbett L, Mann J, Mann DA. Non-Canonical Wnt Predominates in Activated Rat Hepatic
Stellate Cells, Influencing HSC Survival and Paracrine Stimulation of Kupffer Cells. PLoS One.
2015;10(11):e0142794.

294. Du J, Ren W, Zhang Q, Fu N, Han F, Cui P, et al. Heme Oxygenase-1 Suppresses Wnt
Signaling Pathway in Nonalcoholic Steatohepatitis-Related Liver Fibrosis. Biomed Res Int.
2020;2020:4910601.

295. Klein S, Rick J, Lehmann J, Schierwagen R, Schierwagen IG, Verbeke L, et al. Janus-kinase-
2 relates directly to portal hypertension and to complications in rodent and human cirrhosis. Gut.
2017;66(1):145-55.

296. Saber S, Mahmoud AAA, Helal NS, ElI-Ahwany E, Abdelghany RH. Renin-angiotensin
system inhibition ameliorates CCIl4-induced liver fibrosis in mice through the inactivation of nuclear
transcription factor kappa B. Can J Physiol Pharmacol. 2018;96(6):569-76.

39



297. Machado MV, Diehl AM. Hedgehog signalling in liver pathophysiology. J Hepatol.
2018;68(3):550-62.

298. Pereira Tde A, Witek RP, Syn WK, Choi SS, Bradrick S, Karaca GF, et al. Viral factors induce
Hedgehog pathway activation in humans with viral hepatitis, cirrhosis, and hepatocellular carcinoma.
Lab Invest. 2010;90(12):1690-703.

299. Granato M, Zompetta C, Vescarelli E, Rizzello C, Cardi A, Valia S, et al. HCV derived from
sera of HCV-infected patients induces pro-fibrotic effects in human primary fibroblasts by activating
GLI2. Sci Rep. 2016;6:30649.

300. Jung Y, Brown KD, Witek RP, Omenetti A, Yang L, Vandongen M, et al. Accumulation of
hedgehog-responsive progenitors parallels alcoholic liver disease severity in mice and humans.
Gastroenterology. 2008;134(5):1532-43.

301. Omenetti A, Popov Y, Jung Y, Choi SS, Witek RP, Yang L, et al. The hedgehog pathway
regulates remodelling responses to biliary obstruction in rats. Gut. 2008;57(9):1275-82.

302. Stepan V, Ramamoorthy S, Nitsche H, Zavros Y, Merchant JL, Todisco A. Regulation and
function of the sonic hedgehog signal transduction pathway in isolated gastric parietal cells. J Biol
Chem. 2005;280(16):15700-8.

303. Ye L, Yu Y, Zhao Y. Icariin-induced miR-875-5p attenuates epithelial-mesenchymal
transition by targeting hedgehog signaling in liver fibrosis. J Gastroenterol Hepatol. 2020;35(3):482-
91.

304. Jiayuan S, Junyan Y, Xiangzhen W, Zuping L, Jian N, Baowei H, et al. Gant61 ameliorates
CCl4-induced liver fibrosis by inhibition of Hedgehog signaling activity. Toxicol Appl Pharmacol.
2020;387:114853.

305. Lin X, LiJ, Xing YQ. Geniposide, a sonic hedgehog signaling inhibitor, inhibits the activation
of hepatic stellate cell. Int Immunopharmacol. 2019;72:330-8.

306. Huang SS, Chen DZ, Wu H, Chen RC, Du SJ, Dong JJ, et al. Cannabinoid receptors are
involved in the protective effect of a novel curcumin derivative C66 against CCl4-induced liver
fibrosis. Eur J Pharmacol. 2016;779:22-30.

307. El Swefy S, Hasan RA, Ibrahim A, Mahmoud MF. Curcumin and hemopressin treatment
attenuates cholestasis-induced liver fibrosis in rats: role of CB1 receptors. Naunyn Schmiedebergs
Arch Pharmacol. 2016;389(1):103-16.

308. Mahmoud HM, Osman M, Elshabrawy O, Abdallah HMI, Khairallah A. AM-1241 CB2
Receptor Agonist Attenuates Inflammation, Apoptosis and Stimulate Progenitor Cells in Bile Duct
Ligated Rats. Open Access Maced J Med Sci. 2019;7(6):925-36.

309. Guillot A, Hamdaoui N, Bizy A, Zoltani K, Souktani R, Zafrani ES, et al. Cannabinoid
receptor 2 counteracts interleukin-17-induced immune and fibrogenic responses in mouse liver.
Hepatology. 2014;59(1):296-306.

310. Sagnelli C, Uberti-Foppa C, Hasson H, Bellini G, Minichini C, Salpietro S, et al. Cannabinoid
receptor 2-63 RR variant is independently associated with severe necroinflammation in HIV/HCV
coinfected patients. PLoS One. 2017;12(7):e0181890.

311. Day SA, Lakner AM, Moore CC, Yen MH, Clemens MG, Wu ES, et al. Opioid-like
compound exerts anti-fibrotic activity via decreased hepatic stellate cell activation and inflammation.
Biochem Pharmacol. 2011;81(8):996-1003.

312. Kyritsi K, Chen L, O'Brien A, Francis H, Hein TW, Venter J, et al. Modulation of the
Tryptophan Hydroxylase 1/Monoamine Oxidase-A/5-Hydroxytryptamine/5-Hydroxytryptamine

40



Receptor 2A/2B/2C Axis Regulates Biliary Proliferation and Liver Fibrosis During Cholestasis.
Hepatology. 2020;71(3):990-1008.

313. Fiorucci S, Biagioli M, Distrutti E. Future trends in the treatment of non-alcoholic
steatohepatitis. Pharmacological research. 2018;134:289-98.

314. XiY, LiH.Role of farnesoid X receptor in hepatic steatosis in nonalcoholic fatty liver disease.
Biomed Pharmacother. 2020;121:109609.

315. Abenavoli L, Procopio AC, Fagoonee S, Pellicano R, Carbone M, Luzza F, et al. Primary
Biliary Cholangitis and Bile Acid Farnesoid X Receptor Agonists. Diseases. 2020;8(2):20.

316. Chang KO, George DW. Bile acids promote the expression of hepatitis C virus in replicon-
harboring cells. J Virol. 2007;81(18):9633-40.

317. Polyzos SA, Kountouras J, Mantzoros CS. Obeticholic acid for the treatment of nonalcoholic
steatohepatitis: Expectations and concerns. Metabolism. 2020;104:154144.

318. Sepe V, Distrutti E, Fiorucci S, Zampella A. Farnesoid X receptor modulators 2014-present:
a patent review. Expert Opin Ther Pat. 2018;28(5):351-64.

319. Hegade VS, Speight RA, Etherington RE, Jones DE. Novel bile acid therapeutics for the
treatment of chronic liver diseases. Therap Adv Gastroenterol. 2016;9(3):376-91.

320. Wu L, Guo C, Wu J. Therapeutic potential of PPARgamma natural agonists in liver diseases.
J Cell Mol Med. 2020;24(5):2736-48.

321. de Gottardi A, Pazienza V, Pugnale P, Bruttin F, Rubbia-Brandt L, Juge-Aubry CE, et al.
Peroxisome proliferator-activated receptor-alpha and -gamma mRNA levels are reduced in chronic
hepatitis C with steatosis and genotype 3 infection. Aliment Pharmacol Ther. 2006;23(1):107-14.

322. Dharancy S, Malapel M, Perlemuter G, Roskams T, Cheng Y, Dubuquoy L, et al. Impaired
expression of the peroxisome proliferator-activated receptor alpha during hepatitis C virus infection.
Gastroenterology. 2005;128(2):334-42.

323. Zhang F, Kong D, Lu Y, Zheng S. Peroxisome proliferator-activated receptor-gamma as a
therapeutic target for hepatic fibrosis: from bench to bedside. Cell Mol Life Sci. 2013;70(2):259-76.

324. Sumie S, Kawaguchi T, Kawaguchi A, Kuromatsu R, Nakano M, Satani M, et al. Effect of
pioglitazone on outcome following curative treatment for hepatocellular carcinoma in patients with
hepatitis C virus infection: A prospective study. Mol Clin Oncol. 2015;3(1):115-20.

325. Matthews L, Kleiner DE, Chairez C, McManus M, Nettles MJ, Zemanick K, et al.
Pioglitazone for Hepatic Steatosis in HIV/Hepatitis C Virus Coinfection. AIDS Res Hum
Retroviruses. 2015;31(10):961-6.

326. da Silva Meirelles L, Marson RF, Solari MIG, Nardi NB. Are Liver Pericytes Just Precursors
of Myofibroblasts in Hepatic Diseases? Insights from the Crosstalk between Perivascular and
Inflammatory Cells in Liver Injury and Repair. Cells. 2020;9(1):188.

327. Jimenez Calvente C, Sehgal A, Popov Y, Kim YO, Zevallos V, Sahin U, et al. Specific hepatic
delivery of procollagen alphal(l) small interfering RNA in lipid-like nanoparticles resolves liver
fibrosis. Hepatology. 2015;62(4):1285-97.

328. Kavita U, Miller W, Ji QC, Pillutla RC. A Fit-for-Purpose Method for the Detection of Human
Antibodies to Surface-Exposed Components of BMS-986263, a Lipid Nanoparticle-Based Drug
Product Containing a sSiRNA Drug Substance. AAPS J. 2019;21(5):92.

329. Sakamoto N, Ogawa K, Suda G, Morikawa K, Sho T, Nakai M, et al. Clinical phase 1b study
results for safety, pharmacokinetics and efficacy of ND-L02-s0201, a novel targeted lipid

41



nanoparticle delivering HSP47 SIRNA for the treatment of Japanese patients with advanced liver
fibrosis. Journal of Hepatology. 2018;68:5242.

330. Soule B, Tirucherai G, Kavita U, Kundu S, Christian R. Safety, tolerability, and
pharmacokinetics of BMS-986263/ND-L02-s0201, a novel targeted lipid nanoparticle delivering
HSP47 siRNA, in healthy participants: A randomised, placebo-controlled, double-blind, phase 1
study. Journal of Hepatology. 2018;68:S112.

331. Meissner EG, McLaughlin M, Matthews L, Gharib AM, Wood BJ, Levy E, et al. Simtuzumab
treatment of advanced liver fibrosis in HIV and HCV-infected adults: results of a 6-month open-label
safety trial. Liver Int. 2016;36(12):1783-92.

332. Harrison SA, Abdelmalek MF, Caldwell S, Shiffman ML, Diehl AM, Ghalib R, et al.
Simtuzumab Is Ineffective for Patients With Bridging Fibrosis or Compensated Cirrhosis Caused by
Nonalcoholic Steatohepatitis. Gastroenterology. 2018;155(4):1140-53.

333. Karsdal MA, Manon-Jensen T, Genovese F, Kristensen JH, Nielsen MJ, Sand JM, et al. Novel
insights into the function and dynamics of extracellular matrix in liver fibrosis. Am J Physiol
Gastrointest Liver Physiol. 2015;308(10):G807-30.

334. Schuppan D, Ruehl M, Somasundaram R, Hahn EG. Matrix as a modulator of hepatic
fibrogenesis. Semin Liver Dis. 2001;21(3):351-72.

335. Karsdal MA, Nielsen SH, Leeming DJ, Langholm LL, Nielsen MJ, Manon-Jensen T, et al.
The good and the bad collagens of fibrosis - Their role in signaling and organ function. Adv Drug
Deliv Rev. 2017;121:43-56.

336. Molokanova O, Schonig K, Weng SY, Wang X, Bros M, Diken M, et al. Inducible knockdown
of procollagen | protects mice from liver fibrosis and leads to dysregulated matrix genes and
attenuated inflammation. Matrix Biol. 2018;66:34-49.

337. Kaps L, Nuhn L, Aslam M, Brose A, Foerster F, Rosigkeit S, et al. In Vivo Gene-Silencing in
Fibrotic Liver by siRNA-Loaded Cationic Nanohydrogel Particles. Adv Healthc Mater.
2015;4(18):2809-15.

338. Leber N, Kaps L, Aslam M, Schupp J, Brose A, Schaffel D, et al. SIRNA-mediated in vivo
gene knockdown by acid-degradable cationic nanohydrogel particles. J Control Release.
2017;248:10-23.

339. Sato Y, Murase K, Kato J, Kobune M, Sato T, Kawano Y, et al. Resolution of liver cirrhosis
using vitamin A-coupled liposomes to deliver siRNA against a collagen-specific chaperone. Nat
Biotechnol. 2008;26(4):431-42.

340. Puente A, Fortea JI, Cabezas J, Arias Loste MT, Iruzubieta P, Llerena S, et al. LOXL2-A New
Target in Antifibrogenic Therapy? Int J Mol Sci. 2019;20(7):1634.

341. lkenaga N, Peng ZW, Vaid KA, Liu SB, Yoshida S, Sverdlov DY, et al. Selective targeting
of lysyl oxidase-like 2 (LOXL?2) suppresses hepatic fibrosis progression and accelerates its reversal.
Gut. 2017;66(9):1697-708.

342. Puente A, Fortea JI, Posadas M, Garcia Blanco A, Rasines L, Cabezas J, et al. Changes in
Circulating Lysyl Oxidase-Like-2 (LOXL2) Levels, HOMA, and Fibrosis after Sustained Virological
Response by Direct Antiviral Therapy. J Clin Med. 2019;8(8).

343. Schilter H, Findlay AD, Perryman L, Yow TT, Moses J, Zahoor A, et al. The lysyl oxidase
like 2/3 enzymatic inhibitor, PXS-5153A, reduces crosslinks and ameliorates fibrosis. J Cell Mol
Med. 2019;23(3):1759-70.

344. Chopra V, Sangarappillai RM, Romero-Canelén I, Jones AM. Lysyl Oxidase Like-2
(LOXL2): An Emerging Oncology Target. Advanced Therapeutics. 2020;3(2):1900119.

42



345. Rowbottom MW, Bain G, Calderon I, Lasof T, Lonergan D, Lai A, et al. Identification of 4-
(Aminomethyl)-6-(trifluoromethyl)-2-(phenoxy)pyridine Derivatives as Potent, Selective, and Orally
Efficacious Inhibitors of the Copper-Dependent Amine Oxidase, Lysyl Oxidase-Like 2 (LOXL2). J
Med Chem. 2017;60(10):4403-23.

346. Kim K, Kim KH. Targeting of Secretory Proteins as a Therapeutic Strategy for Treatment of
Nonalcoholic Steatohepatitis (NASH). Int J Mol Sci. 2020;21(7):2296.

347. Cernigliaro V, Peluso R, Zedda B, Silengo L, Tolosano E, Pellicano R, et al. Evolving Cell-
Based and Cell-Free Clinical Strategies for Treating Severe Human Liver Diseases. Cells.
2020;9(2):386.

348. Kholodenko IV, Kurbatov LK, Kholodenko RV, Manukyan GV, Yarygin KN. Mesenchymal
Stem Cells in the Adult Human Liver: Hype or Hope? Cells. 2019;8(10):1127.

349. Tricot T, De Boeck J, Verfaillie C. Alternative Cell Sources for Liver Parenchyma
Repopulation: Where Do We Stand? Cells. 2020;9(3):566.

350. Colino CI, Lanao JM, Gutierrez-Millan C. Targeting of Hepatic Macrophages by Therapeutic
Nanoparticles. Front Immunol. 2020;11:218.

351. Ramachandran P, Henderson NC. Antifibrotics in chronic liver disease: tractable targets and
translational challenges. Lancet Gastroenterol Hepatol. 2016;1(4):328-40.

352. Prior N, Inacio P, Huch M. Liver organoids: from basic research to therapeutic applications.
Gut. 2019;68(12):2228-37.

353. Pearen MA, Lim HK, Gratte FD, Fernandez-Rojo MA, Nawaratna SK, Gobert GN, et al.
Murine Precision-Cut Liver Slices as an Ex Vivo Model of Liver Biology. J Vis EXxp.
2020(157):€60992.

354. Palma E, Doornebal EJ, Chokshi S. Precision-cut liver slices: a versatile tool to advance liver
research. Hepatol Int. 2019;13(1):51-7.

43



