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Abstract

Interferon (IFN)-y is a cytokine known for its immunomodulatory and anti-proliferative action. In
the liver, IFN-y can induce hepatocyte apoptosis or inhibit hepatocyte cell cycle progression. This
article reviews recent mechanistic reports that describe how IFN-y may direct the fate of
hepatocytes either towards apoptosis or a cell cycle arrest. This review also describes a probable
role for IFN-y in modulating hepatocyte fate during liver regeneration, transplantation, hepatitis,
fibrosis and hepatocellular carcinoma, and highlights promising areas of research that may lead to
the development of IFN-y as a therapy to enhance recovery from liver disease.
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1. Introduction

Interferon (IFN)-y is an inflammatory cytokine recognized for its antiviral and
immunomodulatory properties. Also known as type |1 interferon, IFN-y is secreted primarily
by activated T cells and natural killer (NK) cells [1]. In the liver, the action of IFN-y extends
beyond immune modulation to include regulation of hepatocyte apoptosis and cell cycle
progression during liver disease [2,3]. In light of the growing understanding of IFN-y as a
contributing factor to liver disease, it is intriguing to consider emerging therapeutic
approaches that modulate IFN-y signaling. This review aims to illuminate how IFN-y
regulates hepatocyte apoptosis and cell cycle progression and explore the multifaceted role
of IFN-y during liver disease.

2. Hepatic sources and targets of IFN-y

The liver parenchyma is comprised of hepatocytes, which are fully differentiated,
metabolically active cells. Under normal conditions, hepatocytes are mitotically quiescent,
yet they can be induced to replicate following injury due to toxicant exposure, viral
infection, or following surgical resection of a substantial portion of the liver [4].
Hepatocytes themselves are not substantial producers of IFN-y. Instead, IFN-y production is
attributed to activated lymphocytes, such as NK cells, T lymphocytes, and NKT cells, which
either reside in the liver or are recruited to the liver in response to inflammation and injury
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[5]. During liver injury and inflammation, hepatocytes increase expression of the
transmembrane IFN-y receptor [6], which presumably increases their sensitivity to IFN-y
stimulation [7]. In the liver, IFN-y also activates the IFN-y receptor expressed on
nonparenchymal cells, which include resident macrophages called Kupffer cells, the
activation of which is important for mediating both innate and adaptive immune responses
[8]. IFN-y is a potent stimulus for macrophage activation, and activated macrophages
produce an abundance of cytokines, such as TNF-a, which may also modulate hepatocyte
function [9]. While such indirect effects of IFN-y undoubtedly impact hepatocyte function
under a variety of inflammatory conditions, this review will focus on the direct
consequences of IFN-y on hepatocyte fate, namely apoptosis and proliferation.

3. IFN-y signaling pathways

The IFN-y receptor is a transmembrane, heterodimeric protein comprised of a constitutively
expressed alpha chain (IFNGRZ1), which contains a ligand-binding domain and an inducible,
non-ligand-binding beta chain (IFNGR2) [10]. The biologically active IFN-y dimer interacts
with IFNGRZ, which initiates the association of IFNGR1 with IFNGR2 and subsequent
phosphorylation of JAK1 and JAK2 kinases (Figure 1). Activated JAK kinases
phosphorylate the cytoplasmic tails of IFNGR1 subunits, providing a docking site for the
Src homology-2 domain of Statl, a member of the signal transducer and activator of
transcription (Stat) family of transcription factors. Statl becomes phosphorylated at Tyr701
[11], with maximal transcriptional activity requiring additional phosphorylation at Ser 727
[12]. Upon phosphorylation, activated Statl dissociates from IFNGR1, forms homo- or
heterodimers, and translocates to the nucleus to modulate transcription of IFN-y-responsive
genes [13].

Statl exists in two forms: the 91-kDa Statlo or the 84-kDa Stat1p, the latter of which is a
splice variant that lacks a transcriptional activation domain. In response to IFN-y, Statl
isoforms may combine with each other or with Stat3 to produce two distinct transcription
factors: a Statla homodimer and a Stat1(a/B)/Stat3 heterodimer [14]. Upon translocation to
the nucleus, these transcription factors bind to gamma-interferon activation site (GAS)
elements for the rapid induction of gene transcription. IFN-y-responsive genes with
identified GAS elements include genes involved in regeneration, antiviral defense, cell cycle
progression and apoptosis [15]. Stat1 also binds to GAS elements to induce expression of
interferon regulatory factor (IRF)-1. IRF-1 is a transcription factor that binds to interferon-
sensitive response elements (ISRES) to drive the expression of an additional set of IFN-y-
responsive genes, including those involved in apoptosis and cell cycle regulation [16].

While the contribution of the JAK-Stat pathway to IFN-y signal transduction has been well
characterized, accumulating evidence demonstrates that regulation of IFN-y-responsive
genes can and does occur independently of this pathway [17]. For example, IFN-y induces
the expression of the immediate-early gene c-myc in Statl-deficient tumor cells and
immortalized fibroblasts [18]. Likewise, IFN-y treatment modulates the expression of
numerous genes in bone marrow-derived macrophages from Stat1-deficient mice [19]. One
possible explanation for these findings is that, in the absence of Statl, IFN-y treatment
stimulates IRF-1 expression via a putative NF-«B site in the IRF-1 promoter [20].
Furthermore, IFN-y has been shown to increase degradation of the NF-xB inhibitor, 1xBp,
thereby enhancing NF-«B activity [20]. While some of these findings are cell type-specific,
collectively they illustrate the complexity associated with IFN-y-mediated gene regulation.

4. IFN-y induces hepatocyte apoptosis

IFN-y elicits apoptosis in numerous cell types, including hepatocytes, through mechanisms
that are poorly understood and likely to involve multiple pathways [2,21]. In primary mouse
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hepatocytes, IFN-y treatment induces apoptosis through a p53-independent, IRF-1-
dependent mechanism that requires de novo protein synthesis [2,22]. As a well-established
tumor suppressor, IRF-1 is implicated in cell growth control, oncogene transformation and
apoptosis [23]. IRF-1 is primarily regulated at the transcriptional level [24], and IRF-1
MRNA levels are elevated in IFN-y-treated hepatocyte cultures [22]. While IRF-1-regulated
genes vary based on the cell type and stimulus, IRF-1 target genes related to apoptosis
include caspase-1, caspase-7 and FasL [25-27]. Nevertheless, IFN-y induces apoptosis in
primary mouse hepatocytes through a mechanism that does not appear to involve caspase-1
or caspase-3 [22]. Furthermore, although IFN-y treatment slightly increases mMRNA levels of
Fas and caspase-11, this effect was not observed in IRF1~/~ hepatocytes, suggesting that
these pathways are negligible for IFN-y-mediated apoptosis in mouse hepatocytes [22].

Another possibility is that IFN-y elicits apoptosis by enhancing the production of reactive
oxygen species (ROS) or through ER stress. Indeed, treatment of mouse hepatocytes with
IFN-y prolonged ROS generation for 48 hr and increased expression of caspase-12, a marker
of ER stress [28]. Inhibition of ER stress by glycerol treatment was shown to inhibit
caspase-4 and -12 gene expression in IFN-y-treated hepatocytes without affecting IRF-1
gene expression or ROS induction [29], suggesting that ER stress, rather than ROS, may be
a crucial mediator in IFN-y-induced apoptosis. Along these lines, IFN-y was also shown to
induce ROS production in IRF-17/~ hepatocytes, which are not susceptible to IFN-y-
mediated apoptosis [22]. Hence, ROS production alone is not sufficient to elicit apoptosis in
IFN-y-treated hepatocytes.

Intriguingly, hepatoma cell lines vary in their susceptibility to IFN-y-mediated apoptosis,
with some cell lines being altogether resistant. Such variation is not likely due to altered
Statl protein expression among cell lines because, although basal expression levels of Statl
are relatively low, expression is strongly upregulated in response to IFN-y in many
hepatoma cell lines [30]. Variation in susceptibility to IFN-y-mediated apoptosis is also not
due to altered expression of Fas or caspases. In fact, expression of pro- and anti-apoptotic
proteins, such as caspase-1, caspase-3, caspase-8 and Bcl-2, remain largely unchanged in
sensitive and resistant cell lines, as do levels of phosphorylated Statl [31]. An alternative
explanation may stem from discrepancies in iNOS expression, which was shown to be
increased in the IFN-y-resistant HuH-7 human hepatoma cell line [31]. When transfected
with siRNA to suppress iNOS expression, HuH-7 cells displayed increased sensitivity to
IFN-y-mediated apoptosis. Furthermore, IFN-y-sensitive Hep3B cells exhibited less
apoptosis when cocultured with HuH-7 cells, presumably due to the protective effect of
increased NO production by the iINOS-expressing HuH-7 cells [31]. iNOS has also been
shown to protect against hepatocyte apoptosis in animal models of endotoxemia [32,33],
hepatic regeneration [34], and ischemia/reperfusion injury [35]. In hepatocytes, IFN-y
synergizes with bacterial lipopolysaccharide, TNF-o and IL-1 to induce expression of the
iNOS gene, which contains two ISREs and a GAS element in the upstream enhancer region
[36-38]. It has been suggested that INOS may promote or inhibit hepatocyte apoptosis
depending on the redox state of the cell [39]. In the presence of redox stress, INOS
production may create oxidizing species that potentiate cell death. However, when
proapoptotic signals are delivered in the absence of redox stress, iINOS production may
facilitate the S-nitrosation of caspases and production of cGMP, both of which have been
shown to inhibit apoptosis [40-44]. Understanding how iNOS confers resistance to IFN-y-
mediated apoptosis in hepatocytes under various physiological and pathological conditions
may provide a basis for developing new strategies to treat hepatocellular carcinoma.

The consequences of IFN-y on hepatocyte apoptosis are complicated by the presence of
other cytokines and growth factors in the liver. Apoptosis is important for regulation of liver
size and hepatic immune responses, and it can also mediate hepatitis [45]. In contrast to
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IFN-y, the proinflammatory cytokines TNF-a, IL-6 and IL-1p are not cytotoxic to freshly
isolated mouse hepatocytes [21]. However, hepatocytes treated with both IFN-y and TNF-a
exhibit increased apoptosis when compared to cells treated with IFN-y alone, indicative of
synergy between these two cytokines [21]. Understanding the mechanism by which this
occurs is confounded by observations that TNF-a has been shown to enhance apoptosis, as
well as suppress it, in primary mouse hepatocytes stimulated under other conditions [46,47].

Whereas IFN-y-mediated apoptosis is typically enhanced by TNF-q, it can be inhibited by
other soluble mediators such as hepatocyte growth factor (HGF) [21]. HGF is a
multifunctional cytokine that has a protective effect against liver injury and stimulates
hepatocyte proliferation during liver regeneration [48,49]. The mechanism by which HGF
protects against IFN-y-mediated apoptosis has been attributed to a growth factor-induced
survival signal that requires p21 [50], although other mechanisms may exist. Understanding
how growth factors and cytokines influence hepatocyte susceptibility to IFN-y-mediated
apoptosis will provide insight into mechanisms of IFN-y cytotoxicity under both
physiological and pathological conditions.

5. IFN-y inhibits hepatocyte cell cycle progression

IFN-vy inhibits the proliferation of freshly isolated hepatocytes [2] and some hepatocyte-
derived cell lines [51,52]. In primary mouse hepatocytes, IFN-y treatment inhibits DNA
synthesis through a G1 cell cycle arrest that requires both Statl and the tumor suppressor
protein, p53 [2,53]. This G1 arrest coincides with increased expression the G1 cyclin-
dependent kinase inhibitor, p21 [2]. As transcription factors, p53 and Stat1 proteins can
individually activate the p21 promoter in response to IFN-y [54,55]. However, in the
absence of p53, IFN-y treatment only slightly increases p21 expression and fails to elicit a
cell cycle arrest [2]. This suggests that activation of Statl alone is not sufficient to drive p21
and inhibit S-phase progression.

The requirement for Statl in mediating the anti-proliferative action of IFN-y may stem from
findings that Statl enhances the transcriptional activity of p53. For instance, in mouse
embryonic fibroblasts, Statl directly interacts with p53 to function as a coactivator in the
transcription of p53-responsive genes [56]. Furthermore, Statl increases p53 stability by
suppressing expression of Mdm2 [56], an E3 ubiquitin ligase that targets p53 for
proteosomal degradation [57]. Moreover, the Statl-target gene interferon-induced
transmembrane protein 1 (IFITM1) also stabilizes the transcriptional activity of p53,
resulting in increased p21 expression and subsequent cell cycle arrest in response to IFN-y
[52]. Finally, the anti-proliferative consequences of IFN-y also require the Statl target gene
IRF-1, which is essential for the increased p53 expression observed in response to IFN-y
[22]. Hence, the cross talk that exists between Statl and p53 signaling pathways is intricate,
and Statl likely influences p53 expression and activity in hepatocytes through multiple
mechanisms. Determining how such complex transcriptional events are regulated in
response to IFN-y may provide a mechanistic explanation for how IFN-y regulates
hepatocyte cell cycle progression.

While p21 expression is central to the IFN-y-mediated cell cycle arrest, IFN-y has also been
shown to prevent the downregulation of p27Kip1, another inhibitor of the cyclin-dependent
kinases that regulate S-phase cell cycle progression. For example, in human bronchial
epithelial cells, IFN-y treatment inhibited proliferation by preventing the downregulation of
p27 that typically occurs in response to HGF and serum [58]. The possibility that IFN-y
inhibits p27 degradation to elicit a cell cycle arrest is intriguing, but this mechanism has not
yet been established in HGF-stimulated hepatocyte cultures treated with IFN-y. Given the
significance of HGF during liver growth and repair, understanding the opposing effects of
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IFN-y and HGF on cell cycle progression is important for developing therapies to enhance
recovery from inflammatory-based liver disease.

6. IFN-y and liver disease

6.1. IFN-y and liver regeneration

Liver regeneration is a multistep process in which normally quiescent hepatocytes
proliferate to replace damaged or lost liver mass due to widespread injury or partial surgical
resection [59]. During liver regeneration following 70% partial hepatectomy (PH),
hepatocytes proliferate in response to cytokine and growth factor signals that are largely
provided by nonparenchymal cells in the liver [60]. Understanding mechanisms of liver
regeneration is complicated by the existence of interconnected and redundant signaling
pathways in hepatocytes and nonparenchymal cells, as well as extrahepatic influences on
regeneration, including hormones and neurotransmitters. As a result, the precise signals that
initiate and terminate hepatocyte proliferation in the regenerating liver are unclear.

Several compelling findings implicate IFN-y as a negative regulator of hepatocyte
proliferation during liver regeneration. For example, injection of IFN-y was found to inhibit
DNA synthesis in the regenerating liver 40 hr after PH [61]. Moreover, hepatocyte DNA
synthesis was increased 3240 hr after PH in IFN-y~/~ mice, as well as in IFNGR™~ mice
[61]. During PH-induced liver regeneration, IFN-y production is largely attributed to NK
cells, supported by the finding that NK cells constitute 90% of all IFN-y-positive cells in the
liver 36 hr after PH [61]. When NK cells were depleted by administration of anti-asialo
GM-1 prior to PH [62], hepatocyte DNA synthesis was increased in the regenerating liver
[61], which suggests that NK cells likely produce the IFN-y that attenuates regeneration.
This notion is strengthened by other studies in which reduced NK cell activity correlated
with enhanced liver regeneration [63-65].

There is evidence that IFN-y may inhibit hepatocyte proliferation in the regenerating liver
through the Stat1-mediated induction of IRF-1 and p21 [66,67]. Administration of IFN-y
was found to induce the expression of IRF-1, p21 and phosphorylated Statl within the first 4
hr after PH [61]. A separate set of studies examined the effects of IFN-y on liver
regeneration by using the immunostimulant polyinosinic:polycytidylic acid (poly I:C). Poly
I:C is a synthetic dSRNA analog that simulates viral infection by binding to toll-like
receptor-3 and activating the innate immune system [68].

Administration of poly I:C inhibited PH-induced liver regeneration and augmented the
production of IFN-y by NK cells in the regenerating liver [61]. It also induced the
expression of IRF-1, p21 and phosphorylated Stat1 after PH [67]. Moreover, disruption of
the Statl gene abolished poly I:C suppression of liver regeneration and reduced the
expression of IRF-1 and p21, indicating that IFN-y may exert its anti-proliferative effects on
regenerating hepatocytes through a Stat1-dependent manner. Likewise, disruption of IRF-1
and p21 gene expression also diminished poly I:C suppression of hepatocyte proliferation
following PH [66]. These data implicate IFN-y as a negative regulator of liver regeneration
via a Stat1-dependent mechanism involving downstream expression of IRF-1 and p21. Thus,
it can be surmised that IFN-vy, produced by activated NK cells, inhibits hepatocyte
proliferation in the regenerating liver by mechanisms similar to those that have been
identified in vitro.

Although NK cells are an abundant source of IFN-y, NKT cells also secrete IFN-y and may
be an important regulator of liver regeneration under certain conditions, such as infection
with hepatitis B virus (HBV). Studies show that liver regeneration is attenuated in HBV-
transgenic (HBV-tg) mice, which express high levels of hepatitis B surface antigen and have
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detectable HBV DNA in their serum [69]. Impaired liver regeneration in HBV-tg mice
coincided with an accumulation of NKT cells in the remnant livers, and these cells were in
an activated state, based on increased expression of CD69 and IFN-y production. Impaired
liver regeneration in these mice was largely rectified by NKT cell depletion, but not by NK
cell depletion, which implicates NKT cells and presumably NKT cell-derived IFN-y in
attenuation of regeneration. Hence, both NK and NKT cells may regulate PH-induced liver
regeneration through the production of IFN-y. The cellular source of IFN-y may vary
according to the liver environment, including status of viral infection and accompanying
inflammation.

6.2. IFN-y and liver transplantation

Suppression of IFN-y signaling represents a promising approach for inducing tolerance
during liver allograft transplantation, which has been used to ameliorate liver disease for
nearly half a century. There are three types of liver transplantation methods: orthotopic liver
transplantation (OLT) (replacement of a whole diseased liver with a healthy donor liver),
heterotopic liver transplantation (addition of a donor liver at another site, leaving the
diseased liver intact), and reduced-size liver transplantation (replacement of a whole
diseased liver with a portion of a healthy liver) [70]. One problem that transplant recipients
inevitably face is the possibility of graft rejection, which occurs in approximately 20-60%
of transplant recipients [70]. Immune suppression is routinely used to induce graft
acceptance and is typically aimed at suppressing the adaptive immune system, particularly
the expression of Thl cytokines such as IFN-y [71,72]. In a study investigating OLT in
syngeneic and allogeneic rat models, allogeneic liver grafts exhibited greater hepatocyte
apoptosis and less hepatocyte proliferation than syngeneic grafts after OLT [73]. Expression
of IFN-y mRNA, activation of Stat1, and expression of the downstream genes, IRF-1 and
p21, were also elevated in the allogeneic grafts compared with the syngeneic grafts [73]. NK
cells appear to be an abundant source of IFN-y, as depletion of NK cells in allografts
decreased IFN-y expression and Statl activation, resulting in enhanced hepatocyte
proliferation in the grafts [73]. These data suggest that, after allogeneic transplantation, NK
cell-derived IFN-y likely contributes to rejection and inhibition of hepatocyte proliferation
[73]. Thus, inhibition of IFN-y expression or activity in the allograft tissue following OLT
represents a potential strategy to improve host tolerance and enhance recovery from liver
disease.

6.3. IFN-y and T cell-mediated hepatitis

Autoimmune hepatitis is a chronic disease of unknown etiology that can progress to
cirrhosis. Liver injury is attributed to activated CD4* T cells and NKT cells that either
directly damage parenchymal cells or cause damage through the production of
proinflammatory cytokines [74]. To study autoimmune hepatitis, several experimental
mouse models of T cell-dependent liver injury may be used, including administration of
concanavalin A (ConA), a plant lectin that is also a T cell mitogen [75]. A single
intravenous injection of ConA induces evidence of hepatitis within 8-24 hours,
characterized by increased transaminase activity, infiltration of the liver by neutrophils and
T cells, and hepatocyte apoptosis and necrosis [76—80]. ConA-induced hepatitis is dependent
on CD4* T cells, NKT cells and macrophages [79,81] and requires the production of pro-
inflammatory cytokines TNF-a and IFN-y [82-85], the latter of which peaks about 10 hr
after ConA administration [82]. The requisite role of IFN-y during ConA-induced hepatitis
has been established using neutralizing IFN-y antibodies, an IFN-y receptor-
immunoglobulin fusion protein, as well as transgenic mice that do not express IFN-y,
collectively demonstrating that ConA-treated mice do not develop liver injury in the absence
of IFN-y signaling [78,84,86,87].
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Endogenous IFN-y likely mediates ConA-induced hepatitis through several mechanisms.
Compelling evidence supports the possibility that, after ConA administration, increased
levels of IFN-y stimulate hepatocyte apoptosis through a Stat1-dependent pathway. Indeed,
Statl activation occurs within 3 hr after ConA treatment [82]. This activation is specifically
attributed to IFN-y and is required for ConA-induced liver injury [82]. One consequence of
Statl activation is the induction of IRF-1, which mediates the apoptotic effects of IFN-y in
cultured hepatocytes [22]. Along these lines, IRF-1 expression is detected 3 and 9 hr after
ConA administration, along with concomitant increases in pro-apoptotic Bax and caspase-3
proteins [82]. Disruption of the IRF-1 gene was shown to protect against ConA-induced
liver injury and mortality [88-90]. Collectively, these findings support the notion that,
following ConA administration, increased levels of IFN-y may induce hepatocyte apoptosis
through a Stat1/IRF-1-dependent pathway.

Intriguingly, Stat3 activation also occurs after ConA administration, and evidence indicates
that liver injury may result from an imbalance between Statl and Stat3 activation. For
instance, Statl~/~ mice treated with ConA show increased Stat3 activation and expression of
the Stat3-regulated anti-apoptotic gene Bcl-xL [82,91]. This indicates that Stat3 may
normally protect against liver injury and that ConA-induced IFN-y production and
subsequent Statl activation may suppress Stat3 activation. The observation that Statl
activation and IRF-1 gene expression are increased in the absence of Stat3 signaling further
supports a reciprocal relationship between Statl and Stat3 [82]. Furthermore, these proteins
appear to regulate the activation of one another through induction of suppressor of cytokine
signaling (SOCS), especially SOCS1 and SOC3, which curtail Stat activation by inhibiting
Jaks [92,93]. Hence, ConA-induced activation of Statl and subsequent induction of SOCS
gene expression may suppress the activation of Stat3 and abolish its protective effects
against hepatocyte apoptosis.

Yet another mechanism by which IFN-y may orchestrate T cell-mediated hepatitis is through
the upregulation of chemokines and adhesion molecules, which facilitate the infiltration of
leukocytes to the liver. After ConA administration, NKT cells and other cells produce IFN-
v, which activates the Stat1/IRF-1 pathway in hepatocytes, sinusoidal endothelial cells and
Kupffer cells, modulating the expression of chemokines and adhesion molecules, such as
VCAM, ICAM-1, Mig, IP-10 and I-TAC, CCL20 and ENA-78 [88]. ConA-mediated
induction of these genes requires IFN-y but is influenced to a lesser extent by Stat1 and
IRF-1, suggesting that other Stats or other IRF transcription factors may contribute to the
IFN-y-mediated induction of these genes. Many of these chemokines and adhesion
molecules alter neutrophil and/or T cell recruitment to the liver in other models of liver
disease [94-98], which provides compelling justification for further investigating the role of
these molecules during T cell-mediated hepatitis.

6.4. IFN-y and viral hepatitis

Viral hepatitis is the leading cause of hepatocellular carcinoma and a common reason for
liver transplantation. A prevalent cause of viral hepatitis is chronic infection with hepatitis B
virus (HBV) or hepatitis C virus (HCV), which are hepatotropic, noncytopathic viruses that
are transmitted parenterally [99]. Although HBV and HCV are unrelated viruses with
different strategies for replication, recovery from infection with either virus depends on a
robust adaptive immune response that includes activation of cytotoxic T lymphocytes (CTL)
and the production of CTL-derived IFN-y [100,101]. In the absence of viral clearance, HBV
and HCYV establish chronic infection, which occurs in about 5-10% of adults infected with
HBV and in about 70-90% of HCV cases [100,102]. Complications of chronic infection
include the development of cirrhosis and hepatocellular carinoma (HCC). Disease
progression is generally attributed to immune-mediated pathology that results from CTL
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cytotoxicity and the recruitment of antigen-nonspecific inflammatory cells to
necroinflammatory lesions in the liver [99].

IFN-y plays a crucial role in limiting HBV and HCV pathogenesis during acute infection.
Whereas activated NK and NKT cells are typically abundant sources of IFN-y during viral
infection [103], these innate immune cells are not believed to play a significant role in viral
clearance during HBV or HCV infection [104,105]. Instead, production of IFN-y is
generally attributed to virus-specific CD8* CTL [106,107]. Although CTL can directly lyse
virus-infected hepatocytes through perforin and Fas-dependent mechanisms [108], most of
the antiviral action of these cells occurs noncytopathically through the production of IFN-y
[109]. IFN-y likely contributes to viral clearance through several mechanisms, including
direct inhibition of viral replication. This is supported by the observation that IFN-y
suppresses HCV replication in the HuH-7 human hepatoma cell line [110] and inhibits HBV
replication in transgenic mice [111,112], the latter of which occurs through a NO-dependent
pathway that may involve IRF-1 [113,114]. IFN-y can also exert antiviral action by
increasing antigen processing, transport and MHC expression in virus-infected cells to
facilitate viral clearance. Along these lines, IFN-y has been shown to induce MHC class |
and class Il proteins through mechanisms that involve IRF-1 and CIITA, respectively
[115,116], and enhance antigen processing by modulating expression of enzymatic subunits
of the proteosome [117]. Finally, IFN-y induces the expression of numerous chemokines
that bind to the chemokine receptors CXCR3 and CCR5, which are selectively expressed on
the Thl subset of CD4™ T cells [118]. The recruitment of virus-specific CD4* T helper cells
to the liver most likely contributes to viral clearance by enhancing CTL activation [99].

CTL-derived IFN-y may also exacerbate liver damage during viral hepatitis. For instance, by
inducing the hepatic expression of IFN-y-inducible genes, such as chemokines CXCL9 and
CXCL10, IFN-y enhances the recruitment of antigen-nonspecific mononuclear and
polymorphonuclear cells to the liver where they accumulate in necroinflammatory foci
[119]. The infiltration of inflammatory cells correlates with the severity of liver disease, as
these cells produce proinflammatory and cytotoxic mediators that exacerbate the liver
damage initiated by virus-specific CTL [99]. Indeed, increased levels of CXCL9 and
CXCL10 in patients with chronic HCV infection are associated with increased numbers of
inflammatory cells in the liver and enhanced liver damage [120,121]. Likewise, blocking
IFN-y-inducible chemokine expression during HBV infection was shown to suppress
mononuclear cell recruitment and reduce liver damage without affecting the IFN-y-
dependent CTL response [119]. Hence, selectively targeting IFN-y-inducible protein
expression may represent a therapeutic strategy to minimize liver damage incurred during
viral hepatitis without affecting the antiviral action of IFN-y that is essential for viral
clearance.

6.5. IFN-y and liver fibrosis

Liver fibrosis refers to the accumulation of scar tissue that occurs as a wound healing
response during most chronic liver diseases. Generally speaking, fibrosis results from
excessive deposition of extracellular matrix proteins, such as collagen, by activated hepatic
stellate cells (HSCs) in the liver, although other types of cells may also exhibit fibrogenic
properties [122]. Widespread fibrosis and the emergence of regenerative nodules are
characteristics of cirrhosis, which can lead to hepatic insufficiency and portal hypertension.
In developed countries, liver fibrosis and cirrhosis are most commonly caused by alcohol
abuse, nonalcoholic steatohepatitis, and chronic HCV infection [122].

While most HCV patients are asymptomatic, spontaneous progression to fibrosis occurs in
about 20% of cases [123]. Interestingly, the rate of progression to fibrosis does not correlate
with viral load [124] or HCV genotype [125], but instead depends on the generation of a
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Th1 response [126]. In fact, patients with intrahepatic, HCV-specific CD8" T cells that
produce IFN-y were reported to have less fibrosis and lower fibrosis progression rates than
patients without an intrahepatic IFN-y response [127]. A similar correlation was found
between fibrosis and the number of IFN-y-secreting CD8* T cells in the blood [120].
However, whereas IFN-y was associated with decreased rates of fibrosis, the cytolytic
activity of intrahepatic CD8* T cells correlated with increased rates of fibrosis as well as
decreased viral load [128]. These findings raise the intriguing possibility that CD8* T cell
effector functions may be dissociated during chronic HCV infection, resulting in either
beneficial or detrimental effects to the liver [127].

The antifibrogenic effects of IFN-y are well established. Exogenous IFN-y treatment has
been shown to suppress fibrosis in rodent models of liver fibrosis induced by carbon
tetrachloride (CCly) or dimethylnitrosamine [129,130], and it may also improve fibrosis in
patients with chronic HCV infection [131]. It is likely that IFN-y protects the liver against
fibrosis through several mechanisms, including direct inhibition of HSC activation. For
example, treatment of cultured rat HSCs with exogenous IFN-y was shown to inhibit
proliferation and decrease extracellular matrix gene expression [132], and similar results
were obtained in vivo [130]. These antifibrogenic effects of IFN-y are mediated by Stat1, as
IFN-y did not suppress HSC activation in Stat1-deficient cells and failed to inhibit liver
fibrosis in CCly-treated Stat1™~ mice [133]. Inhibition of HSC activation by IFN-y/Stat1
may result from suppression of transforming growth factor (TGF)-p signaling, which is a
potent activator of these cells [134]. For instance, in CCly-treated mice, serum levels of IFN-
v correlated with expression of Smad7 protein, a negative regulator of TGF-f signaling
[135], whereas Statl ™~ mice displayed increased expression of activated Smad3 protein, a
positive regulator of TGF-p signaling that is inhibited by Smad7 [133,135].

Another possible mechanism by which IFN-y protects against fibrosis is through activation
of the immune system. For example, it has been demonstrated that NK cells can kill
activated HSCs but not quiescent HSCs [136-138]. Furthermore, activation of NK cells by
poly I:C induced HSC death and ameliorated liver fibrosis in a mouse model of liver fibrosis
[138]. This effect was attributed to an IFN-y-mediated increase in expression of the NK cell
stimulatory receptor, NKG2D, and the death receptor activator, TRAIL [138]. Interestingly,
ethanol-induced acceleration of liver fibrosis has been linked to inhibition of the antifibrotic
effects of NK cells and IFN-y, as HSCs from ethanol-fed mice are resistant to killing by NK
cells, presumably due to decreased IFN-y production, as well as diminished expression of
NKG2D and TRAIL on NK cells [139]. Taken together, these observations highlight the
importance of understanding the direct and indirect effects of IFN-y on HSC activation and
demonstrate the complexity associated with the IFN-y-mediated antifibrogenic response.

6.6. IFN-y and hepatocellular carcinoma

One disease that shows promising response to IFN-y augmentation is hepatocellular
carcinoma (HCC), which is the most common and lethal form of liver cancer and the third-
leading cause of cancer deaths worldwide [140,141]. Despite concerted treatment efforts
over the past several decades, clinical studies of chemotherapy or hormone therapy fail to
demonstrate improved survival in patients with advanced HCC [142]. However, recent
studies demonstrate that IFN-y supplementation elicits tumor-suppressive effects in models
of HCC [51,143-145]. In a study examining the expression of IFN-y receptor and IFN-y-
inducible genes in human HCC tissues, the majority of noncancerous liver tissues displayed
elevated IFN-y receptor expression on hepatocytes compared to HCC tissues [145]. In
IFNGR™ cases of HCC, tumor size was larger and metastasis was more common than in
IFNGR* cases [145]. Another study established that human HCC cell lines possess fewer
proteasome subunits and diminished antigen presentation capabilities compared to
noncancerous hepatocytes [144]. Treatment with IFN-y restored proteasome function and
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antigen presentation. These studies underscore the potential therapeutic use of IFN-y in
enhancing immune surveillance during cancer and implicate IFN-y as a general tumor
suppressor during HCC.

Investigations into the effects of IFN-y on HCC cell survival and proliferation revealed that
cells treated with IFN-y undergo a G1 cell cycle arrest that coincides with diminished cyclin
D activity and hypophosphorylation of the retinoblastoma tumor suppressor protein [51].
Furthermore, this phenomenon appears to be p21-dependent, since suppression of p21
abolished the anti-proliferative effects of IFN-y on HCC cells. Concurrently, suppression of
p21 resulted in HCC cell apoptosis upon IFN-y treatment [51]. These pro-apoptotic effects
of IFN-y on HCC cells were corroborated in a different study that examined the tumor-
suppressive effects of IL-12, a monocyte-derived cytokine known for stimulating
lymphocytes to produce IFN-y [143]. This study also demonstrated that IFN-yinduced
apoptosis involved the activation of caspase-9, enhanced expression of Bax, and release of
cytochrome ¢ from the mitochondria, all of which are involved in the mitochondria-
dependent apoptosis signaling pathway.

Interestingly, IFN-y appears to be capable of functioning as a tumor suppressor in HCC by
both inhibiting cell cycle progression and by initiating apoptosis, depending on the status of
the cell cycle regulator p21. If p21 is functionally expressed, then IFN-y elicits a cell cycle
arrest. However, if p21 expression is somehow compromised, namely as a result of p53
disruption, then IFN-y potentially activates pathways leading to mitochondria-dependent
apoptosis [75]. Therefore, activation of apoptosis could be thought of as a “fail safe” tumor
suppressive function of IFN-y in HCC, activated only when p21 expression is insufficient.
Collectively, these findings support further investigation into the use of IFN-y as a
chemotherapeutic agent for treating HCC.

7. Conclusion

In the liver, hepatocyte proliferation is essential for recovery after surgical resection or
transplantation, whereas hepatocyte apoptosis is crucial for maintaining organ size and
preventing uncontrolled proliferation, such as occurs during hepatocellular carcinoma. A
growing body of evidence demonstrates that IFN-y has anti-proliferative consequences on
hepatocytes by stimulating apoptosis or eliciting a cell cycle arrest. The mechanisms by
which IFN-y orchestrates hepatocyte fate appear to be multi-faceted, yet they generally
require the activation of both Statl and IRF-1 transcription factors. In the whole liver,
identifying mechanisms of IFN-y action is complicated by the presence of other cells that
may also be targets for IFN-vy, such as Kupffer cells and hepatic stellate cells, the activation
of which may further modify hepatocyte fate and function. Furthermore, under conditions of
injury and inflammation, other soluble mediators, such as growth factors and
proinflammatory cytokines, may synergize or antagonize IFN-y signaling pathways, which
further confounds our understanding of how IFN-y affects hepatocyte fate and liver disease
in general. Nevertheless, recent evidence demonstrates that the use of IFN-y therapy may be
a promising strategy to modulate in vivo hepatocyte activity during liver regeneration, liver
transplantation and hepatocellular carcinoma and to inhibit the development of fibrosis.
These findings provide a rationale for further investigating mechanisms by which IFN-y
regulates hepatocyte fate in the diseased liver and for the continued development of IFN-y as
a therapeutic approach to enhance recovery from liver disease.
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Figure 1.

Pathways by which IFN-y elicits apoptosis and cell cycle arrest. IFN-y activates Stat or hon-
Stat-mediated pathways, leading to the induction of IRF-1. IRF-1 induces iNOS and p53,
which regulate apoptosis and cell cycle progression, respectively. RE = response element.
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