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Abstract

Both hepatitis C virus (HCV) and hepatitis B virus (HBV) infections represent
major global public health problems. Interferon (IFN) has been an important
factor in both resolution of infection and in the treatment of both infections.
Clinical data on anti-HBV and anti-HCV innate immune responses, in particular
the IFN response, during natural infection in patients are limited. This is, in part,
because most of patients are asymptomatic during acute stages of infection. IFN
has been used to treat both HBV and HCV infections for years. Unfortunately,
many patients do not respond to the IFN therapy. The reason for the variable
treatment outcomes, in particular, the nonresponsiveness to IFN therapy in both
HBYV and HCV infections still remains unclear. In this thesis, IFN responses in
HBV and HCV infections were studied wusing the severe combined
immunodeficiency (SCID) / beige (bg) - albumin (Alb) / urokinase-type

plasminogen activator (uPA) chimeric mouse model.

The SCID/bg-Alb/uPA chimeric mouse model was initially reported in 2001. This
model supports robust and sustained infection by clinical or tissue culture derived
hepatitis viruses, such as hepatitis A virus (HAV), HBV and HCV. Evidence has
shown that the antiviral response to IFN in the chimeric mouse often reflects

closely the response of the identical virus in humans when treated with IFN.

A time course of HCV infection was performed in SCID/bg-Alb/uPA chimeric
mice to study an induced endogenous IFN response. There was a peak of

interferon-stimulated gene (ISG) response at day-10 post infection, but no

il



significant ISG upregulation was observed in long-term HCV infection in the

mice.

I also investigated the contributions of viral and host factors on the response of
HCYV infection to IFN treatment using two HCV viral strains differing in their
IFN-sensitivity. These studies were performed in chimeric mice produced using
three hepatocyte donors, each with distinct interleukin (IL) 28B single nucleotide
polymorphisms (SNPs) at both rs12979860 and rs8099917 loci. My results
showed that virus factors were the key factors determining the outcome of IFN
therapy, whereas, viral interference with host janus kinase - signal transducer and
activator of transcription (JAK-STAT) pathway as well as host factors, such as
polymorphisms at the IL28B loci and pre-treatment levels of intrahepatic ISG
expression, were less important in determining the outcome of IFN therapy in

chimeric mice than they are in the patients.

In addition, endogenous IFN response during the course of HBV in the SCID/bg-
Alb/uPA chimeric mice was examined. No significant IFN or ISG response was

detected in chimeric mice during the course of HBV infection.

Since both the HBV and HCV viruses used in my studies were nonresponsive to
exogenous IFN treatment in chimeric mice, the molecular mechanism of IFN
nonresponsiveness of the two viruses was compared in a cohort of donor-matched
chimeric mice. I found that in HBV infected chimeric mice, but not in mice
infected with HCV, the JAK-STAT pathway was inhibited by STAT1 nucleus

translocation blockage and thus expression downregulation of ISGs in response to
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exogenous IFN treatment.

Finally, two collaborative projects were completed during my PhD. In the first
study, the potential antiviral activity of exogenous HCV pathogen-associated
molecular pattern (PAMP) RNA was investigated in HCV-infected SCID/bg-
Alb/uPA chimeric mice. My results suggested that HCV PAMP RNA
administration elicited an innate immune response in the livers of chimeric mice,
which limited HCV infection. In the second study, we found that HCV infection
in chimeric mice enhanced microRNA-27 expression and resulted in upregulating
hepatic lipid droplet (LD) biogenesis. These results represented a novel

mechanism by which HCV induces steatosis in chronic carriers of HCV.
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CHAPTER 1

Introduction



1.1 Interferons and antiviral interferon response

1.1.1 Interferons

Interferon was first discovered by Isaacs and Lindenmann in 1957 as an agent that
protects cells from viral infection [1]. The interferons (IFNs) are a family of
structurally related multifunctional cytokines made and released by host cells in
response to a variety of stimuli. The IFN family is categorized into three classes,
type I, II and III IFNs, according to their receptor specificity and functional

properties. Only type I and III IFNs are discussed in the introduction of this thesis.

In humans, type I IFNs include 13 IFNas and one single type of each of IFNJ, o,
e and « [2]. All the genes that encode type I IFNs are clustered on chromosome 9
[3, 4]. All type I IFNs bind to a common receptor, the type I IFN receptor
complex, which is widely expressed in almost all cell types and tissues and is
composed of two subunits, the IFN o/p receptor 1 (IFNAR1) and IFNAR2 [5].
Although they interact with the same receptor, the type I IFNs exhibit a broad
range of biological functions: antiviral activities, cell growth inhibition, control of
apoptosis and immunomodulatory effects [6]. Differences in activity are regulated
by many factors: specific subtypes of type I IFN, differential affinities for
IFNARs [2], activation of cellular kinases in addition to Janus kinases, e.g.
phosphatidylinositol-3 kinase (PI3K), patterns of activation of STATSs in different
cell types, and activation of many transcription factors other than STATSs, such as
the interferon-regulatory factors (IRFs) [7, 8]. Many of these actions make IFN a

promising agent for the treatment of various diseases. However, therapeutic use of



IFNs is hampered by their side effects. The side effects of type I IFNs are related
to the broad expression of IFNARs throughout the body. This results in activation
of biological responses in tissues other than the targets. For example, in addition
to liver cells, hematologic cell types, such as neutrophils and lymphocytes,
express the IFNARs, and IFNa therapy for hepatitis C virus (HCV) infection
often induces neutropenia and lymphopenia in a significant percentage of patients
[9, 10]. In addition, expression of IFNARs in central nervous system causes
psychiatric adverse events in chronic hepatitis C patients when treated with IFN
therapy, which often lead to dose reductions or even discontinuation of the

therapy [10].

In 2003, a new class of IFNs was discovered, the IFNA molecules or type III
IFNs: IFNAL, A2 and A3 [11, 12], which are also known in the literatures as
interleukin (IL) 29, IL28A and IL28B, respectively. IFNAs protect cells from
virus infection and induce major histocompatibility complex (MHC) class I
antigen expression, i.e. their antiviral activity is similar to type I IFNs [11, 12].
However, the immunomodulatory function of this novel class of cytokines is less
well established. They bind a different cell surface receptor, which is composed of
two chains, IL28 receptor alpha subunit (IL28Ra) and IL10 receptor beta
(ILTORB) [11, 12]. In contrast to the ubiquitous expression of the [IFNAR receptor
complex, IL28Ra exhibits a more restricted tissue distribution, notably epithelial
cells, e.g the stomach, intestine, liver and lungs [11, 13-15]. It has been suggested
that the preferential expression of IFNA receptors on epithelial cells may allow the

host to rapidly eliminate viruses at the major portals of entry into the body before



infection is established without activating other arms of the immune system [16].
This is supported by a recent study showing that IFNAs induce activation of janus
kinase (JAK) - signal transducer and activator of transcription (STAT) signaling
and a common set of interferon-stimulated genes (ISGs) in mouse and human
hepatocytes but not in purified lymphocytes or monocytes [17]. However, the
ability of immune cells to respond to IFNAs remains a matter for debate. There are
reports describing IFNA signaling and receptor expression in some dendritic cells
(DCs) and lymphocyte subsets [18-20]. Further clarification is required to
determine if IFNAs play a direct role in shaping the adaptive immune response

like type I IFNSs.

Most recently, a new member of type III IFN, IFNA4, has been discovered [21].
The IFNA4 gene harbors a dinucleotide variant (ss469415590, TT or AG), where
the TT allele leads to a frame shift, thus inactivating the gene, while the AG allele
results in a functional IFNA4 gene. In a large proportion of the human population,
the TT allele renders the IFNA4 gene inactive [21]. In vitro studies show that the
IFNA4 gene encodes an active type III IFN protein, which signals through the
same IL28Ra and IL10Rp receptors as other IFNAs [22]. Although its secretion is
substantially lower than other IFNAs, expression of IFNA4 has shown antiviral

activity against HCV and coronaviruses at levels comparable to IFNA3 [22].

1.1.2 Type I interferon production and downstream signal transduction in
response to viral infections

1.1.2.1 Type I interferon production in response to viral infections

Production of type I IFN is predominantly initiated in response to pathogens, such



as viruses, bacteria and their products. It is a hallmark of the innate immune
responses of mammalian hosts to viral infection. Pathogens express a number of
signature molecular structures, pathogen-associated molecular patterns (PAMPs),
which are essential for their survival, and hence relatively conserved [23-25].
PAMPs are sensed as non-self by host sensors known as pathogen recognition
receptors (PRRs). Recognition of PAMPs by PRRs rapidly activates an array of
signal cascades and pathways resulting in the release of various inflammatory
cytokines and chemokines as well as IFNs. These responses are also critical for
the development of pathogen-specific, long-lasting adaptive immunity, which
facilitates the clearance of the pathogen during the primary infection and during

re-exposure [24, 26].

The PRRs are the first line of host recognition of both extracellular and
intracellular pathogens. They are able to sense various classes of foreign
molecules including proteins, lipids, carbohydrates and nucleic acids [27]. To
date, several classes of PRRs, including Toll-like receptors (TLRs), retinoic acid
inducible gene 1 (RIG-I) - like receptors (RLRs), nucleotide-binding
oligomerization domain receptors (NLRs) and cytosolic DNA sensors, have been
discovered [27]. Currently, the first three classes of these PRRs, TLRs, RLRs and
NLRs, have been shown to recognize virus-specific components in infected cells
[24, 27]. Among these three PRRs, TLRs and RLRs are important for the
production of type I IFNs and pro-inflammatory cytokines, whereas NLRs are
known to regulate IL13 maturation through activation of caspase-1 [24, 27]. For

the purpose of this thesis, only TLRs and RLRs will be discussed in detail.



TLRs are responsible for detecting viral components extracellularly and within
cytoplasmic vacuoles after phagocytosis or endocytosis by the cells [27]. There
are more than 10 TLRs in mammals. Among them, TLR2, TLR3, TLR4, TLR7,
and TLRO are involved in the recognition of viral components [24, 27, 28]. TLR2
and TLR4, located on the plasma membrane, sense viral envelope proteins on the
cell surface [28]. While viral proteins recognized by these two surface TLRs
trigger pro-inflammatory responses, their contribution to either protective or
pathological immune responses largely depends on the type of virus, route of
infection, and other host factors. TLR3, TLR7, and TLR9 are located on
cytoplasmic vesicles, such as endosomes, and can be activated by nucleic acids
[27, 28]. Although virtually all human cells are able to synthesize IFNa/B,
expression of particular TLRs is more restricted among certain cell types. For
example, TLR7 and TLRY, which recognize single stranded (ss) RNA and DNA
with CpG motifs respectively, are highly expressed in plasmacytoid DCs (pDCs)
[27, 28], a cell type well known to produce large amounts of type I IFNs in
response to virus infection. TLR3 recognizes double stranded (ds) RNA and is
expressed more widely, but is mainly expressed on conventional DCs (¢cDCs) and

possibly on epithelial cells [27, 28].

TLRs are transmembrane proteins, composed of LRRs (leucine-rich repeats), a
transmembrane domain, and a cytoplasmic domain designated the Toll/IL1
receptor homology (TIR) domain [29]. TLR signaling is meditated by the
recruitment of TIR domain containing adaptor molecules, e.g myeloid

differentiation factor 88 (MyD88) and TIR-domain-containing adapter-inducing



IFNB (TRIF), to the TIR domains of the TLRs [29]. All TLRs except TLR3
activate a common signaling pathway, the MyD88-dependent signaling pathway,
leading to the production of pro-inflammatory cytokines and IFNs [27-29]. In
pDCs stimulated with TLR7 and TLR9 PAMPs, MyD88 recruits various
signaling proteins, such as IL1 receptor-associated kinase 4 (IRAK4), IRAKI,
TNF receptor associated factor 6 (TRAF6), TRAF3, and/or the inhibitor of NFxB
kinase o (IKKa), which phosphorylate IRF7 to initiate the transcription of type I
IFNs. On the other hand, TLR3 and TLR4 recruit the adaptor protein TRIF and
initiate TRIF-dependent signaling to activate nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) and IRF3 to induce production of pro-
inflammatory cytokines and type I IFNs in response to PAMPs [27, 28]. A more

detailed signaling transduction pathway is summarized in Figure 1.1.

The RLR family consists of three homologous DExD/H box RNA helicases: RIG-
I, melanoma differentiation-associated gene 5 (MDAS), and laboratory of genetics
and physiology gene 2 (LGP2) [27, 28]. RIG-I and MDAS play a major role in
recognition of RNA from RNA viruses or RNA intermediates of replicating DNA
viruses, e.g hepatitis B virus (HBV) [30], in the cytoplasm of infected cells and
induce inflammatory cytokines and type I IFNs in ¢DCs, macrophages and
fibroblasts [27]. RIG-I binds 5’-triphosphorylated ssRNAs [31, 32] and short
dsRNAs [33]. In addition, a polyU/C-containing RNA sequence in the 3’ non-
translated region (NTR) of HCV genomic RNA preferentially activates RIG-I
compared to other sequences of HCV [34]. RIG-I mainly recognizes members of

paramyxoviridae and flaviviridae families of viruses, such as Newcastle disease



virus, vesicular stomatitis virus, Japanese encephalitis virus and HCV [27]. In
contrast, MDAS preferentially recognizes longer dsSRNA [33], including synthetic
polyinosinic:polycytidylic acid [poly(I:C)]. The viruses of picornaviridae family,

such as encephalomyocarditis virus, are targeted by MDAS [27].

Both RIG-I and MDAS contain two N-terminal tandem caspase activation and
recruitment domains (CARDs), a DExD/H box RNA helicase domain, and a C-
terminal repressor domain (RD) [35, 36]. The helicase and RD domains are
important for the recognition of the RNA PAMPs, while the CARD domains are
essential for triggering intracellular signaling cascades [35, 36]. LGP2 lacks the
CARD domain, initially suggesting a negative regulatory role for LGP2 in RIG-I-
and MDAS5-mediated signaling [37]. However, recent evidence has shown that
LGP2 acts as a positive regulator of RIG-I- and MDAS5-mediated signaling
through its ATPase domain [38]. In the cytoplasm, RIG-I and MDAS5 sense
cytosolic viral RNAs, which leads to conformational changes exposing their
CARD domains. The CARD domains then interact with the CARD-containing
adaptor protein, mitochondrial antiviral signaling (MAVS) [also known as IFNf}
promoter stimulator 1 (IPS-1), CARD adaptor inducing IFNf (Cardif), and virus
induced signaling adaptor (VISA)] [39-41]. MAVS was initially found on
mitochondria [40]. Recently, evidence has shown that MAVS is also present on
peroxisomes [42]. Peroxisomal and mitochondrial MAVS act sequentially to
create an antiviral cellular state. Upon viral infection, peroxisomal MAVS induces
a rapid IFN-independent expression of defense factors that provide short-term

protection by activating IRF1, whereas mitochondrial MAVS activates an IFN-



dependent signaling pathway with delayed kinetics through IRF3, which amplifies
and stabilizes the antiviral response. As illustrated in Figure 1.1, upon recruitment
of RIG-I and MDAS, MAVS activates the IKK-related kinase, TANK-binding
kinase 1 (TBK1) / the IxB kinase 1 (IKKi), which activates IRF3/IRF7 and the
subsequent transcription of type I IFNs by TRAF3. MAVS also activates NFxB

for the expression of pro-inflammatory genes [39-41].

It is well known that innate immune responses are important for mounting
adaptive immune responses to viral infections. However, it is not clear how the
innate PRRs contribute to the activation of adaptive immunity. Three independent
studies examined the roles of RLRs and TLRs in the activation of adaptive
immune responses using different virus infection models. Studies with
lymphocytic choriomeningitis virus (LCMV) [43] and influenza virus [44] found
that TLRs (MyD88-dependent signaling), but not RLRs (MAVS-dependent
signaling), are important for mounting cytotoxic T cell (CTL) responses in both
infections. In a study of respiratory syncytial virus (RSV) infection [45], mice
lacking both MAVS and MyD88 were still capable of mounting CTL responses to
RSV infection, suggesting that RLR- and TLR-independent RNA virus
recognition might be responsible for the activation of CTLs in the lung.
Therefore, the experimental data so far support the notion that TLRs rather than
RLRs are critical in priming the adaptive immune response. However, further
studies are required, as these two PRR systems may contribute differently in
different virus infection systems, and their contributions may also depend on the

route of viral infection.
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Figure 1.1 PRRs-mediated signaling in response to viral infection.

There are two classes of PRRs that signal the induction of IFNa and IFNf gene
transcription upon virus recognition. In endosomes, the uptake of viruses or virus-
infected cells delivers viral nucleic acids into endosomes, where the viral nucleic
acids are detected by TLRs. In pDCs, TLR7, 8, and 9 signal through the adaptor
MyDS88 and the kinase IKKa to phosphorylate and activate the transcription factor
IRF7, which regulates expression of the IFNa and IFNf genes. In the cytosol,
viral RNAs are recognized by MDAS and RIG-I, which signal through the
mitochondrion-associated MAVS. MAVS activates the kinases TBK-1 and IKKe
to phosphorylate IRF3 and IRF7 and induce IFNa and IFNf gene transcription.
Cytosolic DNA receptor(s) such as the DNA-dependent activator of IFN-
regulatory factors (DAI) use an alternative adaptor to couple to TBK-1 and IKKe,
and IRF3 and IRF7. Figure is adapted from [46]. With permission by Elsevier,
license number is 3326610999056.

10



1.1.2.2 Type I interferon stimulated signaling pathways

The action of type I IFNs is mediated through the heterodimer of IFNARI1 and
IFNAR2. IFNAR1 and IFNAR?2 are constitutively associated with JAK1 and non-
receptor tyrosine kinase 2 (TYK2) [47, 48]. Binding the heterodimer of IFNARI
and IFNAR?2 by type I IFNs results in activation of JAK1 and TYK2, which leads
to tyrosine phosphorylation and activation of several STAT family members,
including STAT1, STAT2, STAT3 and STATS in most cell types [49]. Activation
of STATI and STAT2 leads to the recruitment of IRF9 and the formation of a
STATI1-STAT2-IRF9 complex, the IFN-stimulated gene factor 3 (ISGF3)
complex [6, 49]. This complex then translocates to the nucleus and initiates tran-
scription of ISGs through binding to IFN-stimulated response elements (ISREs)
[6, 49]. In addition to the well-established ISGF3 complex, type I IFNs are shown
to induce other types of STAT complexes. Examples include the formation of
STAT1 homodimers which activate IFN-gamma-activated site (GAS) enhancer
elements in the promoters of type II IFN associated ISGs [49]. Homodimers of
phosphorylated STAT3 bind to STAT3-binding elements (SBEs) in the nucleus,
resulting in the production of anti-inflammatory cytokines, such as IL10 [49, 50].

The JAK-STAT pathway stimulated by IFNs is summarized in Figure 1.2.

Besides the canonical JAK-STAT pathway, type I IFNs activate other STAT-
independent signaling pathways that have crucial roles in their biological effects.
For example, type I IFNs can induce activation of the PI3K signaling pathway

[51, 52], which has an important role in mediating gene transcription in response
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to both type I and type II IFNs. It has been also reported that the mitogen-
activated protein kinases (MAPKSs), especially extracellular-signal-regulated
kinase (ERK) [53] and p38 MAPKSs [54], are activated by type I IFNs and

participate in the antiviral response induced by IFNs [55-57].

One of the important effects of IFN signaling cascades is induction of ISGs. The
products of these ISGs exert numerous antiviral effector functions. Expression
microarray studies have identified hundreds of ISGs induced by type I IFNs [58,
59]. While a limited number of ISGs, such as IFN-stimulated protein of 15 kDa
(ISG15), protein kinase R (PKR), ribonuclease L (RNaseL), 2’ 5-oligoadenylate
synthetase (OAS), and Mx GTPases, have well defined antiviral mechanisms by
studies in knockout mice [60], functions of most ISGs are poorly characterized,
probably because of the difficulties involved in systematically overexpressing
hundreds of genes. Recently, a large-scale antiviral ISG screen was conducted to
identify novel antiviral effectors in the type I IFN system using a cell-based assay
[61]. They found that some ISGs had broad activity against many viruses, while
others were more restricted in specificity. A given virus seems preferentially
inhibited by a particular subset of ISGs, its ‘ISG profile’, which is unique but
partially overlaps with the profiles of other viruses, particularly those in the same
family. The ISG members of these profiles block viral transcription, degrade viral
RNA, inhibit translation and modify protein function to interfere with many steps
of the viral life cycle. Another emerging paradigm for ISG-mediated activity is
feedback into antiviral pathways. For example, major IFN signaling components,

such as RIG-I, IRFs, and STAT1, are induced by I[FNs [62].
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On the other hand, over-induction of type I IFN genes could cause excessive IFN
signaling and lead to tissue damage. A number of negative regulators, such as
suppressor of cytokine signaling (SOCS), ubiquitin specific peptidase 18 (USP18)
and the protein inhibitor of activated STAT1 (PIAS), play important roles in
restraining the IFN response. In addition, refractoriness is another safety check of
IFN signaling. Refractoriness is the phenomenon that cultured cells become
rapidly unresponsive or refractory to continuous stimulation with [IFNa as a result
of negative feedback mechanisms in the JAK-STAT pathway [63]. Refractoriness
has been observed not only in cultured cells, but also in the liver of mice injected
with mouse IFNa [64]. Evidence shows that the early refractoriness requires
SOCS, whereas prolonged unresponsiveness arises from long-lasting upregulation
of USP18 [64]. However, refractoriness to human IFNa in human in vivo systems
remains to be confirmed. In contrast to IFNa, IFNf signaling is not subject to

refractoriness in the mouse liver, nor is IFNA signaling [65].

1.1.2.3 Type 1III interferon production and downstream signal
transduction in response to viral infections

Since their identification, the function of the IFNAs was thought to resemble that

of type I IFNs. However, emerging evidence suggests that the two antiviral

systems do not entirely duplicate each other.

Co-expression of type I and type III IFNs in response to various viral infections
was reported in both in vitro and in vivo studies (summarized in reference [66]).

The similar expression patterns are due to the presence of common regulatory
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elements in the promoters of the type I and type III IFN genes [67]. However,
differences in the expression of these two types of IFNs have also been
documented. Like IFNP, transcriptional regulation of the human IFNAI gene is
controlled by IRF3 and IRF7. In contrast, [FNA2/3 genes, like most [FNa genes,
are more dependent on IRF7 [68]. In addition, it has been shown that expression
of type III IFNs can also be induced through the independent action of IRFs or
NF«B [69]. This indicates that IFNAs should be induced by a wider range of
stimuli, and they may have a higher resistance barrier for viral immune evasion
than type I IFN since both IRF and NF«kB signaling pathways would need to be
simultaneously inhibited, whereas blocking IRFs is sufficient for the suppression

of type I IFN production.

Despite signaling through distinct receptor complexes, type I and type III IFNs
trigger similar downstream signaling cascades [70], including the canonical JAK-
STAT pathway and the STAT-independent signaling pathways mentioned in the
previous section. It should be noted that the intensity of STAT activation and
subsequent biological activities in response to type III IFNs are generally weaker
than in response to type I IFNs [71]. This may result from the lower level of
IL28Ra expression in cells, or from reduced ability to recruit and/or activate
components of the intracellular signaling system. Another characteristic of type
IIT IFNs is the restricted expression pattern of IL28Ra.: although all cells express
receptors for type I IFNs, the type III IFN receptor is restricted to epithelial cells

of the respiratory, intestinal including liver and reproductive tracts [11, 13-15].

14



Type I IFNs
Type Il IFNs

IL10R2

AT A A AT

_ IFNaR2 IL28Ra

A A - - v A
il Y vt \‘1’(," A TATAT A Al A

ANAANAANAAINIDINN A NAMAANNA

cytoplasm

nucleus

ISRE %|SGS

Figure 1.2 JAK-STAT signaling pathway.

Type I and III IFNs bind to their cell-surface specific receptors, IFNAR1/2 and
IL28Ra (or IFNART) and IL10Rp respectively, and activate the intracellular IFN
signaling pathway, which involves mainly JAK1 and TYK2, and STAT1 and
STAT2. The JAKs phosphorylate and activate the STATs, which homo- or
hetero-dimerize and translocate to the nucleus to induce the expression of the

ISGs.

15



1.1.2.4 Viral immune evasion

Viruses have been reported to block nearly all aspects of IFN production and the
downstream IFN effector pathways. Evasion strategies include preventing initial
virus detection by the disruption of the TLRs or RLRs, disrupting IFN production
by disturbing IFN receptor or impeding JAK-STAT signaling events. In addition,
specific ISGs can be selectively targeted for inhibition. Some viruses also disrupt
IFN responses by up-regulating negative regulatory systems. Both HBV and HCV
have been studied intensively for immune evasion mechanisms, which will be

discussed in details in sections 1.2.3 and 1.3.3 respectively.

1.2 Hepatitis B virus

1.2.1 Virology of Hepatitis B virus

Hepatitis B virus is a member of the Hepadnaviridae family [72]. The
hepadnaviruses are small, enveloped, spherical viruses with strict hepatic tropism.
Their genomes are small (3-3.3 Kb), partially double-stranded DNA and are
organized into 3 or 4 overlapping reading frames encoding viral proteins. One of
the distinguishing features of the hepadnaviruses is that viral DNA is replicated
by reverse transcription of an RNA intermediate by viral reverse transcriptase
before release from an infected hepatocyte. These viruses have the ability to
establish chronic infections without direct cellular cytopathic effects. A hallmark
of hepadnaviral infection is the production of a large amount of surface antigen-
containing, noninfectious particles from infected hepatocytes, which are released

into the serum of infected individuals.
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The Hepadnavirus family has two recognized genera, the orthohepadnaviruses
that infect mammals, and the avihepadnaviruses that infect birds. Two major
species have been assigned to the avihepadnaviruses, the duck hepatitis B virus
(DHBYV) and the heron hepatitis B virus (HHBV). The orthohepadnavirus genus
includes four species - human HBV, woodchuck hepatitis virus (WHYV), ground
squirrel hepatitis virus (GSHV) and woolly monkey hepatitis B virus (WMHYV).
The prototype species is HBV that normally infects humans but can be used to
experimentally infect chimpanzees. The HBV virus is divided into four major
serotypes (adr, adw, ayr, ayw) based on epitopes present on its envelope proteins,
and into eight genotypes (A-H) according to nucleotide sequence variation of the

genome.

1.2.1.1 HBYV virion structure and genome organization

As illustrated in Figure 1.3, there are three types of viral particles that can be
detected in the serum of HBV infected patients [73]. The Dane particle is a
spherical, double-shelled structure 42nm in diameter and is the infectious HBV
virion. The outer shell of the virion consists of a lipid envelope containing virus-
encoded surface antigens. Within the envelope is a nucleocapsid composed of
HBV core antigen containing one copy of the virus encoded DNA
polymerase/reverse transcriptase, covalently attached to the 5’ end of the minus
strand of the viral genome. The other two viral particle types found in serum are
sub-viral particles (SVP), including small spherical structures with a diameter of

20nm and filaments of variable lengths with a width of 22nm. These spheres and
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filaments are produced in 100-1000 fold excess of the Dane particles. They are
composed of hepatitis B surface antigens (HBsAg) and host-derived lipids, but

lack viral nucleic acids.

The HBV genome is partially double-stranded, circular DNA with approximately
3.2 kilobase (kb) pairs in length. The viral genome is remarkably compact and
encodes four overlapping open reading frames (ORFs); S, C, P and X [73] as
shown in Figure 1.4. The S ORF can be divided into three regions, pre-S1, pre-S2,
and S, encoding three envelopes proteins, small HBV surface protein (SHBs)
encoded by S region, medium HBYV surface protein (MHBs) encoded by PreS2+S
regions and large HBV surface protein (LHBsAg) encoded by PreS1+PreS2+S
regions (Figure 1.5B). The C gene is subdivided into the precore and core regions,
which encode HBcAg or HBeAg depending on where translation initiates
(Figures 1.4 and 1.5B). The P ORF encodes the viral polymerase (pol). It has both
RNA-dependent and DNA-dependent DNA polymerase activities as well as
RNaseH activity. Finally the HBV X ORF encodes HBxAg, a protein with
multiple functions in signal transduction, transcriptional activation, DNA repair,

and inhibition of protein degradation pathways.
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Figure 1.3 HBV viral structure.
The HBV Dane particle (left) as infectious virion and the filamentous or spherical
HBsAg particles as noninfectious SVPs present in patient serum. Figure is

modified from [74]. Permitted by BioMed Central, open access.
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Figure 1.4 HBV genome organization.
HBV genome is partially double-stranded, circular DNA. It encodes four

overlapping ORFs: S, C, P and X. Figure is adapted from [73]. Permitted by John
Wiley and Sons, license number is 3326610575541.
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1.2.1.2 The life cycle of hepatitis B virus

The HBV replication cycle, described in Figure 1.5A, starts with the attachment
of the virus to a susceptible hepatocyte and binding to hepatocyte-specific
receptor(s), e.g sodium taurocholate cotransporting polypeptide (NTCP), a
multiple transmembrane transporter predominantly expressed in the liver [75].
The entry of the virion is through endocytosis or fusion of the viral envelope at
the plasma membrane [76]. The viral nucleocapsid containing the relaxed circular
partially double stranded DNA (rcDNA) is then released into cytoplasm, followed
by uncoating and delivery of virion rcDNA to the nucleus. Within the nucleus, the
plus strand of incoming rcDNA is repaired by the attached viral polymerase and
yet to be defined host factors [76], to generate a covalently closed circular DNA
(cccDNA), which is complexed with host proteins in the nuclei to form a viral
minichromosome [77, 78] and defines successful infection of a cell [79]. The
cccDNA uses the cellular transcriptional machinery to produce all viral RNAs
necessary for protein production and viral replication. There are four major RNA
species produced during HBV replication cycle; the 3.5, 2.4, 2.1 and 0.7 kb viral
RNA transcripts. They are transported to the cytoplasm to initiate translation of
viral proteins. The pregenomic RNA (pgRNA, a 3.5 kb RNA) is translated to
produce the core protein and the viral polymerase. The regulatory X protein and
the three envelope proteins are translated from the subgenomic RNAs (refer to
Figures 1.4 and 1.5B for the different viral RNA transcripts). The replication of
HBYV genomic DNA is initiated by packaging a pgRNA with the polymerase and

assembling core protein to form an RNA-containing nucleocapsid. Reverse
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transcription of HBV pgRNA into minus strand DNA is primed by the N terminal
of HBV polymerase within the nucleocapsid. As the minus strand of HBV DNA
is synthesized, the RNaseH activity of HBV polymerase digests the template
HBV pgRNA. The minus strand DNA then serves as the template for positive
strand DNA synthesis, which is primed by a capped small remnant of pgRNA,
until the positive strand DNA reaches approximately 50-70% of the length of the
minus strand [79]. A mature DN A-containing nucleocapsid is then formed. These
nucleocapsids can be either re-imported into the nucleus to produce more
cccDNA [76] or assemble with envelope proteins within membranes of the
endoplasmic reticulum (ER) followed by transport through the Golgi apparatus

for secretion as mature virions.
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Figure 1.5A HBYV life cycle.

Attachment to liver-specific receptors leads to endocytosis of HBV and release of
HBYV core particles. These are transported to the nucleus where the HBV genome
is released. In the nucleus, the viral rcDNA is repaired to generate the cccDNA. In
interaction with transcription factors, the cccDNA is transcribed to the
pregenomic and subgenomic mRNAs. The mRNAs are transported to the
cytoplasm. The two subgenomic mRNAs for the three HBV surface proteins are
translated at the ER, assemble to subviral HBsAg particles and are secreted
through the Golgi apparatus. In parallel, the pregenomic mRNA is translated in
the cytosol to the HBV core protein and the viral polymerase, whereby the three
components assemble to the immature core particle. The HBV genomes mature
within the core particles through reverse transcription of the pregenomic mRNA
to negative strand DNA and synthesis of the positive strand DNA by HBV pol.
The mature core particles can migrate back to the nucleus or are enveloped by the
surface proteins and secreted as mature virions. The figure is adapted from [74].

Permitted by BioMed Central, open access.

23



Precore RNA

| > HBeAg
I
I Pregenomic RNA
3.5kb mRNA . 4 > HBcAg, HBsAg, pol & HBx
I I
I I
—— PreC | Core —
— PreS1 |  PreS2 | PreS  —
2.4kb mRNA LHBs
MHBs
2.1kb mRNA I: SHBs
.

Figure 1.5B HBV transcripts during replication.
A list of the transcription start sites of various HBV transcripts and the proteins

they encode.
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1.2.2 Hepatitis B disease

1.2.2.1 Hepatitis B

Hepatitis B is a potentially life-threatening liver disease caused by the infection of
HBYV virus. It presents a major global health problem. According to the World
Health Organization (WHOQO), more than 240 million persons worldwide are
currently chronically infected with HBV [80]. About 600,000 people die every
year due to the acute or chronic consequences of hepatitis B [80]. Hepatitis B
infection leads to two primary adverse outcomes: cirrhosis and hepatocellular

carcinoma (HCC).

Increasing evidence shows that the natural history of chronic HBV infection
differs depending on HBV genotype and subgenotype. Currently, eight genotypes
of HBV (A to H) have been identified that differ from each other by at least 8% in
genome sequence [81]. Genotype A is found in Northern Europe. Genotypes B
and C are common in Asian populations. Genotype D is the most common
genotype found in Southern and Eastern Europe and is also common in the
Middle East. Genotype F is found in native populations in North and South
America. Genotype E, G, and H infections are uncommon and their epidemiology
is not well characterized [82]. Hepatitis B prevalence is highest in sub-Saharan
Africa and East Asia. High rates of chronic infections are also found in the
Amazon and the southern parts of eastern and central Europe. Less than 1% of the
population in western Europe and North America is chronically infected with

HBV [80].
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HBYV infection can be cleared or causes a broad spectrum of clinical diseases,
ranging from acute hepatitis to progressive chronic hepatitis. Infants are infected
by HBV through vertical transmission at birth and 90-95% become chronic
carriers. Adults infected with HBV become carriers in 3-5% of the cases. About
two-thirds of patients with acute HBV infection are asymptomatic. Chronic
hepatitis B (CHB) has a variable and dynamic course. In general, there are four
phases in the natural history of CHB without therapy [82-86]; the first phase is the
immune tolerant phase, which occurs most frequently in persons who are infected
by perinatal transmission from HBV-DNA positive mothers. In this phase,
HBeAg may promote immune tolerance and aid the virus in avoiding detection by
the immune system [82]. This phase is characterized by positive HBeAg, high
HBV DNA levels, normal alanine transaminase (ALT) levels and minimal liver
injury. Some of these patients remain in this phase lifelong. The immune active
phase is the second stage, when the host’s immune system recognizes HBV as
foreign and initiates an immune response that results in hepatocyte damage.
Patients in this phase often have fluctuating HBV DNA and ALT levels. During
this period, active liver inflammation and rapid progression to fibrosis can occur.
Cirrhosis and HCC can also develop as a result of this liver damage, either of
which can lead to death. Many patients in this phase undergo seroconversion from
HBeAg positive to negative and develop HBe antibody (anti-HBe), which is
associated with decreased viremia. However, about 20-40% of patients experience
reactivation and enter HBeAg negative immune active phase (HBeAg negative

CHB), with risk of cirrhosis or HCC. This phase is characterized with negative

26



HBeAg, positive anti-HBe and detectable HBV DNA. A mutation in the precore
region of the HBV DNA, resulting in a lack of HBeAg production, is associated
with this phase of CHB. Some patients will experience immune control, when
liver inflammation is minimal, HBV DNA is undetectable or at a low level, but
patients remain HBsAg positive. Patients in this phase are ‘inactive carriers’ of
the infection. Inactive carriers represent the largest group of CHB patients and

most of them remain in this inactive phase for life.

1.2.2.2 Treatment of HBV infection

The goal of therapy for CHB is to improve quality of life and survival by
permanently suppressing HBV replication and preventing progression of the
disease to cirrhosis, decompensated cirrhosis, end-stage liver disease, HCC and
death [87]. Currently, seven drugs are approved for treatment of CHB by the
FDA: two interferon preparations (standard IFNa-2b and pegylated interferon
alpha-2a [peglFNa-2a]), three nucleosides (lamivudine, telbivudine, entecavir)

and two nucleotides (adefovir and tenofovir) [87, 88].

The IFN-based therapy offers a finite duration of therapy, with approximately
30% of HBeAg-positive patients achieving HBeAg seroconversion with 12
months of therapy [87, 89, 90], and 80% of these patients had a sustained
virological response 5 years later [89]. Since 2005, peglFNa-2a has replaced
standard IFNo-2a due to its improved pharmacokinetic properties, a less
demanding injection schedule, a more convenient dosing regimen and comparable

or improved efficacy. But it is limited by the high cost, substantial side effects and
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poor tolerability in some individuals. Attempts have been made to identify the
patients who most likely will response to IFN treatment. Studies suggested that
criteria usually include high ALT (> 2-5 times upper limits of normal), low HBV
DNA (< 2x 10° international unit/mL), and genotype A HBV virus [90].
However, the predictive ability is still quite limited. Since two single nucleotide
polymorphisms (SNPs) of the IL28B gene have been identified as a potent
predictor of the sustained virological response (SVR) in IFN treatment of hepatitis
C patients [91-95], their effect on HBeAg-positive CHB patients has also been
evaluated by a few studies [96-99]. Some studies support the predictive value of
the SNPs in IFN therapy on CHB patients, but further confirmation is required.
On the other hand, treatment with IFN therapy of CHB patients would be
improved with more accurate predictors of outcomes and better benchmarks for
termination of treatment. HBV DNA kinetics during the therapy has shown only
limited utility [100]. An alternative way is to measure the intrahepatic level of
cccDNA, persistence of which at the end of treatment is predictive of off-
treatment relapse [101]. However, the measurement of intrahepatic cccDNA
requires a liver biopsy, which is invasive and carries significant risk. Another
more realistic approach is the measurement of serum HBsAg, which correlates
well with intrahepatic cccDNA levels in both HBeAg-positive and HBeAg-
negative patients [102]. Recent studies have shown that decline of HBsAg serum
level during peglFNa-2a therapy predicts off-treatment response more accurately
than HBV DNA kinetics, both in HBeAg-positive and HBeAg-negative patients.

However, the predictive value of HBsAg decline may not apply equally to all
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HBYV genotypes [103-105].

Compared to the IFN-based therapies, the nucleos(t)ide analogues offer the ease
of oral administration, more consistent antiviral response, and more favorable
side-effect profiles. All current five oral drugs act on HBV DNA polymerase and
inhibit viral replication, thus can result in suppression of HBV DNA, HBeAg
seroconversion, ALT normalization, and histological improvement. However,
since none of them is targeting the cccDNA, long-term treatment is often required
and virological relapse is common after cessation of therapy. In addition, drug
resistance caused by mutations in viral polymerase could present additional
challenge. For example, lamivudine, adefovir dipivoxil, and telbivudine are
associated with higher risk of resistance [88, 106]. Encouragingly, entecavir and
tenofovir are recognized as the most potent antiviral drugs with high genetic
barrier resulting with the lowest risk of resistance to date. Drug resistance occurs
in 1.2% at 6 years of entecavir treatment [107, 108] and no resistance after 4 years
of tenofovir treatment [109]. Both of these drugs are purine analogues and the
very early studies by Dr. Lorne Tyrrell and colleagues predicted better responses
with purine analogues than pyrimidine analogues [110, 111]. In addition, the high
genetic barrier to resistance is likely related to early blockage of the protein

priming of HBV DNA [112].

1.2.2.3 HBYV vaccine

A HBYV vaccine has been available for decades. The vaccine provides a strong,

protective and long-lasting anti-HBs response in about 95% of people immunized
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[80]. It is the world’s first subunit vaccine, the world’s first licensed vaccine
against human cancer and the world’s first recombinant expressed vaccine [113].
However, it is worth noting that resistance to vaccine is rare but does exist due to
viral mutations [114]. The resulting mutants are resistant to specific neutralizing
antibodies and hepatitis B immunoglobulin used even at high concentrations [113,

115].

1.2.3 Innate immune response in HBV infection

Efficient control of virus infections requires coordination of both the innate and
the adaptive immune responses. Innate immunity serves as a first line of defense
that is rapid and effective in clearing most of the invading pathogens. It starts with
the detection of PAMPs such as viral nucleic acids, viral proteins and tissue
damage by PRRs as discussed in section 1.1. Recognition induces a series of
cellular responses, such as production and release of type I IFN by infected cells,
killing of viral infected cells by natural killer (NK) cells, and production of pro-
inflammatory cytokines and chemokines to support the efficient maturation of

adaptive immunity and recruitment of immune cells to the site of infection.

In the case of HBV infection, our knowledge of the anti-HBV innate immune
response is limited. Clinical data obtained during natural infection in patients are
limited because most of patients are asymptomatic at the earliest acute stages of
HBYV infection. Studies in chimpanzees are limited by ethical issues and high
costs. Studies in woodchucks and the Pekin ducks are hampered by the lack of

reagents to analyze immunological events. Nevertheless, other than one study
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showing that HBV mediated an induction of ISGs through the MDAS signaling
independent of type I IFN in Huh-7 cells transfected with a HBV replicative
plasmid as well as in the livers of mice hydrodynamically injected with the HBV
replicative plasmid [30], it appears that there is limited or even absent activation
of innate immunity during acute HBV infection. The study in chimpanzees by
Chisari and colleagues has shown that there was no transcription of IFN-related
genes that correlated with HBV entry and expansion during the early phase of
HBV infection in the livers of experimental infected chimpanzees [116]. This
implies the lack of a PRR-mediated innate cytokine response to HBV infection. In
line with this observation, there was no induction of type I or type III IFNs

detected in sera of acute HBV infected patients in clinical studies [117, 118].

The lack of an IFN response to early HBV infection could be explained by the
fact that HBV is a “stealth virus” that cannot be detected by the host innate
immunity sensors, such as PRRs, or the virus could efficiently inhibit the innate
immune response very early after infection. The latter possibility is supported by
evidence from both in vitro and in vivo studies. For example, the TLR-mediated
innate immune response leading to IFN production, induction of ISGs and
activation of IRF3, NFxB, and ERK1/2 was attenuated in murine parenchymal
and nonparenchymal liver cells expressing HBsAg and HBeAg [119]. As for the
RLR mediated signaling pathway, HBx protein is reported to interact with
MAVS, and disrupts RIG-I-mediated signal transduction [120]. HBV polymerase
inhibits RIG-I-induced signaling through interference with IRF3 phosphorylation,

dimerization, and nuclear translocation, and suppresses the interaction between
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TBK1/IKKe and DDX3 (a DEAD-box RNA helicase) in human hepatocytes [121,
122]. HBV also dampens JAK-STAT signaling and ISGs expression: HBV
prevents IFNo mediated signaling by inhibiting nuclear translocation of STAT1
and thus interferes with transcription of ISGs in chimeric mice [123]. This is most
likely caused by HBV polymerase, which is shown to inhibit STATI nuclear
translocation in an in vitro system [124]. Moreover, evidence suggests that HBV
precore/core proteins are able to inhibit MxA gene expression by their interaction

with the MxA promoter [125].

On the other hand, accumulating data demonstrate that experimental activation of
the PRR-mediated innate immune response inhibits HBV replication. HBV
replication is markedly inhibited, in a type I IFN-dependent manner, following
intravenous injection of ligands for TLR3, TLR4, TLRS, TLR7, and TLR9 in
HBV transgenic mice [126]. Guo, et al. demonstrated that in addition to TLR
signaling, activation of RIG-I or MDAS dramatically reduces HBV replication in
hepatocyte-derived HepG2 and Huh-7 cells over-expressing MyD88 and TRIF, or
MAVS [127]. In addition, systemic administration of IFNa or induction of [FNa
through injection of poly(I:C) suppresses viral replication in the HBV transgenic
mouse model [128, 129]. The mechanism of inhibition of HBV infection by
activating the PRR signaling pathways has been suggested to be either caused by
some ISGs, such as indoleamine 2, 3-dioxygenase [130] or by apolipoprotein B
mRNA-editing enzyme catalytic polypeptide 3 protein G (APOBEC3G) [131,
132], exerting effects on various steps of HBV life cycles, or tumor necrosis

factor o (TNFa) that interferes with HBV nucleocapsid formation and stability by
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activating the NFkB pathway [133, 134]. However, since these data are mostly
based on in vitro over-expression or a transgenic mouse model, confirmation in an
animal model infected with HBV is necessary. Nevertheless, all these data
suggest that activation of the innate immune response holds great potential as

therapeutic approaches for chronic HBV infection.

1.3 Hepatitis C virus

1.3.1 Virology of Hepatitis C virus

Originally termed non-A, non-B hepatitis (NANBH), HCV was first cloned and
characterized by Dr. Michael Houghton’s group in 1989 [135]. It is an enveloped
RNA virus belonging to the Hepacivirus genus of the Flaviviridae family,
typified by classical flaviviruses, such as dengue virus, west nile virus and yellow
fever virus. Humans are the only natural host of HCV. An important feature of the
HCV genome is its high degree of genetic variability. This heterogeneity is
primarily due to the high error rate of its RNA-dependent RNA polymerase.
Seven HCV genotypes and a large number of subtypes have been identified to
date. Genotypes differ in their nucleotide sequences by 31-33% and subtypes by
20-25% [136]. Subtype la is predominant in North America and Northern Europe
and is usually associated with injection drug users (IDUs). Subtype 1b and 3b are
common genotypes all over the world. Genotype 2 is predominant in
Mediterranean countries and the Far East. Subtype 3b and genotype 6 are
distributed mainly in Asia. HCV genotype 4 is found in the Middle East, Africa

and Europe. Subtype 5a is mostly in South Africa and some parts of Europe. A
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new genotype tentatively named subtype 7a, has been registered in the HCV
databases, but awaits further published information [137]. Like many other RNA
viruses, HCV circulates in infected individuals as a dynamic distribution of non-
identical but closely related mutant and recombinant viral genomes subjected to a
continuous process of genetic variation, competition and selection referred to as
quasispecies [138], which contributes to immune evasion and resistance to

antiviral therapy.

1.3.1.1 HCY virion structure and genome organization

The HCV virion consists of a single-stranded positive RNA genome,
surrounded by an icosahedral protective capsid, and enveloped by a lipid
bilayer derived from host membrane, within which two glycoproteins, E1

and E2, are embedded.

A hallmark of HCV particles is their tight association with cellular
lipoproteins and lipids, which therefore determines both morphology and
biophysical properties of HCV virions. Properties of HCV particles may vary
depending on the host cells in which they are produced because in vivo liver
cells of patients or experimental animal models and in vitro cultured human

hepatoma cells can differ in their capability to produce lipoproteins [139].

The HCV genome is a single-stranded positive sense RNA molecule (Figure 1.6).
It contains three regions: a short 5> NTR, a single ORF of approximately 9.6 kb

nucleotides and a short 3’ non-coding NTR [140]. The 5 NTR is divided into
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two domains, a stem-loop structure involved in positive-strand priming during
HCYV replication and an internal ribosome entry site (IRES), the RNA structure
responsible for attachment of the ribosome and polyprotein translation. The HCV
3> NTR is comprised of three regions: a variable region with potential secondary
structure, a non-structured polyU/UC region containing polyuridine tracts
interspersed with ribocytidine, and the terminal X tail containing three conserved
stem-loop structures [141]. Both 5’ and 3° NTRs bear highly conserved RNA
structures essential for polyprotein translation and genome replication. The ORF
is translated into a single precursor polyprotein, followed by cleavage to yield at
least 10 mature viral proteins; three structural proteins (the capsid protein C and
the two envelope glycoproteins E1 and E2) and the seven non-structural (NS)

proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B).
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Figure 1.6 Genome organization of HCV.

The HCV polyprotein precursor is translated and processed into 10 mature

proteins, which are divided into two groups: structural proteins including core

protein, two glycoproteins E1 and E2, and NS proteins including p7, NS2, NS3,
NS4A, NS4B, NS5A and NS5B. The figure is adapted from reference [142]. With

permission by Springer, license number is 3326600678907.
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1.3.1.2 The life cycle of hepatitis C virus

The life cycle of hepatitis C virus can be divided into 5 steps as illustrated in
Figure 1.7: viral entry and uncoating, polyprotein synthesis, viral protein

maturation, RNA replication and viral assembly.

During entry of HCV into host hepatocytes, the E2 envelope glycoprotein is
the main viral factor responsible for receptor binding [143]. The number of
cellular receptors that are important for HCV entry is increasing. To date,
glucosaminoglycans (GAGs) and low-density lipoprotein receptors (LDLRs)
on the liver cell surface are implicated as the initial docking site for HCV
attachment [144, 145]. Entry factors scavenger receptor type B1 (SR-B1),
CD81, and tight-junction proteins claudin-1 (CLDN-1) and occludin (OCLN)

are essential for viral uptake and late stages in the entry process [143, 146].

Uncoating of HCV capsid releases the positive-strand genomic RNAs into the cell
cytoplasm, where they serve as messenger RNAs for synthesis of the HCV
polyprotein together with newly synthesized RNAs. Unlike cellular capped
mRNA molecules, which are translated by a cap-dependent scanning mechanism,
uncapped RNA viral genomes, such as those of the flaviviruses, are translated by
a cap-independent IRES mediated process [143, 146]. The IRES of HCV is
composed of part of the 5’ untranslated region and the first 12-30 nucleotides of

the core-coding region of the viral genome [143].

HCV RNA translation takes place at the rough ER. The translation product of the
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HCV genome is a precursor polyprotein, about 3000 amino acids (aa) in length.
The polyprotein is processed into at least 10 mature structural and nonstructural
proteins by cellular and viral proteases. Junctions between HCV structural
proteins are cleaved by at least two host cellular peptidases, signal peptidase and
signal peptide peptidase [143, 146]. Two viral proteases are involved in the
processing of HCV nonstructural proteins: NS2-3 protease cleaves the site
between NS2 and NS3 by a rapid intramolecular reaction, whereas the cleavage of
the remaining four junctions, NS3/NS4A, NS4A/NS4B, NS4B/NS5A and

NS5A/NS5B, is catalyzed by the NS3/4A serine protease [143, 146].

HCYV replication is catalyzed by the viral RNA-dependent RNA polymerase (the
NS5B protein) and supported by other viral NS proteins, as well as by host
factors, including cyclophilin A and the microRNA-122 [147]. As with other
positive-strand RNA viruses, HCV replication starts with synthesis of a
complementary negative-strand intermediate using the positive-strand genome as
a template. Then, negative-strand RNA serves as a template to produce numerous
positive-strand genomic RNAs, which will subsequently be used for polyprotein
translation, synthesis of new intermediates of replication or packaging into new
virions. During the replication of viral RNAs, all HCV viral proteins are directly
or indirectly associated with ER-derived membranes. By the action of NS4B,
presumably in conjunction with NS5A, membranous replication vesicles are
induced and accumulate in the infected cell as distinct structures designated as the
membranous web [148, 149]. The membranous web manifests as vesicle

clusters, which result from massive rearrangements of intracellular membranes,
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including the formation of double-membraned vesicles induced by HCV NS5A
protein and possibly NS4B protein, presumably with support of host cell factors
[150, 151]. Although the precise structure and function of the membranous web is
unclear, a recent study suggests that in HCV infected cells, cytoplasmically
positioned nuclear pore complexes (NPCs) are predicted to form channels across
double membrane structures of the membranous web. These NPCs are proposed
to facilitate movement of nuclear localization signal (NLS)-containing proteins,
such as HCV core, NS2, NS3, NS5A and host nuclear proteins, from the
surrounding cytoplasm across double membrane structures of the membranous
web, while excluding proteins lacking NLS sequences, e.g. PRRs, from regions of

HCV replication and assembly events [152].

HCV viral assembly is initiated with the formation of nucleocapsid by the
interaction of the core protein with HCV RNA. Nucleocapsids are enveloped and
matured in the Golgi apparatus before newly produced virions are released in the
pericellular space by exocytosis. Cytoplasmic lipid droplets serve as virus
assembly platforms. Several nonstructural proteins have been shown to play a role
in the late steps of the HCV lifecycle, including p7, NS2, NS3 and NS5A [146].
The very low-density lipoprotein synthesis/secretion machinery is also believed to

be involved in infectious HCV production [139].
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Figure 1.7 The HCYV replication cycle.

Virion entry is initiated after the envelope protein E2 binds to cellular receptors,
followed by receptor-mediated internalization of the virus. Uncoating of HCV
capsid releases the positive-strand genomic RNAs into the cell cytoplasm. The
viral RNA is translated into a single polyprotein at the ER membrane through
IRES-mediated translation and cleaved into 10 mature proteins by viral and
cellular proteases/peptidases. HCV replication is catalyzed by the viral RNA-
dependent RNA polymerase in the membranous web. HCV viral assembly is
initiated with the formation of nucleocapsid by the interaction of the core protein
with HCV RNA. Cytoplasmic lipid droplets serve as virus assembly platforms.
Nucleocapsids are enveloped and matured in the Golgi apparatus before newly
produced virions are released in the pericellular space by exocytosis. The figure is

adapted from reference [153]. Permitted by IJMS Publishing Team through email.
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1.3.2 Hepatitis C disease

1.3.2.1 Hepatitis C

Hepatitis C is a worldwide liver disease that results from HCV infection.
According to WHO, 3-4 million people are infected with HCV annually [154].
About 150 million people are chronically infected and at risk of developing liver
cirrhosis and/or liver cancer. More than 350,000 people die from hepatitis C-
related liver diseases each year. The disease is mainly transmitted through
exposure to infectious blood, injection drug use, blood transfusion, hemodialysis,
organ transplantation, or being born to a hepatitis C-infected mother. Sexual

transmission is a less common means of transmission.

Hepatitis C can present as acute or chronic hepatitis. During the acute phase, the
majority of patients are asymptomatic. Even in the patients with symptoms, the
clinical course is mild and symptoms are nonspecific. In some patients HCV
infection is a self-limited disease and HCV RNA becomes undetectable in these
cases within three-four months after onset of infection. However, spontaneous
clearance of HCV occurs only in a minority of patients, since 60-80% people with
acute infection develop chronic infection [155-157]. Chronic hepatitis C (CHC) is
defined by the persistence of HCV RNA six month after viral transmission [157,
158]. Once chronic HCV infection is established, spontaneous HCV clearance
rarely occurs. Overall, 15-56% of patients with CHC will ultimately develop
cirrhosis at some point, and a significant proportion will go on to develop HCC

[156, 157]. CHC accounts for approximately 25% of the HCC cases worldwide
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with particular high prevalence in East Asia [159].

1.3.2.2 Treatments for HCV infection

Until recently, the combination of peglFNa and ribavirin (RBV) was the standard
therapy for hepatitis C for more than 10 years regardless of the strain of the virus.
This therapy, administered for 24 or 48 weeks, achieved sustained virological
response (SVR) in approximately 70% of patients with HCV genotype 3, about
90% among patients infected with HCV genotype 2 and 45-55% among patients
with genotype 1 and 4-6 [160]. SVR is the marker for HCV treatment success and
it is defined as an undetectable HCV viral load test six months after completing a
successful course of HCV treatment. Although new drugs have been approved for
genotype 1 treatment, peglFNa and RBV will continue to be an important
component of genotype 1 HCV therapy until IFN-free therapy is approved, and
peglFNo and RBV may remain as an important component of the treatment

options for infection with HCV of genotypes 2 and 3.

The limitations of this therapy are well recognized. It remains costly and side
effects, such as fatigue, flu-like symptoms, anxiety, depression and
gastrointestinal symptoms, are observed in almost 80% of patients during
treatment. Side effects can be severe and 10-15% of patients discontinue
treatment. Therefore, it would be useful if one could predict which patients will
respond to antiviral therapy. Considerable effort has been directed at identifying
factors predictive of IFN responsiveness. Both viral and host factors have been

shown to influence treatment outcome. Among host factors, besides non-genetic
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factors (such as age, alcohol and smoking), upregulation of pre-treatment liver
gene expression of ISGs has been shown to be associated with non-response to
IFN therapy [161, 162]. In addition, genetic polymorphisms in the human
genome, e.g. two SNPs near the IL28B coding region rs12979860 and rs8099917
[91-95], are associated with IFN therapy outcome. At SNP rs12979860, CC is
considered the responder allele, whereas CT and TT are non-responder alleles
[92]. At SNP rs8099917, TT is the responder allele and GG and GT are the poor-
responder alleles [91, 92]. Most recently, a new member of type III IFN, IFNA4,
has been discovered [21]. Interestingly, evidence has shown that the inactivation
of IFNA4 gene expression is strongly positively associated with HCV clearance as
well as with positive peglFN and RBV treatment outcome in patients [21, 163]. In
addition, another recent study identified a functional SNP at rs4803217 in the 3’
NTR of IFNA3 mRNA associated with clearance of HCV. The authors revealed
that this SNP was critical in directing the outcome of HCV infection by
controlling the stability of [IFNA3 mRNA: IFNA3 mRNA bearing rs4803217-T/T
3> NTR (genotype associated with HCV persistence) decayed twice as fast as that
bearing rs4803217-G/G 3> NTR (associated with HCV clearance) [164]. As for
the viral factors, HCV genotype has been well accepted as the strongest predictor
of IFN response [165-167]. In patients infected with HCV genotype 1 or 4, IFN
therapy clears HCV infection in 45-55% patients, whereas in patients infected
with HCV genotypes 2 or 3, peglFN and RBV is effective in up to 80% patients
[160]. The kinetics of serum HCV RNA level reduction during the first weeks of

therapy is also strongly associated with the subsequent treatment outcomes [168-
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171]. In addition, amino acid variation in the IFN-sensitivity-determining region
within the NS5A region [172, 173] as well as at aa 70 or 91[174, 175] in the HCV
core region are predictors of SVR and non-virological response (NVR). The
degree of quasispecies’ complexity and diversity of hypervariable region 1
(HVR1) is another marker, which is closely correlated with the responsiveness to

interferon therapy in CHC patients [176-178].

Recently, new direct-acting antiviral agents (DAAs) that target specific HCV
proteins are being developed. The first two NS3/4A oral protease inhibitors,
telaprevir [179-182] and boceprevir [183, 184] were approved for the treatment of
HCV genotype 1 infections when used in combination with peglFNa and RBV in
2011. This was a major advance in the pharmacotherapy of chronic hepatitis C.
With this new triple therapy regimen, SVR rates in patients with HCV genotype 1
infections were increased from 45-55% to approximately 70-80%, while
significantly reducing treatment duration. However, these DAA-containing triple
therapies are still associated with limitations. For examples, the spectrum of
serious side effects associated with anti-HCV therapy has increased; the triple
therapy is associated with a large pill-burden and complex dosing schedule; it is
limited to genotype 1 infections; and resistant mutations do occur. While writing
my thesis, two additional DAAs were approved by the Food and Drug
Administration (FDA), sofosbuvir (HCV NS5B polymerase inhibitor) and
simeprevir (a new HCV NS3/4A protease inhibitor). In addition, new HCV NS5A
inhibitors appear very potent and will soon be approved [185]. This will result in

therapeutic regimens that are more efficacious and convenient, better tolerated,
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active on all viral genotypes, as well as with a high barrier to develop viral

resistance.

1.3.2.3 HCYV vaccine

There is no prophylactic or therapeutic vaccine available for HCV infection
mainly due to its high viral genetic diversity, incomplete understanding of
viral persistence and most importantly, lack of a suitable experimental
animal model to HCV vaccine development [186] which will be further

discussed in section 1.4.

1.3.3 Innate immune response in HCV infection

As mentioned previously, a number of PRRs sense viral pathogens as non-self
within the host cells through recognition of specific PAMPs to activate innate
immune signaling. Three PRRs are critical in HCV recognition, RIG-I, TLR3 and
PKR. RIG-I has been shown able to recognize HCV infection within hours [187].
The PAMP substrate of RIG-I is identified as the polyU/UC region of the 3’ NTR
of the HCV RNA [34], along with an exposed 5’ terminal triphosphate (5 ppp)
moiety. Although the 5'-triphosphate and the 3’ NTR are at opposite ends of the
HCV genome, activation of RIG-I signaling can be initiated by known
intragenome interactions, which bring both 5’ and 3’ ends of HCV replication
intermediate into proximity [188]. The role of TLR3 in HCV recognition has been
demonstrated in TLR3-reconstituted Huh-7 and Huh-7.5 cells [189, 190]. HCV

replication is substantially reduced when TLR3 signaling is restored in these
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hepatoma cells. The TLR3 ligand of HCV has recently been identified as HCV
dsRNA replication intermediates that accumulate late during HCV replication
[189]. In contrast to RIG-I, activation of TLR3 is not dependent on the nucleotide
composition or genome position from which HCV dsRNAs derive. PKR has
recently been reclassified as a genuine PRR for HCV, which activates and
contributes to innate immune signaling and IFN production [191]. Studies in
tissue culture systems suggest that dsSRNAs generated during HCV replication
activate PKR and induce specific ISGs and IFNf production before RIG-I is
activated [191, 192]. The HCV ligand for PKR is the structured RNA at the IRES
of the HCV RNA [191, 193]. Paradoxically, this early activation of a PKR-
dependent host response seems to benefit the virus rather than the host, as
phosphorylation of the a subunit of eukaryotic initiation factor 2 (e[F2a), induced
by PKR activation, arrests host mRNA translation, but not HCV translation [193,

194].

Although detection of HCV by host PRRs results in an antiviral innate immune
response, the majority people with acute HCV infection develop a chronic
infection. Studies have shown that HCV has developed multiple strategies to
evade and actively counteract host innate defenses. In particular, the NS3/4A
protease of HCV is a crucial component of the strategy HCV uses to evade the
innate immune response [195]. It targets both MAVS in the RIG-I signaling
pathway [41, 196, 197] and TRIF in the TLR3 pathway [198] for proteolysis and
effectively abrogates IFN induction. Other HCV proteins, such as NS3 [199],

NS4B [200] and NS5A [201], impair the IFN induction pathways in vitro by
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several mechanisms. In addition, intensive in vitro experiments have shown that
HCV, especially HCV core and NS5A proteins [202, 203], blocks the JAK-STAT
signaling pathway downstream of the IFN receptors. It is worth to note that most
evidence on HCV evasion or impairment of host innate immunity is derived from
studies in tissue culture systems. Further confirmation remains to be performed in

an in vivo system.

Acute HCV infection in humans is mostly asymptomatic. As a result, very few
patients are diagnosed during the first few months after infection. Most of our
understanding of early events in acute HCV infection derives from liver biopsy
studies in experimentally infected chimpanzees [204-208]. In the first 2 weeks of
HCYV infection, HCV titers increase rapidly, but then viral replication slows down.
This reduction is believed due to the induction of type I I[FN-related ISGs in the
liver. Effective control of the HCV infection observed 8-12 weeks post-infection
is related to IFNy induction and upregulation of IFNy-stimulated genes in the
liver. In agreement with the observations from the chimpanzees, a strong
activation of IFNy signaling is seen in liver biopsy samples obtained 2-5 months
after HCV infection in patients [209]. The source of IFNy in the liver is the
infiltrating CD8-positive T cells found in direct proximity of hepatocytes. In
contrast to chronic HCV infections, the response rate in patients with acute
hepatitis C is over 90% to treatment with peglFNa [210, 211]. This is because
IFNy is the main source of ISG expression during the acute phase of HCV
infection. No elevations in transcript or protein levels of USP18 were found in

liver biopsy specimens of acute HCV infected patients [209] in contract to USP18
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mRNA and protein elevation seen in chronic HCV infected patients [212]. As
mentioned in section 1.1.2.2, USP18 is an IFN signaling negative regulator.
Prolonged upregulation of USP18 is associated with refractoriness to continuous
IFNa stimulation. Therefore, refractoriness to IFNa-based therapies in acute

HCV-infected patients is not as much an issue as in the CHC patients.

Clinical data in CHC patients show that HCV infection induces a strong ISG
response (either type I or type III IFN stimulated) in the liver of patients who
failed to response to IFNa therapy [161, 162, 213]. In addition, the expression of
intrahepatic chemokines is often elevated in hepatitis C patients, and the levels of
some of these correlate with the outcome of HCV infection or severity of liver
inflammation [214, 215]. It has been suggested that patients with pre-activated
IFN system fail to respond to further stimulation with peglFNa injection due to a
refractory effect, which may arise from prolonged upregulation of USP18 [212].
It remains unclear why the activated endogenous IFN system of the peglFNa non-
responders was unable to clear the infection. One possible explanation is that
HCYV infection induces phosphorylation of PKR and elF2a, leading to a global
down-regulation of cellular mRNA translation. As a result, the effector function
of IFN-stimulated genes is hampered, while the IRES-dependent translation of
HCV RNA is unaffected [194]. Another hypothesis relies on the cross-talk
between HCV-infected cells and the uninfected bystander cells [212]. Within the
liver of a HCV-infected patient, the majority of liver cells are virus free. It is
possible that the strong ISG expression observed in the pre-therapy livers is the

result of endogenous IFN stimulation of uninfected bystander cells, whereas high
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levels viral replication block the IFN signaling and target ISG gene expression in
cells harboring HCV. In fact, resident or infiltrating liver myeloid cells, including
pDCs and Kupffer cells, could produce type I or type III IFN after stimulation by
viral products released from infected hepatocytes. In particular, pDCs can produce
large amount of type I and type III IFNs upon recognition of exosomal transfer of
HCV RNA from neighboring hepatocytes [216, 217]. Cytokines produced by
pDCs, Kupffer cells and infected hepatocytes within the liver could also have an
impact on the recruitment of immune cells to the liver. This would likely
determine the effectiveness of the following adaptive immune response,
especially the generation of virus-specific cytotoxic T lymphocytes, resulting in
changes in HCV-induced pathogenesis and varying outcomes of IFN therapy
[195]. It has been suggested that this cross-talk between liver cell subtypes would
be influenced by the genotype of patient’s IFNA3 locus, e.g. those with the
favorable genotype have increased immune cell function and better viral clearance
[218]. In summary, it is becoming clear that liver is an immunological organ. The
crosstalk between the resident and infiltrating liver cell subtypes is important to
predicting IFN treatment outcomes as well as the way to direct an effective

adaptive immunity to HCV infection.

It is worth noting that innate immunity can also be over-activated and may result
in pathology over protection. Recently, two groups using LCMV infection in mice
as a model found that, although acute type I IFN signals is antiviral and stimulates
clearance of infection, when virus cannot be controlled, sustained IFN signaling

induces immunosuppression and facilitates persistent virus infection [219, 220].
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So interfering with type I IFN signaling restores multiple parameters of
productive antiviral immunity, allowing for viral clearance. Accordingly, in
chronic hepatitis C treatment, identifying the molecular basis for the antiviral
versus immunomodulatory effects of IFNa could be helpful to selectively
manipulate the undesired IFN effect. It will also be important to determine how
the balance between antiviral and immunoregulatory effects varies during HCV
infection over time, which allows appropriate decision to be made to modify

treatment strategies accordingly.

1.4 Experimental models for the study of hepatitis B and C viruses

1.4.1 Cell culture models for the study of hepatitis B and C viruses

The restricted host range and the need of highly differentiated and polarized
hepatocytes to establish HBV infection have strongly limited the development of
cell-based systems that model HBV infection. The first generation of in vitro
strategies was based on transfection of human hepatoma cell lines with vectors,
which can be either plasmids or recombinant adenovirus or baculovirus vectors,
carrying 1.1 to 3 HBV genome units. For examples, 2.2.15 cells [221] and
HepAD38 cells [222] are most commonly used HepG2 derived cells producing
HBV particles in laboratories. Even though these transfection-based in vitro
systems has significantly contributed to elucidate several aspects of the HBV life
cycle [221, 223], these systems do not permit assessment of viral infectivity or to
test the ability of specific HBV isolates to cope with host defenses. Primary

human hepatocytes have been shown to support HBV infection [224-227].
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However, susceptibility to infection is often low, and primary human hepatocytes
tend to loose their differentiation status within days and become non-permissive
for HBV infection quickly after plating, which hampered long-term studies [226,
227]. HepaRG cell line is a highly differentiated cell line isolated in 2002 [228].
This cell line represents an experimental breakthrough in HBV studies since it
supports the early steps of HBV infection and offers a new possibility to study the

infectivity of clinical isolates and HBV variants [229].

Similarly with in vitro systems for HBV study, development of experimental
culture systems for HCV has been challenging. Although infectious cDNA clones
derived from chronic hepatitis C patients infect chimpanzees [230-233], none
could be efficiently cultured in vitro. The first breakthrough for cell culture of
HCV was the development of a subgenomic replicon system [234]. The
subgenomic replicon is composed of the HCV-IRES, the neomycin
phosphotransferase gene for selection purpose, the IRES of the
encephalomyocarditis virus, which directs translation of HCV sequences from
NS2 or NS3 up to NS5B, and the 3' NTR [234]. The replicon system proved to
replicate at very high efficiency in the Huh-7 hepatoma cell line, the most
permissive cell type for HCV RNA replication [235]. A second breakthrough was
the discovery of a high-replication molecular clone, Japan Fulminant Hepatitis
type 1 (JFH-1), by Dr. Wakita’s group [236] from a “fulminant” hepatitis patient
infected with genotype 2a HCV [237]. Transfection of Huh-7 and its derivatives,
e.g Huh-7.5 cells, with in vitro-transcribed full-length JFH-1 RNA, or

recombinant chimeric genome of JFH-1 with another genotype 2a isolate, J6,
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produced viral particles that were infectious to naive Huh-7 cells, chimpanzees,
and chimeric mice populated with human hepatocytes [238-241]. In addition to
the infectious cell culture producing HCV based on the JFH-1 genome (termed
HCVcc system), genotype la (H77) and genotype 1b (Conl) virus production
systems have also been established [242, 243]. What’s more, a current study done
in our laboratory showed that culturing Huh-7.5 cells by supplementing tissue
culture media with 2% human serum produces over 1000-fold more JFH-1 than
the standard 10% FBS tissue culture conditions [244]. More importantly, the
HCYV virions produced with this method more closely resemble HCV present in

serum of infected patients.

Most recently, a group in China has established a novel hepatoma cell line,
HLCZO01 [245]. This cell line supports the entire life cycles of HBV and HCV
produced both in cultured cells and clinically. Interestingly, HLCZO01 cells are
able to mount an innate immune response to virus infection. The cell line holds
promise as a powerful in vitro tool for addressing the HBV and HCV life cycles,
the interactions between host and virus, as well as the development of novel

antiviral agents and vaccines.

1.4.2 Animal models for the study of hepatitis B and C viruses

Both HBV and HCV have a very narrow host range. Human and chimpanzee are
the only organisms naturally susceptible to these infections. Valuable in vivo data
on virus-host interactions, viral immunity, and the viral pathogenesis of HBV and

HCV infection have been obtained from clinical studies in humans or in

52



experimental studies in chimpanzees. However, clinical research is hampered by
the heterogeneity of human study cohorts, restricted access to liver samples and
limited control over critical experimental parameters. The chimpanzee has been
an important tool for HBV and HCV research from the discovery of the HCV
virus [135] to characterization of the natural clinical course of viral infection
including the immune response induced to both infections [116, 204, 205, 208,
246-248]. Due to their ability to mount virus-specific immune responses,
chimpanzees have been particularly useful in assessing the preclinical efficacy of
vaccine candidates for both HBV [249-252] and HCV [253-257]. The chimpanzee
model remains the gold standard for all other animal models in the field of HCV
research. But high costs and ethical constraints limit access to the chimpanzee
model. Chimpanzees have lower susceptibility to chronic HBV and HCV
infections than humans, thus limiting the study of viral cirrhosis and
hepatocellular carcinoma [248]. Therefore, the development of suitable alternative
models is critical, particularly since the Institute of Medicine report on
chimpanzee experimentation in 2011 recommended that the National Institute of

Health no longer provides financial support to studies using chimpanzees [258].

The tree shrew (Tupaia belangeri) supports both HBV and HCV infection and has
been used as a small animal model in HCV study. Some animals developed severe
liver disease including steatosis, fibrosis, and cirrhosis 3 years after initial HCV
infection [259]. However, experimental infection of tree shrews with HBV is not
efficient and causes only a mild, transient infection with low viral titers in these

animals [260, 261]. Drawbacks of this model are the limited availability of tupaia-
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specific reagents and the inability to easily manipulate its genetics.

Other than exploring the infectivity of HBV and HCV in different animals, some
closely related viruses have been proposed as surrogate models for the study of
the two infections. For example, GB virus B [262, 263] and canine hepacivirus
[264] for HCV studies, and DHBV [265] and WHBYV [266] for HBV studies.
These surrogate viruses, especially in HBV studies, have contributed greatly to
the understanding of viral replication, chronic infection, hepatic carcinogenicity

of hepadnaviruses and development of antiviral agents for HBV.

Mice and rats are the most frequently used laboratory animals due to their low
colony maintenance cost and the availability of numerous inbred strains with
genetic deficiencies as well as species-specific reagents to model human diseases.
Mice and rats are not susceptible to HBV or HCV infection. However, by taking
advantage of the genomic manipulation technologies, various approaches have

been explored to model HBV or HCV infection and their pathogenesis in mice.

In HBV studies, transgenic mice expressing partial or complete copies of the
HBV genome are developed [267-269]. They have been very useful in
investigating the mechanism of HBV replication, to study specific viral genes for
their oncogenic function in vivo, and to test the antiviral activity of various
nucleoside analogues, cytokines and HBV-specific small interfering RNAs.
However, HBV-transgenic mice are immunologically tolerant to HBV antigens
and, therefore they do not develop liver disease. Alternatively, systems, in which

the viral genome is introduced into mouse hepatocytes using recombinant
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adenoviral particles or adenoviruses [270, 271] or by hydrodynamic injection of
naked DNA [272], have been used to study tolerance to HBV antigens,

mechanisms of viral clearance and for testing antiviral therapies.

In studies of HCV, a number of transgenic mice expressing individual or
combinations of HCV gene products were developed mainly to study HCV-
induced liver diseases and intrahepatic, virus-specific adaptive immune responses
against HCV (reviewed in reference [273]). Attempts have also been made to
build a genetically humanized mouse model, i.e expression of human host factors,
such as virus entry receptors CD81 and OCLN, and/or inactivation of inhibitory
murine molecules to support the HCV life cycle [274, 275]. However, this
approach is challenging since the mechanisms for the narrow host range of HCV
are incompletely understood and the viral life cycle is insufficiently supported at
multiple steps in murine cells. Alternatively, a complementary approach is to
promote the adaptation of HCV to efficiently use entry factor orthologs of murine
origin, and to replicate and produce progeny virus in mouse cells by taking
advantage of the remarkable mutational plasticity of HCV [276]. This method
may have very limited usage in vaccine and therapy development since both of
them require accurate assessment of human-specific target/virus in order to gain

high efficacy.

Another humanization method is xenoengraftment of permissive human cells,
such as hepatoma cell lines or primary hepatocytes, in mice. The common

strategy shared by these models is to repopulate human-derived hepatocytes into
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mice that are immunodeficient to prevent xenograft rejection and often suffering
from an endogenous liver injury to promote hepatocyte proliferation and provide
human donor cells a competitive growth advantage over mouse hepatocytes.
Donor hepatocytes are usually injected intrasplenically from where they rapidly
migrate through the portal venous system into the liver resulting in a more even
distribution of donor cells throughout all liver lobes in contrast to localized
intrahepatic injections. Numerous models have been established based on the
xenoengraftment method. The severe combined immunodeficiency (SCID) / beige
(bg) - albumin (Alb) / urokinase-type plasminogen activator (uPA) model
transplanted with human hepatocytes was the first animal model to successfully
support HCV infection and replication [277]. This is the key model I used to

study HBV and HCV infection throughout my PhD program.

Overexpression of urokinase by the uPA transgene under the albumin promoter in
the mice leads to sustained mouse liver injury and neonatal liver failure. The
degeneration of mouse hepatocytes provides opportunity for engrafted primary
human hepatocytes to populate the failing liver, and establish chimeric livers
containing both mouse and human hepatocytes. This model supports robust and
sustained infection by clinical or tissue culture derived hepatitis viruses, including
HAV, HBV and HCV. The understanding of many aspects of HCV biology has
been furthered by studies in this model, e.g. viral entry [278, 279]; the role of
anti-HCV antibodies [280]; infectious particle composition [239, 281] and innate
immune responses [282-284]. It is also a superior model for the pre-clinical

evaluation of antiviral compounds over other small rodent models. The main
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drawbacks of the SCID/bg-Alb/uPA mouse model are its lack of an adaptive
immune system to study vaccines or viral infection clearance, inability to achieve
a fully humanized liver and its laboriousness and high cost. One of the unique
opportunities offered by this small animal model that particularly interested me is
the ability to separate viral and host factors in studies of hepatitis viral infections;
we can study infections by different viruses, such as different hepatitis viruses or
different genotypes or strains of HCV, in animals repopulated with hepatocytes
from the same donor (cryopreserved hepatocytes), or to use the same virus to
infect the mice transplanted with hepatocytes from different donors. This enables
us to control the variables in the examination of host-virus interactions and to
dissect the contributions of host and viral factors in the response to antiviral

treatment.

1.5 Research objectives

Since the discovery of HBV and HCV, the in vitro cultivation of these two viruses
has been experimentally difficult. At the time my PhD thesis was started, the in
vitro tissue culture systems that support a complete HCV or HBV life cycle were
limited. The infectious HCV tissue culture systems now include JFH-1 (HCV
genotype 2b) and H77 (HCV genotype la) in hepatoma Huh-7 cells or Huh-7
derived cells. In vitro HBV infection systems commonly used in laboratories
includes HepAD38 cells and 2.2.15 cells stably expressing HBV (ayw subtype).
In contrast, the SCID/bg-Alb/uPA mice engrafted with human hepatocytes are

susceptible to the infection of both tissue culture derived and clinically isolated
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HBV and HCV. More importantly, the SCID/bg-Alb/uPA mouse model offered
me a unique opportunity to separate viral and host factors in studies of hepatitis
viral infections which cannot be done in any of the current available tissue culture
systems; viral factors can be studied by infecting hepatocyte donor-matched
chimeric mice with different hepatitis viruses or viral strains, and host factors can
be investigated by using the same virus to infect the chimeric mice transplanted
with hepatocytes from different donors. This enables me to control the variables
in the examination of host-virus interactions and to dissect the contributions of

host and viral factors in the response to antiviral treatment.

As mentioned in previous sections in this chapter, interferon response is crucial to
viral pathogenesis as well as treatment in both HBV and HCV infections. The
main objective of this thesis was to study the role of interferon response in HBV
and HCV infections in the SCID/bg-Alb/uPA chimeric mouse model. I first
examined the contributions of viral and host factors to the response of HCV
infection to exogenous IFN treatment by manipulating the SCID/bg-Alb/uPA
chimeric mice with different HCV strains on donor-matched background or with
different hepatocyte donors infected with the same HCV strains. The second study
focused on detection of the endogenous interferon response induced during the
course of HBV or HCV infection in SCID/bg-Alb/uPA chimeric mice. The third
study was to compare the difference in molecular mechanisms by which HBV
versus HCV resist to the treatment of exogenous IFN. Lastly, two collaborative
projects were also included in this thesis: in collaboration with Dr. Yueh-Ming

Loo in Dr. Michael Gale Jr. laboratory in Seatlle, USA, I used the SCID/bg-
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Alb/uPA chimeric mouse model to study the potential antiviral effect of HCV
PAMP RNA by inducing innate immune responses; In collaboration with
Ragunath Singaravelu in Dr. John Paul Pezacki laboratory in Ottawa, Canada, the
role of miR-27 in HCV infection and hepatic lipid droplet (LD) biogenesis was

studied in the SCID/bg-Alb/uPA chimeric mouse model.
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CHAPTER 2

Materials And Methods
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2.1 Reagents and Materials

2.1.1 Reagents

During completion of this work, the following reagents and supplies were

utilized as recommended by the manufacturer, unless otherwise specified.

Table 2.1 Commercial sources of materials, chemicals, and reagents

Name

Source

10% buffered formalin phosphate
2-Mercaptoethanol
4’,6-diamidino-2-phenylindole (DAPI)

40% Acrylamide/Bis-acrylamide solution (29:1)

Acetone (Certified ACS)

Agarose, ultrapure, electrophoresis grade
Ampicillin

Bovine serum albumin (BSA)
Bromophenol blue

Chloroform
™

Complete EDTA-free protease inhibitors
Disodium phosphate

Dithiothreitol (DTT)

Ethanol

Ethidium bromide solution
Ethylenediaminetetraacetic acid (EDTA)
Fetal bovine serum (FBS)
Formaldehyde, 37% (v/v)

Glacial acetic acid

Glucose

Glycerol

Glycine

Human DNA

Human IFNo-2b (INTRON® A)
Human peglFNa-2b (PEGSYS)
Hydrochloric acid

Isopropanol

Isopropanol, molecular biology grade
L-Glutamine

Magnesium acetate

Magnesium chloride

Methanol

Monopotassium phosphite

Mouse DNA

N,N,N’,N’ -tetramethylenediamine (TEMED)

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Bio-Rad

Thermo Fisher Scientific
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific

Roche

BDH Chemicals
Sigma-Aldrich
Commercial Alcohols
Sigma-Aldrich

EMD Chemicals
Invitrogen
Sigma-Aldrich

Thermo Fisher

Thermo Fisher Scientific
Thermo Fisher Scientific
EM Science

Promega G3041
MERCK

Roche

Thermo Fisher Scientific
Commercial Alcohols
Sigma-Aldrich
Invitrogen

Thermo Fisher Scientific
EMD Chemicals

Thermo Fisher Scientific
BDH Chemicals
Promega G3091
Sigma-Aldrich
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Table 2.1 (continued)

Name

Source

Paraffin wax for tissue embedding
Paraformaldehyde

Phenol, buffer saturated
Phosphoric acid

Sigma-Aldrich

Thermo Fisher Scientific

Sigma-Aldrich

Thermo Fisher Scientific

Poly(I:C) Sigma-Aldrich
Potassium acetate Anachemia
Potassium chloride Becton, Dickinson & Company
Prolong gold mounting medium Invitrogen
Random hexamer primers Invitrogen
™
Restore ~ Western Blot Stripping Buffer Pierce
Skim milk powder Carnation

Sodium azide
Sodium chloride
Sodium dodecyl sulphate (SDS)

Sigma-Aldrich
Sigma-Aldrich
Bio-Rad

Sodium hydroxide Sigma-Aldrich
Spermine Sigma-Aldrich
Sucrose EMD Chemicals
Tissue-Tek Optimal Cutting Temperature

Compound (OCT) Sakura
Tris base VWR
Triton X-100 VWR
TRIZOL Invitrogen
Tween 20 Thermo Fisher
UltraPure distilled water Invitrogen
Xylene cyanol FF Sigma-Aldrich

Table 2.2 Molecular size standards

Marker Source
GeneRuler 1 kb DNA Ladder Fermentas
PageRuler Pre-stained Protein Ladder (10-170 kDa) Fermentas
Table 2.3 DNA/RNA modifying enzymes
Enzyme Source
DNase I Ambion
Moloney Murine Leukemia Virus Reverse Tvitrogen
Transcriptase (M-MLV RT)
RNaseOut Invitrogen
ThermoScript™ reverse transcriptase Invitrogen
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Table 2.4 Multi-component systems

System Source
High Pure Viral Nucleic Acid kit Roche
Lipid based in vivo transfection reagent Altogen Biosystems
MegaScript in vitro transcription kit Ambion
Pierce BCA Protein Assay kit Thermo Scientific
Platinum Taq PCR System Invitrogen
Power SYBR® Green PCR Master Mix Applied Biosystems
QIAprep spin miniprep kit QIAGEN
QIAquick PCR Purification kit QIAGEN
SuperScript III Reverse Transcriptase system Invitrogen
TagMan® Universal PCR Master Mix Applied Biosystems
Table 2.5 Detection systems
System Source
ABI 7900 Real Time PCR system Applied Biosystmes

Leica TCS SP5

NanoDrop ND-1000 Spectrophotometer

PVDF membrane (0.45 uM)

Rx film

Supersignal West Pico chemiluminescent substrate
TMB microwell peroxidase substrate system
Ultraviolet gel transilluminator

XO-MAT Developer

Leica microsystems
Thermo Scientific
Millipore

Fuji

Thermo Scientific
KPL

Thermo Fisher Scientific

Kodak

2.1.2 Commonly used buffers and solutions

Table 2.6 Buffers and Solutions

Name Composition

1% agarose gel

running buffer for
HBYV capsid WB EDTA
5x Protein sample

buffer mercaptoethanol

80 mM Tris H;PO,4 pH 7.5, 1 mM Mg(OAc),, 0.1 mM

62.5 mM Tris-HCI (pH 6.8), 25% (v/v) glycerol, 2% (w/v)
SDS, 0.01% (w/v) bromophenol blue, 5% (v/v) B-

6 x DNA gel loading 40% (w/v) sucrose, 0.25% (w/v) bromophenol blue, 0.25%

buffer (w/v) xylene cyanol FF

Back extraction buffer .
Tris

4M Guanidine Thiocyanate, S0mM Sodium Citrate, 1M
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Table 2.6 (continued)

Name Composition
Coating buffer 4.21g NaHCOj; and 5.5g N,COs in 1L distilled water.
0 .
Equilibration buffer 75% EtOH, 0.3M NaoAc, 10mM Mg(oAc),, 10mM Tris,

Hepatocyte medium

Orange G loading dye

Phosphate buffered
saline (PBS)

PBS-T

RIPA buffer

SDS-PAGE resolving
gel buffer

SDS-PAGE running
buffer

SDS-PAGE stacking
gel buffer

TAE

Tris-buffered saline
(TBS)

TBS-T
TE solution

Transfer buffer

TritonX-100 lysis buffer

pHS

DMEM supplemented with 10% FBS, 50IU/mL
penicillin, 10pg/mL streptomycin and 10pg/mL
hepatocyte growth factor

0.35% Orange G, 15% Ficoll 400, dissolve in H,O

137 mM NaCl, 2.7 mM KCl, 6.5 mM Na,HPO,, 1.5 mM
KH,PO, (pH 7.15-7.4)

137 mM NaCl, 2.7 mM KCl, 6.5 mM Na,HPO,, 1.5 mM
KH,PO, (pH 7.15-7.4), 0.05% (v/v) Tween-20

50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.1%
SDS, 1% Triton X-100, 1% sodioum deoxycholate, 5
mM EDTA

0.1% SDS, 374 mM Tris-HCI (pH 8.8)

250 mM glycine, 0.1% SDS, 100 mM Tris Base (pH 8.3)

0.1% SDS, 250 mM Tris-HCI (pH 6.8)

40 mM Tris acetate, | mM EDTA (pH 8.0)

137 mM NacCl, 2.7 mM KCl, 24 mM Tris-HCI
(pH 7.4)

137 mM NaCl, 2.7 mM KCIl, 24 mM Tris-HC1
(pH 7.4), 0.05% (v/v) Tween 20

1 mM EDTA, 10 mM Tris-HCI, pH 7.5

200 mM glycine, 25 mM Tris base (pH 8.3), 20% (v/v)
methanol, 0.1% (w/v) SDS

50 mM Tris-HCI (pH 7.2), 150 mM NacCl, 2 mM
EDTA, 1% (v/v) TritonX-100, 1 mM fresh DTT
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2.1.3 Oligonucleotides

Table 2.7 Oligonucleotides

Name Forward primer Probe Reverse primer Usage
(5'->3") (5-FAM-TAMRA-3’) (5'->3") g
— AACTCCCCTGATG  N/A CTGCTCTGACAACC _ RT-qPCR
AATGC TCCC
IFNp CAATTTTCAGTGTC CTGTGGCAATTGAAT  AAAGTTCATCCTGT  RT-qPCR
AGAAGCTCC GGGAGGCTT CCTTGAGG
L28A+p  GACGCTGAAGGTT — CCACCGCTGACACTG — ATATGGTGCAGGG — RT-gPCR
CIGGAG ACCCA TGTGAAG
1129 CTGTCACCTTCAA  CCCATCGGCCACATA  GACGTTCTCAGACA  RT-qPCR
CCTCTTCC TTTGAGGTCT CAGGTTC
HPRTI CTTGGTCAGGCAG  N/A CAAATCCAACAAA  RT-qPCR
TATAATCCA GTCTGGET
CAACCAGGCTCCA  TTTCCTTGAAGGCCGC GGAATCACGTCCA
APOBEC3G ) raaacac CATGCA GGAAGCA RT-qPCR
.. AGATGTTTCTGAA TGGATTGGTAGAGCG GCAGACAATGGCA
CIGS/Viperin - z0GAGGA GAAAGTGGA GTTACTC g
AGGAACCCCAGTA CCTGCATCAGCACCA  GGTCTTTCAAGGAT
CXCL9 GTGAGAAAGG ACCAAGGGA TGTAGGTGGAT RT-qPCR
TGAAAAAGAAGGG CTGAATCCAGAATCG  CCTTTCCTTGCTAA
CXCLIOIPI0  1GAGAAGAGATG ~ AAGGCCATCAAGA CTGCTTTCAG LSIIGECLES
CCTCCATAATGTA  AGGACAACGATGCCT  TTTTTGATTATAAG
CXCLI11 CCCAAGTAACAAC AAATCCCAAATCG CCTTGCTTGCT RT-qPCR
T
AAGGCCCTGACCT  AGGAGGACTCGCAGT — ATTCAGGATCGCA
UL TCAT CGCC GACCA LIIEGECLES
GTAGTTTTGCCCCT GACATCATCTTGGCTG TGTGATTGGAGGA
IF127 GGC CT GTTGTGGCTGT RT-qPCR
P— AGGAAGATTTCTG ~ CACTGCAACCATGAG ~ GTTCCAGGTGAAAT oo oo
AAGAGTGC TGAGAACAATAAGAA  GGCA 4
TCCTCATGACCATT AGACTGTCACAGAGC  CCGTTTTTCCTGTA
IFITM1 GGATTCATC CGAATACCA TTATCTGTAACATA  RT-qPCR
A
— CTGTCGCCATGTG  CAGCACTCTCCCCGA — TGTCCGGCACAACT oo oo
CTGTCA CTGGCACA TCCA q
IRF3 CCCTCACGACCCA  CAGACACCTCTCCGG  CCCAGTAACTCATC b oo
CATAAAATC ACACCAATG CAGAATGTC 4
— GTGAAGCTGGAAC ~AGCGCCAACAGCCTC — CCATAAGGAAGCA  po oo
CCTGE TATGACG CTCGATGTC 4
IRF9 GCCCTACAAGGTG ~ CCACCAGGAATCGTC — TCGCTTTGATGGTA  po bo
TATCAGTTGCT TCTGGCCA CTTTCTGAGT 4
TGGTGAGGAATAA  N/A CAGATTCATGAAC
ISG15 CAAGGGC ACGGTGC LIIEGECLES
ACCCACAGGGTCA  TTCTCCTCCTCATCCC  TCACTCTCTGCACC
MAVS GTTGTATCTACT CTGGCTTGG CTGTTTACC RT-qPCR
ACCTGATGGCCTA  N/A TTCAGGAGCCAGCT
Bk TCACCAG GTAGGT g
OAS] TGTGTGTCCAAGG ~ CCTCAGGCAAGGGCA  CAACCAGGTCAGC — po bon
TGGTAAAGG CCACCCT GTCAGATC 4
GGTGAACACCATC  N/A TGAACCCATCAAG
OAS2 TGTGACG GGACTTC LIIEGECLES
TTAGTGACCAGCA  N/A ATGCCAAACCTCTT
PKR CACTCGC GTCCAC RT-qPCR
—— GGACGTGGCAAAA  ATTGTGATCTCCACTG ~ ACACAGGAATGAC oo oo
CAAATCAG GCTTTGA CCTCCCGGCA 4
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Table 2.7 (continued)

Name Forward primer Probe Reverse primer Usage
(5'->3") (5-FAM-TAMRA-3’) (5'->3") 8
— CAAAGCGATGAGA  CTTGTCATTGGTCACT ~ CTGAGTCTTCTTCC oo oo
TCCTGAG GAAGTGCTTCT GCATTC q
GTGGAAAGACAGC ACTGGACCCCTGTCTT AACGCACCCTCAG
STATI CCTGCAT CAAGAC AGGCCGC RT-qPCR
SN ACCAGTTGCTCAC  GGTAGTAGCACCCAA  TGCGCTTCCTCTAT oo oo
TGAGGAGAATATA AAGCTTCA CCCCGAATCC 4
TGCGTGCTGACGT ~ TGCTCCTGCAGTCTCT ~ GTACTTGTCCTGCA
TNESFI0 G\ pert CTGTGTGGCT TCTGCTTCA RT-qPCR
GCAGGAGTTTGTG ~CCAAGGGAGCAGTGC AGAGGTTCTGTCAG
TRIM22 ACCAA AATGGATTT GAGC LSIIGECLES
CCGAGGTGGAACT AAGCTGATAAAAGGC TTCAGCTCGTTTTT
TRIM25 Gaacca ATCCACCAGAGCA GAGGTCTATG RT-qPCR
TGGCCTACTGCCT  TGCAACGTGCCCTTGT GGTACAGTTGGGC
USP18 GCAGAA TTGTCCA AGCATCA LSIIGECLES
CTTGAGCACCAGC TCATAAGGCCAATGA  GCATGTCCAGTTTG
XAF1 AGG GTGCCAGGA CAGA RT-qPCR
TGCCTGGCAGAGA  AGCTCACCTCCCACAT GCTTGCACTCTGAT
Mouse Mx1 ) crgacT CTGTAAATCACTGC GACTGCTATTT LSIIGECLES
CCCGGTCTCTGAG  TGAGCGCCCCCCATCT GCTGGCAGCACAT
Mouse OASIa  ~preapG GCA CAAACTC RT-qPCR
GCCTCACACTTAT  TTTGGATTCCCCTTGG ~ GCCTTCTGGATCTG
Mouse IFNo4  , » cerege AGAAGGTGG TTGGTTA U= ELI
CAGCCCTCTCCAT  CTCCAGCTCCAAGAA  TCTCCGTCATCTCC
Mouse IFNB  \ A CTATAAG AGGACGAACAT ATAGGG RT-qPCR
ACC ACA GTC CAT  N/A TCC ACC ACC CTG
Mouse GAPDH 5 s 1¢ AC TTG CTG TA LSIIGECLES
GGCCGCTTCACAGTG N/A TCGAGGCAGAACTTA
. GCTAAGTTCTGCGTG GCCACTGTGAAAATC
miR-27 ATTTTCACAGTGGCT ACGTAGAACTTAGCC RT-qPCR
AAGTTCTGCC ACTGTGAAGC
— GGCCATCAGCGCA  CTCTGCCGATCCATAC — C/isNitlnd/GCTGCGA .
G TGCGGAACTC GCAAAACA
TCTGCGGAACCGG ~CACGGTCTACGAGAC — GTGTTTCTTTTGGT
HCV TGAGTA CTCCCGGGGCAC TTTTCTTTGAGGTT  Titiration
TAGG
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2.1.4 Antibodies

Table 2.8 Primary antibodies

Antibody Application* Source

Goat anti-human albumin ELISA, WB, IF Cedarlane
Rabbit anti-HBcAg WB, IF DAKO
Rabbit anti- human CK18 WB, IF Abcam
Mouse anti-human STATI1 IF BD Biosciences
Rabbit anti-human ISG15 WB Cell Signaling
Mouse anti-HCV core WB Thermo Scientific

Dr. Michael. Gale Jr.
Mouse anti-HCV NS5A WB University of

Washington

* WB: Westernblot; IF: immunofluorescence; ELISA: Enzyme-linked immunosorbent assay

Table 2.9 Secondary antibodies

Antibody::Conjugate Application* Source
Goat anti-mouse::HRP WB Invitrogen
Goat anti-rabbit::HRP WB Invitrogen
Goat anti-human albumin::HRP ELISA BETHYL
Goatanti-mouse::Alexa488 IF Invitrogen
Goatanti-mouse::Alexa546 IF Invitrogen
Goatanti-rabbit::Alexa488 IF Invitrogen
Goatanti-rabbit::Alexa546 IF Invitrogen

* WB: Westernblot; IF: immunofluorescence; ELISA: Enzyme-linked immunosorbent assay
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2.1.5 Cells, animals and viruses

2.1.5.1 Cells

Cryopreserved human primary hepatocytes were purchased commercially. Each
lot of hepatocytes represented a distinct donor. Hepatocyte donors with younger
ages were intentionally selected due to their higher engraftment success rate.
Since not every lot of hepatocytes produces chimeric mice with satisfactory
engraftment, a trial study using 10-20 mice was performed before each lot of
human hepatocytes was used for experiments. Five hepatocyte preparations were
used in my studies: Hu8063, Hu8085 and Hu4109 were purchased from
CellDirect Inc, USA. FLO cells were from BioreclamationlVT, USA.
Hepatocytes Hu3111 were freshly isolated from a liver donor supplied by Dr.
Norm Kneteman (A liver surgeon, University of Alberta Hospital). Informed
consent was obtained from all local donors of human hepatocytes in accordance
with the University of Alberta Faculty of Medicine Research Ethics Board

guidelines.

2.1.5.2 Animals

All mice were housed and maintained in pathogen-free ventilated cages according
to Canadian Council on Animal Care guidelines. All animal experiments were
approved by the University of Alberta Animal Welfare Committee. The SCID-
bg/Alb-uPA transgenic mice were produced by crossing B6SJL-TgN (Alb 1 p

Plau) 144Br (Jackson, Bar Harbor, Maine) mice carrying the uPA gene linked to
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an albumin promoter with C-b-17 Gbms Tac-SCID/bg immunodeficient mice
(Taconic Farms Germantown, New York) [277]. Offspring were crossed back to

homozygosity for both the SCID/bg trait and the Alb-uPA transgene (Figure 2.1).

2.1.5.3 Viruses

Two isolates of HCV viruses were used in my studies: HCV gtla was from a null-
responder hepatitis C patient and HCV gt2b was isolated from a patient who
achieved a SVR after peglFN and ribavirin treatment. One HBV stock virus
isolated from a HBV positive patient was used in my studies. All three clinical
viral isolates were collected from Dr. Lorne Tyrrell’s clinic (University of
Alberta, Edmonton, Alberta.). The collection and use of human sera in these
studies were approved by the human ethics committee, Faculty of Medicine and

Dentistry, University of Alberta.

2.2 Methods

2.2.1 Generation of SCID/bg-Alb/uPA chimeric mice

The generation of SCID/bg-Alb/uPA mice is illustrated in Figure 2.1. Briefly,
mice were transplanted with human hepatocyte between 10-21 days of age.
Animals were anesthetized with isoflurane/O2 followed by a small left-flank
incision to expose the spleen. Human hepatocytes (0.5-1 x 10° per mouse) were
then injected slowly into the inferior splenic pole for repopulation of the mouse
liver. A single titanium clip was placed across the injection site for hemostasis,

and the incision was closed. The transplantation procedure was performed under a
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surgical microscope (Leica M275). After the surgery was completed, mice were
closely monitored in a newly prepared cage until they were fully recovered. A
red light was used to keep the animals warm during recovery. Pain-relief

medication was offered if there was any sign of stress during recovery.

In order to produce the chimeric mice, I took an advanced surgery training course,
microvascular surgery (SURG 555), offered by Department of Surgery, Faculty of
Medicine and Dentistry, University of Alberta. As a result of this training, I
experted in performing human hepatocyte transplantation into 5-21 day old mice
to produce chimeric mice. The surgery for the vast majority of experimental mice
used in my projects or in collaborative research projects during my PhD studies

was performed by me with the help of a lab technician.
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Figure 2.1 Generation of SCID/bg-Alb/uPA chimeric mice.

Alb-uPA transgenic mice were crossed with SCID/bg mice to obtain
homozygosity for both traits [277]. The homogenous SCID trait causes severe
combined immunodeficiency affecting both B and T lymphocytes, resulting the
loss of B- and T-cell immunity [285]. The beige mutation in mice leads to
impairment in NK cell function [286]. Expression of the Alb/uPA transgene
results in urokinase overproduction in the liver that accelerates mouse hepatocyte
death. Human hepatocytes were then transplanted into immunocompromised
transgenic newborn mice with liver injury, resulting in a chimeric liver with
partial population with human hepatocytes (Red nodules in the chimeric livers).
The SCID trait could be followed by confirming the absence of mouse IgG in
SCID homogenous mice. We originally used anti-NK antisera to simulate the
beige trait. However, we are grateful to Dr. William Addison for developing a

lysosome granule staining system to select for homogenous beige mice.
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2.2.2 Defrosting of human hepatocytes

Before each surgery, vials containing cryopreserved human hepatocytes cells
were removed from liquid nitrogen and incubated in 42°C water bath until 70-
80% cells were thawed. Cells were then transferred into freshly prepared cold
hepatocyte medium (Table 2.6) with at least 10 times volumes of the initial cell
suspension and mixed well. Hepatocytes were spun down at 200xg for 5-10
minutes at room temperature and supernatant was discarded for the removal of
dimethyl sulfoxide (DMSO) in the original cell suspension. The pellet was
resuspended in cold hepatocyte medium with a volume of 200uL (0.5-1 million

cells) for each mouse.

2.2.3 Human albumin measurement in mouse serum

Four and eight weeks after transplantation, the approximate human hepatocyte
repopulation levels in transplanted mice were determined by measuring human
albumin in mouse serum using a sandwich enzyme-linked immunosorbent assay
(ELISA). Briefly, a 96-well ELISA plate was coated at 4 C overnight with a
capture antibody, unlabeled goat anti-human albumin antibody, 1:800 diluted in
coating buffer (Table 2.6). The next day, each well of the plate was blocked with
200uL of 1% gelatin in TBS-T (blocking solution) at room temperature for 30
minutes following 3 washes with TBS-T. A positive human serum control with
known human albumin concentration (1:10,000 diluted in blocking solution), a
negative control (1:150 diluted mouse serum in blocking solution), standards

(serial dilutions of commercial human albumin with known concentrations) and
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mouse serum samples 4-fold serially diluted from 1:5,000 in blocking solution
were added to the ELISA plate at 100uL each well and incubated at room
temperature for 1 hour. After washing in TBS-T 3 times, 100uL goat anti-human
albumin antibody conjugated with horseradish peroxidase (HRP) diluted 1:80,000
in blocking solution was added to each well as the detection antibody. The plate
was incubated at room temperature for 1 hour, washed with TBS-T for 3 times,
and then 100uL of 3,3',5,5'-tetramethylbenzidine (TMB) microwell peroxidase
substrate was added for HRP detection. The detection reaction was stopped by
adding 100uL of 1M phosphoric acid in each well. The optical density (OD) for
each well was read with a microplate reader (Spectra max plus 384, Molecular
Devices) set to 450nm. Concentration of each chimeric mouse samples was
calculated according to OD readings of the positive control and the standard curve

in the same plate.

2.2.4 Viral infection

Animals with successful human engraftment at eight weeks post transplantation
were used for HBV and HCV infection studies. A previous study by Steenburgen
et al. in our lab showed that infection success by HCV in SCID/Alb-uPA chimeric
mice was correlated with human hepatocyte engraftment success, whereas mice
with lower engraftment that did not support HCV infection were susceptible to
HBYV infection [281]. In addition, other than a significant engraftment of mouse
livers with human hepatocytes, humanization of lipoprotein profiles, such as

expression of markers of human lipoprotein biosynthesis, human apolipoprotein B
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(hApoB) and cholesterol ester transfer protein (CETP), was positively associated
with HCV infection success [281]. Based on these results as well as my
experience working with HBV and HCV infections in the chimeric mice, chimeric
mice with human albumin levels higher than 1,000pg/mL at 8-week post
transplantation were used for HBV infection and mice with albumin higher than

5,000pug/mL were use for HCV infection studies.

Mice with greater than 5,000pg/mL serum human albumin level were infected
intravenously (i.v) with 100uL of human serum containing at least 10° genome
equivalence of HCV per mL. Chimeric mice with human albumin level at
1,000pg/mL and above received a single intraperitoneal (i.p) injection of 100uL
HBV-positive human patient serum (greater than 10° genome equivalence). For
the mock-infected controls, age- and hepatocyte donor-matched chimeric mice
with the similar range of human chimerism received 100pL of serum from a
HBV-negative, HCV-negative and human immunodeficiency virus (HIV)-

negative healthy donor through i.v or i.p injection.

2.2.5 Exogenous interferon treatment

Human [FNa-2b (INTRON® A) was used in all my experiments unless otherwise
specified due to that both HBV and HCV infection takes place in human
hepatocytes in the chimeric liver. Exogenous IFN treatment was performed by
subcutaneous (s.c) injections, the same route as in patients, daily for 14 days at
1,350 international unit (IU)/gram body weight. The injection was prepared in

PBS to a final concentration of 1,350 IU/uL. The volume of IFNa-2b was
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determined by the weight of each mouse. Six hours after the last IFN injection at
day 14, mice were sacrificed and samples/tissues were collected for further
analysis (see section 2.2.6). Animals injected s.c with an equivalent volume of
PBS were used as control animals. For the treatment with pegylated IFNa-2b
(Pegasys, Roche), mice were given 875ng of peglFN once a week by s.c injection.
After 4 weeks, treatment was discontinued and animals were kept as treatment-

free for two weeks to monitor potential relapse before termination.

2.2.6 Tissue dissection and organ harvest

Infected chimeric mice were euthanized and tissues and organs were harvested at
pre-determined endpoints. Mice were first anesthetized by isoflurane at 5%
vaporiser concentration. Ethanol (70%) was used to sanitize the mouse abdomen
followed by a laparotomy using surgical scissors to gain access into the
abdominal cavity. The diaphragm was penetrated and blood was collected through
an apical puncture of the heart by a 25-gauge needle and syringe. The liver was
dissected, rinsed in cold PBS and cut into small pieces using a scalpel. The liver
pieces were divided into 3 groups: one group was placed in a tissue cassette and
fixed in 10% buffered formalin phosphate for paraffin embedding and sectioning,
one group was placed into a labeled mold with Tissue-Tek OCT and snap-frozen
in liquid nitrogen for cryostat sectioning, and the last group was directly snap-
frozen in liquid nitrogen for future DNA/RNA/protein analysis. Snap-frozen
tissues were transferred for long-term storage in a -80°C freezer. Blood was

centrifuged at 1500xg for 10 minutes at room temperature and the serum was
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divided into small aliquots and stored in a -80C freezer for future analysis.

Tissue for paraffin embedding was fixed in 10% buffered formalin phosphate
overnight on a shaker. They were processed in increasing concentration of
ethanol, 70% to 90% to 100%, for 60-90 minutes each concentration, followed by
replacement in 100% butanol-1 overnight. Tissues were paraffin embedded by
vacuum infiltration and sectioned at 4 microns by a Shandon Histocentre 2

microtome for histological analysis.

The cryostat tissues in OCT were stored in a -80 C freezer or in liquid nitrogen
for long-term storage. Before each experiment, the tissues were cut into 4 microns
by a Shandon Histocentre 2 microtome on glass slides and used for indirect

immunofluorescence staining.

2.2.7 Total RNA isolation from snap-frozen liver samples

The snap-frozen liver samples harvested in experimental chimeric mice, as
described in section 2.2.6, were powdered in a mortar and pestle containing liquid
nitrogen and divided into 4-5 cryopreservation vials. One mL of TRIzol reagent
was added to one vial of liver powder for total RNA isolation according to the
manufacturer’s specifications. The homogenate was incubated on a shaker for 30
minutes at room temperature to permit the complete dissociation of the
nucleoprotein complexes. Chloroform (0.3mL) was added to the homogenate and
mixed vigorously by vortexing for 15 seconds. Samples were incubated at room

temperature for 3-5 minutes then centrifuged at 12000xg for 15 minutes at 4 C,
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which separates the mixture into a lower red phenol phase, interphase and
colorless upper aqueous phase containing total RNA. The aqueous phase was
transferred into a new tube and 0.5mL of chloroform was added to remove the
traces of phenol. The samples were vortexed for 15-20 seconds and incubated on
a shaker for two minutes before centrifugation at 12000xg for 15 minutes at 4 C.
The aqueous phase was collected and mixed with 250uL isopropanol to
precipitate the RNA. Samples were incubated at -20'C overnight. Samples were
then centrifuged at 12000xg for 30 minutes at 4 C. The supernatant was removed
and the RNA pellet was washed by adding ImL of 75% (v/v) ethanol prepared
with RNase-free water and centrifuged for 5 minutes at 4°C. The RNA pellet was
air-dried at room temperature and 50puL of RNase-free water was used to
resuspend the pellet by pipetting up and down several times and incubating at
55°C until dissolved completely. The quantity and purity of total RNA (1:30
diluted in RNase-free water) was measured by Aje and Axeo/Aszso ratio readings
on a NanoDrop spectrophotometer and the final total RNA concentration was

calculated by multiplying dilution factor of 30.

2.2.8 Genomic DNA isolation from snap-frozen liver samples

After complete removal of the aqueous phase containing RNA as described in
section 2.2.7, genomic DNA was isolated in the interphase and phenol phase from
the initial homogenate. Specifically, 0.5mL of back extraction buffer (Table 2.6)
was added to the tube. Samples were incubated at room temperature on a shaker

for 10 minutes and centrifuged at 12,000xg for 30 minutes at 4°C. The upper
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aqueous phase was transferred into a new tube, 15ug of liner polyacrylamide
(LPA), a RNA carrier, and 0.5mL of isopropanol were added for DNA
precipitation. Samples were incubated at -20C overnight, followed by
centrifugation at 12,000xg for 15 minutes at 4°C. Supernatant was removed and
pellet containing DNA was washed twice by adding 1mL of 75% (v/v) ethanol
prepared with DNase-free water, incubating at room temperature for 10 minutes
on a shaker and then centrifuging for 5 minutes at room temperature. Ethanol was
removed and DNA was air-dried on bench and dissolved in 200puL TE solution
(Table 2.6). Additionally, 1/10 volume (20uL) of 0.IM spermine (dissolved in
water) was added to the DNA samples. The precipitation of DNA with spermine
is useful for removing many contaminations that normally co-precipitate with
DNA [287]. Samples were incubated on ice for 15 minutes and centrifuged at
13,000xg for 5 minutes at room temperature. Supernatant was discarded. The
precipitate was incubated in 0.5mL of equilibration buffer (Table 2.6) at room
temperature for at least 1 hour to remove the spermine. Samples were centrifuged
at 13,000xg for 5 minutes at room temperature and supernatant was discarded.
DNA pellets were washed 2-3 times in ImL of 75% (v/v) ethanol prepared with
DNase-free water and finally dissolved in 50uL of DNase-free water. The
quantity and purity of isolated genomic DNA (diluted 1:10 in DNase-free water)
was quantified by Azs and Aje/Azgo ratio readings on a NanoDrop

spectrophotometer.
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2.2.9 Human chimerism measurement

This method was developed by Dr. William Addison, a research scientist in Dr.
Lorne Tyrell’s laboratory. Purified genomic DNA (Aze0/Azs0 ratio was ~1.9)
isolated from each chimeric mouse liver sample (described in section 2.2.8) was
diluted to a final concentration of 5Sng/uL with 1/10 TE solution. The average
human cell content of chimeric liver was determined using a TagMan Copy
Number Reference Assay, which targets the single copy human RNase P gene
(Applied Biosystems). Each polymerase chain reaction (PCR) reaction contained
10uL of Tagman Universal PCR master mix, 1uL of RNaseP reference assay (20x
stock), 4uL. of genomic DNA (20ng) and 5uL of water. Each sample was run in
triplicates. The reaction conditions were 50°C for 2 minutes, 95°C for 10 minutes,
and 40 times of a PCR cycle (95°C for 15 seconds and 60°C for 1 minute). A
standard curve for the TagMan assay was constructed using known-ratio mixtures
of quantified commercial human/mouse genomic DNA ratio: 0%, 2%, 10%, 20%,

30%, 50% and 70% of human DNA with the balance of mouse DNA.

2.2.10 HCV titer quantification in mouse serum

HCV RNA was extracted from 30puL mouse serum samples using High Pure Viral
Nucleic Acid kit according to manufacturer’s directions. Extracted RNA samples
were dried by vacuum centrifugation for 1.5 hours at 2000rpm, followed by
reverse transcription using HCV specific primer (HCV reverse primer in Table
2.7) and ThermoScript™ reverse transcriptase according to manufacturer’s

directions. Briefly, mixture of 1puL of 10mM RNase-free dNTPs and 1uL of 2uM
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HCYV specific primer with RNase-free water up to a total volume of 13pL was
added to the dried HCV RNA. The sample was mixed gently and transferred into
a 0.2mL PCR tube. The sample was heated to 65°C for 5 minutes and quickly
chilled on ice. Then 4uL of 5X cDNA synthesis buffer, 1uL of 0.1M DTT, 1uL of
RNaseOUT (40U/uL) and 1uL of ThermoScript™ reverse transcriptase (15U/uL)
were added to the PCR tube. The contents were mixed gently and incubated at
50°C for 60 minutes. The reaction was stopped by heat inactivation at 85°C for 15
minutes. The resulting complementary DNA (cDNA) was used for the preparation
of a reaction mixture for real-time quantitative PCR. Briefly, 900nM of each HCV
specific primer (2.25uL of 10uM stocks) and 250nM of probe (2.5uL of 2.5uM
stock) (Table 2.7) and 12.5uL of TagMan universal master mix were mixed in one
well of a 96-well PCR plate with water added to make the final volume of
22.5ul. HCV c¢DNA (2.5uL) was added to the well before the PCR plate was
sealed to prevent vaporization. The PCR was performed on an ABI 7900 Real
Time PCR machine. The reaction conditions were 50°C for 2 minutes, 95°C for
10 minutes, and 40 times of a PCR cycle (95°C for 15 seconds and 60°C for one
minute). Known amounts (10" to 10" copies/mL) of cloned HCV genomic cDNA
(supplied by Dr. Michael Joyce in Dr. Lorne Tyrrell lab) were amplified in
parallel to establish a standard curve for quantification. The PCR efficiency was
determined by the slope of the standard curve. Viral load was determined using

the Applied Biosystems SDS Software 2.3 (Applied Biosystems).

In order to maintain consistency for each HCV RNA isolation and RT-PCR

quantification, a negative control and a positive control were included from the
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beginning of HCV RNA extraction. The negative control was 30pL. human serum
isolated from a known HCV negative individual. The positive control was 30uL
serum from a HCV positive patient with known HCV RNA quantities. The HCV

RNA copy numbers of the positive control was obtained from ProvLab Alberta.

2.2.11 Quantification of intrahepatic HCV RNA

Total RNA was isolated from snap-frozen mouse liver samples as described in
section 2.2.7. Reverse transcription was performed using 2pg total RNA with a
HCV specific primer (the HCV reverse primer in Table 2.7) and ThermoScript™
reverse transcriptase as described in section 2.2.10. The generated cDNA was
used for HCV gPCR following the same protocol described in section 2.2.10. In
addition, the amount of human total RNA was quantified by measuring the
mRNA level of a house-keeping gene, human HPRT-1 (Hypoxanthine
Phosphoribosyltransferase 1), in the same cDNA samples for HCV qPCR. The
detailed procedure for human HPRT-1 mRNA quantification is described in
section 2.2.15. The intrahepatic HCV RNA levels were presented as HCV

genome equivalence relative to expression levels of human HPRT-1.

2.2.12 HBYV titer quantification in mouse serum

As the procedure of HCV viral RNA isolation from mouse serum described in
section 2.2.10, HBV viral DNA was extracted from 30puL mouse serum samples
using High Pure Viral Nucleic Acid kit (Roche). Viral DNA, dissolved in 50uL

elution buffer provided by the kit, was then used for the preparation of HBV
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qPCR reaction. Briefly, 900nM of each HBV specific primer (2.25uL of 10uM
stock) and 250nM of probe (2.5uL of 2.5uM stock) (Table 2.7) [288] and 12.5uL
of TagMan universal master mix and 2uL. HBV DNA were mixed in one well of a
96-well PCR plate. Water was added to make the reaction volume to 25uL in
total. The PCR was performed on an ABI 7900 Real Time PCR machine. The
reaction conditions were 50°C for two minutes, 95°C for 10 minutes, and 40 times
of a PCR cycle (95°C for 15 seconds and 60°C for one minute). Known
references (10" to 107 copies/mL) of cloned HBV genomic DNA (provide by Mr.
Karl Fischer in Dr. Tyrrell lab) were amplified in parallel to establish a standard
curve for quantification. Viral load was determined using the Applied Biosystems

SDS Software 2.3 (Applied Biosystems).

In addition, both negative and positive controls were included in HBV DNA
extraction. The negative control was 30uL serum from a known HBV negative
individual. The positive control was 30uL serum from a HBV positive patient
with known HBV DNA quantities. The HBV DNA copy numbers of the positive

control sample was obtained from ProvLab Alberta.

2.2.13 Quantification of intrahepatic HBV DNA

Intrahepatic HBV DNA levels were quantified using genomic DNA isolated from
snap-frozen mouse liver samples as described in section 2.2.8. The PCR reaction
was prepared by mixing 900nM of each HBV specific primer (2.25uL of 10uM
stock) and 250nM of probe (2.5uL of 2.5uM stock) (Table 2.7), 12.5uL of

TagMan universal master mix and 2ug of genomic DNA in one well of a 96-well
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PCR plate. Water was added to make the reaction volume to 25uL in total. The
reaction conditions were the same as described in section 2.2.12. HBV genome
equivalence was determined according to the standard curve and positive control
in the same PCR plate. The intrahepatic HBV DNA level was shown as HBV

genome equivalence per pg of genomic DNA.

2.2.14 Quantification of intrahepatic HBV RNA

Intrahepatic HBV RNA level was quantified using total RNA sample of each
chimeric mouse liver. The extraction of total RNA was described in section 2.2.7.
Total RNA was treated with DNase I to remove HBV DNA contamination prior
to cDNA synthesis. Reverse transcription was performed using 2ug total RNA
with a HBV specific primer (HBV reverse primer in Table 2.7) and
ThermoScript™ reverse transcriptase as described in section 2.2.10. Besides the
water control, a minus RT control which contained all the components except the
reverse transcriptase in the reverse transcription reaction preparation was included
to confirm the absence of HBV DNA contamination in DNase I treated RNA
samples. The generated cDNA was used for HBV qPCR reaction, which included
900nM of each HBV specific primer (2.25uL of 10uM stock), 250nM of probe
(2.5uL of 2.5uM stock) (Table 2.7), 12.5uL of TagMan universal master mix and
2uL of generated cDNA in one well of a 96-well PCR plate, with water to make
the reaction volume to 25uL in total. The reaction conditions were described in
section 2.2.12 including the minus RT control. HBV genome equivalence was

determined according to the standard curve and positive control in the same PCR
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plate. Additionally, the mRNA level of human HPRT-1 was measured in the same
cDNA samples for HBV qPCR. The detailed procedure for human HPRT-1
mRNA quantification is described in section 2.2.15. The intrahepatic HBV RNA
levels were presented as HBV genome equivalence relative to expression levels of

human HPRT-1.

2.2.15 Analysis of human gene expression by RT-real time PCR

To determine expression levels of genes related to IFN signaling in human
hepatocytes, oligonucleotides specifically recognizing human transcripts and not
cross-reacting with murine genes, were designed using Primer Express 3.0
(Applied Biosystems) and validated by blasting the primer sequences to the NCBI
mouse genome database as well as by performing RT-real-time PCR using
intrahepatic total RNA isolated from BALB/c mice treated with poly(I:C)

(described in section 2.2.16). These targeted genes are listed in Table 2.7.

Reverse transcription was performed using 2pug total RNA with random hexamer
primers and M-MLV RT according to manufacturer’s specifications. Specifically,
in a 0.2mL PCR tube, 0.15uL of random hexamer primers (3pug/uL stock), 1uL of
RNase-free INTPS (10mM stock), 0.2uL of 10mg/mL RNase-free BSA, 2uL of
0.IM DTT, 0.8uL of RNaseOUT (40U/uL), 1uL of M-MLV RT (200U/uL) and
2ug of total RNA were combined with RNase-free water up to a total volume of
20uL. The sample was mixed gently and loaded in a PCR machine. The reaction
started at 22°C for 5 minutes, followed by incubation at 37°C for 1 hour. The M-

MLV RT was heat inactivated at 85°C for 15 minutes at the end of reaction.
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The resulting cDNA was then used for gene expression realtime PCR assay.
Briefly, each reaction includes 900nM of specific primers (0.9uL of 10uM stocks)
for each gene-of-interest and 250nM of specific probe (1uL of 2.5uM stock)
(Table 2.7) and 5SuL of TagMan universal master mix mixed in one well of a 96-
well PCR plate with water added to a total volume of 8uL. cDNA samples (2uL)
were then added to the well before the PCR plate was sealed. If the gene-of-
interest had no probe for detection, 150uM of primers (0.3uL of SuM stock) and
2x Tagman Power SYBR Green PCR Master Mix were used. The real-time PCR
was performed in an ABI 7900 Real Time PCR system. Each target was run in
duplicate. The reaction conditions were 50°C for two minutes, 95°C for 10
minutes, and 40 times of a PCR cycle (95°C for 15 seconds and 60°C for one
minute). For assays with SYBR green, disassociation curves were included in the
assay to monitor the specific amplification of resulting PCR products. Transcript
levels were normalized relative to the human HPRT-1. For data analysis, the 2°
A method was used and mean fold changes in expression were shown relative to

the expression of the same gene in total RNA extracted from control mice [289].

The sequences of human specific primers and probes are listed in Table 2.7.

2.2.16 Poly(1:C) treatment in BALB/c mice

In order to ensure the human specificity of the oligos I designed for gene
expression RT-PCR assays, four BALB/c mice received one i.v injection of
100pg of poly(I:C) dissolved in 50uL. PBS (2 mice) or 50uL of PBS only (2

mice). Mice were sacrificed 4 hours after poly(I:C)/PBS injection. BALB/c mouse
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livers were snap-frozen in liquid nitrogen and total RNA was isolated using the
same procedure described in section 2.2.7. cDNA was generated using M-MLV
RT and random hexamer primers as described in section 2.2.15. Induction of an
IFN response in BALB/c mouse livers resulting from poly(I:C) treatment was
confirmed by measuring mouse specific IFNs (IFNa4 and IFN, listed in Table
2.7) and ISGs (OAS1a and MxI, listed in Table 2.7) in comparison to PBS treated
mice using Tagman realtime PCR (PCR procedure was described in section
2.2.15). Synthesized oligos were considered human specific if no significant
similarity was detected by blasting to mouse genome database and no
amplification was observed in a Tagman realtime PCR assay using cDNA

samples from BALB/c mice treated with poly(I:C) as the template.

2.2.17 Protein gel electrophoresis and detection

One vial of powdered mouse liver tissue processed from snap-frozen liver
samples as described in section 2.2.7 was lysed in 0.5mL RIPA buffer (Table
2.6) containing a cocktail of protease inhibitors (Sigma) including 2mM
AEBSF, 0.3uM Aprotinin, 130puM Bestatin, 1mM EDTA, 1uM E-64 and 1uM
Leupeptin. Tissue lysates were incubated on ice for 30 minutes and then
centrifuged at 12,000xg for 15 minutes at 4°C, after which protein
concentrations in the supernatants were quantified by Pierce™
bicinchoninic acid (BCA) protein assay kit (Thermo Scientific) according to

the manufacturer’s recommendation.

Equivalent amounts of human protein (15-20pg/sample) of each sample,
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calculated according to results of human chimerism measurement as described in
section 2.2.9, were separated by discontinuous gel electrophoresis (5% stacking
gel and 10-15% resolving gels). Stacking gels were prepared by adding
acrylamide/bis-acrylamide, to final concentration of 5%, to the stacking gel buffer
(Table 2.6). Resolving gels were prepared by combining acrylamide
/bisacrylamide, to 10-15%, in the resolving gel buffer (Table 2.6). Mouse liver
lysates were mixed with 5x protein sample buffer (Table 2.6) and denatured at
95°C for 10 minutes. Electrophoresis was performed using the Bio-Rad Mini-

Protean II system with SDS-PAGE running buffer (Table 2.6) at 80-150 volts.

Once the electrophoresis was completed, the gel was transferred to a dish
containing semi-dry transfer buffer (Table 2.6) and soaked for 5 minutes. At the
same time, two Whatman 3MM filter pieces and a nitrocellulose membrane
(Hybond-ECL) were soaked in semi-dry transfer buffer for 5 minutes. The
Western transfer was set up using a semi-dry transfer apparatus (Fischer Brand
FB-SDB-2020) where the gel and the membrane were sandwiched between the
two filter papers, and the membrane was on the top of the gel, closest to the
positive panel of the apparatus. The lid of the apparatus was closed, attached to a
power pack (Bio-Rad Model 200/2.0 Power Supply) and run for 1 hour with a

limit of 500-mA and a maximum voltage of 29-V.

Following completion of the transfer, the membranes were blocked in PBS-T
(Table 2.6) containing 5% (w/v) skim milk powder for at least 1 hour on a rocking

device. Membranes were incubated with 10mL primary antibodies diluted at
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desired concentration in PBS-T containing 1% (w/v) skim milk powder for 2-3
hours at room temperature or overnight at 4°C. After three washes with PBS-T at
room temperature for a total of 1 hour, the membranes were incubated in 10mL
secondary antibody diluted at optimal concentrations in PBS-T for 1 hour at room
temperature. The membranes were washed three times with PBS-T for a total of 1
hour and then incubated in Supersignal West Pico chemiluminescent substrate
(Table 2.5) for 1 minute, after which they were exposed to Rx film in dark. The

film was developed using the Kodak M35A XOMAT Processor.

2.2.18 HBYV capsid western blot

This method was developed by Dr. William Addison in Dr. L. Tyrell’s laboratory.
Briefly, chimeric mouse liver tissue was homogenized and lysed in TritonX-100
buffer. Protein concentration of the tissue lysate was quantified by BCA protein
assay and 20-30pg of protein was mixed in Orange G loading dye (Table 2.6)
without denaturation. Intracellular HBV capsids were separated by
electrophoresis the tissue lysate through a 1% agarose gel made with running
buffer (Table 2.6) at 85V for about 2 hours. The separated samples were blotted
onto a nitrocellulose membrane as for a Southern blot overnight at room
temperature. After blocking with 5% skim milk, the membrane was incubated
with 10mL of primary antibodies, including rabbit anti-HBcAg antibody
(1:10,000 diluted in 1% skim milk in PBS-T) or goat anti-human albumin
antibody (1:5,000 diluted in 1% skim milk in PBS-T) as a human protein loading

control. The secondary antibodies (1:10,000 diluted in PBS-T), 10mL goat anti-
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rabbit conjugated with HRP and 10mL chicken anti-goat HRP, were used for the
detection of HBV capsid and human albumin respectively. The membrane was
treated with Supersignal West Pico chemiluminescent substrate reagent and

exposed to film to visualize the capsid bands. The film was developed using the

Kodak M35A XOMAT Processor.

2.2.19 Indirect immunofluorescence microscopy

Frozen liver sections of 4 micron thickness were fixed in freshly made 4%
paraformaldehyde for 30 minutes, followed by 5 minutes PBS rinse to remove
excess paraformaldehyde. Fixed slides were then permeabilized in PBS
containing 0.5% TritonX-100 for 10 minutes and blocked in PBS with 10%
normal goat serum for 1 hour. One hundred microliters of a cocktail of 1/100
diluted primary antibodies in PBS-T, including a rabbit monoclonal antibody
recognizing human cytokeratin 18 (CK-18) and a mouse monoclonal antibody
against human STATI1, was applied to the liver sections and incubated at 4°C
overnight in a sealed container. The next day, primary antibodies were detected
by 100uL of a secondary antibody cocktail (1/200 diluted in PBS-T), including
Alexa Fluor 488-conjugated goat anti-mouse, Fluor 546-conjugated goat anti-
rabbit and DAPI for nucleus staining, for 1 hour at room temperature in dark.
After 3 exchange of PBS, slides were air dried, mounted with prolong gold
mounting medium (Invitrogen) and covered with coverslips. Samples were
examined under Leica TCS SP5 confocal microscope. Captured images were

processed using LAS AF Lite software.
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2.2.20 RNA transfection in HCV infected chimeric mice

This protocol was established for the collaborative project “The HCV PAMP
RNA induces innate immune responses that limits HCV infection in chimeric
mice” (described in section 5.1 in Chapter 5) with Dr. Michael Gale Jr. laboratory
in Seatlle, USA. As mentioned in Chapter 1, the HCV 3” NTR is comprised of
three regions: a variable region, a non-structured polyU/UC region, and the
terminal X region. The 100-nucleotide polyU/UC region has been found as the
HCV PAMP motif that triggers RIG-I-dependent signaling of innate antiviral
immunity, whereas the X region of HCV 3’ NTR was shown not a potent PAMP
[34]. HCV XRNA and polyU/UC PAMP RNA were generated by Dr. Yueh-Ming
Loo in Dr. Michael Gale Jr. laboratory, using the MegaScript in vitro transcription
kit (Ambion) as described by Saito, et al [34]. SCID/bg-Alb/uPA mice, populated
with a single hepatocyte donor Hu8085, received a single intravenous injection of
100pL serum (HCV genotype 2b). Infected animals were bled at days 7, 10 and
14 post-infection for confirmation of HCV infection as well as viremia level
measurement. On day 11 post infection, HCV viremia positive animals were
divided into 3 groups: the first group received an i.p. delivery of 150pg HCV
PAMP RNA in total volume of 200uL in PBS with the lipid-based in vivo
transfection reagent from Altogen Biosystems; the second group of mice were
transfected with 150pg XRNA with the same lipid-based in vivo transfection
reagent in PBS with total volume of 200uL; the third group of animals received
200uL of PBS in lipid-based in vivo transfection reagent as a control. Eight hours

after final transfection, all three groups of animals were terminated, and the livers
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were excised, dissected into small pieces, and then snap frozen in liquid nitrogen
for further histological and molecular analyses. For gene expression analyses,
uninfected mice that received the same treatments as infected mice were
terminated 8 hours after RNA transfection and the livers were removed and

sectioned as described in section 2.2.5.

2.2.21 Quantification of miR-27 mRNA levels by RT-PCR

This assay was performed by Ragunath Singaravelu in Dr. John Paul Pezacki
laboratory for the collaborative project named “HCV infection in chimeric mice
induced up-regulation of microRNA-27: a novel mechanism for hepatic steatosis”
(described in details in section 5.2 in Chapter 5) with Dr. John Paul Pezacki
laboratory in Ottawa, Canada. MiR-27 levels were quantified using the Tagman
MicroRNA Assay (Applied Biosystems, Foster City, CA). In brief, 10ng of total
RNA was reverse transcribed using the TagMan MicroRNA Reverse
Transcription Kit. MiR-27 levels were analyzed using the Tagqman real-time
(qQRT-PCR) method [290]. Each PCR sample included 1X Universal Tagman
PCR Master Mix (Applied Biosystems), 0.2mM TaqMan probes against miR-
27a/b (Applied Biosystems), and 1.5mM forward/reverse primers. Sequences of

forward and reverse primers of miR-27 are listed in Table 2.7.

2.2.22 Immunofluorescence and Qil Red O Staining of chimeric mouse livers

I established this protocol for the collaborative project “HCV infection in

chimeric mice induced up-regulation of microRNA-27: a novel mechanism for
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hepatic steatosis” (section 5.2 in Chapter 5) with Dr. John Paul Pezacki laboratory
in Ottawa, Canada. Briefly, chimeric mouse liver frozen sections (at 4um
thickness) were fixed in 4% freshly made paraformaldehyde for 30 minutes,
followed by 5 minutes PBS rinse to remove excess paraformaldehyde. Fixed
slides were then permeabilized in PBS containing 0.5% Triton X-100 for 10
minutes and blocked in PBS with 10% normal goat serum for 1 hour at room
temperature. The 1/100 diluted primary rabbit monoclonal antibody specifically
recognizing human CK-18 was applied to the liver sections and incubated at 4°C
overnight. The next day liver sections were incubated in secondary antibody,
Alexa Fluor 488-conjugated goat anti-rabbit, together with DAPI, for 1 hour at
room temperature in the dark. After 3 washes of PBS, slides were immersed in oil
red O (ORO) working solution (freshly prepared in 30% triethyl-phosphate)
[291], for 30 minutes in dark, followed by 3 rinses with distilled water. Finally,
slides were rinsed in the dark for 10 minutes, air dried, mounted with prolong
gold mounting medium, and coverslipped. Samples were examined with a Leica
TCS SP5 confocal microscope. ORO staining of lipids was visualized at far-red
wavelength: 633nm (excitation spectrum) and 647nm (emission spectrum).

Images were processed using LAS AF Lite software.

2.2.23 Statistics

Statistical analysis was performed with Prism software for Mac OS X version 5.0.
Majority data were expressed as means + standard deviation (SD) or median with

range where appropriate. The one-way ANOVA tests (to compare > 3 groups) or
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un-paired t tests (to compare 2 groups) were used for nonparametric pair wise

comparisons. P values <0.05 were considered significant.
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CHAPTER 3

A Study Of Viral Versus Host Factors That Determine
The Response To Interferon Alpha Treatment Of HCV
Infection In SCID/Beige-Alb/uPA Chimeric Mice
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3.1 Rationale

When I began this study, the standard treatment for chronic HCV infection was a
combination of peglFNa and RBV. This combination cleared the infection in a
genotype-dependent manner: 45-55% of patients infected with HCV genotypes 1
or 4, in up to approximately 70% of those infected with HCV genotype 3, and 80-
90% in patients infected with genotype 2 [160]. However, in about 50% of
genotype 1 HCV infected patients, a SVR was not achieved with this therapy
since patients failed to clear the virus or relapsed after treatment was stopped.
Two HCV NS3/4A protease inhibitors, boceprevir [183, 184] and telaprevir [179-
182], were licensed in 2011. They work as DAAs and provide treatment options
with improved rates of viral clearance for individuals infected with HCV
genotype 1, the most common genotype in North America and Europe. However,
problems remain with the application of DAA therapy in ‘real-life’ situations,
such as the rapid emergence of drug resistant variants, adverse side effects and
additional costs to healthcare budgets. Therefore, the continued use of peglFNa
and RBV will likely remain as a component of HCV treatment regimens for some
HCV genotypes for some years to come. Consequently, even in the exciting new
era of HCV treatments, understanding the reasons for a lack of response to IFN

therapy remains an important question to be addressed.

In the past decade, intensive efforts have been made using clinical data to identify
factors that are predictive of interferon responsiveness. Both viral and host factors

have been shown to be involved in determining treatment outcome. Among host
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factors, besides non-genetic factors (such as age, alcohol, obesity, smoking),
upregulation of pre-treatment intraheptic expression of certain ISGs, such as
Viperin/CIGS5, ISG15 and interferon-induced protein with tetratricopeptide
repeats 1 (IFIT1), has been shown to be associated with poor-response to IFN
therapy [161, 162]. In addition, polymorphisms, especially the alleles of two
SNPs near the IL28B coding region, rs12979860 and rs8099917, have improved
our ability to predict the likelihood of a SVR to IFN therapy [91-95]. As for viral
factors, HCV genotypes are well accepted as the strongest predictor of IFN
response. Rapid reduction of serum HCV RNA level during the first 4 weeks of
therapy is also strongly predictive of a positive SVR response. In addition, amino
acid variation in the IFN-sensitivity-determining region within the NS5A protein
[172, 173] as well as at aa 70 or 91 in the HCV core protein [174, 175] are
predictors of SVR and NVR. Early change of HCV quasispecies, e.g. the degree
of quasispecies’ complexity and diversity of hypervariable region 1, is another
marker, which is closely correlated with the responsiveness to interferon therapy

in CHC patients [176-178].

Assaying these host and viral factors in clinical situations is complex because
each patient presents with a unique set of viral and host components that may
interfere their response to IFN therapy. The first non-primate small animal model
to support HCV infection, the SCID/bg-Alb/uPA chimeric mouse model, was
developed at the University of Alberta in 2001 [277]. Taking advantage of the
immunodeficiency of this animal (SCID/bg) and the sub-acute liver failure

induced by the homozygous expression of the transgene (Alb/uPA), newborn
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pups of this SCID/bg-Alb/uPA transgenic mouse can be transplanted with freshly
isolated or cryopreserved human hepatocytes by intrasplenic injection (refer to
section 2.2.1 in Chapter 2). The resulting chimeric mouse livers are successfully
populated with human hepatocytes, and if there is sufficient chimerism (human
albumin level in mouse serum is >5,000pg/mL), the animals become susceptible

to long-term infection by HCV.

One of the unique opportunities offered by this system is the ability to study both
viral and host factors in the response of HCV to IFN therapy. Infections by
different viruses, with different genotypes or derived from different HCV infected
patients, can be studied in animals populated with hepatocytes from a single
donor. This allowed me to study some of the viral factors in response to IFN
therapy in an identical human hepatocyte background. It could not happen or be
reproduced in any clinical setting and could not be achieved in cultured cells as
very few HCV viruses can be grown in cell cultures. Up to date, only JFH-1
(genotype 2a HCV), H77 (genotype 1a) and Conl (genotype 1b) can be grown in
Huh-7 and its derived cells. Conversely, a single strain of virus can be used to
infect the chimeric mice transplanted with hepatocytes from different donors. This
allows me to study the response to IFN in the setting of an identical virus in mice
with various host backgrounds. The control of these variables allows me to dissect
the contributions of both host and viral factors to the responsiveness of HCV

infection to IFNa treatment.
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3.2 Results

3.2.1 Role of HCV viral factors in determining I1FNa treatment outcome

Two HCV strains were selected of different genotypes (Table 3.1), genotype la
and genotype 2b, from two chronic hepatitis C patients. One HCV strain, the
genotype (gt) 2b, responded to peglFNa/RBV therapy, whereas the second HCV

strain, HCV gtla, was from a known null-responder.

In order to exclude the host variable, all chimeric mice in this part of the study
were populated with human hepatocytes derived from a single donor, Hu8063
(CellDirect, USA). First, I examined the ability of the two viral strains to infect
the chimeric mice to rule out any possibility that the difference in IFN response
would be attributed to differences in the ability to sustain a chronic infection in
these mice by the two HCV strains. Three or four mice were infected by
intravenous injection of 100pL serum containing >10° genome equivalence of
each strain followed for 7 weeks during which the serum viremia of each mouse
was monitored. For both HCV strains, viral serum titer reached stable levels 2-3
weeks post infection (p.i) and remained at relatively constant levels for 7 weeks

(Figure 3.1).
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Table 3.1 Two HCYV isolates with distinct sensitivities to IFN therapy.

HCV strains genotype response in patient to IFN therapy
HCVgtla la Null responder
HCVgt2b 2b SVR
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Figure 3.1 Sustained viremia of both HCV strains in chimeric mice populated
with a single hepatocyte donor.

Age-matched mice produced with a single hepatocyte donor Hu8063 were
infected with two HCV strains through intravenous injection: (A) HCVgtla strain
in 4 mice, (B) HCVgt2b strain in 3 mice. Animals were bled weekly for 7 weeks
after inoculation and viremia titer was measured by RT-qPCR. Each sample was

quantified in duplicate.
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Following confirmation of stable and comparable levels of viremia with both
HCV strains in chimeric mice, I next examined the response of HCV in chimeric
mice infected with each of HCV strains to exogenous IFNa treatment. Two
groups of chimeric mice were infected, one group with HCVgtla strain (9 mice)
and another one with HCVgt2b strain (8 mice) for 5 weeks to reach stable
viremia. Then each group was divided in two subgroups with one subgroup
receiving exogenous I[FNa at 1,350IU/gram/day for 2 weeks and a control
subgroup receiving 30uL of saline. Viremia levels were measured during the
course of IFNa treatment. Data in Figure 3.2 show that the two HCV strains
responded to IFNa treatment differently. Strain HCVgtla had a minimal response
to two weeks of IFNa treatment. The mice in this group showed that the serum
viral level declined by less than 1 log during therapy (Figure 3.2 A and E). On the
other hand, chimeric mice infected with strain HCVgt2b showed more than 3 log
decline of serum viral RNA levels with 2 weeks IFNa treatment (Figure 3.2 C and
E). The viremia of one mouse became undetectable with this short course of
therapy. To rule out the possibility that the viremia change was due to a dramatic
change in the human hepatocyte numbers in the chimeric liver, the level of human
albumin in serum of each animal, a marker of human chimerism, was measured
by ELISA. During the course of infection and IFNa treatment, there was no
significant decrease in the human content of the chimeric livers based on serum
albumin levels (Figure 3.2 B and D). At the end of the experiment, HCV RNA
copy numbers were measured in chimeric mouse livers. Mirroring the serum

viremia results (Figure 3.2E), the HCVgt2b strain showed a significant decrease
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in intrahepatic HCV levels upon IFNa treatment, whereas the livers of chimeric
mice infected with HCVgtla did not show a significant decrease of HCV RNA

with IFN treatment (Figure 3.2F).

To further address the significant effect of viral factors on HCV response to IFN
therapy, we infected chimeric mice through intravenous injection of more HCV
isolates from patients with various response outcomes to peglFN and RBV
treatment. In order to gain a closer comparison between chimeric mice and
patients, peglFNa-2b rather than IFNa was used in this experiment. We did not
use RBV because of its toxic effect on chimeric mice. Mice stably infected with
HCYV isolates were treated with a weekly s.c injection of peglFN (875ng/mouse)
for 4 weeks followed by two-week treatment-free period before the mice were
sacrificed. The viremia level changes of each mouse were monitored. Our result
in Table 3.2 showed a good correlation of viral response to peglFN treatment in
chimeric mice with the response observed in patients, supporting the key role of

viral factors in predicting the response to IFN therapy.
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Figure 3.2 Response of the two HCV strains to exogenous IFNa treatment in
chimeric mice populated with a single hepatocyte donor.

Chimeric mice, produced with a single hepatocyte donor Hu8063, were infected
with 2 HCV strains for 5 weeks. Exogenous IFNa-2b was then injected
subcutanously daily at 1,350 IU/gram for 14 days. Control animals were treated
with saline. Mice were bled weekly for viremia and serum human albumin
measurements. Six hours after the last IFNa injection, mice were terminated and
intrahepatic viral load was measured. Mice treated with saline are presented in
black solid lines and mice treated with IFNa are presented in blue dashed lines in
Figures A-D. The period of IFNa/saline treatment is shaded.

(A) HCVgtla viremia titer over the course of infection and IFNa treatment. Each
line represents a single mouse.

(B) Human albumin level in the same mouse serum samples assayed for HCVgtla
RNA in (A).

(C) HCVgt2b viremia titer over the course of infection and IFNa treatment.

(D) Serum human albumin levels in mouse serum samples assayed for HCV gt2b
RNA in (C).

(E) Serum HCV RNA level comparison between saline-treated and IFN treated
mouse groups at week 7. P-values were calculated by unpaired t-test. Ns= not
significant.

(F) Comparison of intrahepatic HCV RNA levels in the experimental groups at

week 7. P-values were calculated by unpaired t-test. Ns= not significant.
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Table 3.2 Correlation of HCV response to peglFN treatment in chimeric

mice with the response of patients to the peglFN and RBYV therapy.

Patient
HCV HCV Mouse | Hepatocyte | Mouse response response to SVR in

isolates | genotype ID donor to peglFN peglFN+RBV patient?

UA110 la B1379 Hu8063 NR NR No
B1369 Hu8063 NR

UA164 1 BI242 1 Hugoss NR NR No
B1270 NR

UA174 la B1305 Hu8085 NR NR No

UA176 1 B1310 Hu8085 Partial NR No

UA131 2 B1268 Hu8085 R R Yes

UA141 la B1478 FLO R R Side effects
B1486 FLO R No

UA143 la B1485 FLO R R Yes

UA159 Sa B1483 FLO R R Yes

UA166 2 B1490 Hu8085 R Yes
B1488 Hu8085 R

UA167 la Bl464 | Hu8085 R Partial R No
B1491 Hu8085 R

UA177 3a B1482 FLO R Yes

UA178 1a | Bl462 FLO R Yes
B1471 FLO R

R-Responder, NR-Non-responder

Note: The experiments presented in Table 3.2 were performed by Ms. Michelle
Kobewka, a 499 project student in Dr. L. Tyrrell’s laboratory, under my

supervision.
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3.2.2 Role of viral interference with host IFN signaling in determining the

sensitivity of HCV to exogenous IFNa. treatment

The two HCV strains differ in their response to exogenous IFNa treatment in
chimeric mice produced with identical donor cells. It is known that HCV infection
can block the IFN innate response in HCV infected cells in vitro (reviewed in
reference [292]). I thus hypothesized that the different sensitivities of the two
HCV strains to IFNa was possibly caused by differences in each strain’s ability to
interfere with the IFNa signaling, e.g the JAK-STAT pathway, which transduces
exogenous IFNa signals from the IFN receptors on the cell surface to the cell’s
transcription apparatus. The same set of mice infected with both HCV strains and
treated with [FNa for two weeks as shown in Figure 3.2 was sacrificed 6 hours
after the last IFNo injection and chimeric mouse livers were harvested for
analysis. Activation of JAK-STAT pathway was assayed by measuring the
changes in expression levels of a number of human-specific intrahepatic ISGs
using RT- realtime PCR. The changes in IFN-induced ISGs were first compared
to age-matched, donor-matched mice but uninfected and treated with saline
(Figure 3.3). Significant upregulation of most of the ISGs tested was observed in
mice infected with either of the viral strains and treated with exogenous IFNa
(Figure 3.3), indicating that the mouse model used in this study can respond to
IFNa treatment. This upregulation of ISGs in response to IFN treatment was
observed in both sets of chimeric mice infected with the two HCV stains,
however, the upregulated ISGs induced a significant drop in HCV viremia only in

animals infected with the HCVgt2b strain (Figure 3.2E).
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In order to compare the suppressive effect on the JAK-STAT pathway by the two
HCV strains, I measured ISG expression levels in chimeric mice infected with
each of these HCV strains and compared the levels to ISG expression in
uninfected control chimeric mice treated with IFNa in Figure 3.4. My hypothesis
was that differences in sensitivity to IFNo treatment were determined by
differences in the ability of HCV strains to interfere with the JAK-STAT
pathway. If this was correct, I would expect to see more inhibition of ISG
expression in mice infected with the IFN nonresponsive HCVgtla strain than the
inhibition of ISGs in mice infected with the IFN responsive HCVgt2b strain.
Surprisingly, data in Figure 3.4B show that the ISG expression in response to
exogenous IFN treatment in chimeric mice infected with the HCVgt2b strain was
not significantly different than the ISG expression in mice infected with the
HCVgtla strain. In fact, there were more ISGs with significantly lower levels of
mRNA in animals infected with HCVgt2b in comparison to the control mice than
in mice infected with HCVgtla, which was opposite to what I expected. This
result indicates that intrinsic viral factors rather than viral interference with host
IFN signaling are the critical determinant of the response to IFN in HCV infection

in this chimeric mouse model.
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Figure 3.3 ISG expression upon exogenous IFNa treatment in HCV infected
mouse livers in comparison to uninfected, saline-treated controls.

Total RNA isolated from IFNa-treated, uninfected mice or mice infected with
HCYV were examined for intrahepatic expression of ISGs by RT-realtime PCR. All
mice were populated with a single hepatocyte donor, Hu8063. Results are shown
as fold change relative to the ISG expression in uninfected, saline-treated
controls. Each column represents a single mouse in the respective treatment group
as indicated at the bottom of the heatmap. Increased and decreased expression of
specific genes compared to the control is shown by red (Fold >1 - >4) and green

(Fold <1 - <0.25), respectively, black indicates no change (Fold =1).
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Figure 3.4 Comparison of the effects of viral interference on ISG expression

between the two HCYV strains in chimeric mice treated with IFNa.

ISG expression data of IFN-treated animals presented in Figure 3.3 were

reanalyzed. The uninfected, IFNa treated animal controls were set as the baseline

for comparison. The difference between expression levels of ISGs in uninfected

IFN-treated mice and in mice infected with either HCVgtla or HCVgt2b treated

with IFN was analyzed. Each column in the heat map (A) represents a biological

repeat in each group. P-values in Figure B were calculated by unpaired t-test.

Significantly (p<0.05) upregulated and downregulated expression of ISGs in

Figure B is indicated by highlighting the tables in red and green respectively. No

highlighting shows no significant difference in comparison to the uninfected (NI),

IFN-treated control.
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3.2.3 Effect of host pre-treatment ISG expression level on response to IFNa

treatment

In chronically infected HCV patients, high ISG expression before therapy begins
is usually associated with poor response to peglFNa/RBV treatment. Conversely,
ISG expression in liver biopsies of SVR patients is usually comparable to that of
healthy adults before treatment [161, 162]. In light of these findings, I studied pre-
treatment ISG expression in mice infected by IFN nonresponsive and responsive

HCV strains (Table 3.1) in donor-matched chimeric mice.

The uninfected (NI) animals and chimeric mice infected with the two HCV strains
without the treatment of IFNa in experiment of Figure 3.1 were euthanized and
chimeric liver tissues were collected. The mRNA levels of type I IFNs (IFNal
and IFNP), type III IFNs (IFNA1-3) and ISGs were measured in mice infected
with the two HCV strains using RT-qPCR and compared to the mRNA levels of
the same genes in uninfected chimeric mice. I found that there was no significant
upregulation of endogenous IFN (Figure 3.5A) or ISG (Figure 3.5B) expression in
the liver of donor-matched chimeric mice chronically infected with the two HCV
strains in comparison to the uninfected controls. This result indicated that without
IFN treatment, there was no IFN response present during the chronic phase of
HCV infection in this in vivo chimeric mouse model, a result consistent with the
findings in tissue culture systems using an infectious HCV virus, JFH-1 [194,

293].
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Figure 3.5 Endogenous IFN or ISG expression in chimeric mice (Hu8063)
chronically infected with the two HCV strains.

Mice produced with hepatocyte donor Hu8063 were infected with either HCVgtla
or HCVgt2b as shown in Figure 3.1. Seven weeks p.i, the mice were sacrificed.
Total RNA extracted from liver tissue of each animal was subjected to RT-qPCR.
The expression levels of each human specific endogenous IFN genes (A) and
ISGs (B) relative to a house-keeping gene HPRT-1 was determined using the 2
AAC method. In uninfected donor-matched animals, the mean value of each gene
mRNA level was normalized to 1. Data in Figure A were indicated as mean + the
standard error of the mean (SEM); n = 3-5. P-values were determined by one-way
ANOVA calculation. In Figure B, each column represents an experimental mouse
whose ID was indicated at the bottom of the map. Increased and decreased
expression of specific genes compared to the uninfected control is shown by red
(Fold >1 - >4) and green (Fold <1 - <0.25), respectively, whereas black indicates
no change (Fold =1).
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3.2.4 Host IL28B polymorphisms in determining IFN treatment outcome in

chimeric mice infected with HCV

Polymorphism of 2 SNPs, rs12979860 and rs8099917, upstream of the IL28B
coding region is the best characterized host factors predictive of responses to IFN
treatment in chronic HCV infection so far. It has been recently reported in a
number of studies published almost simultaneously [91-95]. At SNP rs12979860,
CC is considered the responder genotype, whereas CT and TT are poor-responder
genotypes [92, 94]. At SNP rs8099917, TT is the responder genotyoe and GG and

GT are the poor-responder genotypes [91, 92].

The experiments described in section 3.2.1 as shown in Figure 3.2 were done in
mice transplanted with hepatocytes donor Hu8063, which has responder
genotypes at both IL28B SNPs (Table 3.3). To investigate the impact of host
IL28B polymorphisms on outcome of IFN treatment of HCV infection in the
chimeric mouse model, I produced chimeric mice populated with 2 other
hepatocyte donors, Hu4109 (CellDirect, USA) and FLO (BioreclamationIVT,
USA), carrying poor-responder genotypes of IL28B SNPs as listed in Table 3.3.
Chimeric mice produced with the different hepatocyte donors were infected with
the same two HCV strains differing in IFN sensitivity (Table 3.1), followed by
IFNo treatment at 1,350 IU/gram/day for 2 weeks. HCV viremia was quantified
by RT-qPCR and compared between saline-treated and IFN-treated groups. If the
IL28B SNPs were a critical determinant of the outcome of IFN therapy in these

chimeric mice, I hypothesized that the decline in viremia would be rapid in mice
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with the responder hepatocyte donor Hu8063 (rs12979860 CC and rs8099917 TT)
and a slower decrease or no change of HCV titers in chimeric mice with in the
poor-responder hepatocyte donors Hu4109 (rs12979860 TT and rs8099917 GG)
or FLO (rs12979860 CT and rs8099917 TG) in response to exogenous IFNa
treatment. However, this hypothesis was not supported by my results, which
showed that the IFN-nonresponsive HCVgtla strain remained nonresponsive to
IFN treatment in chimeric mice produced with either IL28B responder (Figure 3.2
A and E) or poor-responder (Figure 3.6 A and C) genotype hepatocytes. The IFN-
sensitive strain HCVgt2b had similar sensitivities in both sets of chimeric mice
produced with IL28B poor-responder genotype hepatocytes (Figure 3.6 B and D).
This response was as good or better than the response of this HCVgt2b strain in
chimeric mice produced with hepatocytes of IL28B responder genotype as shown
in Figure 3.2 C and E. Surprisingly, the viremia decline of the IFN-sensitive HCV
strain was more rapid and more profound in chimeric mice populated with the
poor-responder Hu4109 and FLO hepatocytes than in chimeric mice produced
with responder Hu8063 hepatocytes as illustrated in Figure 3.7. These results
suggest that viral factors are more important determinant of a response to IFN

therapy than the SNPs of IL28B in hepatocytes in HCV infected chimeric mice.
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Table 3.3 Three lines of chimeric mice populated with three different human

hepatocyte donors with distinct IL28B SNPs.

donors rs12979860 rs8099917 genotype

Hu063 cc T responder

Hu4109 T GG non-responder
FLO CT TG non-responder
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Figure 3.6 Effect of the non-responder genotypes of IL28B SNPs on response

to IFN treatment in the two HCV strains.
Animals populated with two hepatocyte donors, Hu4109 (A+B) and FLO (C+D),
were infected with HCVgtla (A+C) or HCVgt2b (B+D). Exogenous IFNa-2b

treatment was initiated subcutanously daily for 14 days at 5 weeks post infection.

Control animals received saline at the same schedule. Mice were bled weekly for

viremia measurements. Mice treated with saline are presented in black solid lines

and animals with IFNo are in blue dashed lines. The period of IFNo/saline

treatment is shaded.
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Figure 3.7 Effect of host IL28B SNPs on HCV sensitivity to IFNa treatment
in the chimeric mouse model.

The rate of reduction of viremia in response to exogenous IFN treatment in
chimeric mice produced with different hepatocyte donors was examined. Three
hepatocyte donors with different IL28B SNPs were divided into 2 groups;
responder donor genotype (Hu8063) versus nonresponsive donor genotypes
(combined with data of Hu4109 and FLO). The two HCV strains with different
sensitivities to IFN treatment were used to infect chimeric mice populated with
different hepatocyte donors: (A) IFN nonresponsive strain HCVgtla in chimeric
mice produced with IL28B responder versus nonresponder genotype hepatocytes;
(B) IFN sensitive strain HCVgt2b in chimeric mice produced with IL28B
responder versus nonresponder genotype hepatocytes. Viral titer reduction at each
time point was calculated on the basis of 4-5 mice. Error bars represent standard

error of the mean. P-values were calculated by unpaired t-test.
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3.3 Discussion

Less than 50% of patients infected with genotype 1 HCV response to peglFNa
and RBV combination therapy. It is important to understand the basis of this lack
of response to overcome it or to identify factors predictive of patient response to
the treatment. Clinical evidence shows that some combination of host and viral

factors results in response or nonresponse to therapy.

Among viral factors responsible for non-response to IFN treatments, HCV
genotype is the strongest predictor [165-167]. In my studies, I used two HCV
strains belonging to different genotypes, HCV gtla from a null responder and
HCV gt2b from a SVR patient. When these two strains infected chimeric mice
with the same hepatocyte background, I observed that each viral strain retained
the same IFN sensitivity as it displayed in the patient from whom the virus was
derived, suggesting an important role of viral factors in determining IFN therapy
treatment outcomes. To further demonstrate the critical role of viral factors, more
HCYV clinical isolates from patients with variable treatment results were used to
infect chimeric mice and peglFN was administrated for 4 weeks. We found that
although the patient hepatocyte background was not possible to replicate in the
chimeric mice, the response of each HCV isolate to IFN therapy in patients could
be correlated in the HCV-infected chimeric mice treated with IFN. This indicates
that viral factors are likely more dominant factors determining response outcomes
to IFN treatment. It is also worth noting that in our results in the chimeric mice,

HCYV strains of the same genotype responded differently to pegIFN treatment
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(Table 3.2), for example, eight genotype 1 HCV strains were used in our study,
four strains responded and four were non-responsive to peglFN treatment. This
correlated well with the history of treatment of these viruses and their response in
patients treated with peglFN and RBV. This result indicates that although HCV
genotype is very important, there are intrinsic viral factors that have a profound

effect on the response to IFN treatment.

A known characteristic of HCV viruses is their significant genetic diversity,
resulting from the lack of proofreading activity in RNA-dependent RNA
polymerase and high level of viral replication during HCV infection. It is
reasonable to assume that HCV sensitivity to IFN treatment is affected by the
generation of escape mutants through selection pressure during IFN-based therapy
treatment. This leads to the selection of a viral population/mutants resistant to IFN
becoming dominant. Indeed, certain amino acid sequence variations in some
regions of HCV genome have been associated with IFN treatment outcomes. For
example, substitutions of R70Q and/or L91M in the core region of HCV genome
are found to be common in null-responders, especially in patients of HCV
genotype 1b [174, 175]. Amino acid variations in the [FN-sensitivity-determining
region (ISDR) [173, 294-296], the interferon/RBV-resistance-determining region
(IRRDR) [297], and the PKR binding domain (PKRBD) [298-301] within the
NS5A protein are predictors of SVR. In addition, with the introduction of ultra-
deep sequencing technology, identification of rare minority mutants among the
diverse and complex HCV genome populations in a patient, i.e. quasispecies, is

feasible. Evidence has shown HCV strains with an inherent resistance to IFN exist
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prior to IFN treatment in patients who subsequently experienced a viral
breakthrough or relapse on IFN therapy [302, 303]. There are also studies
showing that early change of HCV quasispecies, e.g. decreases in the degree of
quasispecies’ complexity and diversity of HVR1 located in the putative HCV E2
region during the initial few weeks of therapy, is closely correlated with the
responsiveness to interferon therapy in CHC patients, especially patients infected

with HCV genotype 1b [176-178].

The data about the molecular mechanism underlying HCV sensitivity to IFNa
therapy are very limited, but evidence that HCV antagonizes the host IFN
response pathway suggests the hypothesis that the lack of response of the non-
responder HCV strains to IFN therapy may result from their more effective
suppression of the host JAK-STAT pathway. I tested this idea by measuring ISG
transcription levels in infected hepatocytes after IFN treatment. Surprisingly, my
results showed that mice infected with the IFN-nonresponsive HCV strain had no
lower mRNA level of ISG than the ISG expression in mice infected with the IFN-
sensitive strain, suggesting that both strains had minimal effects on the IFN
response pathway in the chimeric mouse model. Thus, HCV sensitivity to IFNa
therapy is not critically associated with viral interference with host IFN signaling

downstream of IFN receptors in this mouse model.

In terms of host factors affecting IFN therapy treatment outcomes, two factors
were examined in the present study; liver ISG expression prior to IFN therapy and

the hepatocyte donor SNPs at two IL28B loci.
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Gene expression analyses in HCV patient liver biopsies have been assessed by
real-time PCR and microarray studies. Pre-treatment gene expression patterns in
responders and non-responders were compared in a few studies [161, 162]. These
authors found that up-regulation of a subset of ISGs before treatment was strongly
associated with nonresponse to exogenous IFN therapy. Liver biopsy samples
from the patients contain mixtures of several cell types besides hepatocytes. The
clinical data thus represent the IFN response from the mixture of cell types
residing within the liver. In the chimeric mouse livers, human hepatocytes are the
primary human cell type present. My results showed that there was no significant
upregulation of human endogenous type I and III IFNs or ISGs in response to
long-term infection by either of the two HCV strains in chimeric mice. This
observation suggested that the upregulation of ISGs seen in patient liver biopsy
studies could be the result of ISG expression in other cell types rather than in
hepatocytes or the result of direct or indirect interactions between hepatocytes and
other cell types. In fact, the finding that pDCs can sense HCV infected Huh-7.5
cells and produce large amount of type I and type III IFNs upon recognition of
exosomal transfer of HCV RNA from neighboring hepatocytes provides
supporting evidence for the latter idea [216, 217, 304]. In order to test whether
human pDCs are responsible for the upregulated ISGs in the liver of CHC
patients, I performed a pilot study of adoptive transferring unstimulated human
pDCs isolated from healthy volunteers into chimeric mice chronically infected
with HCV. Briefly, five chimeric mice were produced with the same hepatocyte

donor Hu8085. Three mice were chronically infected (8 weeks) with two clinical
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isolated HCV viruses listed in Table 3.1; two mice infected with HCVgt2b, one
mouse infected with HCVgtla, and the rest two mice were left uninfected as
controls. All mice received a single i.p injection of 4 x 10° viable unstimulated
pDCs purified from healthy adults. One mouse of each group was euthanized 2
days after pDC transfer and the remaining mice were euthanized 4 days after
transfer. Chimeric mouse serum and liver samples were collected. HCV viremia
titer and expression of human specific IFNs and ISGs were measured by RT-
qPCR as described previously. As illustrated in Figure 3.8A, my preliminary data
showed that induction of some IFNs, such as IFN} and IFNAs, was observed as
early as 2 days after pDC transfer, whereas at day 4 post transfer (p.t), more IFNs
and ISGs were upregulated in HCV-infected chimeric mice in comparison to the
uninfected mice. In addition, a decline of HCV viremia was observed in all HCV -
infected mice receiving pDCs over a short 2-day or 4-day experiment (Figure
3.8B). These preliminary results suggested that the cross-talk between HCV-

infected hepatocytes and human pDCs led to an antiviral IFN response.
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Figure 3.8 Preliminary data of adoptive transfer of purified human pDCs
into chimeric mice infected with HCV.

(A) Expression of human IFNs and ISGs in chimeric mouse liver receiving pDC
transfer in comparison to uninfected (NI) mice receiving pDC transfer. Each
column in the heatmap represents a single mouse. Increased and decreased
expression of specific genes compared to the control is shown by red (Fold >1 -
>4) and green (Fold <1 - <0.25), respectively, whereas black indicates no change
(Fold =1).

(B) HCV viremia change before and after pDC transfer. Each plot represents a
single mouse. The top two mice were infected with HCVgt2b strain and the

bottom one was infected with HCVgtla strain.
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In line with the pDC results, a recent study evaluated the acute response to
peglFNa in vivo after the first 24 hours of treatment in patients with HCV
genotype 1 infection using liver biopsy samples and modeled this response in
vitro [305]. Their results suggested that Kupffer cells, the residing macrophages
in the liver, were a possible source of hepatic IFN in CHC patient through local
exposure to HCV and that constant exposure of surrounding hepatocytes to local
IFNB produced by Kuppfer cells may drive a state of pretreatment tolerance to
ISG function in these hepatocytes, which likely mitigated the cellular response to
IFN, thus attentuating IFN actions and reducing the efficacy of therapy. Studies
by another group also investigated the cell-type-specific expression pattern of
certain ISGs among CHC patients with different response outcomes to IFN
therapy [306, 307]. By staining MxA or ISG15 protein in different cell types in
patient liver biopsy tissues, the authors discovered that the levels of MxA or
ISG15 immunostaining in hepatic macrophages correlated inversely with those of
hepatocytes. A strong MxA or ISGI5 cell staining in macrophages is
characteristic of treatment responders, whereas strong MxA or ISG15 expression
in hepatocytes is characteristic of nonresponders. Therefore, it has become clear
that tissue- and cell-specific response compartmentalization is important to the

response to IFN therapy among patients with HCV.

On the other hand, I found that no significant ISG upregulation induced during
long-term HCV infection in chimeric mice, which was unexpected as we had
previously observed an ISG response in HCV infected chimeric mice [284]. It

was difficult to understand the differences in these studies. However, 1 believe
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there were two important factors. First, the production of successful human
hepatocyte engraftment in the chimeric mice became more difficult in our lab
over time. A key factor in this problem was that although we followed the
detection of the SCID trait, as it was monitored by IgG levels in mouse sera, the
level of the beige trait was more difficult to monitor. Dr. William Addison, a
research scientist in Dr. L. Tyrrell laboratory, was able to develop a system to
follow the beige trait. The mice I used in my PhD studies were confirmed to carry
both the SCID and beige traits, whereas a portion of the chimeric mice used in the
previous study [284] may have lost their beige trait. Lack of the beige trait
resulted in more mouse NK cell function, which may have contributed to a
stronger ISG response. Second, the previous study [284] used fresh human
hepatocytes isolated from liver tissues taken at the time of liver surgery (by Dr.
Norm Kneteman). Although these cell preparations contained primarily human
hepatocytes, the preparation almost certainly contained other liver cell types that

may have been important in the production of an ISG response.

Large-scale genome-wide association studies have been used to identify host
markers associated with responsiveness to IFN treatment of HCV infection. Two
SNPs upstream of the IL28B coding region are identified: at rs12979860, CC
genotype is associated with responsiveness to IFN treatment while CT and TT are
predictive of poor response. At rs8099917, TT is associated with good response
and CG or GG is with poor response [91, 92, 94, 95]. Recently, a Japanese group
found no significant difference in HCV RNA reduction in response to IFN

treatment in chimeric mice sera between favourable and unfavourable IL28B
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genotypes of host hepatocytes [308]. However, the three HCV inocula the authors
used were very close to each other in terms of their IFN-sensitivities, which may
have obscured the effects of the polymorphisms at the IL28B locus. On the other
hand, using a similar chimeric mouse model, another group reported that the
favourable IL28B genotype was associated with earlier reduction in HCV RNA
[309]. In my study, I used two HCV isolates with distinct [FN-sensitivities and
infected mice produced with hepatocyte donors carrying three different genotypes
at two IL28B SNPs including both “favorable” and “unfavorable” IFN response
genotypes. | found the IFN-nonresponsive HCV strain isolated from a null-
responder remained non-responsive to IFN treatment in all three hepatocyte
backgrounds. The IFN-sensitive HCV strain was sensitive in all three host
backgrounds. These results suggested that the variants of the IL28B SNPs in
donor hepatocytes had little or no influence on the response to IFN treatment
under immunosuppressive conditions of the SCID/beige trait in our chimeric
mice, which is in agreement with the observations by Watanabe, ef a/ [308]. On
the other hand, the published data from patient studies consistently addressed the
association of IL28B “favorable” SNPs with early HCV decline in response to
IFN treatment [91, 92, 94, 95]. Therefore, my results suggest that the association
of IL28B SNPs with response to IFN treatment found in patient studies may
require a complete immune system. Interestingly, I even observed more rapid and
profound viremia reduction in “unfavorable” than in the “favorable” donor
hepatocytes. This suggests that the association of IL28B SNPs with IFN response

may vary among different types of cells. The effects seen in patient studies likely
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occur in cells types other than hepatocytes, such as immune cells, whereas in
hepatocytes, my data showed that the association was opposite to what has been
observed in patients. The magnitude of effect in those immune cells is likely
greater than in hepatocytes, resulting in a stronger association between 1L28B
SNPs and IFN response in immunocompetent patients. In addition, two previous
studies of HCV infection in different hepatocyte donors carrying different IL28B
SNPs in chimeric mice showed controversial results regarding intrahepatic ISG
expression. One study, that supports the correlation between host IL28B
genotypes and early reduction in HCV RNA levels, showed response to IFN was
associated with higher expression levels of ISGs, e.g intrahepatic ISG expression
levels were significantly higher in IL28B responder donors than IL28B non-
responder donors in response to IFN treatment [309]. However, no significant
difference in ISG expression levels was observed between favourable and
unfavourable IL28B donor genotypes upon IFN administration in the study by
Watanabe, et al. [308]. The latter study did not find a correlation between donor
IL28B SNPs with HCV response to IFN treatment, which is consistent with my

results.

Finally, it has been suggested that refractoriness could be one mechanism
underlying the lack of response to peglFNa in CHC patients who already had an
active ISG response [212]. Refractoriness has been observed not only in cultured
cells, but also in the liver of mice injected with mouse [FNa [64]. However, after
two weeks of daily administration of exogenous IFNa, intense upregulation of

ISG gene expression was observed in the chimeric mouse livers, suggesting there
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was no refractoriness to IFN treatment in the chimeric mouse system. Most
importantly, since the two HCV strains with different response outcomes to IFN
therapy retained their sensitivities in response to exogenous IFN treatment in our
chimeric mice in absence of the refractoriness effect, my results indicate that
refractoriness is not likely the main cause of IFN non-responsiveness in humans.
Instead, an “innate immune tolerance model” described by Lau, et al [305]
provides an alternative explanation for the nonresponsiveness of CHC patients
who already had an upregulated ISG response to IFN therapy. The model
proposes that endogenous IFN produced by myeloid cells, e.g Kupffer cells,
drives basal ISG expression among hepatocytes through paracrine signaling. ISGs
exert antiviral actions through multiple processes, which are often cytotoxic with
prolonged exposure. ISGs, therefore, must be tolerated for the cell to survive. As
the cell becomes tolerized to the actions of IFN, the efficacy of IFN therapy is

reduced.

3.4 Summary

In this study, host and viral factors, which may contribute to the outcome of IFN
therapy, were investigated in the SCID/bg-Alb/uPA chimeric mouse model. The
response of two HCV strains with distinct IFN-sensitivities to [FNa treatment was
studied in mice transplanted with hepatocytes from three donors carrying different
IL28B SNPs. I found that intrinsic viral factors were the key determinants of the
response to IFN therapy, whereas viral interaction with host IFN signaling to

induce ISGs and host factors, such as polymorphism at the IL28B locus and pre-
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treatment levels of intrahepatic ISG expression, were not important factors in

determining the outcome of IFN therapy in HCV infection in chimeric mice.
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CHAPTER 4

Mechanism Of Interferon Nonresponsiveness Of HBV

And HCV In SCID/Beige-Alb/uPA Chimeric Mice
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4.1 Rationale

Although HBV and HCV are very different viruses, they share the same hepatic
tropism. Both viral infections represent major global public health problems. End-
stage liver diseases caused by these viruses are the common causes for liver
transplantation in the western world. Interferon alpha has been a major component
in treatments for both HBV and HCV infections for more than two decades.
Importantly, a significant proportion of treated patients with either CHB or CHC
do not respond to IFN therapy. This nonresponsiveness has been a major problem

in the management of both infections.

In CHB patients, about 30% of patients respond to IFN therapy. In HBeAg
positive patients, female gender, older age, HBV genotype A, high levels of ALT,
low levels of HBV DNA in serum, a rapid decline in serum HBsAg and HBV
DNA levels during therapy are associated with a SVR [90]. Recent studies
suggest that in CHB patients, SNPs near I[L28B correlate with serologic response
to peglFN [96-99], while the absence of precore and basal core promoter mutants
in the virus may also predict a SVR [310]. As discussed in Chapter 3, in patients
with chronic HCV infection, IFN therapy has been used in combination with
ribavirin. Host factors, such as host IL28B SNPs [91-95] and pre-treatment
hepatic ISG expression level [161, 162], are associated with responsiveness or
non-responsiveness in patients to IFN therapy. Other viral factors, such as viral

genotype [165], amino acid substitution at aa 70 or 91of HCV core [175] or the
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IFN-sensitivity-determining region of HCV NS5A [173], are critically important

in predicting the response to peglFN and RBV therapy.

In addition, many viruses block or suppress the IFN signaling downstream of the
IFN receptors to escape the antiviral effects of [FNs. Both HBV and HCV have
evolved such strategies to block the type I IFN signaling through modification of
key molecules in the JAK-STAT pathway. Evidence suggests that HBV
precore/core proteins downregulate MxA gene expression by their interaction
with the MxA promoter [125]. A recent study using humanized mice showed that
HBYV prevented IFNo mediated signaling by inhibiting nuclear translocation of
STAT]I, thus interfered with transcription of ISGs [123]. The inhibition of STAT1
nuclear translocation is most likely mediated by HBV polymerase. It has been
shown in an in vitro culture system that ectopic expression of HBV polymerase
suppressed IFNa-induced STAT! serine 727 phosphorylation and STATI1/2

nuclear accumulation [124].

On the other hand, studies done in cultured cell transfected with HCV proteins
suggest that HCV impairs the JAK-STAT pathway through various mechanisms
(reviewed in reference [292]). For examples, after transfection into cells, both
HCYV core and NS5A proteins interacted with STAT1 and impaired IFN-induced
STATI1 phosphorylation, resulting in inhibition of downstream ISG transcription
[202, 203]. HCV core was also found to interfere with STATI nuclear
translocation [311, 312] or binding of ISGF3 to the ISRE in ISG promoters [313].

However, data from HCV-infected hepatoma cells do not support the inhibitory
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effects of HCV proteins on the JAK-STAT pathway. In Huh-7 cells infected with
JFH-1 virus, overexpression of individual components of the dsRNA-signaling
pathway indicated that HCV inhibited IFNf promoter activity by proteolytically
cleaving MAVS, while leaving the IFN-induced JAK-STAT signaling pathway
intact [293]. In addition, in response to exogenous IFNP treatment, JFH-1
infection in Huh-7 cells triggered phosphorylation and activation of PKR, which
inhibited elF2a and attenuated ISG protein expression, however ISG mRNAs
were induced at similar levels as in uninfected cells, suggesting the JAK-STAT
pathway was not affected [194]. Therefore, more studies in the context of HCV

infection in vivo were undertaken in an attempt to address these inconsistencies.

Previously, the lack of small animal models supporting HBV and HCV infections
hampered the in vivo investigation of the molecular mechanisms responsible for
the ineffectiveness of IFN therapy. The SCID/bg-Alb/uPA chimeric mouse model
supports long-term infections by HCV and HBV. Evidence in Chapter 3 and other
studies [314] has shown that the antiviral response to IFN in the chimeric mice

often reflects the response of the identical virus to IFN therapy in humans.

Based on the current knowledge of immune evasion by HBV and HCV, the main
objective of the study in this Chapter was to compare the molecular mechanisms
of interferon nonresponsiveness of HBV and HCV in parallel, in particularly the
potential differences in the evasion of the JAK-STAT signaling between the two

viruses in the SCID-bg/Alb-uPA chimeric mouse model.
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4.2 Results

4.2.1 Time course of induced IFN response during HBV infection in chimeric

mice

(A) Time course of HBV infection in chimeric mice

Most studies on HBV infection in patients and the chimeric mouse model have
focused on its chronic phase. However, Wieland, et al. have performed a
longitudinal analysis of the activation of cellular genes on liver biopsy specimens
from three experimentally infected chimpanzees [116]. Surprisingly, they were
not able to detect any change of ISG expression that related to the entry and
expansion of the virus during acute HBV infection. In this chapter, I performed a
detailed investigation of the time course of HBV infection and measured IFN
response over the course of HBV infection for 8 weeks in the SCID-bg/Alb-uPA
chimeric mouse model. This study was performed in chimeric mice produced with
a hepatocyte donor Hu8063 (Table 3.3). Chimeric mice were infected with a
clinical HBV isolate (genotype C) by i.p. injection [10°-10° genome equivalence
(GE) /animal]. Three to six animals were euthanized at 5 time points during HBV
infection: 6-hour, 2-day, 14-day, 28-day and 56-day post infection. HBV viral
DNA levels in mouse serum and liver were measured by qPCR. Data in Figure
4.1 A and B show that both HBV viremia and hepatic DNA levels rose in parallel
starting at day 2 post infection. The HBV viremia at the early time point, e.g. 6
hours p.i, likely represented inoculum virus rather than a true infection, since after

6-hour time point the HBV titer in both serum and liver fell by day 2 p.i and then
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began to rise indicating active HBV replication (Figure 4.1 A and B). The level of
HBV viremia and intrahepatic DNA level continued to increase until they
plateaued after 28 days p.i. to establish a long-term stable infection, which was
maintained until the experiment was terminated at day-56 p.i.. This increase in
HBV DNA in mouse sera was paralleled by the intrahepatic HBV RNA

measurements in Figure 4.1C.
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Figure 4.1. Kinetics of virological parameters during the course of HBV
infection in SCID/bg-Alb/uPA chimeric mice.

A time course study of HBV infection was performed in chimeric mice populated
with a single human hepatocyte donor Hu8063. Five time points were examined;
6-hour, 2-day, 14-day, 28-day and 56-day p.i. Levels of HBV viremia DNA (A),
intrahepatic viral DNA (B) and intrahepatic viral RNA (C) were measured at
these time points by realtime qPCR or RT-qPCR. At each time point, 3-6 mice

were sacrificed. Data are represented as mean =+ standard deviation.
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(B) Time course of induced IFN response during HBV infection in chimeric mice

During the course of viral infection, intrahepatic expression of human specific
ISGs, as an indicator of IFN signaling activation, was measured by RT-realtime
PCR in chimeric mouse livers. Only 3 ISG genes were significantly upregulated
at 6-hour and day-2 after HBV inoculation (Figure 4.2B). However, since
elevation of the same ISGs at 6 hour and day 2 post-inoculation was also observed
in mock-infected animals as compared to hepatocyte donor-matched uninfected
controls (Figure 4.3B), this very early upregulation of ISG expression was
unrelated to HBV infection. There was no significant induction of IFN or ISGs
observed at the later time point (day-56 p.i) of HBV infection in chimeric mice as
shown in Figure 4.4A and B respectively. In fact, a number of ISGs were
expressed at significantly lower levels than the levels of these ISGs in the
uninfected control mice (Figure 4.4B), which was not observed in chimeric mice
infected with HCV (refer to Figure 4.7). In this study, HBV did not induce IFN or
ISG mRNA upregulation in the chimeric mice over the time course of a 56-day

infection.
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Figure 4.2 IFN response induced during the course of HBV infection in
chimeric mice.

Intrahepatic expression levels of ISGs were analyzed in chimeric mouse liver
samples over the time course of HBV infection by RT-real time PCR. Oligos for
each gene of interest were designed human specific. Expression of each gene was
relatively quantified by normalizing to a human-specific housekeeping gene
HPRT-1 and gene expression calculation was carried out according to the 244"
method. Data in the heatmap (A) are shown as fold change compared to the
donor-matched uninfected controls (data not shown). Each column in the heat
map represents a single mouse. Increased and decreased expression of specific
genes is shown by red (Fold >1 - >4) and green (Fold <1 - <0.25), respectively,
black indicates no change (Fold =1). Only the ISGs that were significantly
upregulated (P<0.05) in comparison to donor-matched NI controls (“0” on the X
axis in the figure) during the course of HBV infection were shown in (B).

Significance was determined by one-way ANOVA calculation.
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Figure 4.3 ISG expression in mock-infected chimeric mice produced with
hepatocytes Hu8063.

Chimeric mice produced with hepatocyte donor Hu8063 were mock-infected with
a serum sample isolated from a healthy adult (HBV, HCV and HIV negative).
Five time points, 6-hour, 2-day, 14-day, 28-day and 56-day post inoculation, were
examined. At each time point, 2-5 mice were sacrificed. Intrahepatic expression
levels of human specific ISGs were measured by RT-realtimePCR. Data in the
heatmap (A) are shown as fold change compared to the donor-matched uninfected
controls (data not shown). Each column represents a single mouse. ISGs, that
were significantly induced by mock infection compared to the donor-matched NI
controls (“0” on the X axis in the figure), were shown in (B). Results were
represented as mean + standard deviation. Significance was determined by one-

way ANOVA calculation.
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A B
IFN expression at Day-56 p.iin HBV infection

ISGs Mean fold to NI | p-value |p-value summary

cxcL10 0.59 0.0984 ns

p=0.0933 p=09300 p0711t p=0.4309 CXCL11 1.26 0.9504 ns

N CXCL9 1.70 0.5053 ns
0.49 0.0806

IRF3 0.94 0.5348 ns
IRF7 0.86 0.2618 ns
ISG15 2.10 0.6614 ns

MxA 3.60 0.0539 ns

IFNa1 IFNB IL28A+B 1L29

Figure 4.4 ISG expression in long-term HBV-infected chimeric mice
populated with a hepatocyte donor Hu8063.

In chimeric mice (hepatocyte donor Hu8063) chronically infected with HBV (56-
day p.i.), intrahepatic expression of human specific IFNs (A) and ISGs (B) were
examined by reverse transcription - realtime PCR. Results in (A) are represented
as mean =+ standard deviation, n=3-6. In Figure B, ISG expression was compared
to that of NI control animals. P-values were calculated by unpaired t-test.
Significantly (p<0.05) upregulated and downregulated expression of ISGs is
indicated by highlighting the tables in red and green colors respectively. No
highlighting shows no significant difference (p>0.05) in comparison to the NI

control.
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4.2.2 The IFN response induced during the course of HCV infection in

chimeric mice

(A) Time course of HCV infection in chimeric mice

Similar to the experiments described in the previous section, the course of HCV
infection at 6 different time points; 6-hour, 1-day, 2-day, 10-day, 21-day and 49-
day p.i., was examined in chimeric mice populated with a single hepatocyte donor
Hu8085. At each time point, 3-5 animals were sacrificed. HCV viral RNA levels
in mouse serum and in chimeric mouse liver were quantified by RT-qPCR. Data
in Figure 4.5 show that active HCV replication started between day 2 -10 p.i and
plateaued at day 10 p.i. The HCV viremia remained stable up to day 49 p.i or

longer.
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Figure 4.5 Kinetics of virological parameters during the course of HCV
infection in SCID/bg-Alb/uPA chimeric mice.

Six time points: 6-hour, 1-day, 2-day, 10-day, 21-day and 49-day, were examined
during HCV infection in chimeric mice produced with a single hepatocyte donor
Hu8085. HCV viral RNA levels in both serum (A) and liver (B) were determined
by realtime RT-qPCR. At each time point, 3-5 mice were sacrificed as biological

repeats. Data are represented as mean + standard deviation.
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(B) Time course of induced IFN response during HCV infection in chimeric mice

Intrahepatic expression profile of human specific ISGs over the course of HCV
infection in chimeric mice was examined by RT-real time PCR. As illustrated in
Figure 4.6 A and B, there was a significant peak of IFN response at day 10 p.i
during HCV infection course. The possibility of nonspecific induction due to
other content in the inoculum was excluded by measuring the same ISGs, that
were elevated at day-10 p.i in HCV infection, in chimeric mice inoculated with
mock serum as shown in Figure 4.6C. There was no significant IFN or ISG
upregulation during long-term HCV infection (> 28 days) (Figure 4.7 A and B).
Out of 25 human specific ISGs examined, the majority of ISGs remained at levels
comparable with those in uninfected animals produced with the same hepatocytes.

These data are consistent with the observation in Chapter 3 (Figure 3.5).
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Figure 4.6 IFN response induced during the course of HCV infection in
chimeric mice.

Intrahepatic expression levels of ISGs were analyzed in mouse liver total RNA
samples from the time course study of HCV infection by RT-real time PCR. Data
in the heatmap (A) are shown as fold change compared to the donor-matched
uninfected controls (data not shown). Each column in the heat map represents a
single mouse. Only the ISGs that were significantly upregulated (p<0.05) in
comparison to donor-matched NI controls (“0” on the X axis in the figure) during
the course of HCV infection are shown in Figure B in correlation with HCV
viremia change (red dashed line). Significance was determined by one-way
ANOVA calculation. (C) The same ISGs observed in Figure B were measured in
mock-infected chimeric mice produced with hepatocyte donor Hu8063 in
comparison to donor-matched uninfected controls (as described in Figure 4.3).

Data are represented as mean + standard deviation.
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Fold

ISGs Mean fold to NI p-value p-value summary
IFN expression at Day-49 p.i of HCV infection APOBE3G 0.91 0.51 ns
CIG5 0.56 0.30 ns
61 IFI27 0.55 0.06 ns
IFI6 0.65 0.17 ns
54 IFIT2 0.73 0.23 ns
IFITM1 0.93 0.62 ns
n IRF1 0.91 0.52 ns
IRF3 0.73 0.19 ns
| pzotose p0429% p01028 po1238 IRF7 0.59 0.29 ns
IRF9 0.75 0.15 ns
2 ISG15 0.61 0.14 ns
MAVS 1.10 0.84 ns
1_ m MxA 0.72 0.33 ns
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0 |_}| 0AS2 1.20 0.89 ns
N 04' ' N o ' PKR 1.63 0.38 ns
?® % RIG-I 0.71 0.16 ns
IFNat IL28A+B IL29 |sp110 0.50 0.47 ns
|[sTAT1 0.84 0.38 ns
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TNFSF10 0.61 0.06 ns
TRIM22 1.73 0.09 ns
TRIM25 1.00 0.91 ns
UsP18 0.59 0.06 ns
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Figure 4.7 ISG expression in long-term HCV-infected chimeric mice

populated with a hepatocyte donor Hu808S5.

Intrahepatic expression of IFNs (A) and ISGs (B) in mice chronically infected

with HCV (49-day p.i.) were examined in comparison to donor-matched NI

controls. Results in (A) were represented as mean =+ standard deviation. n= 3-6. In

(B), p-values were calculated by unpaired t-test.

Significantly (p<0.05)

upregulated and downregulated expression of ISGs is indicated by highlighting

the tables in red and green colors respectively. No highlighting shows no

significant difference (ns, p>0.05) in comparison to the NI control.
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As mentioned in section 3.2.3, these results were in contrast to published data in
chronically HCV infected patients or chimpanzees in which chronic HCV
infection is mostly associated with significantly upregulated intrahepatic ISGs
[161, 162, 208]. In order to confirm the lack of ISG upregulation in chronically
infected chimeric mice, I repeated these experiments in two additional sets of
chimeric mice produced with two different hepatocyte donors, Hu3111 and
Hu8063. In comparison to the donor-matched uninfected control animals, neither
of these additional studies showed significant IFN or ISG upregulation at day-49
post infection (Figure 4.8). This confirmed the lack of an IFN response in long-
term HCV infection in the chimeric mice produced with cryopreserved human

hepatocytes.
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Figure 4.8 Examination of IFN response induced during chronic HCV
infection in chimeric mice produced with two hepatocyte donors.

Animals populated with two additional hepatocyte donors, Hu8063 & Hu3111, in
addition to Hu8085 (purple) that was used for experiment in Figure 4.7, were
infected with HCVgtla for 49 days. Total RNA was isolated from chimeric
mouse livers and analyzed by RT-realtime PCR for expression of human ISGs.
Data are shown as fold change compared to the donor-matched uninfected
controls (data not shown). Each column in the heat map represents a single
mouse. Increased and decreased expression of specific genes is shown by red
(Fold >1 - >4) and green (Fold <I - <0.25), respectively, whereas black indicates
no change (Fold =1). P-values were calculated by unpaired t-test. Significantly
(»<0.05) upregulated and downregulate expression of ISGs is indicated by text-

highlighting p-values in red and blue colors respectively. P-values in black

represent no significant difference (p>0.05) in comparison to the NI control.
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4.2.3 Comparison of the response of HBV and HCV to exogenous IFN
treatment

Data for HCV in this section are the same as in Chapter 3 (HCVgtla data in
response to exogenous IFN treatment), but repeated here to compare with the
HBYV infection. We knew that the HCV strain used in this study was isolated from
a hepatitis C patient who was a null responder to peglFN/RBV treatment (refer to

Table 3.1 in Chapter 3). The sensitivity of the HBV strain to IFN was unknown.

I first tested the response of the two viruses to exogenous IFN treatment in
chimeric mice produced with a single hepatocyte donor, Hu8063. Two groups of
chimeric mice were infected, one with HBV and one with HCV. After stable
infections were established (8 weeks p.i in HBV infected mice and 5 weeks p.i in
chimeric mice infected with HCV), each group was split in two groups with one
group received subcutaneous injection of exogenous IFNa daily at 1,350IU/gram
for 2 weeks (blue in Figure 4.9 and Figure 4.10) and the control group received
30uL of saline subcutaneously (black in Figure 4.9 and Figure 4.10). After [FNa
was administrated, both HBV and HCV viremia declined less than 1 log (Figures
4.9A and 4.10A), indicating that neither HBV nor HCV used in this study was
responsive to [FNa treatment. In addition, the serum level of human albumin in
each animal during the course of infection and IFNa treatment was measured by
ELISA. No significant change in serum human albumin levels was observed with
infection or IFN treatment (Figures 4.9B and 4.10B). This ruled out the possibility
that there was a dramatic change in the human hepatocytes engraftment of the

chimeric liver during therapy with IFN. At the end of the treatment period of 14
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days, HBV RNA and HCV viral RNA copy numbers were measured in the
chimeric mouse livers (Figures 4.9C and 4.10C). The intrahepatic viral RNA
levels in both infections did not differ between IFN treated and saline-treated
groups, confirming that both HBV and HCV viruses used in this study were

nonresponsive to exogenous IFN treatment in the chimeric mice.
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Figure 4.9 Response of HBV to exogenous IFN treatment.

Chimeric mice produced with Hu8063 were chronically infected with HBV.
Exogenous [FNa-2b treatment was delivered subcutaneously daily for 14 days.
Control animals were injected with saline. Mice were bled weekly for viremia and
serum human albumin measurements. Six hours after last IFN injection, mice
were sacrificed and intrahepatic viral loads were measured and compared to the
intrahepatic viral loads in saline treated controls. Mice treated with saline are
presented in black solid lines and mice treated with IFN are in blue dashed lines.
(A) HBV viral DNA levels over the course of infection and IFN treatment. Each
line represents a single mouse. (B) Human albumin levels in mouse serum in
parallel with the HBV viral DNA change in (A). The period of IFNo/saline
treatment is shaded. (C) HBV RNA levels in mouse livers upon termination. Data
were normalized with human specific HPRT-1 and indicated as mean + standard

deviation; n = 4-5. P-values were calculated by unpaired t-test.
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Figure 4.10 Response of HCV to exogenous IFN treatment.

Chimeric mice produced with Hu8063 were chronically infected with HCV.
Exogenous IFNa-2b was administrated subcutanously daily for 14 days. Control
animal were injected with saline. Mice were bled weekly for viremia and serum
human albumin measurements. Six hours after the last IFN injection, mice were
terminated and intrahepatic viral load was measured and compared to the saline
treated controls. Mice treated with saline are presented in black solid lines and
mice treated with IFN are in blue dashed lines. Figures A-C: HCV viremia RNA
levels (A), serum human albumin levels (B) and intrahepatic HCV RNA levels
(C) in mice infected with HCV at various time points are illustrated. P-values in
(C) were calculated by unpaired t-test. The period of IFNa/saline treatment is

shaded in A and B.
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4.2.4 Nonresponsiveness to exogenous IFN treatment of HBV and HCV is due
to different mechanisms

Having shown the relative lack of IFN response in both long-term HCV and HBV
infections in chimeric mice as well as their nonresponsiveness to exogenous IFN
treatment, it is possible that host IFN signaling was strongly suppressed by both
viruses. I next examined the changes in expression of human ISGs in infected
chimeric mice upon IFN treatment using the same mice as described in section
4.2.3. To illustrate the potential suppressive effect of either HBV or HCV
infection on JAK-STAT pathway, the ISG expression levels of IFN-treated HBV
or HCV infected mice was compared to that of the IFN-treated uninfected control
mice in Figure 4.11A. Data in Figure 4.11A showed that the extent of the
upregulation of ISG expression was significantly lower in HBV infected mice for
22 out of 28 ISGs compared to the response to exogenous IFN treatment in
uninfected control mice. A similar comparison in HCV infected mice showed that
there were only 3 ISGs that were expressed at significantly lower levels compared
to the levels of ISG expression in IFN-treated uninfected mice. Although I
observed no evidence of HCV blocking the IFN response at the transcriptional
level, suppression could also occur at the protein translation levels. It has been
demonstrated that in JFH-1 infected Huh-7 cells treated with IFNp, although ISG
mRNAs were induced, HCV triggered phosphorylation and activation of PKR,
which inhibited elF2a and attenuated ISG protein expression [194]. One of the
representative ISGs that were significantly increased at transcriptional level in

HCV-infected mice treated with IFN compared to uninfected and saline-treated
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controls was ISG15 (refer to Figure 3.3 in Chapter 3). I examined the protein level
of ISG15 by western blot and found that the protein expression of ISG15 in the
livers of HCV-infected chimeric mice treated with IFN was strongly induced in
comparison to the HCV-infected saline-treated controls (Figure 4.11B). This
result suggests that the nonresponsiveness of HCV virus to IFN treatment in this

study was likely not due to active blockage of host protein translation.
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Figure 4.11 Potential suppression of ISG expression by HBV and HCV upon
exogenous IFN treatment in chimeric mice.

All mice were produced with a single hepatocyte donor Hu8063. ISG expression
in mice infected with HBV versus HCV and treated with IFN were analyzed in
comparison to the uninfected, IFN treated controls in Figure A. P-values were
calculated by unpaired t-test. ISGs in (A) that were expressed at significantly
higher levels than uninfected and IFN treated controls are highlighted in blue.
Figure B: Top: A representative mouse liver from each treatment group was lysed
and analyzed by WB for human ISG15 detection. Human albumin was examined
as protein loading control. Bottom: Relative levels of ISG15 (normalized to
human albumin) from three independent experiments. Protein levels were
quantified using ImageFauge V4.22. Bars indicate standard error values. P-values

were calculated by one-way ANOVA.
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Two important molecules required for successful expression of ISGs during IFN
signal transduction are STAT1 and STAT2, as described in section 1.1.2.2. They
both are ISGs and their protein activation by phosphorylation and nuclear
translocation determines whether downstream ISG expression is properly
initialized. I firstly examined STAT1 and STAT2 at transcriptional level in the
same groups of mice used in the experiment described in section 4.2.3. Data in
Figure 4.12 show that genes of STAT1 and STAT2 were always expressed at
significantly lower levels in HBV-infected mice in comparison to uninfected
controls both without and with IFN treatment. Whereas in IFN-treated chimeric
mice infected with HCV, expression of STATI and STAT2 remained at
comparable levels to the levels in uninfected controls treated with IFN. Moreover,
immunofluorescence staining of STAT1, shown in Figure 4.13, indicated that in
livers of HBV-infected chimeric mice, the nuclear translocation of STAT1 upon
IFN stimulation was impaired, whereas nuclear staining of STAT1 was detectable

in both uninfected and HCV infected animals treated with IFN.
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Figure 4.12 Transcriptional level change of STAT 1 and 2 in chimeric mice
infected with HBV or HCV with/without IFN treatment.

Uninfected mice or mice infected with HBV or HCV, treated with or without IFN
were examined for intrahepatic expression of human STAT1 and STAT2 by RT-
realtime PCR. All mice were populated with a single hepatocyte donor Hu8063.
Results are shown as mean fold change compared to the ISG expression in

uninfected, untreated controls. n= 3-5. P-values were calculated by one-way

ANOVA.
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Figure 4.13 STAT1 nuclear translocation upon IFN treatment in chimeric
mice infected with HBV or HCV.

Cryopreserved liver sections from donor-matched, IFN-treated uninfected, HCV-
infected or HBV-infected chimeric mice were processed for indirect
immunofluorescence using mouse anti-STAT1 and rabbit anti-CK-18 monoclonal
antibodies. Human CK-18 protein was detected as a marker for human content in
chimeric mouse liver. Primary antibodies were detected using goat anti-mouse
Alexa488 and goat anti-rabbit Alexa546 secondary antibodies. Nuclei were
counter stained with DAPIL. Images were captured using a Leica TCS SP5
confocal scanning microscope. Arrows indicate the staining of human STATI1 in
the nucleus of human hepatocytes. Bar=10um. For each treatment, at least three

regions of interest in 2-3 mice with the same treatment were analyzed.
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4.3 Discussion

4.3.1 The endogenous IFN response induced during HBV or HCV viral
infections in chimeric mice

The majority of patients acutely infected with HBV or HCV are asymptomatic,
thus current knowledge of the immune response induced at early stages of viral
infection in HBV and HCV patients is poorly documented. In this chapter, I
compared endogenous IFN induction throughout the courses of infections by
HBYV and HCV in chimeric mice produced with two different hepatocytes donors,
Hu8063 and Hu8085 respectively. My results showed that the two viruses differ
in the induction of endogenous IFN response in chimeric mice: HCV induced a
spike of significant ISG response 10 days after inoculation, whereas no significant

ISG response was detected throughout the entire course of HBV infection.

Although it is possible that some ISG expression was below the detection limit of
RT-real time PCR, the lack of IFN response during the course of HBV infection
in chimeric mice could be explained by the following scenarios: HBV in chimeric
mice is a “stealth” virus that cannot be detected by the PRRs in human
hepatocytes, and/or HBV efficiently suppresses the innate IFN response very
early following infection. As mentioned in section 1.2.1.2 in Chapter 1, some
aspects of the HBV life cycle support the concept that HBV behaves as a “stealth”
virus because viral nucleic acid could “hide” from the host innate sensing
machinery. For example, HBV viral replication occurs within nucleocapsids and

the cccDNA is complexed with its host proteins in the nuclei to form a viral
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minichromosome. However, HBV RNAs and proteins are expressed in the
cytoplasm and would be accessible to cellular PRRs. Thus, it is possible that in

addition to being “stealth”, HBV is able to actively block cellular defences.

Consistent with my results, intrahepatic gene expression profiling from liver
biopsy samples taken from acutely HBV-infected chimpanzees showed that HBV
failed to induce gene expression of any ISGs that relate to the entry and expansion
of the virus [116], implicating the lack of PRR-mediated innate response during
the early phase of HBV infection. In line with this observation, there was no
induction of type I or type III IFNs in the sera of acutely infected HBV patients in
clinical studies [117, 118]. However, the presence of innate immune responses
following exposure to HBV is controversial. Activation of NK cells and NKT
cells, measured by the expression of activation markers, such as CD69 and
NKG2D, on cell surface, or NK and NKT cell cytotoxicity and IFNy production,
were observed before maximal HBV DNA elevation in two acute hepatitis B
patients [118]. However there is also evidence suggesting that there was transient
inhibition of NK and T-cell responses at the early stage of acute HBV infection in
21 patients, which may be attributed to the induction of the immunosuppressive
cytokine IL-10 accompanying HBV viremia [117]. The NK and T-cell responses
would be missed in our mouse model since a functioning human immune system

1s absent in the chimeric mice.

The intrahepatic immune response during the acute phase of HCV infection has

been primarily studied in experimentally infected chimpanzees [204, 205, 208].
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Induction of type I IFN ISGs was detected 5-8 weeks after inoculation in HCV
infected chimpanzees. The extent and duration of ISG induction showed a
positive correlation with viral load [208]. This is comparable to my observations
in the chimeric mice that a spike of ISG expression upregulation was detected in
chimeric mice 10 days after HCV infection, which was just before HCV levels in

mouse sera stabilized (Figure 4.6B).

On the other hand, a subset of type I and III ISGs are constantly expressed at high
levels in the liver of chronic hepatitis C patients, especially the patients not
responding to peglFN therapy [161]. T did not observe significant ISG
upregulation or endogenous IFN induction during HCV long-term infection in the
chimeric mice. This lack of IFN response in HCV-infected chimeric mice may be
attributed to several factors. First, a complete immune system is absent in the
chimeric mice as discussed in Chapter 3. Second, HCV replication occurs in
subcellular compartments that are not accessible to host TLR dependent and/or
RIG-I dependent sensory systems or antiviral ISG proteins. For example, the
membranous web, in particular the double-membraned vesicles, has been
described as an intracellular membrane structure where HCV replication takes
place [150, 151]. A recent study investigating the roles of nuclear pore complex
proteins (Nups) and nuclear transport factors (NTFs) in the membranous web
during HCV infection suggested that in HCV infected cells, cytoplasmically
positioned NPCs were predicted to form channels across double membrane
structures of the membranous web. These NPCs are proposed to facilitate

movement of NLS-containing proteins, such as HCV core, NS2, NS3, NS5A and
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host nuclear proteins, from the surrounding cytoplasm across double membrane
structures of the membranous web while excluding proteins lacking NLS
sequences, such as PRRs, from regions of HCV replication and assembly events
[152]. Third, HCV effectively antagonizes host antiviral responses by either
directly blocking IFN signaling pathway with viral proteins or up-regulating
cellular negative regulators to inhibit the IFN response. Many lines of evidence
supporting the inhibitory effect of HCV on the innate immune response are
derived from in vitro experiments in hepatoma cell lines. Evidence shows that the
cleavage of MAVS in RIG-I signaling and TRIF in TLR3 pathway by NS3/4A
protease of HCV is a crucial strategy HCV uses to evade the innate immune
response [41, 196-198]. In our chimeric mice, HCV infection could have triggered
ISG induction during early stages of HCV infection (< 10 days p.i). However,
since during early time points, the human hepatocytes infected with HCV were
only small proportion of the chimeric liver, gene transcription change in this
relatively small number of infected cells may not be readily detected with the
PCR method used in my study until day 10 p.i. Whereas after day 10 p.i, while
increasing number of hepatocytes were infected by HCV, more HCV NS3/4A
protein accumulated in the cells. Efficient inhibition of RIG-I and TLR3 pathways
by HCV NS3/4A in the chimeric mouse livers could result in the lack of IFN and

ISG response during long-term HCV infection.

4.3.2 The mechanisms of nonresponsiveness to exogenous IFN treatment differ

between HBV and HCV

Interferon has been an important component in the treatment of both HBV and
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HCYV infections. IFN treatment is successful in a proportion of patients, but in
majority of patients chronically infected with either HBV or HCV, IFN therapy

alone is not effective.

The basic theory of IFN therapy is that administration of exogenous IFN activates
the JAK-STAT pathway and leads to the establishment of an antiviral status,
thereby eradicating the viral infection. The JAK-STAT signaling induces the
expression of a large number of ISGs. The products of these ISGs are responsible
for IFNa antiviral effects through two distinct yet complementary mechanisms:
first, an antiviral effect resulting in direct inhibition of viral replication and
second, immunomodulatory effects that enhance the host’s adaptive antiviral
immune response and may accelerate the clearance of infected cells. Evidence has
shown that both HBV and HCV actively antagonizes host JAK-STAT pathway
using various strategies summarized in section 1.1. In the chimeric mouse model,
no significant ISG gene expression was detected during long-term infections with
HBV or HCV. For the strains of HBV and HCV viruses I used in this study,
neither of viruses responded to exogenous IFN treatment. Thus I investigated the
molecular mechanisms of IFN nonresponsiveness of these two viruses in chimeric

mice produced with an identical hepatocyte donor.

Several HBV proteins can interfere with JAK-STAT signaling and ISGs
expression when overexpressed in cells: HBV surface and X proteins upregulate
protein phosphatase 2A which inhibits IFNa signaling [315]; HBV precore/core

proteins interact with the MxA promoter and inhibit its expression [316]. In line
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with these results, I found that HBV infection resulted in significantly less
upregulation of a number of ISGs in response to exogenous IFN treatment in
chimeric mice than IFN treatment in uninfected controls. Two molecules that are
important for successful expression of ISGs in the JAK-STAT pathway are
STATI1 and STAT2. I examined the changes in the expression of these two genes
in HBV-infected chimeric mice in comparison to the changes in uninfected
control mice. Lower expression levels of both STATI and STAT2 were also
observed not only in long-term HBV infected chimeric mouse livers, but also in
HBV infected mice treated with exogenous IFN. Furthermore,
immunohistological staining of human STATI in mouse livers showed that the
nuclear translocation of STAT1, which was normally seen with IFN treatment,
was inhibited in HBV infected mice but not in IFN-treated uninfected chimeric
mice. The effect we observed in IFN-treated HBV infected chimeric mice were
consistent with the observations in tissue cultures [317], liver biopsies of patients
[124] and previously reported in chimeric mice [123]. My results support that
HBYV has evolved strategies to suppress type I IFN response and it is not simply a

“stealth” virus.

In contrast to the studies of the HBV effect on the induction of ISGs, I did not
observe inhibition of STAT1 transcription or blockage of STATI nuclear
translocation in HCV-infected animals treated with IFN in donor-matched
chimeric mice. This is not in agreement with the results in tissue culture systems,
which showed that transient expression of full-length HCV and HCV subgenomic

constructs corresponding to each of structural and the nonstructural proteins
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impaired STAT1 activation by degradation of STATI protein [318] or inhibition
of nuclear translocation of phosphorylated STATI [312]. It could be that our in
vivo study system, which used an infectious clinical HCV strain, is different from
the in vitro cell cultures where there is higher expression of viral proteins. My
results suggested that the lack of response of this clinical HCV strain to IFN
treatment was not the result of inactivation of JAK-STAT signaling transduction.
It is possible that HCV replication occurs in subcellular compartments that are not
accessible to antiviral proteins induced by IFNSs, or there are certain viral intrinsic
factors, such as IFN resistant mutations located at NS5A and core regions, which
are responsible for the non-responsiveness of HCV to IFN treatment. Since the
percentage of human hepatocytes infected with HCV in the liver of chimeric mice
is most likely low, it is also possible that in chimeric mice, nuclear translocation
of STAT1 was inhibited by HCV, but due to these infected cells were rare, they
were not specifically addressed in mouse liver sections stained with antibodies
against STAT1 and a human cytokeratin marker CK-18 in the confocal
microscopy experiments (Figure 4.13). Confirmation by co-staining STAT1 with
a HCV viral protein, such as HCV core or NS5A, is necessary. However,
generation of a satisfactory laboratory protocol for HCV staining in my
experimental samples presented challenges; I have tried five different HCV
antibodies under various conditions, but in spite of the ability to see HCV infected
cells in cultured cells, I could not make these antibodies work in the liver samples
from chimeric mice. It could be that the HCV strain used in my experiments was a

clinical isolate belonging to genotype la, whereas currently available antibodies
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targeting HCV proteins are mostly raised against the JFH-1 stain (genotype 2a). I

am continuing to look for anti-HCV sera that will work in our chimeric mice.

4.4 Summary

In this study, I did a comparative examination of HBV and HCV in the SCID/bg-
Alb/uPA mouse model. Both of the two viral isolates used in this study were non-
responsive to exogenous IFN treatment. I performed a detailed time course to
investigate the induction of type I IFNs and ISGs in the chimeric mice for each
infection. I found that there was no IFN or ISG response to HBV infection. In
HCV infected animals, there was a peak of ISG response at day 10 p.i, but there
was no significant IFN response detected in long-term HCV infection. A donor-
matched mouse cohort was designed to compare the nonresponsiveness of each
virus to exogenous IFN treatment. My results showed that there were differences
in the way the two viruses blocked the host response to IFN treatment. One
mechanism used by HBV was to actively antagonize host JAK-STAT pathway
activation by suppressing expression of STAT1/2 and to block STATI nucleus
translocation, thus controlling the upregulated expression of ISGs. Conversely,
there was very little difference in the upregulation of the ISG expression observed
in HCV infected chimeric mice treated with IFN compared to the uninfected
control with IFN treatment. There was no significant change in STAT1/2 mRNAs
or inhibition of STATI nucleus translocation detected, indicating that the
nonresponsiveness of this HCV strain to IFN therapy was associated with intrinsic

viral factors, which is consistent with the conclusion from Chapter 3.
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CHAPTER 5

Collaborative Research Projects Using The SCID/Beige-
Alb/uPA Chimeric Mice
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5.1 The HCV PAMP RNA Induces Innate Immune Responses
That Limit HCV Infection In Chimeric Mice

- The work is part of a collaborative project, named ‘“Functional Analysis of
MAVS Function in Innate Immunity” with Dr. Yueh-Ming Loo in Dr. Michael
Gale Jr. laboratory in Seattle, USA.
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5.1.1 Rationale

Innate immune defense is essential for the control of virus infection and is
triggered through host recognition of viral macromolecular motifs known as
PAMPs. HCV infection is regulated by hepatic immune defense triggered by the
cellular RIG-I helicase [319]. RIG-I binds PAMP RNA and signals IRF3
activation to induce the expression of type I IFNs and ISGs that limit infection
[320]. The HCV 3” NTR is comprised of three regions: a variable region with
potential secondary structure, a non-structured polyU/UC region containing
polyuridine with interspersed ribocytidine, and the terminal X region containing
three conserved stem-loop structures [141]. It has been found that the 100-
nucleotide polyU/UC region located in the 3° NTR of the HCV genome is the
HCV PAMP motif that specifically engages and triggers RIG-I-dependent
signaling of innate antiviral immunity [34]. As mentioned in Chapter 1, the
helicase and repressor domain (RD) domains of RIG-I are important for the
recognition of its RNA targets, while the CARD domains are essential for
triggering intracellular signaling cascades. Interestingly, the structure of human
RIG-I helicase-RD in complex with dsSRNA was recently reported by Jiang, et al
[321]. Their results show that the helicase-RD organizes into a ring around
dsRNA, capping one end, while contacting both strands to recognize dsRNA.
Limited proteolysis and differential scanning fluorimetry indicate that RIG-I is in
an extended and flexible conformation that compacts upon binding RNA. On the
other hand, it has also been found that double-stranded RNA regions of the HCV

RNA, such as 5 NTR and X region of 3° NTR (XRNA), are not potent PAMPs
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[34]. Our hypothesis is that HCV-infected SCID/bg-Alb/uPA chimeric mice
treated with HCV 3° NTR polyU/UC as HCV PAMP, but not the infected mice
treated with HCV XRNA, will mount innate immune responses that decreases the

serum HCV RNA levels.

5.1.2 Results

5.1.2.1 HCV PAMP RNA, but not XRNA, induced an innate response in

chimeric mice

An innate response induced by viral infection is characterized by the production
of type I IFNs and the expression of ISGs with direct antiviral activity or the
ability to modulate the immune response to effectively limit and control virus
infections. In this study, the ability to induce an innate response with each of the
RNA constructs administrated in chimeric mice was examined at intrahepatic
levels in uninfected chimeric mice populated with hepatocyte donor Hu8085.
Mice of matching age and hepatocyte donor were divided into 3 groups, each
group received an i.p injection of 150ug of HCV XRNA, 150ug of HCV PAMP
RNA or the same volume of PBS mixed in lipid-based in vivo transfection
reagent. Eight hours after injection, mice were euthanized. The dosages for HCV
PAMP RNA and XRNA as well as the timeline for termination of animals were
determined based on the studies of west nile virus infection in C57Bl/6 mice by
Dr. Yueh-Ming Loo (unpublished data). The intrahepatic transcription level of
ISGs or IFNs was measured by RT-PCR. Significant upregulation of ISGs was

observed in chimeric mice transfected with HCV PAMP RNA in comparison to
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the PBS control (Figure 5.1). In contrast, the delivery of the same amount of HCV
XRNA showed no significant increase compared to the PBS treated control mice
(Figure 5.1). Expression of endogenous IFNs was also examined. Upregulated
expression of all three types of IFNs was consistently observed in chimeric mice
transfected with HCV PAMP RNA in comparison to the mice treated with HCV
XRNA or PBS, although the difference among these three groups was not
statistically significant (Figure 5.2). The reason for this may have been because
the IFN transcripts peaked earlier than most of ISGs and the 8-hour post treatment
termination time point was too late to catch the very early IFN peak responses. In
summary, these results suggest that in vivo introduction of HCV PAMP RNA
induced an innate antiviral response in chimeric mice, whereas this response was

not observed in chimeric mice treated with the same amount of XRNA.
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1SGs p-value summary
PAMP vs PBS | PAMP vs XRNA | XRNA vs PBS
APOBE3G * ** ns
CIG5 * * ns
IFI27 ns * ns
IFI6 ns ** *
IFIT2 ns * ns
IFITM1 * * ns
IRF1 * *k ns
IRF3 ns ns ns
IRF7 * %k %k * %k % %k %k
IRF9 * Hox ns
ISG15 * * ns
MAVS * * ns
MxA * *H ns
OAS1 ** ** ns
OAsz * % % %k k. *
PKR ns ns ns
RIG-I * * ns
|sp110 * *x ns
|[sTAT1 ¥ Hx ns
TMFSF10
STAT2 * * ns
TRIM22 TNFSF10 * Hkx *
TRIM25
TRIM22 ns ns ns
TRIM25 * H ns
USP18 Hx Hkx ns
XAF1 * %k %k * %k k ns

Figure 5.1 Expression of ISGs in chimeric mice transfected with HCV PAMP
RNA or XRNA in comparison to the mice treated with PBS.

Total RNA isolated from the livers of chimeric mice transfected with HCV PAMP
RNA, XRNA or PBS were examined for intrahepatic expression of ISGs by RT-
realtime PCR. Oligos designed for each ISG are human specific. All mice were
populated with a single hepatocyte donor, Hu8085. Results are shown as fold
change relative to ISG expression in PBS-treated mouse controls. Left panel:
Each column in the heatmap represents a single mouse in the respective treatment
group. Increased and decreased expression of specific genes compared to the
control is shown by red (Fold >1 - >4) and green (Fold <1 - <0.25), respectively,
whereas black indicates no change (Fold =1). Right panel: P-values for each
comparison were calculated by one-way ANOVA. Significantly upregulated and
downregulate expression (p<0.05) of ISGs is indicated by text-highlighting the P-
value summary in red and blue respectively. Black shows no significant

difference (p>0.05).
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Figure 5.2 Expression of IFNs in chimeric mice transfected with HCV PAMP
RNA or HCV XRNA in comparison to the mice treated with PBS.

The same mouse liver RNA samples from Figure 5.1 were analyzed for
intrahepatic expression of IFNs. Oligos designed for each IFN are human specific.
Results are shown as fold change relative to IFN expression in PBS-treated mice.

Data were indicated as mean = SEM; n = 4-5.

173



5.1.2.2 The innate response triggered by HCV PAMP RNA limits chimeric mice
from HCV infection

HCV PAMP RNA, as a RIG-I agonist, triggers an innate immune response in
chimeric mice. We next hypothesized that the HCV PAMP RNA might be useful
as an antiviral therapy in treating HCV infection. To test this hypothesis, chimeric
mice populated with the same hepatocyte donor, Hu8085, as described in section
5.1.2.1, were inoculated with an IFN sensitive HCV strain, HCV gt2b (Table 3.1).
The infected mice were transfected with 150pg of HCV PAMP RNA, 150ug of
HCV XRNA or equal volume of PBS mixed in lipid-based in vivo transfection
reagent at days 11, 13 and 15 post-infection. HCV serum RNA levels were
measured by RT-qPCR. A significant decline of HCV viremia, after
administration of HCV PAMP RNA at day 14 (Figure 5.3B) and day 15 (Figure
5.3C) p.i in comparison to the viremia prior to treatment at day 10 p.i., was
observed in infected mice transfected with HCV PAMP RNA. This decline was
not seen in HCV-infected chimeric mice treated with XRNA or PBS (Figure 5.3),
indicating the innate response induced by HCV PAMP RNA may play a role in

limiting HCV infection in the chimeric mouse livers.
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Figure 5.3 HCV viremia change after administration of HCV PAMP RNA,
HCYV XRNA or PBS in chimeric mice infected with HCV.

Chimeric mice, produced with a single hepatocyte donor Hu8085, were infected
with HCVgt2b strain for 10 days. Three dosages of PBS, HCV XRNA or HCV
PAMP RNA were then administrated in mixture with lipid-based in vivo
transfection reagent by i.p injection every other day starting at day-11 p.i.. Mice
were bled at days 7, 10, 14 and 15 p.i for viremia measurements by RT-qPCR.
Each sample was quantified in duplicate. Data are presents as mean = SEM. n= 4-
7. P-values were calculated by one-way ANOVA.

(A) HCV serum RNA changes from day-7 to day-15 p.i. of HCV infection in
chimeric mice. Three treatments with PBS/HCV XRNA/HCV PAMP RNA are
indicated by green arrows. Day-7 and 10 are prior to treatments, and day-14 and
15 are after treatment.

(B) Statistical comparison of HCV viremia change in each treatment between
day-10 and day-14 p.i of HCV infection in chimeric mice.

(C) Statistical comparison of HCV viremia change in each treatment between

day-10 and day-15 p.i of HCV infection in chimeric mice.
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5.1.3 Discussion

A number of studies have shown that RIG-I signaling is essential for the control
of virus infection and immunity in vivo [322, 323]. In this study, we have
provided evidence that by selectively triggering RIG-I-dependent signaling with a
RIG-I-specific agonist, HCV PAMP RNA, an antiviral response can be

effectively elicited in the livers of chimeric mice to limit HCV infection.

Compared to the treatment with exogenous IFN on chimeric mice infected with
the same HCVgt2b strain in experiments described in Chapter 3, HCV viremia
decline was not as dramatic in mice treated with HCV PAMP RNA. It is likely
that the three dosages of HCV PAMP RNA administration over the course of five
days were not as effective in treatment of HCV infection as daily injection of
exogenous IFN for two weeks. As described in section 1.3.3 in Chapter 1, three
PRRs, RIG-I, TLR3 and PKR, are critical in HCV recognition to active an innate
immune signaling and type I IFN production. It could also be that activation of
TLR3 and/or PKR pathways is indispensible besides RIG-I signaling for effective
control of HCV replication. In addition, HCV NS3/4A protease is a crucial
component HCV uses to evade the innate immune response by targeting both
MAVS in the RIG-I signaling pathway and TRIF in the TLR3 pathway. Based on
the study of endogenous IFN response induced during the course of HCV
infection in chimeric mice in Chapter 4, ISG expression elevated at day-10 p.i and
then decreased to the levels of ISGs seen in uninfected controls during the later

stages of the infection. This result suggested that it required about 10 days for
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HCV to produce enough amount of NS3/4A protease to effectively control the
IFN signaling. Administration of HCV PAMP RNA in mice infected with HCV at
days 11, 13 and 15 p.i was most likely at the same time when sufficient amount
NS3/4A was generated to antagonize host innate response. This therefore may
also contribute to the fact that treatment with HCV PAMP RNA was less effective

than treatment with exogenous IFN in this time interval.

5.1.4 Summary

In this study, the potential antiviral activity of exogenous HCV PAMP RNA was
investigated in HCV-infected SCID/bg-Alb/uPA chimeric mice. We first
examined the innate immune response induced by transfecting HCV PAMP RNA
into uninfected chimeric mice in comparison to the control HCV RNA of
equivalent length, HCV XRNA. As expected, increased IFN transcripts and
significant upregulation of ISGs were observed in chimeric mice transfected with
HCV PAMP RNA, but not in mice receiving XRNA. The potential antiviral effect
of HCV PAMP RNA was then studied in donor-matched chimeric mice infected
with HCV. Significant viremia decline was only observed in HCV-infected
chimeric mice when HCV PAMP RNA was administrated as compared to
administration of XRNA or PBS to HCV-infected chimeric mice. In summary,
our data suggest that HCV PAMP RNA administration can elicit an innate
immune response in the livers of chimeric mice, which limits HCV infection.
These results provide evidence that HCV PAMP RNA could be a good

therapeutic agent for the development of novel antiviral treatments.
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5.2 HCV Infection in Chimeric Mice Induced Up-Regulation of
MicroRNA-27: A Novel Mechanism for Hepatic Steatosis

- This work is part of a collaborative project with Ragunath Singaravelu, a PhD

student in Dr. John Paul Pezacki laboratory in Ottawa, Canada.

- A version of this data are published in: Singaravelu R, Chen R, Lyn RK, Jones
DM, O'Hara S, Rouleau Y, Cheng J, Srinivasan P, Nasheri N, Russell RS, Tyrrell
DL, Pezacki JP. Hepatitis C virus induced up-regulation of microRNA-27: A
novel mechanism for hepatic steatosis. Hepatology. 2014 Jan;59(1):98-108.
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5.2.1 Rationale

MicroRNAs (miRNAs) are a class of endogenously synthesized small non-coding
RNAs approximately 20-25 nucleotides in length. They regulate gene expression
by targeting mRNAs for translational repression or degradation by cleavage. Due
to their regulatory function, miRNAs can help to shape host transcriptomes and
proteomes, and thus play a critical role in cellular physiology. They are involved
in the fine-tuning and modulation of host genes in a broad range of biological
pathways in the eukaryotic cell, including cellular development, differentiation,
proliferation, metabolism, maintenance, immunity, and death [324-326]. Because
of their understood role in numerous crucial cellular functions, dysregulation of
miRNAs is associated with a variety of human diseases including cancer and

virally induced illnesses [327, 328].

Several viruses, such as HIV and HCV, modulate the host miRNAs for their
pathogenesis. One such miRNA involved in HCV life cycle is miR-122. The miR-
122 is a liver-specific miRNA that makes up approximately 70 % of all miRNAs
in the liver [329, 330]. The miR-122 has been identified as a host factor required
for efficient replication and viral production of HCV [331, 332]. Besides miR-
122, other host miRNAs, such as miR-199a [333], miR-141 [334], miR-196
[335], miR-29 [336], Let-7b [337], and miR-130a [338], are also reported to be
modulated by HCV to promote its replication or pathogenesis. Hepatic miRNAs
can influence HCV either through direct interactions with the viral genome or

regulation of HCV-associated host pathways.
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HCV is described as a lipotropic virus because of its close association with serum
lipoprotein. HCV-induced modulations of lipid metabolism include increased
cellular triglyceride and cholesterol storage to facilitate viral replication [339-
341]. HCV utilizes the low-density lipoprotein (LDL) receptor for cellular entry
[342-344] and forms replication complexes on lipid rafts [345]. The HCV core
protein surrounds and binds LDs [346]. Moreover, HCV particle assembly and
secretion also use components of the very-low density lipoprotein (VLDL)
pathway [347]. In addition, steatosis is often observed in CHC in liver tissue

histology.

However, miRNAs that regulate lipid metabolism and HCV replication have not
been reported until recently [348]. MiR-27 represents another liver-abundant
miRNA [349]. Its role in HCV pathogenesis is poorly understood. MiR-27
regulates lipid metabolism in adipocytes and macrophages and is implicated in
atherosclerosis [350]. In hepatoma cells, miR-27 has been shown to regulate
many lipid metabolism-related transcription factors, such as retinoid X receptor o
(RXRa), peroxisome proliferator-activated receptor alpha (PPARa), PPARY, fatty
acid synthase (FASN), sterol regulatory element-binding protein 1 (SREBP1) and
SREBP2 [348]. Furthermore, miR-27 is deregulated in liver metabolic disorders
[351-353], suggesting it plays a role in hepatic lipid metabolism, a critical host

pathway hijacked by HCV to facilitate its lifecycle and pathogenesis [339, 340].

Due to this intimate association of both HCV and miR-27 with hepatic

metabolism, the hypothesis of this study was that HCV infection in chimeric mice

181



enhances miR-27 expression and results in upregulating hepatic LD biogenesis.

5.2.2 Results

5.2.2.1 HCV infection activates miR-27 expression in chimeric mice

There are two isoforms of miR-27, miR-27a and miR-27b, encoded by separate
gene loci and differing by one nucleotide (Figure 5.4). The single nucleotide
difference in miR-27 sequences is conserved across species (Figure 5.4). We first
examined whether HCV infection induces the expression of either miR-27
isoform in SCID/bg-Alb/uPA chimeric mice. As shown in Figure 5.5, two HCV
clinical isolates of different genotypes, HCVgtla and HCVgt2b (described in
Table 3.1 in Chapter 3), were used to infect 10 chimeric mice populated with two
difference hepatocyte donors, Hu8063 (4 mice) and Hu8085 (6 mice). Chimeric
mice of matching age and hepatocyte donor were mock infected with serum from
a healthy adult (HBV-, HCV- and HIV-negative) as controls. Mock- or HCV-
infected chimeric mice were terminated at two different infection time points, 21-
day and 7-week p.i. Successful HCV infection was confirmed by measuring HCV
serum and intrahepatic RNA levels using RT-qPCR (Figure 5.5). Expression
levels of miR-27a and miR-27b in chimeric mouse livers were analyzed by RT-
qPCR. Our result revealed a 2.9-fold upregulation in miR-27b levels 7 weeks after
HCYV infection was initiated (Figure 5.6A). This increase was conserved across
both HCV genotypes examined. There was also a 2-fold increase in miR-27a
levels (Figure 5.6B) in HCV-infected chimeric mouse livers in comparison to the
mock controls. In summary, our results showed that HCV infection in chimeric

mice enhanced intrahepatic expression levels of both miR-27a and miR-27b.
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hsa-miR-27a  uucacaguggcuaaguuccgc
mmu-miR-27a uucacaguggcuaaguuccgc
rno-miR-27a  uucacaguggcuaaguuccgc
ptr-miR-27a uucacaguggcuaaguuccgcc
cfa-miR-27a uucacaguggcuaaguuccg

hsa-miR-27b  uucacaguggcuaaguucugc
mmu-miR-27b uucacaguggcuaaguucugc
rno-miR-27b uucacaguggcuaaguucugc
ptr-miR-27b uucacaguggcuaaguucugc
cfa-miR-27b uucacaguggcuaaguucugc

Figure 5.4 MiR-27 isoforms and conservation of sequence.
Sequences of both isoforms of miR-27 (a and b) are depicted. The single
nucleotide difference in miRNA-27 sequences in conserved across species is

highlighted.
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Figure 5.5 HCYV infection in chimeric mice.

Chimeric mice were infected with two clinical isolates of HCVgtla or HCVgt2b
and serum/liver samples were taken at either 21 days or 7 weeks p.i. Each bar
corresponds to an individual infected mouse. Chimeric mice produced with two
sets of donor hepatocytes, Hu8085 and Hu8063, were used for this study. Viremia
RNA levels are shown in GE/mL while intrahepatic HCV RNA levels were
normalized by HPRT-1 expression levels, as described in Chapter 2.

Left panel :Intrahepatic HCV RNA.

Right panel: HCV viremia RNA.
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Figure 5.6 HCV infection enhances miR-27 expression in chimeric mice.

Chimeric mice were infected with clinical isolates of HCV genotypes la(®) and
2b (a). Total RNA was isolated from mock- or HCV-infected mice 21 days and 7
weeks postinfection, and RT-qPCR was used to measure the relative expression of
miR-27b (A) and miR-27a (B). Expression levels for each trial were normalized
to the average for mock-infected mice. Results are displayed in a vertical

scatterplot with the average expression denoted by a horizontal line.

Note: this experiment was performed by our collaborator, Ragunath Singaravelu.
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5.2.2.2 HCV infection caused increased cellular LDs in chimeric mice

As mentioned in Rationale, miR-27 regulates lipid metabolism. Dysregulation of
miR-27 results in liver metabolic disorders, suggesting it plays a role in hepatic

lipid metabolism.

Our collaborator, Ragunath Singaravelu, examined whether miR-27 plays a
regulatory role for lipid metabolism in Huh7 cells by transfecting with control or
miR-27 mimics and inhibitors and measuring the effects. He used coherent anti-
Stokes Raman scattering (CARS) microscopy, a modern multiphoton imaging
method, to image miR-27 influence on hepatic lipid content in a highly effective
manner [354]. CARS has been used extensively for label-free imaging and
quantification of hepatic lipid content in biological systems, thereby avoiding
perturbations and artifacts that can be introduced by added dyes and staining
protocols [354, 355]. His results showed that transfection of miR-27a and miR-
27b mimics in Huh-7 cells induced an increase in both the size and abundance of
LDs (Figure 5.7), demonstrating a correlation between accumulation of hepatic

LDs with increased expression of miR-27.

Having known that HCV infection in chimeric mice induces miR-27 expression,
and in cultured hepatoma cells, increased expression of miR-27 is associated with
the accumulation of hepatic LDs. I was interested to study whether HCV infection
in chimeric mice causes increased LD accumulation. I used a classic
histochemical stain, oil red O, to visualize LDs in chimeric mouse livers in

combination with immunolabelling a human specific marker CK-18 [291]. Frozen

186



sections of liver samples from mock- or HCVgtla-infected chimeric mice were
used for staining. Two time points were examined for HCV infection, 21 days and
7 weeks p.i. Accumulation of cellular LDs was visualized in the livers of HCV
infected chimeric mice in comparison to the mock-infected animals (Figure 5.8).
A correlation of increased amount of intrahepatic LDs with longer period of HCV
infection was also observed. In summary, our results indicated an association

between HCV infection and increased LD accumulation in chimeric mice.

187



4.5+
4.0
3.5
3.04
2.5
2.0
1.5+
1.0+
0.5
0.0-

I Control T
C=miR-27b

Cellular lipid volume (%)

lrlhil'-:itor

@)

Cellular lipid volume (%)

Control miR-27a
Mimic transfection

Figure 5.7 MiR-27 regulates hepatic lipid homeostasis.

Huh7 cells were transfected with 20nM miR-27a, miR-27b, or control mimics and
inhibitors. Cells were fixed 48 hours posttransfection. (A) Representative CARS
images of mimic transfected cells are shown. Scale bars =10 um. The results of
voxel analysis are shown in (B,C) as percentage cellular lipid volume. Voxel
analysis is representative of n > 75 cells from two biological replicates. Error bars
represent the standard error of the mean.

Note: this experiment was performed by our collaborator, Ragunath Singaravelu.
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DAPI Hu-CK18

Figure 5.8 Changes of cellular lipid levels by HCV infection in chimeric mice.

Oil red O staining of LDs in mice liver cross-sections are shown in red. Human
CK-18 immunostaining was used as marker of human hepatocytes (green).
Nuclear DNA was stained with DAPI (blue). Images were acquired with a
confocal microscope. Scale bars =10um. Representative images are shown from

three mice. For each mouse, at least three regions of interest were analyzed.
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5.2.3 Discussion

MiRNAs plays an important role in various biological processes, and are also
involved in infections and diseases, such as HCV infection. Several host miRNAs
have been identified in relationships with the HCV life cycle to promote its
replication or pathogenesis as mentioned previously in rationale section.
However, miRNAs that regulate lipid metabolism and HCV replication are poorly
understood. To date, miR-27 is the only one that has been reported [348, 356]. In
this study, we have shown that HCV infection in chimeric mice upregulated miR-

27 expression, which led to upregulated hepatic LD biogenesis.

Two target genes of miR-27, PPAR-o and angiopoietin-like protein 3
(ANGPTL3), were predicted by a computer software and further confirmed
experimentally by measuring the change of mRNA levels of PPAR-o and
ANGPTL3 in Huh-7.5 cells transfected with miR-27b mimics by our
collaborators. They found decreased mRNA levels of PPAR-a and ANGPTL3 in
cells overexpressing miR-27 mimics, suggesting miR-27 regulated PPAR-a or
ANGPTL3 at the RNA level. It is known that both PPAR-a and ANGPTL3 are
associated with lipid metabolism signaling pathways. PPAR-a is a key nuclear
receptor that transcriptionally activates genes associated with fatty acid oxidation
[357]. ANGPTL3 is expressed by the liver [358] and secreted into circulation
[359]. Studies have shown that ANGPTL3 suppresses the activity of lipoprotein
lipase, which regulates triglyceride levels in circulation [360]. Based on the

observations made by us using chimeric mice and by our collaborators using
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Huh7.5 cells, a novel mechanism was proposed, by which HCV-induced miR-27
overexpression promoted steatosis. In this model, HCV infection induces miR-27
overexpression, which leads to down-regulation of miR-27 mRNA targets:
ANGPTL3 and PPAR-a. Antagonism of PPAR-a signaling by miR-27 results in
increased cellular triglyceride content. Decreased ANGPTL3 levels by increased
miR-27 expression in HCV infection would result in increased activity of
lipoprotein lipase, which regulates triglyceride levels. The latter mechanism could

also account for further accumulation of triglycerides.

In agreement with our results, another group studying activation of miR-27a
expression by HCV infection observed that the expression of miR-27a was
upregulated more in CHC liver than in CHB liver and identified a correlation
between miR-27a expression and severity of steatosis in CHC patients [348].
They also showed that the expression of many lipid metabolism-related genes,
including PPAR-a, was repressed by miR-27 in Huh-7.5 cells [348]. In addition,
it is interesting to note that the assessment of miR-27a expression in patients
receiving peglFN and RBV therapy by the same group showed that CHC patients
with high miR-27a levels in the liver had a more favorable treatment response
[348]. They also demonstrated that miR-27a significantly enhanced IFN signaling
in Huh-7.5 cells [348]. Therefore, they suggested that miR-27 might have
therapeutic benefits in combination with IFN therapy, especially in patients with
the IFN-nonresponsive IL-28B genotype, who show a more severe steatosis than

those with the I[FN-sensitive IL-28B genotype [361-365].
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Finally, to the best of our knowledge, our study represents the first report
visualizing HCV-induced hepatic lipid accumulation in SCID/bg-Alb/uPA mice,

highlighting the utility of the model for studying HCV-associated steatosis.

5.2.4 Summary

In this study, we have shown that HCV infection enhanced miR-27 expression in
chimeric mice, and this was conserved across genotypes. HCV infection was also
associated with increased accumulation of hepatic LDs in chimeric mice.
Together with the data from our collaborators, our results suggested that HCV-
induced miR-27 expression, and the resultant down-regulation of PPAR-a and

ANGPTL3, represented a novel mechanism by which HCV induced steatosis.
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CHAPTER 6

Project Overview, Conclusion and Future Directions
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6.1 Project overview and general discussion

Both HCV and HBYV infections represent major global public health problems.
According to WHO 2013 data sheets [80, 154], more than 240 million and 150
million people worldwide are currently chronically infected with HBV and HCV
respectively. About 1 million people die every year due to acute or chronic HBV
and HCV infections primarily from the adverse outcomes of cirrhosis and HCC.
Interferon response has been shown to be crucial to viral pathogenesis. In
addition, interferon has been a significant component of the treatment for both
HBV and HCV infections. In this thesis, the role of interferon responses in HBV
and HCV infections were studied using the SCID/bg-Alb/uPA chimeric mouse

model.

The majority of patients acutely infected with HCV are asymptomatic, thus
current knowledge of the immune response induced at early stages of viral
infection in HCV patients is poorly documented. A detailed time course study of
HCYV infection was performed in SCID/bg-Alb/uPA chimeric mice to detect an
induced endogenous IFN response by measuring changes in the transcription of
human ISGs in correlation with the changes of viral parameters. I did not observe
any significant ISG stimulation in HCV infection other than a spike of ISG
response at day-10 post infection in HCV infected chimeric mice. The
upregulated ISG response detected in chimeric mice 10 days after HCV
inoculation is comparable to the observations made in HCV infected chimpanzees

in which induction of type I IFN ISGs was detected 5-8 weeks after inoculation
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and the extent and duration of ISG induction was positively correlated with viral

load [208].

However, the lack of an IFN response in long-term HCV infection in the chimeric
mice in my studies is in contrast to our previous observations in the chimeric mice
by Walters, et al. showing an ISG response in HCV infected chimeric mice [284].
The difference between these two studies may be accounted for the lack of beige
trait in the study by Walters, et al, which led to more mouse NK cell function. In
addition, different human hepatocyte sources were used: commercial
cryopreserved human hepatocytes were used in my studies, whereas fresh human
hepatocytes isolated from liver tissues were used in the study by Walters, et al.
Fresh human hepatocytes preparations may contain other liver cell types, such as
dendritic cells and Kupffer cells, that may have been important in the production

of an ISG response.

The absence of significant ISG upregulation during long-term HCV infection in
chimeric mice is also in contrast to the results of upregulated ISG expression
reported in CHC patient studies [161]. These results of HCV infection in my
studies may be due to the lack of a functional immune system in the mouse

model.

Despite the lack of ISG upregulation in chimeric mice chronically infected with
HCV, administration of HCV PAMP RNA elicited a significant ISG response in
the livers of chimeric mice. These observations suggested that HCV virus could

effectively inhibit host antiviral response, which is most likely contributed by
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HCV NS3/4A protease that targets both MAVS in the RIG-I signaling pathway
and TRIF in the TLR3 pathway. Although HCV NS3/4A protease is a crucial
component that HCV uses to evade the innate immune response, evidence from
my studies in chimeric mice showed that HCV PAMP RNA administration
limited HCV infection. This is most likely because administration of HCV PAMP
RNA induced IFN signaling not only in the hepatocytes infected with HCV,
which are only a proportion of human hepatocytes where HCV NS3/4A protease
was able to execute its inhibitory function on IFN signaling, but also in cells that
were virus-free. IFNs released from these HCV-free cells bind to IFNARs
presented on hepatocytes infected with HCV and stimulated JAK-STAT pathway

that controlled HCV infection.

However, in comparison to the treatment with exogenous IFN on HCV-infected
chimeric mice, HCV viremia decline was not as much in mice infected with the
same HCV strain and treated with HCV PAMP RNA. This could be due to the
fact that effective control of HCV infection requires activation of three pathways,
TLR3, PKR and RIG-I pathways. HCV PAMP RNA activates only RIG-I
pathway. Alternatively, HCV PAMP RNA activates RIG-I signaling which is
targeted by HCV NS3/4A protease in HCV-infected hepatocytes, whereas
exogenous IFN treatment stimulates signal transduction from IFNARs which is

downstream of RIG-I signaling and not inhibited by HCV NS3/4A protease.

Interferon has been used in treatments for HCV infection for years. Unfortunately,

a good proportion of patients do not respond adequately to IFN therapy. What
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causes the nonresponsiveness to IFN therapy during HCV infection remains
unclear. Evidence suggests that factors determining the response to IFN therapy
likely include both host and viral factors. However, it has been a great challenge
to evaluate the relative contributions of these host and viral factors to IFN
nonresponsiveness in HCV infection. One of the unique opportunities offered by
the SCID/bg-Alb/uPA mouse model that particularly interested me is the ability to
separate viral and host factors in studies of HCV infection; we can study
infections by different strains of HCV in animals populated with hepatocytes from
the same donor, or to use the same HCV virus to infect the mice transplanted with
hepatocytes from different donors. This enabled me to control the variables in the
examination of virus-host interactions and to dissect the contributions of host and
viral factors in the response to IFN treatment. Several HCV clinical isolates
differing in their genotype and IFN-sensitivity were used to investigate the
contributions of viral factors to IFN treatment response in the SCID/bg-Alb/uPA
mouse model. I found that although it was not possible to produce chimeric mice
with hepatocytes from individual patients, the response of each patient HCV
isolate to IFN therapy showed a good correlation to the IFN response in the HCV-
infected chimeric mice produced with cryopreserved human hepatocytes. This
suggested that intrinsic viral factors had a profound effect on the response to IFN
treatment. I had predicted that distinct sensitivity of HCV strains to IFNa therapy
would be due to different suppressive effects of nonresponsive and responsive
HCV strains on the host JAK-STAT pathway. Surprisingly, my results showed

that both IFN-nonresponsive and IFN-sensitive HCV strains had minimal
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inhibitory effects on the JAK-STAT pathway in the chimeric mouse model. This
result was also supported by the observations described in Chapter 4 that IFN
treatment led to significant upregulation of STATI1/2 mRNAs and nuclear
translocation of STATI1 in the livers of chimeric mice infected with an IFN-
nonresponsive HCV strain. Therefore, my results suggested that HCV sensitivity
to IFNa therapy was not critically associated with viral interference with host IFN
signaling downstream of IFN receptors in this mouse model. In addition, host
factors affecting IFN therapy treatment outcomes, such as liver ISG expression
prior to IFN therapy and the hepatocyte donor SNPs at two IL28B loci, were
studied. In contrast to the results found in patients, where an up-regulation of a
subset of ISGs before treatment is strongly associated with nonresponsiveness to
exogenous IFN therapy, there was no significant upregulation of human
endogenous type I and III IFNs or ISGs in chimeric mice chronically infected by
either of the IFN-nonresponsive and IFN-sensitive HCV strains. This observation
suggested that the upregulation of ISGs in chronically infected HCV patients
could be the result of ISG expression in other cell types rather than in
hepatocytes, such as pDCs and Kupffer cells, or the result of direct or indirect
interactions between hepatocytes and other cell types. In the studies on the effects
of the hepatocyte donor SNPs at two IL28B loci on IFN therapy treatment
outcomes, I used two HCV isolates with distinct IFN-sensitivities and infected
mice produced with hepatocyte donors carrying three different IL28B SNPs
including both “favorable” and “unfavorable” IFN response genotypes.

Surprisingly, the variants of the IL28B SNPs in donor hepatocytes had little or no
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influence on the response outcome to IFN treatment under immunosuppressive
conditions of the SCID/beige trait in our chimeric mice, suggesting that the
association of IL28B SNPs with response to IFN treatment found in patient

studies may be very dependent on a complete immune system.

In addition to the functional analysis of IFN response in chimeric mice infected
with HCV, the role of IFN response in HBV infection was also investigated in

chimeric mice in this thesis.

Similarly to the HCV study, a time course of HBV infection was performed in
SCID/bg-Alb/uPA chimeric mice to detect an induced endogenous IFN response.
No significant ISG stimulation was observed during the entire course of HBV
infection, which is consistent with the studies in HBV-infected chimpanzees [116]
and humans [117, 118]. The lack of IFN response during the course of HBV
infection in chimeric mice could be because HBV in chimeric mice is a “stealth”
virus that cannot be detected by the PRRs in human hepatocytes, and/or HBV

efficiently suppresses the innate IFN response very early following infection.

Lastly, the molecular mechanism responsible for nonresponsiveness of HBV and
HCYV to exogenous IFN treatment was investigated in a cohort of donor-matched
chimeric mice. Nonresponsiveness to exogenous IFN treatment was mediated by
different distinct mechanisms by the two viruses: HBV inhibited STATI
transcription and nuclear translocation upon IFN stimulation, and thus
downregulated the expression of ISGs. Whereas, no significant downregulation of

ISG expression was observed in HCV-infected mouse livers upon IFN treatment,
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nor was a change in STAT]1 transcription or nuclear translocation detected. These
results suggest that there are certain viral intrinsic factors, which are responsible

for the non-responsiveness of HCV to IFN treatment.

In addition, response to IFN treatment in CHC and CHB patients show different
patterns. Patients infected with HCV that respond usually show a rapid viremia
decline within 2-4 weeks, whereas response to IFN treatment in HBV patients
with chronic infection often do not show significant viral load decrease until 8-12
weeks after the initiation of IFN. In HBV patients responding to IFN therapy,
viremia decline is usually correlated with a spike of liver enzymes, indicating
stimulated hepatotoxicity, followed by normalized enzyme levels and drop in
HBYV load. These observations suggest that the effect of IFN therapy on HBV and
HCV infections in patients is likely through different mechanisms: innate
response elicited in the liver by IFN therapy is critical in eliminating responsive
strains of HCV, whereas the [FN effect on HBV in chronically infected patients is
not affected by the innate response directly and very dependent on an adaptive

immunity.

6.2 Conclusion

A robust interferon response is crucial to the clearance of viral infections,

including HBV or HCV infection of the liver.

Induced endogenous IFN response was studied during the course of HCV

infection in chimeric mice. Other than a spike of ISG response at day-10 post
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infection, no significant ISG stimulation in HCV infected chimeric mice was
observed. Several host and viral factors that have been shown associated with the
outcome to IFN therapy in CHC patients were evaluated in chimeric mice. I found
that viral interference with host IFN signaling as well as host factors, such as
polymorphisms at the IL28B loci and pre-treatment levels of ISG expression, had
less impact than the HCV intrinsic viral factors in determining the response to

exogenous IFN treatment in the chimeric mouse model.

In chimeric mice infected with HBV, no induced endogenous IFN response was

detected during the entire course of HBV infection.

The molecular mechanism responsible for nonresponsiveness of HBV and HCV
to exogenous IFN treatment was also investigated. HBV actively antagonized host
JAK-STAT signal transduction, whereas the non-responsiveness of HCV to
exogenous IFN treatment appeared to be primarily associated with intrinsic viral
factors. Since the SCID/bg-Alb/uPA chimeric mouse model used in my studies is
immunocompromised, my results suggested that effective control of HBV or
HCYV infection may require coordination or cross-talk between hepatocytes and
other types of cells, in particularly immune cells residing in the liver or infiltrated

to the liver during infections.

6.3 Future directions and perspective

My data have showed that HBV suppresses IFN response by antagonizing gene

transcription of STAT1 and STAT2 and protein activation of STATI. It will be
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interesting to perform immunostaining of STAT2 in liver sections from HBV
infected chimeric mice treated with IFN to determine if protein activation of
STAT?2 is also impaired by HBV in response to IFN treatment. In addition, many
molecules, such as IFNAR1/2, JAK1 and TYK?2, are involved in the JAK-STAT
signaling pathway other than STATI1 and STAT2. Future studies will examine
whether HBV infection exerts suppressive effects on any of these molecules. As
discussed in Chapter 4, in order to further test the different effects of HBV
compared to HCV on the JAK-STAT pathway, particularly on STAT1 protein
activation, co-staining human STAT1 with viral proteins, such as HBV or HCV
core protein, in liver sections from HBV infected chimeric mice treated with

exogenous IFN is ongoing.

My studies have demonstrated that the nonresponse of HCV to exogenous IFN
treatment is mostly associated with intrinsic viral factors in chimeric mice.
Evidence has shown that amino acid variation in IFN-sensitivity-determining
region (ISDR) within the HCV NSS5A region [172, 173] as well as in the HVR1
located in HCV E2 region [176-178] and at aa 70 or 91in the HCV core region
[174, 175] are predictors of SVR and NVR to IFN therapy. Future studies will
focus on determining if these sequence variations are present in the IFN-
nonresponsive HCVgtla strain prior to and post IFN treatment in mouse serum
using direct sequencing or the next generation sequencing strategy. I attempted
the next generation sequencing experiments, however, due to the limited amount
of mouse serum samples available for analysis as well as the highly variable

nature of HCV quasispecies in clinical samples, challenges are significant from
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viral RNA isolation for library construction to final sequence analysis in mice. I
will continue to explore next generation sequencing technologies to address these

questions.

Host factors, such as IL28B SNPs, will be re-evaluated in HCV-infected
hepatocytes co-cultured with immune cells carrying different IL28 SNPs. My
preliminary experiments, by introducing unstimulated pDCs isolated from healthy
adults into chimeric mice chronically infected with HCV, have showed that the
cross-talk between infected hepatocytes and pDCs did lead to production of type I
IFNs (Figure 3.8 in Chapter 3). The effect of different immune cells on the
induction of an IFN response in uninfected and HCV infected chimeric mice

deserves further study.
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