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Abstract

Hepatitis C virus (HCV) establishes frequently persistent infections. Chronic carriers can develop
severe liver disease. HCV has been intensely studied in a variety of cell culture systems. However,
commonly used cell lines and primary hepatocyte cultures do not or only in part recapitulate the
intricate host environment HCV faces in the liver. HCV infects readily only humans and
chimpanzees, which poses challenges in studying HCV infection in vivo. Consequently, tractable
small animal models are needed that are not only suitable for analyzing HCV infection but also for
testing novel therapeutics. Here, we will focus our discussion on humanized mice, i.e. mice
engrafted with human tissues or expressing human genes, which support HCV infection. We will
further highlight novel methods that can be used to unambiguously detect HCV infected cells in
situ, thereby facilitating a spatio-temporal dissection of HCV infection in the three dimensional
context of the liver.
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1. Hepatitis C and hepatitis C virus

At least 150 million people are chronically infected with hepatitis C virus (HCV). Only
20-30% of exposed individuals clear an HCV infection spontaneously while the majority
becomes persistently infected. If untreated chronic carriers are at significant risk of
developing severe liver disease including liver fibrosis and liver cirrhosis and development
of hepatocellular carcinoma.

HCV was first identified as the etiologic agent for non-A non-B hepatitis, later classified as
hepatitis C in 1989 (Choo et al., 1989). HCV is an enveloped, positive-strand RNA virus in
the family Flaviviridae, containing a 9.6-kb RNA genome (Moradpour et al., 2007).
Translation of the genome initiates at an internal ribosome entry site (IRES) in the 5’ UTR
and produces a major 3,000-aa polyprotein, which is further cleaved into three structural
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proteins (core, E1 and E2) and seven nonstructural (NS) proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A and NS5B) by cellular and viral proteases. HCV core protein can bind HCV
genomic RNA to form the viral nucleocapsid, enveloped by glycoproteins E1 and E2
(Moradpour et al., 2007). The envelope proteins (E1 and E2) are responsible for mediating
viral entry, followed by uncoating in the cytoplasm (reviewed in (Lindenbach and Rice,
2013)). p7 functions as the viral ion channel in planar lipid bilayers which plays an
important role for HCV infection and therefore it is an attractive target for antiviral drug
development (Griffin et al., 2003). The nonstructural protein 2 (NS2) is an autoprotease that
catalyzes the cleavage at the NS2-3 junction, and NS3-4A serine protease processes the
remainder of the nonstructural proteins. NS3/4A is not only vital for viral replication
(Grakoui et al., 1993; Moradpour et al., 2007) but also cleaves multiple cellular targets
(reviewed in (Morikawa et al., 2011)), that block the downstream interferon activation (Li et
al., 2005; Meylan et al., 2005). NS4B is a highly hydrophobic protein that induces
rearrangement of intracellular membranes to form a membranous web, which is the site of
viral RNA replication (Tellinghuisen et al., 2007). NS5A is an RNA binding protein that
plays an essential role in the RNA replication and virus assembly. Phosphorylation of NS5A
appears to be the switch between viral replication and infectious virus production (Reed et
al., 1997). NS5B is the viral RNA-dependent RNA polymerase (RdRp), which catalyzes the
replication of the viral genome (Tellinghuisen et al., 2007; Lindenbach and Rice, 2013).
Several HCV encoded proteins, that serve essential functions in the HCV lifecycle,
including NS3/4A, NS5A and NS5B, are targets of choice for the development of anti-HCV
drugs.

Since the first treatment attempts of chronic HCV with interferon alpha in the late 1980s
(Schvarcz et al., 1989) significant progress has been made. Subsequently, a combination of
pegylated interferon (IFN) alpha 2a or 2b and ribavirin (RBV) was the standard therapeutic
regimen, until the approval of the first directly acting antivirals (DAAs) in 2011, which
interfere specifically with the function of the viral NS3/4A protease (boceprevir and
telaprevir). Combining peg-IFN and RBV with one of the first generation protease inhibitors
increased significantly sustained virological response (SVR) rates. However, under this
treatment regimen HCV frequently develops resistance leading to viral breakthrough.
Furthermore, addition of the first generation DAA to the HCV therapy exacerbated
previously observed substantial side effects including anemia and rash. Some of these issues
have been addressed with the development and approval of second generation protease
inhibitors (e.g. simeprevir) and a very potent, first in class inhibitor of the RARP
(sofosbuvir). Current clinical trials (reviewed in (Schinazi et al., 2014)) are focusing on the
combination of different classes of DAA's to exploit synergetic effects and minimize the risk
of emerging resistances. One of the largest interferon-free trials for treatment-naive
genotype 1 patients so far was the SOUND-C2 trial, that combined the NS3/4A inhibitor
faldaprevir, the NS5B inhibitor deleobuvir and ribavirin. After 28 weeks of treatment 69%
of the patients achieved a SVR (Zeuzem et al., 2013). Even more encouraging were the
results of a recent once daily all-oral trial of the NS5A replication complex inhibitor
daclatasvir in combination with sofosbuvir for 24 weeks. It showed SVR's of 100% for
genotype 1 patients, even if they had a previous virologic failure under the treatment with
boceprevir or telaprevir and interferon alpha plus ribavirin (Sulkowski et al., 2014).
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The encouraging results of these trials suggest that in the near future, HCV treatment
regimens will not only be interferon-free, but will also allow shorter duration of treatment
and will have activity against a broad spectrum of genotypes. Finally, it seems that
traditional predictors of treatment outcome like fibrosis score, prior treatments, I1L-28B
genotype become less and less important for treatment decisions.

While the advances in anti-HCV therapy are astounding their impact on containing the
global HCV epidemic remains to be seen. The considerable costs of currently approved drug
cocktails, along with inadequate infrastructure for medical supervision and distribution may
diminish the impact of future therapies in resource poor environments. Consequently,
development of vaccines, which may offer cost-effective therapeutic and prophylactic
intervention options, remains critical to contain HCV infection globally.

The study of HCV and the development of novel therapeutics have progressed tremendously
in the last years. Development of robust cell culture systems has been instrumental for these
advances, which have been recently reviewed elsewhere (Taylor, 2013). However, study of
HCV in vitro heavily relies on the use of human hepatoma cells, which do not adequately
mimic hepatocytes because of their transformed nature leading to aberrant host responses
(reviewed in (Sheahan et al., 2010)). In attempts to analyze HCV infection in a more
physiologically relevant context cultures of primary human hepatocytes, including adult
(Ploss et al., 2010; Podevin et al., 2010), fetal (Andrus et al., 2011; Marukian et al., 2011;
Sheahan et al., 2014) and stem-cell derived hepatocytes (Roelandt et al., 2012; Schwartz et
al., 2012; Wu et al., 2012), have been developed, that support HCV infection transiently at
low levels. Although primary hepatocyte cultures are arguably a better approximation of
HCV's host environment than hepatoma cell lines they dedifferentiate within a few days in
tissue culture and moreover are largely uncoupled from cues provided within the 3
dimensional context of the liver. Those cues include interactions with non-parenchymal
cells, nutrient and oxygen gradients and circadian rhythms influencing host gene expression
and thus contributing to hepatocyte heterogeneity in vivo. Likewise, studies of host
responses at the organismal level, such as cellular and humoral immune responses and virus-
induced pathogenesis mandate the study of HCV in vivo. Clinical specimens, i.e. liver
biopsies and/or peripheral blood samples could be used, but studies using patient material
are hampered by the limited control over important experimental parameters, i.e. time of
infection, dose, inoculum, and the inherent heterogeneity within a given study cohort.
Consequently, the use of experimental animal models could play an important role in
providing insights into host responses to HCV infections in a “real life” setting.

2. Animal models for HCV infection

Historically, it has been challenging to study HCV infection in vivo. The only species beside
humans that is readily susceptible to HCV are chimpanzees. Chimpanzees have played an
important role in the early characterization of transfusion-mediated hepatitis and the
subsequent identification of HCV as the etiologic agent for non-A non-B hepatitis (Bukh,
2004). The natural course of HCV infection observed in patients is mirrored well in
chimpanzees, although more severe manifestations of liver disease are rare presumably due
to the lack of co-morbidities, such as alcohol-abuse, obesity or HIV co-infections, all of
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which accelerate progression and exacerbate severity of liver disease in humans. Despite
their utility studies in large apes are challenging. Experimental cohorts are usually
heterogeneous in terms of age, sex, weight and as an outbred species also genetically,
thereby broadening the observed response patterns. Studies are further confounded by
usually small cohort sizes, which is driven by the scarcity of the animals and their high
costs. Terminal experiments are prohibited in chimps limiting the analysis to sampling of
peripheral blood and occasional liver biopsies. Public opposition has led to a ban of
biomedical research using chimpanzees in many countries and growing ethical concerns in
the US have led to an NIH memorandum that severely restricts all federally-funded (HCV)
research involving chimpanzees (NIH 2011, posting date. http://grants.nih.gov/grants/quide/
notice-filessNOT-OD-12-025.html).

A multitude of approaches has been undertaken in efforts to model hepatitis C in vivo
(reviewed in (Billerbeck et al., 2013)). Those include mice expressing transgenically
individual or combinations of HCV proteins, surrogate models relying on infection of small
non-human primates with viruses related to HCV and humanized mice, i.e. mice
transplanted with human hepatocytes or expressing essential HCV host factors. Here, our
discussions will focus on the latter. The rationale is the following: First, humanized mice are
susceptible to HCV, the virus causing diseases in humans as opposed to viral surrogates
such as GB virus B (Karayiannis et al., 1989; Schaluder et al., 1995; Bukh et al., 2001,
Lanford et al., 2003) or HCV-like hepaciviruses (Kapoor et al., 2011; Burbelo et al., 2012)
that can differ in genome organization and vary in their sequence. Second, in contrast to e.g.
HCV transgenic mouse lines, which stably express HCV gene products often under the
control of cellular promoters (reviewed in (Kremsdorf and Brezillon, 2007; Billerbeck et al.,
2013)), humanized mice can be infected and thus better approximate the inflammatory
milieu in the liver. Third, although some reports suggest that tree shrews (Tupaia belangeri)
are susceptible to HCV infection (Xu et al., 2007; Amako et al., 2010), as an outbred
species, they are genetically heterogeneous, and they cannot easily be genetically
manipulated and tupaia-specific reagents are scarce.

2.1. Xenotransplantation models for HCV

To overcome species barriers in mice, a number of host and viral adaptation approaches
have been undertaken (reviewed in (Ploss and Rice, 2009)). To render the murine host more
susceptible to HCV infection, the liver has been humanized in specially conditioned
xenorecipients. To facilitate efficient engraftment, mice must be immunocompromised to
prevent rejection of the transplanted human graft. Further, recipients must suffer from an
endogenous liver injury, which allows to selectively ablate endogenous murine hepatocytes
and provides the proliferative stimulus for transplanted hepatocytes to expand in the murine
parenchyma.

Liver injury can be inflicted chemically, surgically or genetically. The latter is most
commonly used, and a number of murine liver injury models have been developed. One of
the best-characterized systems is the urokinase plasminogen activator (UPA) transgenic (tg)
mouse in which uPA expression is driven by a liver-specific aloumin promoter. uPA
transgene expression is acutely hepatotoxic and leads to blood coagulopathies resulting in
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high neonatal mortality (Heckel et al., 1990). However, AlbuPA mice are frail and
hypofertile (Brezillon et al., 2008), decreasing the throughput at which animals available for
transplantation can be produced. In efforts to create more robust human liver-chimeric
models, a variety of alternatives have been tested. Under the control of the major urinary
protein (MUP) promoter uPA expression and consequently the onset of liver injury occurs
later in post-natal development. This allows a delay of the hepatocyte injection to a time
point when the animals are older and more likely to recover from the surgical procedure
(Heo et al., 2006). As an alternative to expressing uPA, which is directly hepatotoxic, two
transgenic strains have been engineered allowing to selectively ablate mouse liver cells by
administration of a prodrug. Liver specific expression of HSV-1 thymidine kinase (HSV-
TK) phosphorylates acyclovir or ganciclovir, converting them into toxic drugs thereby
killing murine hepatocytes (Hasegawa et al., 2011). Likewise, liver specific expression of
caspase 8 fused to an FK506 binding protein in AFC8 transgenic mice allows for selective
ablation of mouse liver cells following administration of FK506 (Washburn et al., 2011).

Another liver injury model relies on a disruption in the fumaryl acetoacetate hydrolase
(FAH-/-) gene (Grompe et al., 1993), which leads to hepatic toxicity and renal
insufficiencies resulting in neonatal lethality. However, FAH-/- animals can be
pharmacologically rescued by administration of the 4-hydroxyphenyl pyruvate dioxygenase
inhibitor (2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexanedione) (NTBC) and FAH-/-
mice breed normally while on this liver protective drug. In contrast to the uPA models, in
FAH mice liver injury can be induced at will by NTBC withdrawal.

When crossed to highly immunodeficient backgrounds, Alb-uPA (Mercer et al., 2001;
Meuleman et al., 2005), MUP-uPA (Tesfaye et al., 2013), HSV-tk (Hasegawa et al., 2011)
and FAH-/- (Azuma et al., 2007; Bissig et al., 2007; Su et al., 2011) can be robustly
engrafted with human adult hepatocytes. In immunodeficient AFC8 mice, hepatic chimerism
was so far only reported with fetal hepatoblasts (Washburn et al., 2011). Importantly, human
hepatocytes integrate into and proliferate within the murine parenchyma forming functional
bile canaliculi that connect to mouse canaliculi. Since only human hepatocyte cell
suspensions are usually being injected other nonparenchymal cell subsets, including oval
cells, stellate cells, cholangiocytes, fibroblast and Kupffer cells, are not replaced. Resulting
human liver chimeric Alb-uPA (Mercer et al., 2001; Meuleman et al., 2005), MUP-uPA
(Tesfaye et al., 2013), HSV-tk (Kosaka et al., 2013) and FAH-/- (Bissig et al., 2010) mice
are used for infection with cell culture derived HCV and patient isolates. Susceptibility to
HCYV infection correlates with a high human hepatic chimerism (Bissig et al., 2010;
Kawabhara et al., 2010; Vanwolleghem et al., 2010).

Although currently less well characterized, human hepatocytes can also be engrafted into
xenorecipients in ectopic sites. In early studies it was shown that small pieces of human liver
tissue can be maintained for a few weeks following transplantation under the renal capsule
in so called “trimera mice” (llan et al., 2002). When HCV infected tissue was used, animals
were reported to remain viremic for short periods of time (llan et al., 2002). Considerable
progress has also been made in engineering increasingly complex, artificial liver organoids
(reviewed in (Palakkan et al., 2013)) which can be sustained for a few weeks in the
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intraperitoneal cavity (Chen et al., 2011). However, it has yet to be shown whether mice
harboring “human ectopic artificial livers” are indeed susceptible to HCV infection.

While human liver chimeric mice have great utility as challenge models for HCV and other
human hepatotropic pathogens, histopathology such as fibrosis, cirrhosis or hepatocellular
carcinoma observed in patients chronically infected with HCV has not been reported in
chronically infected animals. As an ongoing inflammatory response is thought to contribute
to disease progression, the presence of a functional human immune system would be
necessary. Proof-of-concept for dually engrafting human liver and components of a human
hematopoietic system has recently been shown in two studies. Alb-uPA transgenic mice
(Suemizu et al., 2008) were crossed to non-obese diabetic (NOD), recombinase activating
gene 2 (Rag2-/-) and the interleukin 2 receptor gamma-chain (IL2RyNYLL) background,
consequently lacking functional murine B, T and NK cells. The long-term dual
reconstitution was achieved in Alb-uPA NOG injected with human hematopoietic stem cells
(HSCs) and allogeneic adult hepatocytes but not fetal hepatoblasts. Of note, even major
histocompatibility complex mismatched transplantation was sustained without any evidence
of hepatocyte rejection by the human immune system (Gutti et al., 2014), suggesting some
level of immune tolerance. Similarly, AFC8 Rag2-/- IL2RyNULL mice were repopulated
with a mixture of donor matched human hematopoietic progenitor cells and a mixture of
human fetal hepatoblasts and other non-parenchymal cells. Dually reconstituted AFC8
Rag2-/-IL2RyNYLL mice supported HCV infection at low levels and mounted virus specific
immune responses, which even led to an early onset of liver fibrosis (Washburn et al., 2011).
Future work will have to focus on improving the function of a transplanted human immune
system and increasing throughput while minimizing variability within and between cohorts
of engrafted mice.

2.2. Genetically humanized mice

Xenotransplantation is time-consuming, requires survival surgery and is subject to
significant donor-to-donor variations, which has spurned efforts to render mice genetically
susceptible to HCV infection. Mice are generally resistant to HCV because multiple steps of
the viral life-cycle are not efficiently supported in mouse cells (reviewed in (Sandmann and
Ploss, 2013)). An increasingly large number of host molecules have been implicated in the
uptake of HCV into hepatocytes. HCV forms complexes with host-encoded apo-lipoproteins
(reviewed in (Bartenschlager et al., 2011)). Initial attachment to hepatocytes of such lipo-
viro-particles is mediated by glycosaminoglycans (Barth et al., 2003; Koutsoudakis et al.,
2006) before virions engage the low-density lipoprotein receptor (LDLR) (Agnello et al.,
1999; Monazahian et al., 1999; Molina et al., 2007; Owen et al., 2009), the scavenger
receptor class B type | (SCARBL; (Scarselli et al., 2002)) and the tetraspanin CD81 (Pileri et
al., 1998). Virally triggered signaling through the receptor tyrosine kinases epidermal
growth factor receptor (EGFR) and ephrin receptor A2 (EphA2; (Lupberger et al., 2011))
has been proposed to lead to the formation of complexes between CD81 and claudin 1
(CLDN1) (Evans et al., 2007; Diao et al., 2012). This may eventually shuttle the virus
towards tight junctions facilitating the interaction with occludin (OCLN; (Liu et al., 2009;
Ploss et al., 2009)) and ultimately resulting in an uptake via receptor-mediated endocytosis.
The cholesterol uptake receptor Niemann Pick C1 like 1 (NPC1L1, (Sainz et al., 2012)) and
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transferrin receptor (TfR, (Martin and Uprichard, 2013)) have been implicated in HCV
uptake, but their exact roles have yet to be determined.

Of this large set of host factors, CD81, SCARB1, CLDN1 and OCLN are all required, but
only CD81 and OCLN have to be of human origin to facilitate viral uptake into murine cells
lines (Ploss et al., 2009). It was subsequently shown that transient adenovirally mediated
(Dorner et al., 2011) or stable transgenic expression (Dorner et al., 2013) of human CD81
and OCLN in mice enables HCV uptake into murine hepatocytes in vivo. To visualize HCV
infection in these genetically humanized mice, sensitive reporter systems were developed,
which will be discussed in subsequent sections.

Heterokaryons of human and mouse cell lines support HCV RNA replication, suggesting
that dominant restriction factors do not exist in mouse cells (Frentzen et al., 2011). These
observations are corroborated by studies showing HCV replication can be established at low
efficiency in murine cell lines with drug-selectable HCV genomes so-called HCV replicons
(Zhu et al., 2003; Uprichard et al., 2006). Genetic incompatibilities between murine
orthologues of host factors essential for HCV RNA replication and virally encoded
components of the HCV replicase complex may explain in part suboptimal levels of viral
replication. In addition, the innate immune defense of murine cells further limits HCV RNA
replication. The observation that HCV can propagate its genome more efficiently in mouse
cell lines derived from mouse mutant lines, harboring targeted disruptions of genes critical
for type I and 11 interferon signaling, supports this hypothesis (Chang et al., 2006;
Nandakumar et al., 2013; Vogt et al., 2013; Frentzen et al., 2014). Although HCV has an
intricate arsenal of tools to evade antiviral defenses in human cells (Keller et al., 2007),
these do not seem to suffice to readily establish infection in mouse cells. This may be
explained by the combination of low levels of e.g. the HCV NS3/4A, which is critical for
blunting antiviral immunity, due to low RNA copy numbers in infected cells and
conceivably more rapid kinetics and a greater magnitude of antiviral signaling. While there
are several blocks at the level of entry and viral replication in mouse cells, later stages of the
HCYV life-cycle including virion assembly and release are supported in mouse cell lines.
Evidence was provided that mouse cells can support the late stages for the HCV life cycle if
critical components of the VLDL pathway are present (Long et al., 2011; Vogt et al., 2013;
Frentzen et al., 2014). These in vitro observations have paved the path for the development
of an inbred mouse model for HCV infection. Indeed it was shown that mice transgenically
expressing human CD81 and human OCLN crossed to innate immune deficiency
background can be infected with cell culture derived HCV (Dorner et al., 2013). Infection
resulted in measurable HCV RNA levels in both serum and liver over several weeks (Dorner
et al., 2013). RNA replication in these genetically humanized mice was dependent on the
presence of cyclophilin A, a host factor which is essential for HCV RNA replication and
could also be pharmacologically suppressed (Dorner et al., 2013). At times when animals
were viremic, infectious HCV particles could be detected in the serum demonstrating that
the entire HCV life-cycle can be recapitulated in adequately conditioned mice. Mice with
inbred susceptibility to HCV infection allow to apply mouse genetic tools to dissect the viral
life-cycle. However, in order to elevate the utility of the model additional improvements are
necessary. Compared to infection in patients, chimpanzees and human liver chimeric mice
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HCV RNA levels are still low in these mice with inbred susceptibility to HCV infection. It
will also be important to show that diverse HCV genotypes can replicate in mice. For
studying HCV immunity and pathogenesis it will also be important to establish HCV's
replicative cycle in fully immunocompetent mice. Despite remaining shortcomings of both
human liver chimeric and genetically humanized mice, both systems offer unprecedented
opportunities to analyze interactions of HCV with its host cells in the three-dimensional
context of the liver. The liver has a complex architecture, which can be anatomically and
functionally divided into lobules that refer to liver cells surrounding hepatic blood vessels
and bile ducts. Hepatocytes along the porto-central axis of the liver are heterogeneous
dictated by environmental factors such as oxygen and nutrients levels, which form zonal
gradients around the arteries and veins (reviewed in (Torre et al., 2010)). This translates on
the transcriptional level to specific pericentral versus periportal transcriptomic profiles.
Liver-specific transcription is further governed by organ—specific circadian rhythms
(reviewed in (Tong and Yin, 2013)). The influence of these spatio-temporal expression
patterns on physiological processes such as liver metabolism is well appreciated but the
impact on hepatic inflammation, specifically HCV infection, is not understood. Since both
liver zonation and circadian rhythmicity is optimally studied in the intact organ, humanized
mice offer a unique approach to dissect the impact of organ-specific spatio-temporal gene
regulation exemplary for HCV infection. For such analyses it is critical to unambiguously
detect HCV infected cells, which may be facilitated by some of the methods discussed in the
following sections.

3. Visualizing HCV infected cells in situ

Detection of HCV RNA and proteins in situ is notoriously difficult because of their low
abundance and unfavorable imaging properties of liver tissue. Thus, despite considerable
efforts, information on the frequency, type and distribution of HCV infected cells in the liver
are limited and conflicting (Lau et al., 1996). The technical difficulties of detecting HCV
antigens in situ reliably has spurned a considerable controversy about the existence of
extrahepatic reservoirs of HCV, including for example intestinal epithelial cells (Deforges et
al., 2004), brain (Seifert et al., 2008; Wilkinson et al., 2009) and hematopoietically derived
cells (Navas et al., 1998; Laskus et al., 2000; Ducoulombier et al., 2004; Pham et al., 2008).

In human biopsies, HCV antigen detection is in part hampered by the quantity and quality of
tissue specimens. In contrast, sampling of tissue from HCV infected humanized mice allows
for optimal preservation of tissues under controlled experimental settings.

Viral RNA is routinely quantified by reverse transcription-quantitative polymerase chain
reaction (RT-gPCR). However, standard RT-qPCRs on RNA extracted from whole tissues
only provides an average across the entire cell population and includes non-infected
bystander cells, but it does not provide any spatial information on where the infected cells
may have been located within the tissues. These caveats have been in part addressed by
employing laser capture microdissection (LCM) to isolate small clusters of infected cells
(Stiffler et al., 2009; Kandathil et al., 2013) thus yielding a more refined representation of
the frequency of HCV of infected and non-infected cells. Detection of negative strand RNA
generated during asymmetric genome replication is desirable and would give the distinction
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between cells in which infection has ceased and residual RNA is still remaining and cells
actively replicating HCV RNA. However, this method is technically challenging and error
prone. PCR based methods are hampered by false-positive detection influenced by
contaminations in an environment where HCV is frequently handled, and the inability to
determine infection frequency or to allow for the spatial visualization of infected cells.

3.1. HCV reporter genomes

To simplify the analysis it would be desirable to simply utilize HCV genomes expressing
reporter proteins. The advent of an infectious cell culture system for HCV has allowed to
test different strategies to express fluorescent and luminescent genes in the context of the
HCV genome (reviewed in (Murray and Rice, 2011)). Identification of flexible regions
within non-structural proteins, and mutations that did not impair or only minimally impacted
HCV RNA replication, allowed the insertion of reporter genes. This provided tools for
studying multiple aspects of viral replication, for example the formation and turnover of
HCV replication complexes in living cells (Moradpour et al., 2004; McCormick et al., 2006;
Jones et al., 2007). Inclusion of luciferase with a dominant selectable marker in bi-cistronic
HCV replicons was also shown to be functional (Vrolijk et al., 2003; Ikeda et al., 2005).
This configuration yielded a useful tool for the study of HCV replication in high throughput.
It was further shown that reporter proteins can be inserted between NS5A and NS5B with
minimal impact on viral fitness (Horwitz et al., 2013). However, while recombinant HCV
reporter viruses have great utility in vitro, they have a number of drawbacks that complicate
their use in vivo. Recombinant viruses often require cell culture adaptive mutations to
compensate for reduced viral titers that do not always improve viral fitness in vivo. Further,
recombinant HCV often relies on an artificial genomic organization that uncouples viral
protein expression from recombinant gene expression and reporter gene expression is not
stable.

3.2. In situ staining methods

Antibody based staining and microscopic detection methods are widely used to detect viral
antigens in situ. However, these conventional methods had limited utility for detecting
reliably HCV in situ because of the usually low protein antigen load in infected cells and the
high autofluorescence of liver tissue. To overcome some of these challenges, two-photon
excitation microscopy was combined with quantum dot technology yielding very high
sensitivity of HCV antigen detection in the liver of chronically infected patients (Liang et
al., 2009). Sporadic clusters of infected cells were visualized only in livers of patients with
chronic hepatitis C but not of HCV-negative controls, thereby highlighting the specificity of
the immunostaining.

A highly sensitive fluorescence in situ hybridization (FISH) system was developed suitable
not only for detecting HCV RNA but simultaneously mRNAs of interferon stimulated genes
in human liver biopsies (Wieland et al., 2013). Similar to previously published protocols
primarily focusing on detecting host RNA species (Zenklusen and Singer, 2010; Lyubimova
et al., 2013), this method relies on hybridizing sets of short oligonucleotides to a target
MRNA in tissue sections. Signals stemming from fluorophores binding to the probes can be
quantified at the single cell resolution in a series of random high-power fields.
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Although 2-photon microscopy and FISH have so far only been used to detect HCV antigens
in human samples, conceivably these methods can be applied to HCV infected tissues from
humanized mice. However, the use of in vivo systems, which are tractable for genetic
manipulations, opens up opportunities to use of host host and virally encoded reporters to
track HCV infection in vivo.

3.3. Cre based reporter systems

The advent of mice with inheritable susceptibility to HCV infection has made it possible to
design a cellularly encoded reporter for imaging HCV infection in vivo. The inability of
HCYV to replicate efficiently in mouse cells (Ploss et al., 2009) has motivated the
development of a Cre-loxp based system to detect HCV entry events in vivo (Safran et al.,
2003) (Figure 1a). Here, detection of HCV uptake is uncoupled from the need for
continuous viral replication. Mice expressing the essential human HCV entry factors
following adenoviral delivery (Dorner et al., 2011) or expressing transgenically the entry
factors (Dorner et al., 2013) can take up intravenously injected recombinant HCV
expressing Cre recombinase. Upon initial translation of the HCV polyprotein, Cre
recombinase relocalizes from the cytoplasm to the nucleus and excises a transcriptional stop
cassette which blocks expression of a reporter gene, such as firefly luciferase (Safran et al.,
2003), lacZ (Soriano, 1999), or fluorescent proteins (Srinivas et al., 2001; Stoller et al.,
2008). Low levels of Cre recombinase are sufficient to permanently mark cells which have
taken up HCV.

3.4. HCV-dependent cellular reporter systems

The Cre-based reporter allows to sensitively mark individual HCV infected cells solely
based on productive entry and HCV RNA translation. However, activation of the reporter
does not require continuous viral replication, and consequently the signal intensity does not
correlate with levels of HCV RNA replication. Alternative detection systems were
developed based on activation of a cellularly encoded reporter directly by HCV encoded
NS3-4A protein leading to secretion of secreted alkaline phosphatase (Pan et al., 2009), gene
induction (Tanaka et al.) or subcellular protein relocalization (Jones et al.). The HCV
NS3/4A protease cleaves the innate immune signaling protein, MAVS (also known as I1PS1,
VISA, Cardif), from the mitochondrial and peroxisomal outer membrane, thereby
interrupting an antiviral cascade allowing the viral infection to remain unnoticed by the host
cell (Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005). Based on
this natural phenomenon, a fluorescent reporter was engineered consisting of a fusion of
MAVS and a fluorescent protein (Jones et al.). Upon infection, the viral protease cleaves the
fluorescent reporter from the mitochondria, exposing a nuclear localization signal that
results in trafficking of the fluorescent protein to the nucleus. This system was shown to be
very effective to monitor HCV infection in fetal (Sheahan et al., 2014), adult (Jones et al.,
2010; Ploss et al., 2010) and stem cell-derived (Schwartz et al., 2012) primary hepatocytes.
Because of the conserved nature of this immune evasion response, reporter systems relying
on cleavage of MAVS derived sequences have the ability to detect multiple HCV genotypes,
potentially allowing the assay of infection by unadulterated clinical isolates (Ploss et al.).
Transgenic expression of a TagBFPnIsMAVS fusion protein allowed for sensitive detection
of HCV infection in genetically humanized mice (Dorner et al., 2011) (Figure 1b). HCV
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protease-mediated nuclear relocalization can be visualized by fluorescent microscopy or in
higher throughput in hepatocyte single cell suspensions using an imaging flowcytometer that
combines the speed, sensitivity and phenotyping abilities of flow cytometry with the detailed
imagery and functional insights of microscopy. In TagBFPnIsSMAVS transgenic mice
expressing also human CD81 and OCLN but not mice lacking expression of these human
entry factors (EFT), HCV infection causes overlap of TagBFP fluorescence with a nuclear
counterstain (Figure 2).

The above described methods enable unambiguous detection of HCV infected cells.
Multiplex analysis including co-staining for host transcripts and gene products will shed
light on the frequency, spatial location and phenotype of infected cells at single cell
resolution.
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Fig. 1.
Methods for the visualization of HCV-infection in vivo. (a) A recombinant bicistronic HCV

genome, expressing Cre recombinase excises a loxP site-flanked transcriptional stop
cassette, leading to expression of a reporter gene (FLUC/XFP). (b) Upon HCV cell entry the
virus protease NS3/4A cleaves mitochondrial bound TagBFP-nIsSMAVS, resulting in a
nuclear translocation.
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Fig. 2.
Analysis of HCV-infection in vivo using ImageStream X. Entry factor transgenic (EFT)

mice are infected with HCV, followed by hepatocyte isolation, fixation, permeabilization
and nuclear counterstaining. Nuclear dyes and TagBFP colocalize in nuclei of infected cells.
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