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“What | cannot create, | do not understand.” Richard Feynman
may have championed reasoning from first principles in his
famous blackboard missive, but he could just as well have been
referring to the plight of a molecular virologist. What cannot be
grown in a controlled laboratory setting, we cannot fully
understand. The story of the laboratory domestication of
hepatitis C virus (HCV) is now a classic example of virologists
applying all manner of inventive skill to create cell-based
models of infection in order to clarify prospective drug targets.
In this review, we highlight key successes and failures that were
instructive in achieving cell-based models for HCV studies and
drug development. We also emphasize the lessons learned
from the ~40year saga that may be applicable to viruses yet
unknown and uncultured.
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Introduction

As of late 2018, HCV patients can be prescribed a once-a-
day pill that within 8 weeks provides greater than a 95%
chance of achieving cure with negligible side effects [1].
This remarkable achievement of HCV direct acting anti-
virals (DAAs) rests upon three decades of hard work from
thousands of basic and clinical scientists, physicians, and
drug developers. And while discussions surrounding
access to HCV treatment have rightly become urgent
[2], it is increasingly clear that the scientific break-
throughs underlying HCV therapy provide a compelling
roadmap for drug development against other viruses. In
this review, we broadly outline the story of HCV basic
research that led to therapeutic success with a focus on
cell-based models for drug development (Figure 1). We
also highlight key lessons singular to HCV that help

emphasize this virus as an exceptional and unique model
system to inspire work in 21st century virology and
beyond.

Non-A, non-B hepatitis

The advent of sensitive serologic tests first for hepatitis B
virus (HBV) and then hepatitis A virus (HAV) made it
clear by the early 1970s that a significant transfusion-
associated hepatitis was likely caused by an unknown
virus(es). Cytomegalovirus and Epstein—Barr virus were
quickly ruled out as potential causes of this non-A non-B
hepatitis (NANBH) [3°,4°]. As the hunt for the NANBH
virus began, several of its infectious and physical proper-
ties were established even before the virus could be
identified, mainly from studies using chimpanzees as
an experimental model (reviewed in Ref. [5]). For exam-
ple, serum from NANBH patients, when injected into
chimpanzees, caused mild but detectable hepatitis, as
shown by elevated ALL'T levels, and ultra-structural altera-
tions in the cytoplasm of hepatocytes (reviewed in Ref.
[6]). Notably, no disease occurred when patient serum
was treated with chloroform before inoculation into chim-
panzees, suggesting that the ‘mystery’ virus likely con-
tained a lipid envelope [7]. Filtration studies later esti-
mated that the virus was between 30-60 nm in diameter
[8]. In accordance with these physical characteristics, the
NANBH virus was tentatively assigned to Togaviridae
family of viruses [8]. Many of these propositions were
largely vindicated in 1989 when the NANBH virus was
finally identified and termed hepatitis C virus (HCV)
[9°°]. In what are now classic experiments, after a decade
during which traditional immunological methods to iden-
tify the NANBH agent had failed, Michael Houghton
et al. applied recently developed molecular screening
approaches to identify and clone the virus directly. Start-
ing with a recombinant expression library derived from
infected chimpanzee plasma, the resulting cDNA library
was inserted into Agtll bacteriophage and expressed in
Escherichia coli. 'The expressed proteins were then
screened against serum from NANBH patients to identify
reactive clones. One such clone provided the molecular
foothold to reveal a large non-host derived RNA molecule
that was found predominantly in blinded NANBH sam-
ples and thus named HCV [9°°]. This discovery repre-
sented a true first for virology in that the molecular
cloning of HCV occurred before visualization, growth
in cell culture, and serological detection of the virus.

The HCV genome sequence revealed numerous aspects
of the virus biology on the basis of analogy with other
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Domesticating hepatitis C virus.

After a decade and a half of observation as NANBH in humans, the
cloning of HCV initially permitted in vitro expression, biochemical
characterization, and structural studies of viral proteins. These studies
subsequently informed the successful creation of the HCV replicon, a
major breakthrough for validation, optimization, and unbiased
screening of DAAs and host-targeting agents (HTAs). This continued
with HCVce, which allowed drug development efforts encompassing
the entire virus lifecycle. Major themes in drug development based on
biochemical or cell-based models are presented in boxes at right.

RNA viruses. HCV is a positive strand RNA virus with a
~10 kb genome consisting of single open reading frame of
~3000 amino acids flanked by short non-translated
regions. The virus is most closely related to the Flavivir-
idae family of viruses, particularly pestiviruses such as
bovine viral diarrhea virus (BVDV) and classical swine
fever virus (CSFV), and it became the founding member
of the Hepacivirus genus [10]. Antibody-based diagnos-
tics soon confirmed the presence of HCV in a majority of
NANBH samples [11], uncovered widespread contami-
nation of global blood banks [11], and established a clear
association of HCV infection with liver disease and hepa-
tocellular carcinoma [12]. These facets quickly under-
scored the global scale of the HCV threat and the con-
temporaneous need for preventative measures and
therapeutic interventions.

Interferon alpha as NANBH/HCV therapy
That the infectious nature of NANBH could be inferred
by the early 1980s led clinicians to consider therapy with

interferon alpha (IFNa), by analogy of its successful
therapeutic use for chronic HBV [13°°]. Initially identi-
fied in the 1950s as a secreted inhibitory factor for
numerous viruses in cell culture [14,15], by the 1980s
recombinant IFNa was available to treat HBV and other
viruses [16]. IFNa treatment for NANBH resulted in
decreased AL'T levels that persisted throughout the
course of therapy, which if halted resulted in viral
rebound [17]. Such a responsiveness to interferon became
a primary line of evidence in humans that the hepatocel-
lular injury in NANBH was likely the direct or indirect
result of a replicating viral agent. After HCV was identi-
fied, IFN therapy continued to be the standard of care,
with a sustained virologic response (SVR) in 5-25%
patients [18]. The addition of the nucleoside analog
ribavirin in the late 1990s boosted SVR rates to 30-
40% [19°], and in the early 21st century, the use of
pegylated IFN further improved SVR rates to around
50% [20°]. However, IFNa therapy, while effective, was
not without complications related to adverse side effects,
long (24-48 weeks) treatment regimens, uneven efficacy
across viral genotypes, and frequent viral relapse
(reviewed in Ref. [21]). These limitations of IFN-based
treatment continually reinforced the need to cultivate
systems and strategies for DAA development.

Cell-based models in absentia: early work on
HCV

While early basic work on HCV yielded sporadic reports
of low level persistent replication, such difficult-to-repro-
duce findings largely reflected a failure to efficiently
propagate the virus in cell culture or animal models
beyond chimpanzees (reviewed in Ref. [22]). Unlike
chimpanzees, cultured human hepatoma cells and pri-
mary hepatocytes did not support efficient replication of
virus from patient sera. This prompted a series of inves-
tigations as to why this might be the case (see next
section). Yet, despite the absence of cell culture systems
to study the virus, the viral sequence immediately
enabled a number of key clinical and experimental obser-
vations that were insightful for HCV drug development.

As with other positive-strand RNA viruses, HCV replica-
tion is exclusively cytoplasmic and possesses no stable
DNA intermediate, as is the case for HIV and HBV.
Instead, the virus uses a negative-stranded RNA inter-
mediate, a product of the viral RNA-dependent RNA
polymerase (RdRP), to produce positive stranded gen-
omes. In principle, the lack of RARP activity in host cells
presented an obvious and specific viral drug target. More-
over, the lack of a stable intermediate suggested that
HCV infection was ‘curable’ in that the virus could be
eliminated from an infected individual. One compound-
ing facet of the HCV RdRP activity was the wide
sequence heterogeneity within and among infected
patients [23]. By 1993, six distinct genotypes of the virus
had been identified, differing at the nucleotide level by
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more than 30%, and unevenly distributed throughout the
globe [24°,25°]. Such genetic diversity in HCV suggested
that pan-viral therapies were likely to encounter geno-
type-specific efficacy problems and that resistance-asso-
ciated mutations might pre-exist or were likely to
develop. This reinforced the need to develop infectious
clones from patient isolates, characterize their unique
properties, but also strive to define conserved elements
and processes crucial to all genotypes.

By analogy with members of the Flaviviridae, the HCV
polyprotein was thought to be processed into individual
proteins through either viral or cellular protease activity.
Different experimental strategies later confirmed this
notion and showed that HCV polyprotein was cleaved
by the combined action of host and viral proteases to
release ten individual proteins [26°,27,28°,29°,30°]. Func-
tional analysis of the individual cleavage products identi-
fied protease activities for NS2 and NS3 [28°29°
30°,31%,32,33], helicase and ATPase activities for NS3
[34,35], and RARP activity for NS5B [36,37]. Meanwhile,
contributions largely by pharmaceutical firms yielded the
first structures of the NS3 protease [38°,39°] and NS5B
polymerase [40°]. These discoveries provided a platform
for the rational design of protease and polymerase inhi-
bitors that could be assayed against enzymatic activity iz
vitro (see below). While promising candidates could be
tested in chronically infected chimpanzees, it was clear
that a cell-based model would be ideal both to test
efficacy of candidate drugs and to provide an optimal
screening modality for novel therapies.

The dawn of cell culture-based HCV
replication systems

"The failure of patient isolates to infect cells in culture was
one of the major problems that occupied HCV researchers
during the 1990s. The solution to this problem was
provided by progress on two fronts: the development
of HCV ¢DNA clones and the identification of cell lines
permissive for HCV RNA replication.

By the mid 1990s, efforts were underway to develop HCV
cDNA clones that could be used to launch infection [41].
"T'his approach required accurate knowledge of the termi-
nal ends of the viral genome. While the 5 end of the
genome was determined in 1991 [42], analysis of the 3’
end yielded conflicting reports. This was surprising since
positive-strand RNA viruses in this family usually con-
tained highly conserved cis elements at their 3’ ends that
played important roles in replication and/or packaging. In
the mid 1990s two research groups independently showed
that the HCV 3’ end contained a stretch of highly con-
served nucleotides that was missed in the prior studies
[43°,44°]. This sequence, when appended to consensus-
derived HCV molecular clones and injected into the liver
of chimpanzees, resulted in hepatitis, clearly demonstrat-
ing the ability of cloned, full-length viral RNA to initiate
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infection i wvive. [45°°,46°°]. Disappointingly, these
cloned genomes failed to launch infection in cultured
cells.

Once again, knowledge of other RNA viruses provided a
route forward. As RNNA viruses were explored as potential
gene delivery vectors since the late 1980s, one key
observation was that heterologous genes could be stably
expressed in place of viral structural proteins [47°]. The
resulting self-replicating RNAs, or replicons, could be
trans-complemented with structural genes to make infec-
tious virus particles [48]. As tools that enabled functional
separation of RNA replication from virus assembly, repli-
cons were successfully used to study Sindbis, Semliki
Forest, poliovirus and rhinovirus [48-51]. The creation of
a selectable replicon for the flavivirus Kunjin [52], com-
bined with the identification of naturally occurring self-
replicating BVDV RNAs [53] led to the idea that HCV
replicons might be achievable.

The breakthrough of a functional HCV replicon arrived in
1999 [54°°]. Designed from a genotype 1b isolate, and
using human hepatoma cells (Huh7), a selectable marker
was engineered within the HCV replicon to screen for
surviving clones upon antibiotic exposure [54°°]. Despite
low efficiency (1 colony/10'! in vitro transcript RNAs), the
resulting cell colonies displayed all the hallmarks of
sustained HCV RNA replication [54°°]. Subsequent iden-
tification of adaptive mutations led to improved HCV
replicon efficiency, and importantly, showcased feasibil-
ity for drug development by demonstrating HCV replicon
inhibition by interferons [55°°,56]. These breakthroughs
initiated an iterative process by which adaptive mutations
were exploited to increase replication efficiency [57—
59,60°], cell lines identified for higher HCV permissive-
ness [61°%,62], and patient isolates screened for full infec-
tivity in permissive cellular contexts. By 2005, with the
discovery of a genotype 2a isolate called JFH-1, the entire
HCV lifecycle could finally be recapitulated in cell cul-
ture [63°°,64°°,65°°]. The advent of the replicon and later
fully infectious cell culture systems for HCV has since
afforded enormous benefit for basic HCV research, help-
ing characterize essential host factors [66,67] and permit-
ting detailed mechanistic exploration of the viral life-
cycle. But perhaps the greatest impact of the replicon was
its immediate use to test and refine candidate drugs
against HCV enzymes and as a platform to conduct
unbiased screens to identify new classes of HCV
inhibitors.

HCV DAA development

As just highlighted, HCV proteins with enzymatic activi-
ties gained immediate attention as potential drug targets.
An unexpected entry into the clinic were highly potent
inhibitors of HCV NS5A, a protein with no known enzy-
matic functions. As current HCV regimens comprise
various combinations of protease, polymerase, and
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NS5A inhibitors, in this section we will provide a brief
overview of historical developments leading up to these
drugs.

Protease inhibitors: Coincidentally, phase I clinical trials for
the first HIV protease inhibitor started in 1989 (reviewed
in Ref. [68]), the year HCV was discovered. As soon as the
existence of serine protease in the HCV polyprotein was
predicted and confirmed, this enzyme became an obvious
target for drug development. Because of the lack of HCV
cell culture systems for compound screening, initial
attempts to discover protease inhibitors heavily relied
on biochemical or engineered cell-based assays. The
inability of known serine protease inhibitors to efficiently
inhibit HCV protease [69] and the novel substrate speci-
ficity apparent from its polyprotein cleavage sites made it
clear that the design of selective and specific HCV
protease inhibitors would be greatly aided by determining
a high resolution structure of this enzyme. Structural
analyses of HCV protease revealed a flat, somewhat
hydrophobic, and solvent-exposed active site [38°,39°].
The lack of attractive pockets where small molecule
inhibitors could bind with high affinity posed a formida-
ble challenge, which slowed progress and discouraged
many from pursuing HCV protease inhibitors.

The observation that the HCV protease was inhibited by
its own cleavage products paved the way for the design of
peptidomimetic inhibitors based on natural NS3 sub-
strates [70°%,71°]. These synthetic peptides bind the pro-
tease active site in a covalent or non-covalent fashion to
block the enzymatic activity either reversibly or irrevers-
ibly, depending on the nature of the inhibitor. Validation
for this class of protease inhibitors was already provided
by the HIV field where several peptidomimetic inhibitors
were in clinical use or at different stages of clinical
assessment (reviewed in Ref. [72]). In 2003, a peptido-
mimetic HCV protease inhibitor, BILN 2061, demon-
strated impressive efficacy in HCV genotype 1a patients,
providing the first proof-of-concept for the use of protease
inhibitors, and in fact DAAs as a class, for HCV treatment
[73°°]. The development of this inhibitor, however, was
halted after cardiac side effects were observed in
extended primate toxicity studies.

While termination of BILN 2061 initially dampened
enthusiasm for HCV protease inhibitors, several groups
continued their efforts, leading ultimately to the approval
of two first-generation protease inhibitors in 2011
(reviewed in Refs. [69,74]). These protease inhibitors
were only approved for genotype la patients as part of
IFN/ribavirin combination therapy, and improved the
treatment success rate from less than 40% in 2001 to
above 75% (reviewed in Ref. [75]). However, these
inhibitors had narrow genotype coverage, a low barrier
to resistance, and added adverse side effects. Fortunately
these problems were quickly overcome by next

generation protease inhibitors which now make up an
important part of IFN-free regimens (reviewed in Ref.
[76]). In addition, this class of inhibitors has the added
bonus that the HCV serine protease also cleaves and
inactivates MAVS;, an essential player in a pathway lead-
ing to the induction of interferon (reviewed in Ref. [77]).

Polymerase inhibitors: Investigation of HCV polymerase
inhibition as a therapeutic strategy lagged behind prote-
ase inhibitors partly due to the lack of cell-based assays to
validate compounds and partly because of the compara-
tively slower progress on biochemical and structural
characterization of HCV polymerase. It was only in
1996, seven years after HCV discovery, that the RdARP
activity was unequivocally assigned to the NS5B protein
[36]. It took another three years before the first crystal
structure of NS5B was reported [40°]. This and the lack of
HCV cell culture models slowed down the search for
clinically relevant compounds.

As HCV cell culture systems became available in early
2000s, various compounds were tested for their ability to
inhibit HCV polymerase. Typically, viral polymerase
inhibitors can be divided into two categories—nucleos
(t)ide analog active site inhibitors that are incorporated
into the growing RNA chain and block further incorpo-
ration of incoming nucleotides, and allosteric inhibitors
that engage sites elsewhere on the enzyme to inhibit
enzymatic function. Early compound screens identified
HCV polymerase inhibitors of both classes, and some of
these readily reduced viral loads in HCV patients
(reviewed in Ref. [78]). Interestingly, however, just like
protease inhibitors, none of these initial compounds
reached the clinic mainly due to unacceptable toxicity
during pre-clinical evaluation.

In the meantime, the search for better NS5B inhibitors
continued, and finally resulted in 2013 in the clinical
approval of the first HCV polymerase inhibitor [79]. This
nucleotide pro-drug has broad genotype coverage, a high
genetic barrier to resistance, minimal side effects, and
now forms the backbone of many of the clinically avail-
able HCV therapeutic regimens. Only a year after this first
approval, a non-nucleoside polymerase inhibitor was
approved as part of an HCV combination therapy. The
past few years have seen identification of additional HCV
polymerase inhibitors, some of which are in phase III
clinical trials (reviewed in Ref. [80]).

HCV NS5A inhibitors: One of the most unexpected break-
throughs in HCV drug discovery was the development of
NSS5A inhibitors. This protein, devoid of known enzy-
matic activity, was never actively pursued as a drug target.
It was only from unbiased compound screening using
HCV replicons that NS5A targeting candidates emerged
[81°°,82°°]. NS5A is a phosphoprotein with several critical
functions in HCV replication (reviewed in Ref. [83]),
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which may explain why NS5A targeting compounds are
remarkably potent. The first NS5A inhibitor was reported
in 2010 using a high throughput screen of over one million
compounds on HCV replicon cells [81°°]. A chemically
refined version of this compound, which later received
FDA approval in 2015, showed incredible picomolar
potency, broad genotype coverage, and high safety profile
[82°°]. Several compounds of this class are now in clinical
use in various combinations with HCV protease and
polymerase inhibitors to form the mainstay of combina-
tion DAA therapy [84].

Some inspiring lessons from basic HCV
research

HCV has been instructive to multiple generations of
researchers across the globe. While certainly not exhaus-
tive, we group the lessons of HCV research into four broad
themes. The first is motivation by analogy. Throughout
the history of HCV research, knowledge of other viruses,
both well studied and obscure, informed virtually all
aspects of hypothesis formulation, experimental design,
assay development and selection of drug targets. For
example, the known biology of flaviviruses was pivotal
in pointing to likely functions of HCV viral gene products
[85]. Likewise, the modularity of numerous virus-derived
molecular biology tools, such as IRESes and phage pro-
moters, were essential for basic HCV research. These
components enabled development of tools such as HCV
replicons, which were directly inspired from work with
Kunjin virus and BVDV [86°]. Similarly, development of
protease and polymerase inhibitors for HIV and HBV
blazed a path for HCV drug development. It is our view
that the plethora of knowledge gained from HCV studies
will likely inform future work on viruses yet unknown.

The second theme is that every virus has surprises and
HCV has been no exception. The requirement by HCV of
the liver-specific microRNA-122 [87°°] is an exceptional
example in this vein, that in short course inspired a first-
in-class RNA-based therapeutic with remarkable potency
[88°]. While beyond the scope of this review, basic HCV
research has furnished unanticipated discoveries on
immune mechanisms of viral control [89,90], host poly-
morphisms that regulate viral clearance [77,91], and cell
biological understanding of viral replication factories
[92°,93]; all of which have and will continue to motivate
host-targeting agents (HTAs) as additional therapeutic
options [94].

The third theme is that animal models can be simulta-
neously required and completely optional for investiga-
tion of a given virus. For HCV, it is evident that the
chimpanzee was essential in the early days to establish
the basic properties of the virus. The chimpanzee model
was also instrumental in confirming the infectivity of
RNA clones, convincing the community that all necessary
information for fully infectious virus was present in
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cloned viral sequences, and that cell based systems could
be developed if the correct cellular context was identified
[86°]. As soon as the cell-based models for HCV research
became available, the importance of chimpanzees as an
animal model diminished, although monetary and ethical
issues also contributed [95]. While a better animal model
for HCV was and continues to be sought, particularly for
questions of viral pathogenesis, carcinogenesis, and vac-
cine development, the creation of the HCV replicon was
sufficient for effective drug development in the absence
of a scalable animal model. One may wonder whether this
will in hindsight be an accident of history, or perhaps
applicable to other virus infections and additional
diseases.

The fourth theme is that technology development has
iteratively shortened the timeline for HCV discoveries, as
is generally true now for most of virology. The impacts of
this timeline compaction are only beginning to be felt, but
are perhaps reflected in the stunning pace of recent work
on Zika virus, from molecular virology and pathogenesis
to vaccine development (reviewed in Refs. [93,96,97]). It
is our view that virology is at a unique and exciting
moment, where researchers benefit from enormous tech-
nological advances to study and tame viruses that wreak
havoc on human health.
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