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Abstract Hepatitis C virus (HCV) infects more than 2 % of
the world population with highest prevalence in parts of
Africa and Asia. Past standard of care using interferon o and
ribavirin had adverse effects and showed modest efficacy for
some HCV genotypes spurring the development of direct
acting antivirals (DAAs). Such DAAs target viral proteins
and are thus better tolerated but they suffer from emergence
of vial resistance. Furthermore, DAAs are often HCV geno-
type specific. Novel drug candidates targeting host factors
required for HCV propagation, so called host-targeting anti-
virals (HTAs), promise to overcome both caveats. The genetic
barrier to resistance is usually considered to be high for HTAs
and all HCV genotypes presumably use the same host factors.
Recent data, however, challenge these assumptions, at least
for some HTAs. Here, we highlight the most important host-
targeting strategies against hepatitis C and critically discuss
their opportunities and risks.
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Introduction
Hepatitis C virus (HCV) chronically infects more than 2 % of

the world’s population with highest incidents in Africa and Asia
[1]. Out of these patients 20 % will develop severe liver disease
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10 to 25 years after contraction [2]. As a result, chronic hepatitis
C is the number one indication for liver transplantation in many
countries. As a member of the family of Flaviviridae HCV
particles bear a plus strand RNA genome and a glycoprotein
decorated envelope. HCV can be classified into six epidemio-
logically relevant genotypes and many subtypes with
intergenotypic sequence variability at the nucleotide level of
greater than 30 % [3]. This high diversity of HCV is caused by a
fast replication rate combined with an error prone replication
machinery. Owing to its pronounced genomic variation, HCV
can evade immune recognition and become resistant to antiviral
drugs.

After the discovery of HCV as the etiological agent causing
non-A non-B hepatitis in 1989 [4], chronic hepatitis C patients
were initially treated with interferon-oc (IFNc). This original
treatment was effective in only a fraction of treated patients,
was poorly tolerated and required medication for 48 weeks.
During the 1990s, IFN based therapy regiments were refined by
addition of the nucleoside analogue ribavirin, and usage of
pegylated IFN« (PEG-IFN) derivatives increasing viral re-
sponse rates [5]. After construction of the first infectious clone
in 1997 [6] and the creation of the HCV replicon system [7]
development of novel improved therapeutic strategies signifi-
cantly gained momentum. A search for better drugs concentrat-
ed on direct acting antivirals (DAA), i.e., agents that specifically
interfere with viral proteins required for propagation. New cell
culture models for a genotype 2a isolate that permit analysis of
the complete viral replication cycle in cell culture aided these
efforts [8—10]. Since 2011, the first two DAAs, which are
inhibitors of the viral protease NS3/4A, boceprevir and
telaprevir, are on the market and achieve response rates of~
80 % in genotype 1 patients, when combined with ribavirin and
PEG-IFN«. However, although this triple therapy has clearly
improved response rates and shortened treatment duration, side
effects, costs and exclusive licensing for genotype 1-infected
patients limit its application. Fortunately, other promising virus-
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targeting drugs are in clinical trials, e.g., inhibitors of the NS5A
phosphoprotein and the NS5B viral RNA-dependent RNA
polymerase. Two major shortcomings of virus-targeting DAAs
are the emergence of resistance mutations and -at least for
several classes of DAAs (e.g., protease inhibitors)- a pro-
nounced genotype-dependent efficacy. Numerous in vitro stud-
ies in combination with a growing number of HCV sequencing
data from patients undergoing DAA treatment underline that
the virus can develop drug-resistance and fitness restoring
compensatory mutations [11]. Thus, DAAs will typically be
used in combination therapy as in the current standard of care,
which includes one of the two available protease inhibitors
combined with PEG-IFN« and ribavirin. Again, as ribavirin
and IFN are contraindicated in many patients and moreover
cause harsh side effects that limit compliance, current drug
development aims for future IFN-sparing and possibly also
ribavirin-free combination-therapy regimens. In fact, numerous
combination therapies involving DAAs with different targets
on the virus are in clinical development (compare www.
clinicaltrials.gov). It is expected that these trials will identify
optimal drug combinations. Given the variability of HCV
combined with the heterogeneity of patients with regards to
co-morbidities, degree of liver disease and genetic background,

Table 1 Host-targeting antivirals for hepatitis C therapy

it is likely that several combination therapy regimen will evolve,
which are tailored toward specific patient and virus groups.
An emerging third group of antivirals, so called host-
targeting antivirals (HTA), may be part of such future combi-
nation therapies, in particular as HTAs hold the promise of
overcoming some of the caveats of DAAs. HTAs are antibod-
ies, RNAs or small molecules, which interfere with host
factors needed for HCV propagation. Intense research in the
past decade revealed many molecular details of the HCV life
cycle, including the usage of human proteins and a microRNA
during entry, genome replication, particle assembly and/or
release [12, 13e, 14]. This knowledge allowed targeted design
of numerous HTAs, some of which with promising clinical
trial results (Table 1). Host-targeting antiviral strategies are
assumed to have two major advantages: First, the resistance
barrier to host-targeting therapies is supposed to be high since
host factors are genetically stable. Exceptions to this will be
critically discussed in the specific chapters below. Second,
usage of host factors is thought to be independent of the
HCV genotype and thus HTAs should have pan-genotypic
activity. Importantly, this assumption has not been fully sup-
ported by experimental evidence yet, as culture systems for
genotypes other than genotype 1 and 2 were not available until

Inhibitor Life cycle step Host factor Adverse effects Resistance mutations Genotype  Clinical phase
targeted targeted (found in vitro) specificity
ITX 5061 entry SCARBI increased serum HDL N415D (E2) 1-6%1 1b
anti-SRBI entry SCARBI N.A. N.A. 1,2,4,6 preclinical
anti-CD81 entry CD81 N.A. N.A. 1,2,4 preclinical
Anti-CLDN]1 entry CLDNI1 N.A. N.A. 1-6° preclinical
erlotinib entry EGFR rashes, diarrhea, lung, liver N.A. 1-6° preclinical
and kidney problems
dansatinib entry ehprin A2 rashes, diarrhea, lung, liver N.A. 1-6° preclinical
and kidney problems
ezitimibe entry NPCILI nausea, stomach pain, fever, N.A. 1-6° preclinical
loss of appetite, jaundice
alisporivir RNA replication  CypA abdominal pain, fatigue D320E/Y32IN (NS5A)  1,2,3 3
SCY-635 RNA replication CypA none reported D320E/Y321IN (NS5A), 1,2,3 2a
T77K/1432V (NS5B)
NIM&11 RNA replication  CypA none reported N.A. 1 1
AL-9 RNA replication  PI4KlIIla N.A. (PI4KIlla —/— mice: lethal =~ NS5A domain 1, NS4B 1,2 preclinical
gastrointestinal disorders) C-terminus
Compound A RNA replication  PI4KlIIla N.A. (PI4KIIla —/— mice: lethal ~ NS5A domain 1, 1, preclinical
and B gastrointestinal disorders) NS4B C-terminus
Miravirsen RNA replication miR-122 reduced serum cholesterol N.A. 1-6%1 2a
Celgosivir assembly and a-glucosidase I mild to moderate gastrointestinal ~ N.A. 1-6%1 2b, halted
release disorders
DGAT1 inhibitor —assembly and DGAT1 reduced plasma triglycerides N.A. 2 preclinical
release
Py-2 assembly and PLA2GA4 N.A. N.A. 1,2,3,5% preclinical
release

N.A. data not available

#In vitro data

@ Springer


http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/

202

Curr Hepatitis Rep (2013) 12:200-213

recently. To date, the development of novel tissue culture models
including chimeric viruses for all six major HCV genotypes [15]
allows a detailed mechanistic and preclinical analysis of HTAs
and a careful evaluation of their clinical use. With these tools we
are beginning to understand that host factor usage might be HCV
genotype dependent or at least blockage of host factors could
have varying efficacies for different genotypes. Lastly, it is
largely unknown, if genetic diversity of host molecules required
by the virus influences efficacy of HTA-based antiviral strategies.
With regards to PEG-IFNo¢/ribavirin therapy, work from the past
four years highlights that host variability, i.e., polymorphisms in
the vicinity of the IL28B gene locus, can affect the natural course
and treatment outcome of hepatitis C [16e, 17-21]. In the future,
stem cell technologies, like generation of induced pluripotent
stem cells and their differentiation into hepatocytes, might allow
addressing the effect of host genetic diversity on HCV infection
[22-24]. Unquestionably, HTAs are emerging antivirals, which
could complete the toolbox of HCV interfering strategies in the
future. While DAA therapies have extensively been discussed
elsewhere [25-27], we will here discuss the most advanced
HTAs against HCV, mention early stage HTAs and highlight
opportunities and risks of HTA therapy.

Targeting HCV Cell Entry: Bona Fide Entry Factors

HCYV host cell invasion is a complex multi-step process that
requires numerous host cell factors and cell surface proteins.
Among these, four so-called entry factors are indispensable for
productive HCV uptake: scavenger receptor class B type I
(SCARBI), the tetraspanin CD81 and the two tight junction
molecules claudin-1 (CLDN1) and occludin (OCLN) [28-32].
While SCARBI1 and CD81 bind the E2 glycoprotein on HCV
particles [28, 29], it is unknown whether E2 directly interacts
with CLDN1 or OCLN. However, lack of any one of the four
proteins renders cells non-permissive to HCV [31]. Elegant
kinetic studies using blocking antibodies against individual en-
try factors suggest their stepwise usage [30, 33-35]. SCARBI1
initially binds HCV particles and may prime them for efficient
CD81 binding [33, 36]. Interaction with CD81 in turn is thought
to induce a conformational change in the E2 glycoprotein re-
quired for low pH-dependent membrane fusion in the endosome
[37]. In contrast, CLDN1 and OCLN play a late role in entry
shortly before particle uptake through clathrin-mediated endo-
cytosis [30, 35]. Apart from the tight temporal control of HCV
entry, the process is likely to be spatially regulated since liver-
resident hepatocytes are polarized and the entry factors are
differentially localized at the basolateral cell pole or the cellular
tight junction. SCARBI and CD81 reside on the basolateral
side, facing the liver sinusoids, while CDLN1 and OCLN
localize to the tight junctions between the apical and basolateral
compartment. Circumstantial evidence suggests that CD8I1-
bound HCV laterally translocates along the plasma membrane
toward tight junctions, where uptake occurs [38, 39]. Lack of
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good polarized cell culture systems, inefficient HCV labeling
and imaging techniques and the low specific infectivity of HCV
derived from cell culture hamper, however, studies to provide
direct evidence for this model. Unquestionably, CD81,
SCARBI1, CLDNI1 and OCLN are required for HCV entry
in vivo as demonstrated in human entry factor transgenic mice
and human liver chimeric mouse models [40—43].

Interference with HCV entry factors is a strategy to block de
novo infection of naive cells (Fig. 1). Therefore, they are prom-
ising drugs for preventive therapy in chronic hepatitis C patients,
who undergo liver transplantation. Indeed, re-infection of liver
graft tissue is universal and unfortunately disease progression
after transplantation is commonly accelerated. For hepatitis C
treatment, virus-targeting entry blockers, i.e., neutralizing anti-
bodies against the HCV glycoprotein E2, are unfavorable, as E2
is the most variable among the HCV proteins. Due to the error
prone viral replication, an infected individual carries a swarm of
related viral variants (quasispecies), which may comprise virus-
es that escape neutralizing antibodies. Consequently, there is a
strong need for the development of HTAs interfering with virus
entry. The most advanced entry-blocking compound is a small
molecule inhibitor of SCARBI termed ITX 5061 [44]. This
orally bioavailable drug showed a good safety profile in clinical
trials with 280 subjects [44]. In a clinical phase 1b study in
treatment naive chronic genotype 1 patients only 1 of 7 patients
showed a virological response [45]. However, in a post-trans-
plant setting a better efficacy profile is possible. In preclinical
tests using HCV pseudotypes, ITX 5061 had broad specificity
for genotypes 1 through 6 confirming that SCARBI-
dependence is conserved among viral genotypes and raising
the hope that SCARB 1 -targeting molecules like ITX 5061 could
be pan-genotypic HCV entry inhibitors [44]. Binding studies
involving soluble truncated E2 protein indicate that ITX 5061
interferes with the interaction of E2 with SCARBI1, which is
likely the reason for its antiviral activity [44]. In vitro resistance
selection revealed that a single nucleotide change leads to an
amino acid substitution in HCV E2 (N415D) which renders
HCV insensitive to ITX 5061 [46]. On the one hand, this
demonstrates that HCV can in theory evade HTA therapy by
mutating the viral binding partner of the targeted host factor and
in fact suggests a low genetic barrier to resistance. On the other
hand, the N415 residue is highly conserved among sequenced
HCYV isolates and only one in 1300 reported sequences in the
Los Alamos National Laboratories HCV database shows
aspartic acid at this position [46]. Notably, the same mutation
was reported upon long term passage of the JFH1 virus in tissue
culture [47] and further characterization revealed that it rendered
the virus highly susceptible to neutralization by serum IgG from
chronically HCV-infected patients. Therefore, immune-
mediated constraints may prevent the virus from developing this
type of ITX 5061 resistance in vivo. Moreover, the N415D ITX
5061 resistant virus was still sensitive to protease inhibitors,
arguing that ITX 5061 could be used in combination with
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Fig. 1 HCV life cycle and critical host factors for intervention. HCV
requires host proteins and RNAs during its life cycle offering several
points of intervention using HTAs. Initially, HCV-lipoviroparticles attach
to LDL-R and heparan sulfate proteoglycans (HSPG) on the surface of
hepatocytes, followed by a coordinated uptake requiring the essential
entry factors SCARBI, CD81, CLDNs and OCLN. The latter four entry
factors can be targeted by specific antibodies or small molecules, like ITX
5061, which blocks HCV-SCARBI interactions and is in clinical phase
1b development. Accessory factors including receptor tyrosine kinases,
transferrin receptor 1 (TFR1) and the cholesterol receptor NPC1L1 pro-
vide alternative targets for entry blockage. After internalization and
particle uncoating, the HCV RNA genome replicates in specialized
cytosolic compartments, termed membraneous webs. Formation of these

virus-targeting DA As. Finally, as patients will receive [TX 5061
only for a comparably short duration in a post-transplant setting,
the risk for resistance emergence may be low. Nevertheless,
careful monitoring of viral variants emerging during in vivo
application of this compound will be critical. Apart from drug
resistance, an expected caveat of targeting host molecules and
possibly their endogenous function are side effects. Those ap-
pear minimal for ITX 5061. The only reported but not adverse
side effect of ITX 5061 is the inhibition of SCARB1 mediated
high density lipoprotein (HDL) uptake leading to increased
serum HDL levels [48]. In fact, ITX 5061 was originally tested
as an anti-atherogenic compound. Lastly, it remains to be deter-
mined whether host genetic variance of SCARBI1 could affect
ITX 5061 inhibition. A recent study suggests that several lab-
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replication complexes is aided by host and viral proteins. Inhibition of the
host chaperone CypA by cyclosporine and its derivatives (alisporivir,
SCY-635, NIM811) affects function of the viral NS5A protein and
thereby inhibits HCV replication. Alisporivir, SCY-635, NIM811 are
currently tested in clinical phases 3, 2 and 1, respectively. PI4KIIlx is a
host lipid kinase required for membraneous web formation and its inhi-
bition by small molecules, like AL-9, abolishes HCV replication. A third
class of replication HTAs is comprised by antagomirs of the host miR-
122. This microRNA binds to and stabilizes the HCV RNA genome and
facilitates its translation. Moreover, an involvement of miR-122 in HCV
RNA replication is being discussed. Sequestration of miR-122 by
miravirsen, a clinical phase 2 HTA, strongly suppresses viral titers

generated variants of SCARBI all efficiently support HCV cell
entry [49]. Given that ITX 5061 competes with HCV for
SCARBI binding, it is likely that the compound inhibits all
SCARBI variants, but future work, in particular on naturally
occurring SCARBI variants, will clarify this assumption. In
summary, [TX 5061 is a promising small molecule, pan-
genotypic HTA for preventive combination therapy of post-
transplant hepatitis C patients.

Apart from small molecules, entry factor blocking antibodies
efficiently inhibit HCV entry and are in preclinical development
[41-43, 50]. The most advanced antibodies target SCARB1 and
CD8I. In a recent report, two neutralizing antibodies against
SCARBI1 (mAb8 and mAbl151) blocked HCV infection and
direct cell-to-cell spread in vitro and in vivo [43]. Notably, in a
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human liver xenotransplant mouse model (uPA-SCID) both anti-
SCARBI antibodies prevented HCV infection in a prophylactic
setting, when five antibody dosages were given over a period of
two weeks starting one day prior to infection. However, viral
rebound occurred at least one week after termination of antibody
treatment, suggesting that a two-week treatment is insufficient to
eliminate virus from peripheral reservoirs. In a three-day post-
infection setting, the antibodies prevented infection in three out
of five mice and reduced viral dissemination in the remaining
two mice. Similar to ITX 5061, SCARBI antibodies are pan-
genotypic and show no adverse side effects, thus presenting an
alternative option for preventive therapy. Future studies will have
to show whether anti-SCARBI therapy is efficient in a broad
range of orthotropic liver transplant patients.

In contrast to SCARBI antibodies, CD81 antibodies only
block HCV infection in a prophylactic setting in the xenotrans-
plant uPA-SCID mouse model [41], suggesting that targeting
SCARBI is superior to blockage of CD81. Although the reason
for this is not clear, this discrepancy may point to a differential
role of these entry factors during virus transmission. In vitro
data indicate that HCV is transmitted by cell-free, secreted virus
particles and also by direct cell-to-cell transmission between
neighboring cells [51-53]. This latter mode of infection may be
particularly relevant in vivo and could facilitate viral escape
from neutralizing antibodies. Notably, while CD81 is absolute-
ly essential for infection by cell-free virus, its importance for
direct cell-to-cell transmission has been disputed [52, 53]. On
the one hand, Fofana et al. identified a CD81 antibody, which —
at least in vitro— also interferes with cell-to-cell spread [54]. The
epitope for this antibody currently remains elusive, but this
finding raises the hope that development of CD81 antibodies
for post-infection treatment could be possible. On the other
hand, recent evidence confirmed that CD81 facilitates, but is
not absolutely essential for, cell-to-cell transmission in vitro
[55]. If that holds true in vivo, the absence of an essential role
for CD81 during cell-to-cell spread may limit efficacy of CDS81
antibodies compared to antibodies targeting entry factors criti-
cal for both cell-free and cell-to-cell transmission. As men-
tioned above, SCARBI1 neutralizing antibodies potently repress
cell-to-cell transmission in vitro [53] and in humanized mice
[42, 43]. Taken together, these results suggest that SCARBI is
more important for direct cell-to-cell spread than CD81, which
in turn explains why targeting SCARB1 blocks HCV infection
in vivo more effectively than CD81.

Antibodies binding CLDNI1 efficiently block HCV entry
in vitro [50] and may thus be another promising avenue for
clinical development. Notably, CLDN6 and CLDN9 can substi-
tute for lack of CLDNI1 in human non-liver cells [56, 57].
Although it was originally assumed that this broad tropism
toward different members of the CLDN protein family is com-
mon to all HCV isolates, this notion was recently challenged:
Using cell lines expressing either only CLDN1, CLDNG6 or both
molecules, Haid et al. showed that all tested viral strains
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efficiently used CLDN1 while only some strains also used
CLDNG6 [58]. Importantly, viruses capable of using both CLDN1
and CLDN6 were not fully neutralized by CLDN1-specific
antibodies, if the same cell co-expressed a modest level of
CLDNG6. These findings point toward a possible viral escape
from CLDNI-targeting agents for viral strains with broad
CLDN:-tropism. However, Fofana et al. were unable to observe
an additive inhibitory effect when combining CLDN1 and
CLDNG6-specific antibodies on Huh-7.5.1 cells challenged with
HCV [54]. This discrepancy might result from the use of host cell
lines with different CLDN1 and six expression levels. Notably,
primary human hepatocytes of some donors express low but
detectable CLDNG6 at the cell surface and CLDNG6 transcript
expression is highly variable in HCV patient derived liver biop-
sies [54, 58]. Thus, the potential risk of viral escape from
CLDNI -targeting strategies via use of CLDN6 may not only
depend on the viral strain but also on host determinants, i.e.,
differential abundance of CLDNG6. Clearly, the relevance of viral
CLDN tropism and its potential implication for development of
CLDNI -targeting strategies requires further investigation, e.g., in
xenotransplanted mice with human hepatocytes from donors
with distinct CLDNG6 expression. Aside from these aspects relat-
ed to efficacy and potential viral escape, possible side effects of
anti-CLDN treatments should be carefully considered. Currently,
in vitro data suggests that CLDN1 endogenous functions remain
unaltered upon antibody treatment [54]. Consequently, side ef-
fects of anti-CLDNI treatment are expected to be low. Confir-
mation of this assumption in preclinical models will be critical
before finally evaluating CLDN1-targeting therapy.

For the fourth essential entry factor, OCLN, no neutralizing
antibodies have been reported to date. However, as OCLN
deficient mice have a severe phenotype including growth retar-
dation, infertility and bone thinning, preclinical tests need to
carefully investigate possible side effects of OCLN-targeting in
humans [59]. In conclusion, small molecule inhibitors and
antibodies targeting SCARBI are the most advanced HCV
entry-targeting agents. Given the essential and pan-genotypic
role of SCARBI for both cell-free and cell-to-cell transmission,
SCARBI blockage holds the promise for a well-tolerated ther-
apy to prevent allograft infection of chronic hepatitis C trans-
plant patients.

Targeting HCV Cell Entry: Entry Co-factors and Modulators

Apart from the four essential entry factors, additional molecules
have been shown to be involved in HCV cell entry. These
include attachment factors like glucosaminoglycans [34, 60]
and the low density lipoprotein receptor (LDL-R) [61, 62],
receptor tyrosine kinases [63¢], and Nieman-Pick Cl-like 1
and transferrin receptor 1 [64, 65]. This multitude of host
factors offers numerous levels for interference (Fig. 1). Among
the most prominent entry co-factors are the two receptor tyro-
sine kinases epidermal growth factor receptor (EGFR) and



Curr Hepatitis Rep (2013) 12:200-213

205

ephrin A2 (EphA2) [63¢]. Inhibition of EGFR and EphA2
using the small molecules erlotinib and dansatinib blocks
HCV entry in vitro with an IC50 of 500 nM for both com-
pounds. In a human liver chimeric mouse model daily preven-
tive erlotinib treatment reduces serum titers of HCV approxi-
mately ten-fold compared to placebo treated animals. Viral
titers rebound to serum titers of control animals shortly after
treatment termination. Together, these findings provide evi-
dence that erlotinib at least partially represses HCV infection
in vivo. Moreover, in vitro erlotinib inhibits both cell-free and
cell-to-cell transmission of HCV and silencing of EGFR sug-
gest that the usage of EGFR is HCV genotype independent
[63¢]. If, however, erlotinib is able to fully ablate HCV cell
entry in vivo and whether the virus can escape this type of
treatment by resistance mutations is currently not clear. Adverse
effects of erlotinib, which is an approved anti-cancer drug,
include rashes, diarrhea, lung, liver and kidney problems [66].
Occurrence of side effects is in line with the fact that EGFR is
ubiquitously expressed and has important physiological func-
tions including cell proliferation, migration and adhesion.
While the intensity of side effects associated with erlotinib
and many other anti-cancer agents may be acceptable in malig-
nant disease, it may preclude their use for a not quite as
immediately life threatening condition such as chronic HCV
infection. Lastly, polymorphisms in EGFR seem to correlate
with the outcome of erlotinib treatment in non-small cell lung
cancer, suggesting that host genetic variance could also influ-
ence antiviral therapy outcome [67]. In summary, targeting of
conserved host factors with less critical endogenous functions
seems favorable over interference with receptor tyrosine kinases.

Novel mechanistic studies on the role of EGFR revealed
that it signals through the GTPase HRas and the kinase BRaf
for HCV receptor complex assembly [68]. Small molecule
inhibitors of both signaling molecules exist and are licensed
for anti-cancer therapy. We currently lack preclinical in vivo
data for their usefulness in anti-HCV therapy. In principle,
targeting HRas and BRaf offers an additional mode of inter-
vention with HCV cell entry, possibly with superior efficacy
and/or reduced side effects when compared with erlotinib.

A second and less frequently discussed HCV entry modula-
tor is the cholesterol receptor Niemann-Pick Cl-like 1
(NPC1L1) [64]. This protein is a 13 transmembrane molecule,
which is expressed on the apical side of hepatocytes and
mediates cholesterol absorption. In vitro the small molecule
NPCIL1 inhibitor ezetimibe decreased HCV infection at least
five-fold at a 30 uM dose. In a human liver chimeric mouse
model ezitimibe prevented infection of two out of seven mice
when a three-week dosing was started two weeks prior to
infection. Treatment onset two days prior to infection surpris-
ingly did not prevent HCV infection of mice. Although
NPCILI seems to reduce entry of all HCV genotypes and
although ezitimibe is a licensed cholesterol-lowering drug with
little side effects [69], the overall modest efficacy in mice does

not favor application of NPCI1L1 inhibitors in monotherapy.
However, in conjunction with other HTAs or DAAs ezitimibe
may be useful to improve treatment efficacy.

Taken together, targeting HCV entry modulators seems less
efficient than targeting of bona fide entry factors, likely due to
their accessory rather than essential role during HCV cell
entry. Still, compounds with high tolerability could be a
valuable addition in combination therapy, in particular after
orthotropic liver transplantation.

Targeting HCV RNA Replication: Cyclophilin A

While blockage of HCV entry into hepatocytes is a promising
strategy to prevent de novo infection of naive cells, targeting
HCV replication, i.e., amplification of the viral genome, holds
the promise of efficiently eradicating HCV from already
infected tissue. HCV replication takes place in the cytoplasm
of the host cell, where virus encoded RNA-dependent RNA
polymerase (NS5B) amplifies the plus strand RNA genome.
To this end, HCV induces with the aid of host factors special-
ized membranous compartments [70—73], at which multiple
viral proteins including non-structural proteins NS3, NS4A,
NS4B, NS5A and NS5B and host factors assemble the HCV
replication complex [74]. Hence, induction, assembly and
function of HCV replication complexes involve numerous
host factors offering multiple targets for intervention.
Cyclophilin B (CypB) was one of the first host factors report-
ed to be crucial for HCV replication [75]. Cyclophilins are
highly conserved peptidyl-prolyl isomerases, which catalyze
the isomerization of peptide bonds at proline residues from
trans to cis. Such transformations either aid folding of newly
synthesized proteins or change the structure of already folded
proteins. Interestingly, cyclophilins are essential replication
factors for a number of viruses, including HIV, herpes simplex
virus, vaccinia virus, vesicular stomatitis virus and coronavi-
rus. In the context of HCV replication, more recent evidence
indicates that cyclphilin A (CypA) rather than CypB is used
by HCV as co-factor and that the isomerase activity of CypA
is essential for this function [76—79]. Moreover, biochemical
and genetic analyses revealed an interaction between
subdomains of NS5A and CypA [80, 81], which could pro-
mote viral protein folding, regulate polyprotein processing
and thereby facilitate RNA replication. Targeting of CypA
by the cyclic polypeptide immunosuppressant agent cyclo-
sporine A (CsA) prevents the interaction of CypA and
NSSA across all viral genotypes and has strong anti-HCV
activity in vitro (Fig. 1) [82, 83].

CsA is not only antiviral, but also immunosuppressive, since
the CsA-CypA complex inhibits calcineurin and thereby sup-
presses T helper cells [84, 85]. This dual role stimulated the
development of derivatives, which retain antiviral activity with-
out being immunosuppressive. Currently, numerous CypA in-
hibitors with exclusive antiviral effect are in preclinical and
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clinical trials [86]. Among these, alisporivir (Debio 025),
NIMB811 and SCY-635 are the most extensively studied drug
candidates. Alisporivir showed efficient reduction of viral load
(2-log to 4-log depending on the study) for genotype 1, 2, 3 and
4 during monotherapy [87-89]. Moreover, combination with
INF ot/ribavirin resulted in additive effects. In a phase 2 clinical
trial with such combined triple therapy the incidence of adverse
effects was low. Thereafter, a phase 3 trial in treatment-naive
genotype | patients was initiated, but soon halted by the FDA
due to occurrence of pancreatitis with one fatal outcome upon
treatment with IFN and alisporivir. Therefore IFN/alisporivir
combinations are precluded from future clinical development.
However, trials with IFN-free alisporivir treatment regimens
with improved safety profile will resume. Apart from its broad
HCYV genotype specificity alisporivir seems to act independent-
ly of the host genetic background. A recent study investigated
host variability of CypA and found that rare nonsynonymous
SNPs in CypA not only rendered cells largely resistant to HCV
infection, but also residual replication was still sensitive to
CypA inhibition [90]. Lastly, CypA inhibitors appear to have
a high genetic barrier to development of viral resistance in vivo.
However, in vitro resistance toward anti-cyclophilin com-
pounds can be selected either by long term viral passage in
the presence of the drugs or by selecting viruses in host cells
with reduced cyclophilin abundance [78, 91, 92]. Currently
described resistance mutations map to domain 2 and 3 of
NSS5A supporting the concept that CypA facilitates HCV repli-
cation via modification of NSSA function. Interestingly, some of
these resistance mutations are located at the C-terminus of NSSA
close to the cleavage site between NS5A and NS5B. Moreover,
these alterations were shown to modulate polyprotein cleavage at
the NS5A-NS5B site. This supports the notion that cyclophilin A
fine tunes protein folding processes that are required for optimal
polyprotein cleavage and in turn replication complex assembly
[78]. Although some of the mutations described in vitro confer a
high degree of viral resistance (in part shifting the EC50 value by
more than 40-fold [91]), so far no resistance mutations have been
described during treatment of HCV patients. In fact, during
alisporivir monotherapy no viral breakthrough was observed
suggesting that in vivo the barrier to viral resistance is high
[93]. Notably, in the same study one alisporivir null responder
was identified. If, however, absence of viral response in this case
was due to viral or host resistance is not clear and merits further
investigation.

A possible explanation for this rare treatment failure could be
a recently reported second antiviral mechanism of cyclophilin
derivatives, which is independent from CypA-NS5A complex
disruption. The alternative non-immunosupressive CypA inhib-
itor, SCY-635, which is currently in clinical phase 2a trials,
seems to reconstitute IFN signaling and in turn increase innate
antiviral defenses. First evidence for this stems from a clinical
trial with SCY-635 monotherapy in chronic HCV genotype 1
infected patients. In this context, SCY-635 not only dose
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dependently repressed viral load but also caused increased plas-
ma levels of [FN¢, IFN A 1 and 3 as well as 2°5oligoadenylate
synthase 1 (2’5'0OAS-1), a key IFN stimulated gene (ISG) [94ee].
Meanwhile, two possible molecular links between SCY-635,
IFN and ISG induction were disclosed: Bobardt and colleagues
reported that CypA binds IFN regulatory factor 9 (IRF9) and that
NS5A competes with IRF9 for CypA binding [95]. As IRF9 is
the DNA binding part of the transcription factor IFN-stimulated
gene factor 3 (ISGF3), it is critical to transmit [FN-induced JAK/
STAT signaling to the nucleus for expression of ISGs [96].
Importantly, inhibition of CypA by cyclosporine prevents
IRF9-CypA complex formation and thereby enhances IFN-
induced expression of ISGs [95]. On the other hand, Watashi
et al. noted that in IFN-treated HCV infected cells, SCY-635
decreases phosphorylation of protein kinase R (PKR) [97]. Since
phosphorylated PKR downregulates expression of ISG at the
level of translation, it is possible that SCY-635-dependent re-
pression of PKR phosphorylation enhances translation of ISGs
[98]. Therefore, blockade of CypA by SCY-635 may increase
expression of ISGs and antiviral activity of IFN by both tran-
scriptional and post-transcriptional mechanisms. It will be inter-
esting to dissect to what extent these mechanisms contribute to
the antiviral activity of CypA-targeting strategies and if both
antiviral mechanisms are shared by the different compounds
targeting CypA. Provided concerns regarding the safety of
CypA-targeting HTAs can be eliminated, these agents could be
attractive pan-genotypic therapeutics.

Targeting HCV RNA Replication: Phosphatidylinositol
4-kinase III alpha (PI4KIIIcx)

Genome wide RNA interference screens and in depth cell culture
replication assays with HCV replicons and full length infectious
virus have revealed numerous additional host dependency fac-
tors, that could in principle serve as antiviral targets [99—107].
One of the most prominent and most consistently identified host
factors for HCV replication is PI4KIIIox [101-106]. This protein
belongs to a family of enzymes that catalyze phosphorylation of
lipids at position four of their inositol moiety. The resulting
phosphoinositides (PIs) reside at the cytosolic leaflet of vesicle
and organelle membranes, where they play a critical role in the
recruitment and activity of signaling proteins [ 108, 109]. To date,
four mammalian phosphatidylinositol 4-kinases are known
(PH4KII « and 3 and PI4KIII o and f3), which differ in their
subcellular localization and create distinct PI pools, thus contrib-
uting to vesicle trafficking and lipid transport [108]. PI4KIII«x is
located at the endoplasmic reticulum and the plasma membrane
and was found to be the primary mammalian PI4K that influ-
ences HCV replication [102]. Notably, silencing of PI4KIIIx
dramatically reduces HCV RNA replication and concomitantly
results in a clustered distribution of viral non-structural proteins
and aberrant ultrastructure of the membranous web [105], which
is an accumulation of membrane vesicles and the site of HCV



Curr Hepatitis Rep (2013) 12:200-213

207

RNA replication [70, 71]. Interestingly, HCV NSS5A directly
interacts with PI4KIIlx and this interaction stimulates kinase
activity of the enzyme [102, 105]. More recently, the binding
site of PI4KIIlex was mapped to a highly conserved region within
domain 1 of NS5A. Moreover, PI4KIII«, although being a lipid
kinase, was reported in the same study to modulate the phos-
phorylation status of NS5A [110]. Although it is currently
unclear if this effect is direct or indirect, likely both the
PI4KIIIo-dependent regulation of NS5A phosphorylation and
local accumulation of phosphatidylinositol 4-phosphate pools
are important for HCV replication [110]. Since reduced levels
of PI4KIllex and viral NS5A mutations ablating the interaction
with PI4KIIIx both cause aberrant ultrastructure of HCV repli-
cation complexes, it is reasonable to assume that the PI4KIITx-
NS5A interplay is essential for proper assembly and function of
membrane bound HCV replication complexes.

To date, two studies have addressed if targeting the interaction
between NS5A and PI4KIIlx or the enzymatic activity of
PI4KIIl itself would be a useful strategy to control HCV
RNA replication. Bianco et al. reported that AL-9, a 4-anilino
quinazoline, targets the kinase activity of PI4KIIlx in vitro and
within liver cells [111]. Interestingly, 4-anilino quinazoline com-
pounds had previously been reported as HCV inhibitors
[111-114], and based on putative resistance mutations within
NSS5A, presumed to target NS5A. Until now, none of these
mutations was however shown to confer resistance to
quinazolines [111, 112]. Nevertheless, given the interaction be-
tween PI4KIIlx and NSS5A and the observation that aniline
quinazoline moieyties are frequently present in kinase inhibitors,
it seems likely that AL-9 targets PI4KIllx and thereby inhibits
HCYV replication. Additional compelling evidence that
PI4KIII-inhibitors interfere with HCV replication was reported
by Vaillancourt [115¢]. Using a PI4KIllx kinase assay to screen
more than 500,000 compounds various specific inhibitors of this
enzyme were identified. Molecules belonging to three different
chemotypes — all of which are unrelated to the 4-anilino
quinazoline compounds described above — potently repressed
kinase activity in vitro and HCV replication in replicon assays.
Importantly, inhibition of other kinases was excluded by in vitro
assays involving various kinases and lipid kinases. These studies
also revealed 15 to 20-fold selectivity toward PI4KIllx com-
pared to PI4KIIIB. Besides this, the antiviral activity of the
compounds correlated with the degree of PI4KIllx inhibition
further supporting the notion that the compounds are antiviral
due to blockade of PI4KIII«. Finally, viral resistance was select-
ed and revealed that specific mutations within the C-terminus of
NS4B and domain 1 of NS5A reduce sensitivity of HCV to these
molecules by up to 20-fold. Interestingly, the resistance muta-
tions permitted efficient HCV replication in cells with silenced
PI4KIIIx highlighting that they confer reduced dependence of
HCV on functional PI4KIllx and indeed that the compounds
target PI4KIIlx. Combining these observations with the ultra-
structural analyses of replication complexes from cells with

PI4KIIIex silencing or mutant viruses with reduced PI4KIIIx-
binding, it is reasonable to assume that recruitment of PI4KIIIox
by NS5A and the enzymatic activity of PI4KIll«x are crucial for
proper assembly/morphology and function of HCV replication
complexes (Fig. 1). Inhibitors of PI4KIIIe disturb NS5A bind-
ing and viral resistance to these molecules is attained by reduced
dependence on PI4KIIIx due to altered function of NS5A and/or
NS4B. Of note, kinase inhibitor resistance mutations decreased
HCV RNA replication in Huh-7.5 with endogenous levels of
PI4KIIIex. Thus, resistance is likely linked to a decrease in viral
fitness, which may contain emergence of these mutations
in vivo. To explore the physiological role of PI4KIIIx in vivo,
Villaincourt et al. created knockout mice with conditional lesion
of the PI4KIIIx gene locus [115¢]. Unfortunately, induction of
the gene defect in homozygous animals caused lethal gastroin-
testinal disorders. Therefore, the critical physiological role of
PI4KIlIx and possible side effects of therapies targeting this
enzyme will probably limit further development of this class of
inhibitors for future HCV therapy.

Targeting HCV RNA Replication: MicroRNA-122

Apart from proteinaceous host factors, HCV requires a
microRNA for efficient replication. MicroRNAs (miRNAs) are
20 to 22 nucleotides long non-coding RNA molecules, which
typically bind to mRNA and arrest translation or induce mRNA
cleavage and degradation, thus having emerged as powerful
regulators of gene expression [116]. Not surprisingly, viruses
have evolved to exploit this cellular machinery. In fact, several
DNA viruses such as herpesviruses encode viral miRNAs and
use these for tuning expression of both host and viral RNAs
[117]. Although HCV, like most RNA viruses, does not encode
miRNAs itself, it depends on these RNA molecules in a unique
way, thus offering a potential target for antiviral intervention.
Specifically, miRNA-122 (miR-122), a liver-specific miRNA,
that regulates numerous genes involved in fatty acid and choles-
terol metabolism, binds to the 5non translated region of the
HCV RNA genome. Two tandem binding sites for miR-122
have been characterized [118] and the site specific binding of
miR-122 has been reported to facilitate translation of the viral
RNA [119] and to stabilize the HCV RNA leading to an accu-
mulation of vial genomes [120-123]. Although presence of
miR-122 is not absolutely essential for HCV RNA replication,
its high abundance is crucial for efficient replication [124]. Thus,
the liver-specific expression of miR-122 likely contributes to the
overt hepatotropism of HCV [125, 126].

Inactivation of miR-122 using a complementary locked
nucleic acid-modified oligonucleotide (miravirsen or SPC3649)
reduces HCV titers in vitro and in HCV infected chimpanzees by
2-3 logs (Fig. 1) [127¢°]. Moreover, broad HCV genotype
specificity in vitro suggests a wide usage for a miravirsen-
based therapy in patients [128]. Genetically engineered variants
of HCV, which lack the miR-122 binding site, are resistant to
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miravirsen and still viable although showing fitness loss [128].
Notably, in monotherapy clinical trials and in cell culture so far
no resistance mutations to miravirsen emerged [129] . Therefore,
the barrier to viral resistance to this drug seems high. With regard
to side effects, preclinical studies in chimpanzees suggest that
miravirsen treatment reduces serum cholesterol levels, but neither
induces toxicity nor histopathological changes. More important-
ly, in a recent phase 2a clinical trial five weekly injections of
miravirsen reduced viral titers up to 3 logs without adverse side
effects or resistance emergence [130¢e, 13 1¢¢]. In fact, some treated
patients cleared HCV RNA during miravirsen monotherapy.
Furthermore, miravirsen treatment both in chimpanzees and
humans elicited a continuous and prolonged antiviral effect that
lasted for several weeks after cessation of therapy [127¢¢]. While
miravirsen administration is currently only possible through the
less attractive parenteral route, an advantage of miravirsen ther-
apy could be the longlasting effect. Pharmacokinetic patient
studies reveal a 37 day plasma half-life and suggest that
miravirsen may be administered only once per months [132].
Collectively, in vitro and in vivo data provide firm evidence that
targeting miR-122 is an efficacious and —at least in these transient
treatment regimens— well tolerated future therapeutic option.

In spite of the encouraging initial results, recent findings
regarding the physiological role of miR-122 warrant caution:
Mice lacking miR-122 are viable but develop steatohepatitis,
fibrosis and hepatocellular carcinoma. Importantly, reconstitu-
tion of miR-122 reduces tumor incidence demonstrating that
miR-122 acts as tumor suppressor in mice [133]. To date, the
molecular details of miR-122"s anti-tumor activity are unclear.
Certainly, more research is needed to exclude that transient
sequestration of miR-122 could promote tumorigenesis. If se-
vere adverse side effects occur, the long half-life of miravirsen
will make its serum levels difficult to control, in particular since
there is no readily available means of terminating the drug’s
action. Apart from this note of caution regarding miR-122 as
host target, it will be interesting to explore if the association of
chronic HCV infection with hepatocellular carcinoma is
connected with the virus usurping and sequestering miR-122.
In conclusion, miravirsen is a pan-genotypic, effective HTA
with low risk of resistance emergence. Critical evaluation of
adverse effects will clarify if miravirsen will be part of future
INF-free regimen against HCV.

Targeting HCV Assembly and Release

Cell based assays to dissect the pathways and steps of HCV
particle assembly and virus release have been available only for a
relatively short time [8—10]. Therefore, host-targeting antiviral
strategies focusing on these late stages of the viral replication
cycle are least advanced. The first reported assembly blockers
were iminosugars, which target «-glucosidase I, an ER enzyme
required for HCV glycoprotein folding and maturation
[134-136]. However, comparably modest efficacy of the
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iminosugar celgosivir in genotype 1 patients led to termination
of clinical trials [137]. Nevertheless, more recent reports have
highlighted several cellular co-factors that assist virus production
and that may be future targets for antiviral therapies.

It has been known for a long time that HCV travels through
the blood stream in tight association with lipoproteins [8].
Moreover, careful proteomic analysis of serum-derived HCV
revealed the presence of apolipoprotein E (ApoE), ApoCl,
ApoB, and ApoAl in the lipoviroparticle [8, 138, 139]. For
cell culture derived HCV (HCVcc) ApoE, and ApoCl, have
been reported to associate with particles and the lipid compo-
sition of HCVcc was found to resemble the one of very low
density lipoprotein (VLDL) [140]. Given this interplay of HCV
with lipoproteins, it was not surprising that host factors in-
volved in assembly and release of VLDL seem to aid produc-
tion of infectious viral progeny: Specifically, microsomal tri-
glyceride transfer protein (MTTP), which is involved in loading
of lipids onto nascent ApoB, as well as ApoB and ApoE, both
components of VLDL, were reported to contribute to virus
production. As a consequence, modulators of VLDL produc-
tion and secretion emerged as potential antivirals. For some of
these compounds including MTTP and ApoB inhibitors, pre-
clinical results are available and show modest antiviral activi-
ties. Notably, recent evidence suggests that among the different
factors of the VLDL pathway implicated in HCV virus produc-
tion, only ApoE is absolutely essential, since production of
infectious HCV can be reconstituted in an engineered human
kidney derived cell line (293 T), which does not produce VLDL
and lacks endogenous expression of MTTP and ApoB [141].
Although these HCV particles with minimal lipoprotein coat
may not be as infectious as natural HCV it is therefore possible
that HCV could escape MTTP and ApoB targeting strategies.
On the other hand, these findings favor development of ApoE-
targeting strategies. Moreover, ApoE associated with HCV
particles plays a critical role during viral cell entry by facilitat-
ing attachment of virions to cellular heparin sulfate proteogly-
cans [142—144], so that ApoE-targeting compounds may arrest
both assembly and entry of HCV particles.

Besides host factors of the VLDL pathway additional cellu-
lar proteins have recently been shown to contribute to virus
production. For instance, cellular lipid modifying enzymes like
diacylglycerol acyl transferase 1 (DGAT1) and the cytosolic
phospholipase A2 (PLA2GA4) contribute to production of
infectious HCV progeny [145, 146]. Specifically, DGAT1 cat-
alyzes triglyceride biosynthesis and thereby promotes lipid
droplet formation. HCV is thought to assemble on the surface
of lipid droplets and in vitro DGAT1 inhibition or silencing was
shown to reduce HCV genotype 2a assembly and release by
limiting the trafficking of HCV core to these orgenelles [145].
Intriguingly, upon inhibition of DGAT1, the related enzyme
DGAT2 seemed to compensate the endogenous function of
DGATI. This in vitro finding indicates that adverse effects of
DGAT]1 inhibition may be low. Moreover, DGAT1 inhibitors
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are in development for treatment of obesity and display little
adverse effects [147]. The second lipid modifying enzyme
reported to be involved in HCV assembly, PLA2GAA4, cleaves
glycerophospholipids with arachidonic acid at the sn2-position.
Thereby PLA2GA4 alters membrane fluidity and curvature and
releases arachidonic acid, which is a precursor for inflammatory
mediators. Hence, PLA2GA4 inhibitors like pyrrolidine-2 (Py-
2) are in preclinical development for treatment of inflammatory
disorders. In a recent study by Menzel et al. Py-2 inhibited
assembly and release of HCV genotypes 1, 2, 3 and 5 in vitro
and treatment with arachidonic acid restored HCV infectivity
[146]. Thus PLA2GA4 inhibitors present a possible avenue for
assembly blockage and future preclinical tests could connect to
the existing pipelines of pyrrolidines as anti-inflammatory
agents.

In summary, the identification of host lipoproteins and en-
zymes required for HCV assembly and release provides novel
HTA development options. As we currently lack knowledge of
possible side effects and efficacy of such HTAs in vivo, future
preclinical work needs to elucidate if compounds targeting the
last step of the HCV life cycle merit further development as
possible anti-HCV therapeutics.

Conclusion: Opportunities and Risks of Future HCV
Therapies

After 15 years of [IFNovribavirin based therapies against hepatitis
C, novel treatment regimens developed rapidly since the approv-
al of the first DAAs in 2011. An increased understanding of the
molecular virology of HCV and of the usage of host factors for
propagation led to the discovery of a multitude of antiviral
targets. Initial efforts focused on the inhibition of viral enzymes
or viral structural proteins. This is reflected by the overall distri-
bution of FDA-approved antiviral drugs. In 2012, the FDA listed
47 virus-targeting drugs including those against HIV and influ-
enza virus and only 10 HTAs [148]. The latter will, however,
gain increasing attention as they often have a high genetic barrier
for resistance emergence and display a broad specificity for
various genotypes and subtypes of a given virus. The most
prominent HTAs against HCV include entry inhibitors and rep-
lication inhibitors. Preclinical studies are, however, starting to
reveal that some of the proposed advantages of HTAs do not
apply. In rare cases genotype specificity is observed as different
genotypes can engage different host factors as exemplified by the
usage of CLDN1 and CLDNG6 for HCV entry. In other cases the
virus can acquire resistance mutations, which lead to usage of an
altered binding site on the same host factor. For instance, NS5A
mutations can confer resistance to CypA-targeting drugs. These
findings suggest that even HTAs should be used in combination
therapy with other drugs. An obvious caveat of HTAs is the
possibility of side effects. Consequently, preclinical and early
clinical studies need to carefully evaluate dosing and treatment

duration of host-targeting therapies. It should be noted that the
reported side effects for some HTAs in clinical phases like ITX
5061 and SCY-635 are low. However, caution is warranted as the
termination of alisporivir/IFN clinical trials shows. In summary,
at least some HTA therapies appear to have a superior side effect
profile compared to past IFN«-based standard of care, which
showed strong, sometimes intolerable adverse effects over a 24
to 48 week treatment period. Lastly, we are just beginning to
understand the role of host genetics in HCV infection. The best
example is a polymorphism upstream of the IL28B gene, which
correlates with development of chronicity and IFN-based treat-
ment response [18-21]. Future research needs to address wheth-
er or not HCV host factors are genetically diverse in the human
population and what impact polymorphisms have on HCV
infection and response to HTA treatment. Nonetheless, the era
of virus- and host-targeting antivirals against HCV holds a big
promise to chronic HCV patients. Many previous non-
responders can now be treated with the new protease inhibitors
in combination with IFNo/ribavirin and patients undergoing
treatment benefit from reduced side effects and shortened thera-
py duration. Future development of HTAs and novel INF x-free
possibly all-oral combination therapy is expected to further
increase quality of life of chronic HCV patients. Certain patient
groups, e.g., HIV co-infected individuals and patients with late
stage liver disease, might require individualized therapy. Thus,
intense research on DAAs and HTAs is needed to find the most
effective drug combinations with least adverse effects. Finally, a
better understanding of host and virus genetic diversity and their
influence on drug efficacy might allow personalized treatment in
the future and thereby guarantee cost effective use of novel drugs
and optimal therapy outcome for individual patients.
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