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Abstract

Shortened current direct-acting antiviral (DAA) therapies while less expensive, have not pro-
vided satisfactory efficacy in naive cirrhotics, treatment experienced non-cirrhotics or even
genotype-3 (GT3)-infected patients. Since DAA regimens consist of the same classes of
inhibitors—NS5A (NS5Ai) and NS5B (NS5Bi) +/- NS3 (NS3i) inhibitors—it is likely that their
costs will be high and will provide similar degrees of protection. Integrating drugs with distinct
mechanisms of action (MoA) into DAA regimens could provide the solution for shortening the
period of treatment. One such class of agents is the cyclophilin inhibitors (Cypl), which has
shown efficacy in patients. Resistance-associated variants persist for years post-treatment in
patients exposed to NS5Ai or NS5Bi who fail to achieve a sustained virologic response,
impairing their chance for cure on retreatment with existing DAA combinations. Because of
their high barrier to resistance, Cypl may be particularly useful as a rescue therapy for patients
who have relapsed with DAA resistance-associated variants. In this study, we analyzed the
anti-HCV properties of the novel cyclosporine A (CsA) derivate—STG-175. The non-immuno-
suppressive STG-175 possesses a high (ECsg 11.5-38.9 nM) multi-genotypic (GT1a to 4a)
anti-HCV activity. STG-175 clears cells from HCV since no viral replication rebound was
observed after cessation of drug treatment. It presents a higher barrier to resistance than
other Cypl or selected DAAs. HCV variants, which emerged under STG-175 pressure, are
only ~2-fold resistant to the drug. No cross-resistance was observed with DAAs STG-175
was efficacious against DAA-resistant HCV variants. Drug combination studies revealed that
STG-175 provides additive and synergistic effects against GT1a to 4a. STG-175 inhibits the
infection of HCV, HIV-1 and HBV in mono-, dual- and triple-infection settings. Altogether
these results suggest that the new Cypl STG-175 represents an attractive drug partner for
IFN-free DAA regimens for the treatment of HCV and co-infections.

Introduction

Nearly 200 million people are infected with hepatitis C virus (HCV) and chronic hepatitis C is
a leading cause of liver diseases [1]. Four million people are newly infected every year [2-3]. In
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the developed world, two-third of transplant and liver cancer cases are caused by chronic hepa-
titis C [4]. Until recently, an IFNo/ribavirin regimen had a success rate of ~80% in GT2- and
GT3-infected patients, of ~50% in GT1-infected patients, and was associated with serious side
effects [5-9]. Therefore, there was an urgent necessity for the identification of anti-HCV agents
in order to provide substitute regimens for IFN/RBV therapies. Importantly, DAAs such as
NS3i, NS5Ai and NS5Bi have been identified [10], and most importantly, several of them are
currently included in safe and efficacious IFN/RBV-free regimens. Yet, these DAA IFN-free
anti-HCV therapies are expensive [11]. One approach to reducing the cost of hepatitis C treat-
ment is to shorten the duration of the drug treatment. However, shortening therapy from 24 to
12 weeks to reduce costs did not provide satisfactory efficacy in naive cirrhotics, treatment
experienced non-cirrhotics or even GT3-infected patients [12-13]. An alternative approach for
reducing the cost of hepatitis C treatment is to identify new drug combinations that would pro-
vide safety, efficacy and truncated treatment option. Since the new IFN-free regimens consist
mainly of combinations of the same classes of inhibitors—NS5Ai, NS5Bi and NS3i—it is likely
that their respective costs will also be high and that they will provide similar degrees of protec-
tion in short or long therapies. Moreover, the possibility of drug resistance and unexpected side
effects cannot yet be ruled out [14]. On the other hand, the possibility of integrating new anti-
HCYV agents with distinct MoAs into current IFN-free DAA regimens could provide the solu-
tion to efficiently shorten the period of treatment. One attractive class of anti-HCV agents,
with a MoA distinct from the DAAs -NS5Ai, NS5Bi and NS3i,—is the Cypl. Cypl, which target
a host protein—cyclophilin A (CypA),-rather than a viral protein, showed high potency in mul-
tiple clinical studies. In particular, the Cypl alisporivir (ALV) provided high safety and efficacy
when combined with IFN or as IFN-free regimen in GT2 and GT3-infected patients [15-20].
We showed that a combination of Cypl and NS5Ai, NS5Bi or NS3i provides additive to syner-
gistic effects on GT1 to 4 and no cross-resistance [21]. We also showed that a combination of
CyplI with NS5Bi is promising against GT3 [21]. Thus, Cypl can be used in combination with
DAAs in patients to attempt shortening current costly therapies. Importantly, resistance-asso-
ciated variants persist for several years post-treatment in patients exposed to NS5Ai or NS5Bi
who fail to achieve an SVR [14, 17, 22-23], possibly impairing their chance for cure on retreat-
ment with existing DAA combinations. Because of their high barrier to resistance, CypI may
be particularly useful in combination with NS5Bi as a rescue therapy for patients who relapse
with DAA resistance-associated variants. In this study, we analyzed the in vitro anti-HCV
properties of a novel CyplI called STG-175.

Material and Methods
Compounds

The preparation of STG-175 (molecular weight 1336,83 Da) was based on the US Patent Appli-
cation Publication No.: US 2013/0210704 A1, Zhuang Su et al., Novel Cyclosporin Derivatives
and Uses Thereof, Aug. 15, 2013. The NS5Ai daclatasvir (Bristol Myers Squibb), the NS5Bi
sofosbuvir (Gilead) and the NS3i boceprevir (Merck) and telaprevir (Vertex) were obtained
from MedChemexpress (Princeton, NJ 08540, USA). ALV (Debiopharm) was obtained from
Acme Bioscience whereas CsA, ribavirin (RBV) and IFNo2a from Sigma.

Anti-peptidyl-prolyl isomerase (PPlase) assay

Inhibition of CypA and CypD isomerase activities were quantified using a o-chymotrypsin-
coupled assay adapted to a 96-well plate format [24-25]. Human recombinant CypA or CypD
(Atgen) was dissolved to 10 nM in PPIases buffer (50 mM Hepes, 100 mM NaCl, 1 mg/ml
bovine serum albumin, 1 mg/ml o-chymotrypsin; pH 8). Succinyl-AAPF-pNA peptide
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substrate (Sigma) was dissolved to 3.2 mM in LiCl/trifluoroethanol. Each Cypl was prepared at
10 concentrations in DMSO, then diluted into CypA/D PPlase buffer to 0.05-1000 nM. Incu-
bations were performed at 5°C. Ninety five pL of reaction mix was added to 5 uL peptide in
96-wells and OD405 nm measured at 6-sec intervals for 6 min using a Biotek Synergy H4 plate
reader. Data were fitted with Graphpad Prism 6.0 to acquire first-order rate constants, which
were calculated by subtracting the rate constant from uncatalyzed reactions (no CypA/D). The
catalytic rate constants were plotted as a function of inhibitor concentration to obtain ICss.

In vitro assay for immunosuppression

IL-2 promoter activation upon T-cell stimulation was determined using an engineered Jurkat
T-cell line, which expresses betagalactosidase when exposed to chemical non-specific factors
like phorbol-13-myristate acetate (PMA) and phytohematogglutinin (PHA) as described previ-
ously [26-27]. DMSO or STG-175 were added together with PMA (10 ng/mL) to 1 million of
Jurkat cells (triplicates). Betagalactosidase activity in cell lysates was quantified by fluorescence
(460 nm) after 24 h.

Replicon cell lines and antiviral and cytotoxic assays

The anti-HCV activity of STG-175 was conducted using a panel of luciferase reporter replicon
cell lines including GT1a, GT1b, GT2a, GT3a and GT4a as we described previously [21]. The
GT1a subgenomic renilla luciferase reporter replicon H77 RLucP (7) was supplied by Dr. Dela-
ney [28]. The GT1b subgenomic firefly luciferase reporter replicon pFK-I389/NS3-3’ [29] was
supplied by Dr. Bartenschlager. The GT1B subgenomic NS3, NS5A and NS5B mutants were
created via homologous recombination using the In-Fusion HD Cloning kit (Clontech) as we
described previously [21]. The GT2a genomic luciferase reporter replicon Luc-Neo-JFH-1 was
generated as previously [30]. The plasmid pFK-Luc-JFH1 was supplied from Drs. Wakita and
Pietschmann [31-32] and the Xbal site in the firefly luciferase gene and the NotI site in the
EMCYV IRES were used to take the Luciferase/Ubiquitin-NPT II (the neomycin phosphotrans-
terase II gene) fusion cassette out of pFK389ILuc-Neo (wild-type replicon from GT1b) and
inserted into the pFK-Luc-JFH1 plasmid, generating full-length Luc-Neo-JFH-1 [30]. The
GT3a subgenomic firefly luciferase reporter replicon S52/SG-Feo (AI) and the GT4a subge-
nomic firefly luciferase reporter replicon ED43/SG-Feo [33] were supplied by Drs. Rice and
Bukh. Replicons were stably expressed in Huh7.5 or Huh7.5.1 cells under G418 selection. On
Day 1, cells (5,000) were plated into 96-well plates in complete DMEM containing 10% FCS.
On Day 2, increasing drug concentrations were added to wells. On Day 5, 72 h post-drug addi-
tion, medium was removed and replaced with 100 uL of fresh medium. Hundred pL of the
fluorogenic, cell-permeant peptide substrate glycyl-phenylalanyl-amino fluorocoumarin was
added to wells as per manufacturer’s recommendation (Promega Corp, Madison, WI). The
CellTiter-Fluor™ Cell Viability Assay is a non-lytic fluorescence assay, which measures the
number of live cells. Cells were incubated at 37°C for 1 h and assayed on a fluorescence plate
reader (Biotek, Synergy H4) at an excitation of 390 nm and emission of 505 nm. Medium was
removed, cells washed and lysed in 20 uL of Cell Culture Lysis Reagent. Luciferase activity was
determined using the Luciferase Assay System (Promega) in a Berthold luminometer. The ala-
marBlue® assay (Thermo Fischer Scientific) was used to measure CCsgs for STG-175 on repli-
con cell lines. When cells are alive they maintain a reducing environment within the cytosol of
the cell. Resazurin, the active ingredient of alamarBlue®) reagent, is a non-toxic, cell permeable
compound that is blue in color and virtually non-fluorescent. Upon entering cells, resazurin is
reduced to resorufin, a compound that is red in color and highly fluorescent. Viable cells
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continuously convert resazurin to resorufin, increasing the overall fluorescence and color of
the media surrounding cells.

Drug combination studies

Drugs were tested in pairs in 7 concentrations around the calculated ECs in each replicon cell
line. Cell viability and reporter assays were carried out as we described previously [21] in 5 repli-
cates and normalized data was used to measure the additive, synergistic and antagonistic effect
between drug combinations using the MacSynergyll program. This program is based on the Bliss
independence model that is defined by the equation Exy = Ex + Ey — (/Ex x Ey), where (Exy) is
the additive effect of drugs x and y as predicted by their individual effects (Ex and Ey) [34].

Cross-resistance studies

The GT1b subgenomic firefly luciferase reporter replicon pFK-1389/NS3-3 was provided by R.
Bartenschlager. The GT1B subgenomic NS3, NS5A and NS5B mutants were created via homol-
ogous recombination using the In-Fusion HD Cloning kit (Clontech) as we described previ-
ously [21]. Specifically, we generated the following DAA-resistant Conl GT1b replicons: i) the
protease inhibitor-resistant R155Q/A156T NS3 replicon; ii) the daclastavir-resistant L31V
NS5A replicon; iii) the polymerase inhibitor-resistant S282T NS5B replicon; and iv) the STG-
175-resistant D320E and D320E/Y321N NS5A replicons (see below). The in vitro transcription
of wild-type and mutant Conl RNA was accomplished using the T7 MEGAscript kit (Ambion)
by following the manufacturer’s instructions. In vitro-transcribed RNAs were introduced into
Huh?7.5.1 cells by electroporation. Trypsinized cells were washed twice and resuspended in
phosphate-buffered saline (PBS) (calcium-free and magnesium-free) at 1x 107 cells per ml. Ten
micrograms of RNA for each mutant was mixed with 0.4 mL of cells in a 4-mm cuvette, and a
Bio-Rad Gene Pulser system was used to deliver a single pulse at 0.27 kV, 100 ohms, and

960 pF. Cells were then plated in 12-well dishes. RNA transfection efficiency and HCV subge-
nomic replication were assessed by reverse transcription-quantitative PCR (RT-qPCR) and
presented as genome equivalents (GE) per microgram of total RNA as described previously
[35]. We measured by RT-qPCR the replication of wild-type, STG-175-, NS5Ai-, NS3i- and
NS5Bi-resistant mutants in the presence of increasing concentrations of SGT-175, daclatasvir,
telaprevir, boceprevir and sofosbuvir over a period of 8 days.

Clearance and replication rebound studies

Huh-7 cell expressing subgenomic Conl (GT1b) replicon were seeded in a 10 cm dish at a den-
sity of 3 x 10° cells per culture flask in complete DMEM (without G418) with or without STG-
175 or selected drugs. Cells were grown until they reached 90% confluence, trypsinized and re-
seeded at the same cell concentration in a new 10-cm dish with the same drug concentration.
Cells were passaged 7 times in the presence of drugs. Then drugs were removed to allow viral
replication rebound to occur. At each passage, sample of cells were collected, RNA extracted
according to the manufacturer's instructions and analyzed by RT-PCR for HCV RNA levels.

Emergence kinetics of drug resistance

Huh-7 cell expressing subgenomic Conl (GT1b) replicon were seeded in a 10 cm dish at a den-
sity of 3 x 10° cells per culture flask in complete DMEM (with G418) with STG-175 or selected
drugs. Cells were grown until they reached 90% confluence, trypsinized and re-seeded at the
same cell concentration in a new 10-cm dish with the same drug concentration. Cells were pas-
saged 22 times in the presence of drugs. At each passage, sample of cells were collected, RNA
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extracted according to the manufacturer's instructions and analyzed by RT-PCR for HCV
RNA levels.

Selection of resistant replicon cell lines

Huh-7 cells expressing subgenomic Conl (GT1b) replicon were incubated with STG-175 and

100 pg/ml of G418 in 10 cm CellBIND™ plates (Corning). Cells were split every 3 days at 1:6 and
(G418 concentration was increased sequentially to 200 and 300 ug/mL. Most of the cells were dying
3 weeks after drug incubation. At this point, medium was changed every 3-4 days until emergence
of resistant clones. Clones were individually transferred to 24-well CellBIND using cloning disks.
Several clones did survive after the transfer process and were expanded to 6-well plates. Each clone
was split in 2 identical plates and was separately maintained under 0.5 or 1.0 uM STG-175 and

100 pug/mL of G418. Once the colonies were established, G418 concentration was increased to

300 pg/mL. Ultimately, colonies growing even in the presence of the drug were lysed, RNA extracted
and NS3-NS5B region sequenced. Briefly, total RNA was prepared using the RNeasy Plus Mini Kit
as per manufacturer’s recommendation. Two hundred ng of total RNA was used for cDNA produc-
tion using primers specific to the NS3-NS5B region or oligo(dT),s using AccuScript High Fidelity
1% Strand cDNA Synthesis Kit (Stratagene). Amplicons were generated using primers defining the
sequence at its 5’ and 3’ ends. The amplicons were gel purified, quantitated and sequenced using
primers located internally in NS5A or NS5B reading to the 5" and 3’ ends. Sequences were assem-
bled and analyzed using the ClustalW algorithm within the MacVector program. The sequencing
was conducted twice to ensure the authenticity of the nucleotide substitutions.

Analysis of STG-175-resistant variants

D320E and D320E/Y321N NS5A substitutions were introduced into wild-type Conl GT1 rep-
licon as we described previously [21]. Con1-NS5A-D320E, and Con1-NS5A-D320E/Y321N
were generated using the following forward and reverse phosphorylated (p) primer sets, respec-
tively: (p)  GGGCACGCCCGGAATACAACCCTCCACTGT and (p)ATATGGGCATCGCTC
GAGGGAATTTCCTGG, and (p)GAGAACAACCCTCCACT GTTAGAGTCCTGGAAGGA
and (p) CGGGCGTGCCCATATGGGCAT CGCTCGAGGGAATT. PCR products were circu-
larized with Quick T4 DNA ligase (NEB) for 5 min and transformed into NEB 10-beta compe-
tent cells. The NS5A gene was sequenced to confirm the introduced substitutions.

Mono- and multi-infection assays

For mono-infections: a) human hepatoma Huh7.5.1 cells were infected with HCV (JFH-1) and
viral replication was quantified by HCV core ELISA (Ortho HCV antigen ELISA kit; Ortho
Clinical Diagnostics, Waco Chemicals, Inc. or HCV Core ELISA, XpressBio); b) sodium-tauro-
cholate co-transporting polypeptide (NTCP)-positive Huh?7 cells were infected with hepatitis B
virus (HBV) AD38 (produced from HepAD38 cells) and viral replication was quantified by
HBV HBeAg ELISA; and ¢) human (peripheral blood monocytic cells (PBMCs) were infected
with HIV-1 (JR-CSF) and viral replication was quantified by HIV-1 capsid/p24 ELISA. PBMCs
were isolated as described previously [36]. The Scripps Research Institute Normal Blood
Donor Service (TSRI NBDS) provides TSRI investigators who have Human Subjects Commit-
tee-approved protocols with a source of normal blood for their research. Donors are assured of
a controlled clinical setting for their blood to be drawn by licensed phlebotomists, and investi-
gators are assured that the donors whose specimens they obtain through the service have been
screened upon entry into the program and annually thereafter for a CBC, Hepatitis B and C
and HIV-1. Hemoglobin determinations at every donation protect the donor from phlebot-
omy-induced anemia. The donor pool also provides investigators with a mix of gender and
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minority subjects, and recruitment is ongoing for underrepresented minorities. At the present
time, the NBDS has 320 active normal blood donors enrolled. Use of the Normal Blood Donor
Service is considered “human subjects” research and each investigator who wants to use the
service must submit a protocol to the IRB for review and approval. Dr. Gallay has current IRB
approval for the human blood obtained for research described in this manuscript. Protocol No:
IRB-15-6552. Full name of the IRB is "Scripps IRB". The IRB entitled "Evaluation of the antivi-
ral activities of Cypl on the hepatitis/HIV-1 co-infection” specifically approved the use of
blood donor in this study. Consent from blood donors was obtained verbally. The authors have
no access to identifying donor information for these samples. The TSRI Normal Blood Donor
Program is an IRB-approved protocol that uses two written consent forms: the first for screen-
ing donors when they join the program and each year thereafter; and the second for each blood
donation. Because donors may give up to a unit of blood to be shared among several investiga-
tors, they are presented with a brief description of each investigator’s planned use of their
blood- this part is not a consent form, but rather an information sheet, allowing them to opt
out of one or more research uses of their blood, should they choose to do so. The ethics com-
mittees/IRBs approve this consent procedure. The primary HIV-1 isolate JR-CSF virus was
obtained through the NTH AIDS Research and Reference Reagent Program. JR-CSF was ampli-
fied in PBMC (5 x 10° cells), and infectious particles collected 2-3 weeks post-infection and
quantified by HIV-1 p24 ELISA (HIV1: Alliance HIV-1 p24 ELISA Kit from PerkinElmer).
Mono-infections: HCV: Huh7.5.1 cells (500,000) were incubated 3 h with JFH-1 (100 ng of
core), washed and grown for 3 weeks (triplicates). Aliquots of supernatants were collected
every 3 days, filtered and stored until HCV measurement by core ELISA. HBV: NTCP-Huh7
cells (500,000) were exposed to 100 ng of core of AD38 for 3 h, washed and cultured for 3
weeks in flasks (triplicates). Aliquots of cell culture supernatants were collected every 3 days,
filtered to remove cell debris and frozen until HBV quantification by core ELISA. NTCP-Huh7
cells were created by stably transfecting the CMV-C-terminal tagged Myc-Flag hNTCP (Ori-
gene) into Huh?7 cells under G418 selection. HIV-1: Activated PBMCs (500,000) were exposed
to 1 ng of p24 of JR-CSF for 3 h, washed and cultured for 3 weeks in flasks (triplicates). Ali-
quots of cell culture supernatants were collected every 3 days, filtered to remove cell debris and
frozen until HIV-1 quantification by p24 ELISA. Co-infections/Concurrent infections: Mixed
PBMCs, Huh7.5.1 cells and NTCP-Huh?7 cells in a single flask were exposed for 3 h to HCV,
HBV and HIV-1 and viral replication monitored over a period of 3 weeks as described above.
For drug treatments, STG-175 was added to cells either i) together with viruses or ii) 3 days
post-infection and then every 3 days for a period of 12 days.

Results
Inhibition of the isomerase activity of CypA and CypD by STG-175

We first analyzed the anti-PPIase activity of the CsA derivate STG-175 using the chymotryp-
sin-coupled CypA isomerase assay originally developed by Fischer et al. [24]. The inhibition of
the isomerase activities of CypA and CypD were measured with 10 increasing concentrations
of STG-175 to quantify IC5, values. We used as controls the CypI CsA, ALV and SCY-635. The
structures of the cyclophilin inhibitors used in this study are presented in Fig 1A. For the neu-
tralization of the isomerase activity of CypA, we calculated IC5, 0of 11.3, 1.7, 4.8 and 0.6 nM for
CsA, ALV, SCY-635 and STG-175, respectively (Fig 1B). For the neutralization of the isomer-
ase activity of CypD, we calculated ICsy of 17.6, 3.4, 7.1 and 1.3 nM for CsA, ALV, SCY-635
and STG-175, respectively (Fig 1C). The degree of neutralization was the following: STG-

175 > ALV > SCY-635 > CsA. These results indicate that STG-175 possesses a high anti-
PPIase activity, at least for two main members of the cyclophilin family-CypA and CypD.
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Fig 1. Anti-PPlase and immunosuppressive activities of STG-175. A. Structures of cyclophilin inhibitors. Inhibition of CypA (B) and CypD (C) isomerase
activities were assessed using the a-chymotrypsin-coupled assay [24]. Each test compound was prepared at 10 concentrations (0.05—1000 nM). All
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solutions were equilibrated, and reactions conducted at 5°C. Reactions were initiated by mixing 95 pL reaction mix with 5 uL of the peptide to be cleaved and
measuring OD405 nm at 6-sec intervals for 6 min. Data were fitted with Graphpad Prism 6.0 to obtain first-order rate constants. Enzyme catalyzed rate
constants were calculated by subtracting the rate constant from uncatalyzed reactions (no CypA/D), and catalytic rate constants plotted as a function of
inhibitor concentration to obtain ICsgs. Data are representative of two independent experiments. D. IL-2 promoter activation upon T-cell stimulation was
determined using an engineered Jurkat T-cell line, which expresses betagalactosidase. Jurkat cells (1 million) were activated with PMA (10 ng/mL). DMSO,
STG-175, CsA, ALV or SCY-635 were added together with PMA and enzymatic activity in cell lysates quantified after 24 h. The Y-axis values are expressed
as percentage of activity. Data expressed as ECsgs are representative of two independent experiments.

doi:10.1371/journal.pone.0152036.g001

Immunosuppressive activity of STG-175

The immunosuppressive activity of CsA is mediated by the initial formation of a complex
between CsA, CypA and calcineurin. The formation of this trimolecular complex inhibits T
cell proliferation by blocking the signaling pathway leading to IL-2 production upon T-cell
stimulation. The immunosuppressive activity of STG-175 was evaluated by inhibition of the
IL-2 production in Jurkat cells. We calculated ICsq of 0.2, 85.7, 38.6 and 159 nM for CsA, ALV,
SCY-635 and STG-175, respectively (Fig 1D). The finding that STG-175 exhibits approxi-
mately 1000 times less immunosuppressive activity than CsA suggests that the Cypl STG-175
should not induce significant undesirable inhibition of T cell proliferation in vivo.

Anti-HCV activities of STG-175

We then evaluated the anti-HCV activities of STG-175 on GT1a, GT1b, GT2a, GT3a and
GT4a replicons. We found that STG-175 inhibits at a nM range the replication of all GTs:
GT1a (ECs¢ = 13.5 nM), GT1b (ECsg = 15.1 nM), GT2a (ECso = 11.5 nM), GT3a (EC5y = 38.9
nM) and GT4a (ECs = 15.2 nM) (Fig 2A). This demonstrates the effective multi-genotypic
antiviral activity of STG-175. Importantly, the antiviral activity of STG-175 is only partly
decreased in the presence of high concentration of human serum. Specifically, we calculated
for GT1b, ECsq of 16, 15, 18.8, 22.2 and 37.2 nM in 0, 5, 10, 20 and 40% of human serum,
respectively (Fig 2B). STG-175 does not mediate its antiviral activity by influencing the viability
of the replicon cell lines (Fig 2C and 2D).

Efficacy of STG-175 on HCV clearance and replication rebound

Given that anti-HCV treatment involves weeks or months of drug administration, we exam-
ined the effect of an extended STG-175 treatment on HCV replication. For viral clearance,
GT1b Conl sub-genomic replicon cells were grown in the presence of the increasing concen-
trations of STG-175, CsA or DMSO for 7 successive passages. At each passage, fresh drug was
added. After 7 passages, drugs were no longer added, but cells were further passaged 3 times
(total of 10 passages) for viral replication rebound analysis. At each passage, a sample of cells
was taken to quantify HCV RNA levels by RT-qPCR. After the first passage in the presence of
STG-175 or CsA, a profound decrease in HCV replication was observed (Fig 3A). The low-to-
no viral replication was maintained until passage 7. Importantly, after the drug removal after

7 passages, no replication rebound was observed for replicons grown under STG-175 pressure
—0.25, 0.5 or 1 pM—suggesting clearance of the cells from the replicon. In sharp contrast, rep-
lication rebound was observed for the replicon grown under CsA pressure—0.25, 0.5 or 1 uM-
suggesting that CsA was unable to clear the replicon from the cells after 7 successive passages
under drug pressure (Fig 3A). We obtained similar data for GT2a and GT3a (data not shown).

Emergence kinetics of STG-175 resistance

We then examined the development of resistance to STG-175. GT1b Conl sub-genomic repli-
con cells were grown in the presence of STG-175 (0.25 and 1 uM), telaprevir (2.5 and 10 uM),
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Fig 2. Anti-HCV activities of STG-175 among GTs. A. Replicon-containing cells (5,000) were exposed to increasing concentrations of the indicated drugs.
Seventy-two hours post-drug addition, the fluorogenic, cell-permeant peptide substrate glycyl-phenylalanyl-amino fluorocoumarin was added to measure the
number of live cells. Cells were incubated at 37°C for 1 h and assayed for fluorescence at an excitation of 390 nm and emission of 505 nm. Luciferase activity
was determined using the Luciferase Assay System in a Berthold luminometer. B. A similar experiment was conducted with the GT1b replicon cell line in 0, 5,
10, 20 and 40% of human serum. Data are expressed as mean of relative light units and calculated ECsqs are presented. Data are representative of two
independent experiments. C. As illustration of the lack of cellular cytotoxicity of STG-175, cell viability of the GT2a replicon cell line toward increasing doses
of STG-175 was analyzed by the alamarBlue®) cell viability assay. Data are representative of two independent experiments. D. EC5os (concentration of 50%
effective antiviral inhibition) and CCsgs (concentration of 50% cellular cytotoxicity) for STG-175 and CsA were quantified for each genotype replicon cell line.

doi:10.1371/journal.pone.0152036.g002

boceprevir (2.5 and 10 uM), daclatasvir 100 pM and 1 nM) or a combination of STG-175

(0.25 uM) with either telaprevir (2.5 uM), boceprevir (2.5 uM) or daclatasvir (100 pM) for 22 suc-
cessive passages. At each passage, fresh drug was added and a sample of cells was taken to quan-
tify HCV RNA levels by RT-qPCR. STG-175 resistance only started at passage 16 and 19 for 0.25
and 1 pM drug pressure, respectively (Fig 3B). ALV resistance began at passage 14 and 16 for
0.25 and 1 uM drug pressure, respectively, while CsA resistance began at passage 13 and 15 for
0.25 and 1 uM drug pressure, respectively. These results indicate that STG-175 offers a higher
barrier to resistance than CsA and a comparable barrier to HCV resistance to ALV. Telaprevir
resistance began at passage 7 and 10 for 2.5 and 10 pM, respectively, whereas boceprevir resis-
tance commenced at passage 7 and 10 for 2.5 and 10 uM, respectively. Daclatasvir resistance
started at passage 4 and 5 for 100 pM and 1 nM, respectively. Together these data suggest that
the Cypl STG-175 provides a high barrier to resistance compared to DAAs such as protease (tela-
previr and boceprevir) and NS5A (daclatasvir) inhibitors. Importantly, when we combined STG-
175 with telaprevir, boceprevir or daclatasvir, the development of HCV resistance to protease
and NS5A inhibitors was greatly delayed- 16 passages instead of 6 for telaprevir, 16 instead of 7
for boceprevir, and 17 instead of 4 for daclatasvir (Fig 3B). Thus, these data strongly suggest that
combining the CypI STG-175 with DAAs would greatly enhance the barrier to HCV resistance.
We also compared the emergence of resistance between several Cypl including STG-175, ALV
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passaged 7 times in the absence or presence of STG-175 or CsA (0.25, 0.5 and 1 uM). Then drugs were removed to allow viral replication rebound to occur.
At each passage, samples of cells were collected, RNA extracted and analyzed by RT-PCR for HCV RNA levels. B. Emergence of resistance: Con1 replicon

Huh-7 cells were passaged 22 times in the absence or presence of STG-175 or selected DAAs. At each passage, sample of cells were collected, RNA
extracted and analyzed by RT-PCR for HCV RNA levels. C. Same as B except that selected Cypl were compared-STG-175, ALV and CsA. Data are

expressed as number of HCV RNA copies per cell. Data are representative of two independent experiments. D. Degree of resistance of STG-175-resistant
colonies: STG-175-resistant colonies, which emerged under drug selection, were analyzed for their resistance to increasing concentrations of STG-175.

Data are expressed as mean of relative light units and calculated ECsgs are presented. Data are representative of two independent experiments. E. Degree
of resistance of D320E and Y321N Con1 variants: Left panel. Wild-type (WT), D320E and D320/Y321N NS5A Con1 RNA were electroporated into Huh7.5.1

cells and replication monitored over 8 days by quantifying the levels of intracellular HCV RNA. Right panel. Same as just above except that increasing

concentrations of STG-175 were added at the time of the electroporation. Data were calculated as log of genome equivalents (GE)/ug of total RNA and the
RNA amount was normalized to a range of 0-100% in order to calculate the ECs,. Results are representative of two independent experiments.

doi:10.1371/journal.pone.0152036.9003

and CsA. At 0.25 uM of drug selection, resistant variants emerged at passage 14, 15 and 18 for

CsA, ALV and STG-175, respectively (Fig 3C). At 1 pM of drug selection, resistant variants

emerged at passage 16, 17 and 21 for CsA, ALV and STG-175, respectively (Fig 3C). These data
indicate that STG-175 offers the best barrier to resistance among the tested Cypl.
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Analysis of STG-175-resistant HCV variants

We then sequenced the NS3-NS5B region of the HCV variants (colonies), which emerged after
multiple passages under STG-175 selection. All five STG-175-resistant variants, which we
selected, contain mutations in NS5A, but not in other regions of NS3-NS5B. The three variants,
which grew in the presence of 0.25 pM of STG-175, developed a single mutation in NS5A -
D320E, whereas the two variants, which grew in the presence of 1 pM of STG-175, developed
two neighbor mutations in NS5A -D320E and Y321N (Fig 4). The five STG-175-resistant vari-
ants (5 colonies A to E) were then retested for STG-175 resistance by exposing them to increas-
ing concentrations of STG-175 as we described previously [21]. We calculated EC5, of 113.5
(colony A), 121.9 (colony B) and 237.9 nM (colony C) for the three D320E NS5A variants,
which emerged under 0.25 uM of STG-175 selection, and 766.5 (colony D) and 296.8 nM (col-
ony E) for the two D320E/Y321N variants, which emerged under 1 uM of STG-175 selection,
(Fig 3D). The enhancement of resistance to STG-175 of colonies A, B and C (D320E variants)
were 7.2-,7.8- and 15.1-fold increase compared to wild-type replicon, whereas the enhance-
ment of resistance of colonies D and E (D320E/Y321N variants) were 48.8- and 18.9-fold
increase compared to wild-type replicon.

To determine whether the D320E and Y321N substitutions truly render HCV resistant to
STG-175, they were introduced into wild-type Con1 replicon as we described previously [21].
Introduction of the substitutions was verified by sequencing. In vitro-transcribed wild-type,
D320E and D320E/Y321N HCV RNAs were then electroporated into Huh7.5.1 cells and viral
replication assessed by RT-qPCR and presented as GE per microgram of total RNA as we
described previously [35]. We found that the substitutions do not significantly alter the viral
growth of the replicons since the variants replicate at wild-type levels (Fig 3E, left panel). We
then analyzed the replication of wild-type, D320E and D320E/Y321N in the presence of increas-
ing concentrations of SGT-175 over a period of 8 days. We calculated ECs, for the three replicons
at day 6 and 8 post-electroporation. At day 6, the D320E substitution renders the replicon (ECsq
of 61.6 nM) 1.7-fold more resistant to STG-175 than wild-type replicon (ECs, of 35.7 nM) (Fig
3E, right panel), whereas the double D320E/Y321N substitutions render the replicon (ECs, of 75
nM) 2.1-fold more resistant to STG-175 than wild-type replicon (ECs, of 35.7 nM). At day 8, the
D320E substitution renders the replicon (ECsq of 83.2 nM) 2.4-fold more resistant to STG-175
than wild-type replicon (ECs, of 34.4 nM) (Fig 3E, right panel), whereas the double D320E/
Y321N substitutions render the replicon (ECsq of 101.5 nM) 2.9-fold more resistant to STG-175
than wild-type replicon (ECs, of 34.4 nM). These data indicate that the NS5A D320E and Y321N
substitutions render HCV only partially (~2-3-fold) resistant to STG-175.

Cross-resistance studies

We then asked whether the two STG-175 partially (2-fold) resistant D320E and D320E/Y321N
NS5A Conl (GT1b) variants are resistant to DA As. First, we quantified the resistance of
D320E and D320E/Y321N NS5A Conl variants to STG-175. We calculated ECsqs of 10.62,
62.84 and 77.92 nM for wild-type, D320E and D320E/Y321N replicons, respectively (Fig 5A).
These data indicate that the two partially STG-175-resistant D320E and D320E/Y321N vari-
ants remain fully sensitive to DAAs. We calculated ECsps 1) for daclatasvir of 43, 32 and 39 pM
for wild-type, D320E and D320E/Y 321N replicons, respectively (Fig 5B); ii) for sofosbuvir of
177,120.1 and 111.1 nM for wild-type, D320E and D320E/Y321N replicons, respectively (Fig
5C); iii) for boceprevir of 137.8, 92.72 and 129 nM for wild-type, D320E and D320E/Y321N
replicons, respectively (Fig 5D); and iv) for telaprevir of 289.6, 229.7 and 314.4 nM for wild-
type, D320E and D320E/Y321N replicons, respectively (Fig 5E). Thus, the two STG-175 par-
tially resistant variants are sensitive to all tested DAAs.
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Fig 4. Amino acid sequences of NS5A-NS5B region of wild-type Con1 as well as NS5A-NS5B region of clones A to E.

doi:10.1371/journal.pone.0152036.g004
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Fig 5. Cross-resistance analyses. Wild-type (WT), D320E and D320/Y321N NS5A Con1 RNA were electroporated into Huh7.5.1 cells in the presence of
increasing concentration of anti-HCV agents: boceprevir (A), telaprevir (B), daclatasvir (C), sofosbuvir (D) and STG-175 (E), and levels of HCV RNA
quantified 8 days post-electroporation. Data are expressed as log of GE/ug of total RNA. F. Same as A-F, except that cells were electroporated WT, NS5Ai-
resistant (L31V), NS3i-resistant (R155Q/A156T) and NS5Bi-resistant (S282T) Con1 HCV RNA variants in the presence of increasing concentrations of SGT-
175 and levels of HCV RNA quantified 8 days post-electroporation. Data were calculated as log of genome equivalents (GE)/ug of total RNA and the RNA
amount was normalized to a range of 0—100% in order to calculate the ECs,. Results are representative of two independent experiments. Data are
representative of two independent experiments.

doi:10.1371/journal.pone.0152036.9005

We then asked whether DAA-resistant HCV variants are sensitive to STG-175. To address
this inquiry, we took advantage of DAA-resistant Conl (GT1b) variants, which we previously
generated [21] including the NS3i-resistant R155Q/A156T, the NS5Bi-resistant S282T and the
NS5Ai-resistant L31V variants. For STG-175, we calculated ECs¢s of 10.62, 15.1, 13.61 and
5.41 nM for wild-type, NS5A L31V, NS3 R155Q/A156T and NS5B S282T variants, respectively
(Fig 5F). These data indicate that STG-175 remains efficient against DA A-resistant viruses.
This further suggests that combining the CypI STG-175 with current DAAs is an attractive
therapeutic option.

Drug combination studies

After demonstrating no cross-resistance between STG-175 and DA As, we conducted drug
combination studies in order to determine the additive, synergistic and antagonistic effect of
STG-175 combined with selected DA As. We combined STG-175 with the two NS3i telaprevir
and boceprevir, the NS5Ai daclatasvir, the NS5Bi sofobosvir, [FNo2a and RBV and tested their
dual inhibitory activities on GT1a, GT1b, GT2a, GT3a and GT4a replicons. We did not observe
significant antagonistic effects for any combinations between STG-175 and DAAs (Fig 6). For
GT1a, we observed an additive effect for all drug combinations. For GT1b, we observed a syn-
ergistic effect for the STG-175/daclatasvir combination and additive effects for all other drug
combinations. For GT2a, we observed a synergistic effect for the STG-175/daclatasvir, STG-
175/sofosbuvir and STG-175/RBV combinations and additive effects for the other drug combi-
nations. For GT3a, we observed a significant synergistic effect for the STG-175/daclatasvir,
STG-175/telaprevir and STG-175/RBV combinations, a partial synergistic effect for the STG-
175/sofosbuvir combination, and additive effects for the other drug combinations. For GT4a,
we observed a significant synergistic effect for STG-175/telaprevir, a partial synergistic effect
for STG-175/RBV, and additive effects for the other drug combinations. Since we found that
boceprevir is inactive against GT4a [21], we did not test the STG-175/boceprevir combination
on GT4a.

Wide spectrum of antiviral activities of STG-175

After demonstrating the high efficiency of STG-175 at blocking the replication of HCV of
multi-GT's and clearing cells from HCV, we asked whether the Cypl can also inhibit the infec-
tion of other prime human viruses. Specifically, we asked whether STG-175 decreases HIV-1
and HBV infection. Human activated PBMCs were exposed to HIV-1, NTCP-Huh?7 cells were
exposed to HBV, and Huh7.5.1 cells were exposed to HCV. DMSO or STG-175 (0.5 and 5 uM)
was added together with viruses and replication monitored for 12 days by quantifying amounts
of viruses in the supernatants of cell cultures by ELISA. We measured HIV-1 replication levels
by HIV-1 capsid ELISA, HBV replication by HBV HBeAg ELISA, and HCV replication by
HCV core ELISA. As expected, we found that STG-175 totally blocked HCV infection at both
0.5 and 5 uM (Fig 7A). At the high drug concentration (5 uM), STG-175 also fully blocked
HIV-1 infection whereas at the lowest drug concentration (0.5 uM), it significantly decreased
infection. Moreover, we found that STG-175 also significantly reduced HBV infection (Fig
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each plot, the data was based on the 95% confidence interval for the dose-response values using MacSynergyll. Presented results are representative of two

independent experiments.

doi:10.1371/journal.pone.0152036.9006

7A). The degree of STG-175 antiviral efficacy was HCV > HIV-1 > HBV. Together these data
indicate that the Cypl STG-175 possesses a relatively wide spectrum of antiviral activities.

Since HCV patients are often co-infected with HIV-1 and HBV, we asked whether STG-175
could block a dual or a triple infection. To test this hypothesis, we cultured together (same
flask) the three target cell populations for HIV-1, HBV and HCV: activated PBMCs,
NTCP-Huh7 cells and Huh7.5.1 cells, respectively. A combination of two (dual infection) or
three (triple infection) viruses was added to the cell co-cultures and replication of the three
viruses monitored by quantifying viral levels in supernatants by ELISA as above. DMSO and
STG-175 (0.5 and 5 uM) were added either together with the viruses or 3 days post-infection
followed by drug addition every 3 days. As for the mono-infections (Fig 7A), STG-175 inhib-
ited in a dose-dependent manner dual (Fig 7B) and triple (Fig 7C) HIV-1/HCV/HBYV co-infec-
tions. The addition of STG-175 together with virus totally blocked HCV and HIV-1 infection
and greatly attenuated HBV infection. When added 3 days post-infection and then every 3
days, STG-175 totally eradicated the pre-established HCV infection, almost totally aborted the
established HIV-1 infection and decreased the viral expansion of the pre-established HBV
infection (Fig 7C).

Discussion

In this study, we investigated the anti-HCV properties of a new CypIl—STG-175. We demon-
strated that STG-175 possesses high anti-PPIase activities against CypA and CypD. The anti-
isomerase efficiency of STG-175 was superior to that of other Cypl including CsA, SCY-635
and ALV. We found that STG-175 is deprived of immunosuppressive activities compared to
the immunosuppressive Cypl—CsA. We showed that STG-175 has a multi-genotypic activity,
exhibits a 13-39 nM ECs, range among HCV GTs, and does not significantly lose its antiviral
activity in the presence of high concentration of human serum. Since we and others showed
that host CypA is indispensible for the replication of all HCV GTs [35, 37-42], one can specu-
late that the multi-genotypic activity of STG-175 is due to the fact that it neutralizes the isom-
erase activity of CypA (Fig 1B).

We found that STG-175 at a concentration as low as 250 nM cures cells of HCV and pre-
vents viral replication rebound. We also found that STG-175 presents a high barrier to resis-
tance since many cell culture passages (>16 passages) were required to detect the emergence of
replicon colonies growing even in the presence of the drug. STG-175 presented a higher barrier
to resistance than other Cypl such as CsA and ALV as well as DAAs such as telaprevir, boce-
previr and daclatasvir. Two mutations—D320E and Y321N - were identified in the NS5A
region of the STG-175-resistant replicon colonies. The D320E and Y321N mutations have
been previously identified in HCV variants resistant to other Cypl including CsA, ALV, SCY-
635 and NIMS811 [43-49]. Thus, it is likely that the double E320/N321 substitutions represent
a common motif of partial resistance to Cypl including STG-175. Our finding that a single and
a double NS5A substitution emerged under the low (0.25 uM) and high (1 pM) STG-175 con-
centration, respectively, further suggests as we previously reported [45] that multiple mutations
in HCV NS5A domain II may confer some resistance to ALV (2-3-fold). Note that the resis-
tance of the colonies (A to E), which emerged after multiple passages under 0.25 and 1 uM of
STG-125, is highly superior to that of “cloned” D320E and D320E/Y321N replicons. Specifi-
cally, colonies A, B and C (with a D320E substitution) exhibited an average 10-fold higher
resistance to STG-175 than wild-type colonies (157.8 nM versus 15.7 nM), whereas colonies D
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Fig 7. Mono- and co-infection analyses. A. Mono-infection. Left panel. Activated PBMCs were exposed to
HIV-1 JR-CSF (TCIDs, of 10%/mL) together with or without STG-175 for 3 h, washed and replication
monitored by HIV-1 p24 ELISA for 12 days. Middle panel. Huh7.5.1 cells were exposed to HCV JFH-1
(TCIDsg of 10%/mL) for 3 h, washed and replication monitored by HCV core ELISA for 12 days. Right panel.
NTCP-Huh7 cells were exposed to HBV AD38 (TCIDs, of 10%/mL) for 3 h, washed and replication monitored
by HBV HBeAg ELISA for 12 days. B. Dual-infection. Left panels. Same as A, except that mixed PBMCs and
Huh7.5.1 cells were exposed to both HIV-1 and HCV. Middle panels. Same as A, except that mixed
NTCP-Huh7 and Huh7.5.1 cells were exposed to both HBV and HCV. Right panels. C. Same as A, except
that mixed PBMC and NTCP-Huh7 cells were exposed to both HIV-1 and HBV. C. Triple-infection. Same as
A, except that mixed PBMCs, NTCP-Huh7 and Huh7.5.1 cells were exposed to HIV-1, HBV and HCV
altogether. DMSO, STG-175 or ALV was added to cells either together with viruses (top panels) or 3 days
after virus addition and then every 3 days (bottom panels).

doi:10.1371/journal.pone.0152036.g007

and E (with the double D320E/Y321N substitutions) exhibited an average 33.8-fold higher
resistance to STG-175 than wild-type colonies (531 nM versus 15.7 nM). In contrast, we found
that the introduction of the single D320E substitution and double D320E/Y321N substitutions
into wild-type replicon render the replicon only moderately resistant to STG-175. Specifically,
the D320E and D320E/Y321N replicons exhibited a 1.7-fold and 2.1-fold higher resistance to
STG-175 than wild-type replicon. Since we sequenced the HCV subgenome of the five colonies
(A to E) and identified substitutions exclusively in NS5A, the higher resistance of the colonies
than that of “cloned” D320E and D320E/Y321N replicons should originate from a non-viral
component. One can envision that cells after many passages under STG-175 selection became
“adapted” to the drug exposure. After weeks/months of drug treatment, cells eventually
“evolved” to either degrade STG-175 more rapidly, to bind STG-175 via host proteins other
than CypA or to increase intracellular levels of CypA. This could eventually explain why the
STG-175-resistant colonies (A to E) are more resistant to the drug than the “cloned” D320E
and D320E/Y321N replicons. It is important to note that to date that in patients no correlation
was observed between ALV resistance and specific mutations in the HCV genome [50].
Together these observations strongly suggest that Cypl such as STG-175 should present a high
barrier of resistance both in vitro and in vivo. STG-175 is more efficient than ALV and CsA at
inhibiting HCV replicon replication and at clearing replicon replication and preventing viral
replication rebound likely due to its superior ability to neutralize the isomerase activity of
CypA (ECsp = 0.6 nM) than that of ALV (1.7 nM) and CsA (11.3 nM) (Fig 1A).

No cross-resistance was observed between STG-175-resistant and DA A-resistant HCV vari-
ants. This is consistent with the fact that CypI have a unique MoA, which is the prevention of
contacts between the host protein CypA and the viral protein NS5A [38, 43-47, 51-53]. We
showed that Cypl such as ALV and SCY-635 block interactions between CypA and NS5A
derived from various GTs [43-44]. The Bartenschlager lab who pioneered these captivating
findings [54] as well as more recently our lab [55-56] demonstrated that Cypl such as cyclo-
sporine D (CsD), ALV and CPI-431-32 prevent the formation of double membrane vesicles
(DMVs) in HCV-infected cells. HCV is well known to reorganize the intracellular membranes
to optimize its replication. DMVs serve as membranous compartment where HCV replication
occurs efficiently and safely, protected from cellular RNA sensors and degradation factors [57-
59]. Interestingly, the Bartenschlager lab and others provided evidence that NS5A1, like Cypl,
also prevent the formation of DMV [55, 60-61]. Importantly, we showed that excepted Cypl
and NS5Ai, no other classes of anti-HCV agents inhibit the formation of DMVs by HCV [55].
The recent findings that both Cypl and NS5Ai mediate this block, strongly suggest that CypA
and NS5A act in concert to form these protective organelles in HCV-infected cells. Further
work is required to unravel the precise MoA of CypA and NS5A (or other additional host and
viral proteins) in this process.

PLOS ONE | DOI:10.1371/journal.pone.0152036  April 22,2016 18/283



@’PLOS ‘ ONE

STG-175 Blocks HCV Infection and HCV/HBV/HIV-1 Co-Infection

Our drug combination studies suggested that the combination of STG-175 with the NS3i
telaprevir and boceprevir, the NS5Ai daclatasvir, the NS5Bi sofosbuvir, [FNa2a and RBV on
GT1a, GT1b, GT2a, GT3a and GT4a exert no significant antagonistic effect for any STG-175
combinations on any GTs. In general, we observed an additive effect for all STG-175 combina-
tions throughout all GTs. Importantly, we observed a significant synergistic effect for GT1b,
GT2a and GT3a when STG-175 was combined with daclatasvir. We also observed a significant
synergistic effect for GT2a and a partial synergistic effect for GT3a when STG-175 was com-
bined with sofosbuvir. This is important since daclatasvir and sofosbuvir are currently used
with success in HCV patients in IFN-free treatments. These results are similar to those
obtained for the other CypI—ALV. Specifically, we observed a partial and significant synergis-
tic effect on GT2a and GT3a, respectively, when we combined ALV and daclatasvir, and a par-
tial and significant synergistic effect on GT3a and GT2a, respectively, when we combined ALV
and sofosbuvir [21]. The synergistic effect of the STG-175/daclatasvir combination could arise
from the fact that both drugs-the cyclophilin inhibitor STG-175 and the NS5A inhibitor dacla-
tasvir-target indirectly (STG-175) and directly (daclatasvir) NS5A. Indeed, on one hand cyclo-
philin A binds to the domain II of NS5A, and cyclophilin inhibitors block this contact [51],
while NS5A inhibitors neutralize NS5A action by binding to the domain I of NS5A. Thus, the
STG-175/daclatasvir combination may exert its synergistic effect by targeting two distinct
domains and/or actions of NS5A. We previously proposed a similar synergistic model for the
ALV/daclatasvir combination [21]. The synergistic effect of the STG-175/sofosbuvir combina-
tion is more difficult to explain except that it could arise from the fact that cyclophilin A and
NS5B binds to the same region of NS5A [62]. Thus, cyclophilin inhibitors such as STG-175 by
preventing cyclophilin A-NS5A contacts would allow NS5B to interact with NS5A. One could
envision that when the polymerase NS5B is bound to NS5A, its enzymatic activity is more sen-
sitive to an inhibitory action of polymerase inhibitors such as sofosbuvir.

Our co-infection (co-culture) studies reveal the ability of STG-175 at inhibiting three con-
current infections and replications: HCV, HIV-1 and HBV. We found the following degree
of STG-175 antiviral efficacy: HCV > HIV-1 > HBV. These differences in the degree of sen-
sitivity to STG-175 between the three viruses may originate from either different MoA of
Cypl or different degrees in the requirement for CypA in the three viral life cycles. The MoA
of Cypl for the three viruses are distinct and remain poorly understood. For HCV, the cur-
rent model is that Cypl, by blocking HCV NS5A-CypA interactions, prevent DM Vs forma-
tion and thus HCV RNA replication. For HIV-1, the current model is that CypI, by blocking
HIV-1 capsid-CypA interactions, prevent the nuclear import of the viral genome and its sub-
sequent integration into the host chromosomes. For HBV, the current model is that Cypl
exert two independent inhibitory actions: i) an entry block, by binding to NTCP and prevent-
ing the viral glycoprotein from interacting with this cell surface receptor [63-64]; and ii) a
still unknown post-entry block, likely at a transcription or translation step since Cypl such as
ALV inhibits HBsAg production upon HBV transfection [65]. Further work is required to
fully elucidate the antiviral MoA of CyplI for these three viruses. A difference in the degree of
requirement for CypA in the three viral life cycles may also explain the differences in the
degree of sensitivity to STG-175 among the three viruses. We and others showed that knock-
ing down CypA by shRNA or siRNA in target cells totally inhibits HCV infection [37-38,
40-41] while it partially decreases HIV-1 [66-68] and HBV [65] infection. Thus, HCV highly
relies on CypA to replicate while HIV-1 and HBV requires CypA to optimally replicate in
target cells. These data are consistent with our findings that CypI inhibit HCV replication at
a nM range whereas they inhibit HIV-1 and HBV replication at a uM range.

In conclusion, by demonstrating a wide spectrum of antiviral activity, a multi-genotypic
anti-HCV activity, an additive to synergistic effect when combined with specific DAAs, and a
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high barrier to resistance—the new Cypl STG-175 represents an attractive drug partner in
IFN-free regimens for the treatment of HCV and co-infections.

Acknowledgments

We thank the AIDS Depository for the primary R5 HIV-1 virus JR-CSF, F. Chisari for the
Huh?7.5.1 cells, C. Rice and J. Bukh for the GT3a and GT4a Huh?7.5 cell lines, T. Pietschmann,
T. Wakita and R. Bartenschlager for the Luc-JFH-1 plasmid and the Huh Luc-Neo Conl cell
line, W. Delaney for the GT1a cell line, and Christoph Seeger for the HepAD38 cells. This
work was supported by the U.S. Public Health Service grant no. A1087746 (P.A.G.) from the
National Institute of Allergy and Infectious Diseases (NIAID) and a Special Funding Project
2179 from S&T Global. This is publication no. 29244 from the Department of Immunology &
Microbial Science, The Scripps Research Institute, La Jolla, CA.

Author Contributions

Conceived and designed the experiments: PAG ZL SZ ZS. Performed the experiments: UC
MDB. Analyzed the data: PAG ZL SZ ZS. Contributed reagents/materials/analysis tools: PAG
ZS. Wrote the paper: PAG ZS.

References

1. Dienstag JL, McHutchison JG (2006) American Gastroenterological Association technical review on
the management of hepatitis C. Gastroenterology 130:231-264. PMID: 16401486

2. Alter MJ. Epidemiology of hepatitis C virus infection (2007) World journal of gastroenterology WJG
13:2436-2441. PMID: 17552026

3. Soriano V, Madejon A, Vispo E, Labarga P, Garcia-Samaniego J, Martin-Carbonero L, et al. (2008)
Emerging drugs for hepatitis C. Expert Opin Emerg Drugs 13:1-19. doi: 10.1517/14728214.13.1.1
PMID: 18321145

4. Shepard CW, Finelli L, Alter MJ (2005) Global epidemiology of hepatitis C virus infection. The Lancet
infectious diseases 5:558-567. PMID: 16122679

5. Armstrong GL, Wasley A, Simard EP, McQuillan GM, Kuhnert WL, Alter MJ (2006) The prevalence of
hepatitis C virus infection in the United States, 1999 through 2002. Annals of internal medicine
144:705-714. PMID: 16702586

6. Cross TJ, Antoniades CG, Harrison PM (2008) Current and future management of chronic hepatitis C
infection. Postgraduate medical journal 84:172—176. doi: 10.1136/pgm|.2008.068205 PMID:
18424572

7. Manns MP, Wedemeyer H, Cornberg M (2006) Treating viral hepatitis C: efficacy, side effects, and
complications. Gut 55:1350-1359. PMID: 16905701

8. Sy T, Jamal MM (2006) Epidemiology of hepatitis C virus (HCV) infection. International journal of medi-
cal sciences 3:41-46. PMID: 16614741

9. TongMJ, Reddy KR, Lee WM, Pockros PJ, Hoefs JC, Keeffe EB, et al. (1997) Treatment of chronic
hepatitis C with consensus interferon: a multicenter, randomized, controlled trial. Consensus Interferon
Study Group. Hepatology 26:747-754.

10. Pawlotsky JM (2014) New hepatitis C virus (HCV) drugs and the hope for a cure: concepts in anti-HCV
drug development. Semin Liver Dis 34:22—29. doi: 10.1055/s-0034-1371007 PMID: 24782255

11. Chhatwal J, Kanwal F, Roberts MS, Dunn MA (2015) Cost-effectiveness and budget impact of hepatitis
C virus treatment with sofosbuvir and ledipasvir in the United States. Ann Intern Med 162:397—-406.
doi: 10.7326/M14-1336 PMID: 25775312

12. U.S.Food and Drug Administration. SOVALDITM (sofosbuvir) prescribing information. 2014. Available
at: http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/204671s000Ibl.pdf. Accessed on Janu-
ary 3,2015.

13. Zeuzem S, Dusheiko GM, Salupere R, Mangia A, Flisiak R, Hyland RH, et al. (2014) Sofosbuvir and
ribavirin in HCV genotypes 2 and 3. N Engl J Med 370:1993-2001. doi: 10.1056/NEJMoa1316145
PMID: 24795201

14. Pawlotsky JM (2015) Therapy: Avoiding treatment failures associated with HCV resistance. Nat Rev
Gastroenterol Hepatol doi: 10.1038/nrgastro.2015.184

PLOS ONE | DOI:10.1371/journal.pone.0152036  April 22,2016 20/23


http://www.ncbi.nlm.nih.gov/pubmed/16401486
http://www.ncbi.nlm.nih.gov/pubmed/17552026
http://dx.doi.org/10.1517/14728214.13.1.1
http://www.ncbi.nlm.nih.gov/pubmed/18321145
http://www.ncbi.nlm.nih.gov/pubmed/16122679
http://www.ncbi.nlm.nih.gov/pubmed/16702586
http://dx.doi.org/10.1136/pgmj.2008.068205
http://www.ncbi.nlm.nih.gov/pubmed/18424572
http://www.ncbi.nlm.nih.gov/pubmed/16905701
http://www.ncbi.nlm.nih.gov/pubmed/16614741
http://dx.doi.org/10.1055/s-0034-1371007
http://www.ncbi.nlm.nih.gov/pubmed/24782255
http://dx.doi.org/10.7326/M14-1336
http://www.ncbi.nlm.nih.gov/pubmed/25775312
http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/204671s000lbl.pdf
http://dx.doi.org/10.1056/NEJMoa1316145
http://www.ncbi.nlm.nih.gov/pubmed/24795201
http://dx.doi.org/10.1038/nrgastro.2015.184

@’PLOS ‘ ONE

STG-175 Blocks HCV Infection and HCV/HBV/HIV-1 Co-Infection

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zeuzem S, Flisiak R, Vierling JM, Mazur W, Mazzella G, Thongsawat S, et al. (2015) Randomised clini-
cal trial: alisporivir combined with peginterferon and ribavirin in treatment-naive patients with chronic
HCV genotype 1 infection (ESSENTIAL Il). Aliment Pharmacol Ther 42:829-844. doi: 10.1111/apt.
13342 PMID: 26238707

Nelson DR, Cooper JN, Lalezari JP, Lawitz E, Pockros PJ, Gitlin N, et al. (2015) All-oral 12-week treat-
ment with daclatasvir plus sofosbuvir in patients with hepatitis C virus genotype 3 infection: ALLY-3
phase Il study. Hepatology. 61:1127—1135. doi: 10.1002/hep.27726 PMID: 25614962

Pawlotsky JM, Flisiak R, Sarin SK, Rasenack J, Piratvisuth T, Chuang WL, et al. (2015) Alisporivir plus
ribavirin, interferon free or in combination with pegylated interferon, for hepatitis C virus genotype 2 or 3
infection. Hepatology 62:1013-1023. doi: 10.1002/hep.27960 PMID: 26118427

Buti M, Flisiak R, Kao JH, Chuang WL, Streinu-Cercel A, Tabak F, et al. (2015) Alisporivir with peginter-
feron/ribavirin in patients with chronic hepatitis C genotype 1 infection who failed to respond to or
relapsed after prior interferon-based therapy: FUNDAMENTAL, a Phase |l trial. J Viral Hepat 22:596—
606. doi: 10.1111/jvh.12360 PMID: 25412795

Flisiak R, Horban A, Gallay P, Bobardt M, Selvarajah S, Wiercinska-Drapalo A, et al. (2008) The cyclo-
philin inhibitor Debio-025 shows potent anti-hepatitis C effect in patients coinfected with hepatitis C and
human immunodeficiency virus. Hepatology 47:817—26. doi: 10.1002/hep.22131 PMID: 18302285

Flisiak R, Feinman SV, Jablkowski M, Horban A, Kryczka W, Pawlowska M, et al. (2009) The cyclophi-
lin inhibitor Debio 025 combined with PEG IFNalpha2a significantly reduces viral load in treatment-
naive hepatitis C patients. Hepatology 49:1460-8. doi: 10.1002/hep.22835 PMID: 19353740

Chatterji U, Garcia-Rivera JA, Baugh J, Gawlik K, Wong KA, Zhong W, et al. (2014) The combination of
alisporivir plus an NS5A inhibitor provides additive to synergistic anti-hepatitis C virus activity without
detectable cross-resistance. Antimicrob Agents Chemother 58:3327-34. doi: 10.1128/AAC.00016-14
PMID: 24687498

Dvory-Sobol H, Wyles D, Ouyang W, Chodavarapu K, McNally J, Cheng W, et al. Long-term persis-
tence of HCV NS5A variants after treatment with NS5A inhibitor ledipasvir. J Hepatol 2015; 62(Suppl
1): S221.

Krishnan P, Tripathi R, Schnell G, Reisch T, Beyer J, Dekhtyar T, et al. (2015) Long-term follow-up of
treatment-emergent resistance-associated variants in NS3, NS5A and NS5B with paritaprevir/r-, ombi-
tasvir- and dasabuvir-based regimens. J Hepatol 62(Suppl 1):5S220.

Fischer G, Bang H, Berger E, Schellenberger A (1984) Conformational specificity of chymotrypsin
toward proline-containing substrates. Biochim Biophys Acta 791:87—97. PMID: 6498206

Kofron JL, Kuzmic P, Kishore V, Colén-Bonilla E, Rich DH (1991) Determination of kinetic constants for
peptidyl prolyl cis-trans isomerases by an improved spectrophotometric assay. Biochemistry 30:6127—
6134. PMID: 2059621

Ptak RG, Gallay PA, Jochmans D, Halestrap AP, Ruegg UT, Pallansch LA, et al. (2008) Inhibition of
human immunodeficiency virus type 1 replication in human cells by Debio-025, a novel cyclophilin bind-
ing agent. Antimicrob Agents Chemother 52:1302—-17. doi: 10.1128/AAC.01324-07 PMID: 18212100

Baumann G, Andersen E, Quesniaux V, Eberle MK. (1992) Cyclosporine and its analogue SDZ IMM
125 mediate very similar effects on T-cell activation—a comparative analysis in vitro. Transplant Proc
24(4 Suppl 2):43-8. PMID: 1496687

Robinson M, Yang H, Sun SC, Peng B, Tian Y, Pagratis N, et al. 2010. Novel hepatitis C virus reporter
replicon cell lines enable efficient antiviral screening against genotype 1a. Antimicrob. Agents Che-
mother. 54:3099-106. doi: 10.1128/AAC.00289-10 PMID: 20516274

Vrolijk JM, Kaul A, Hansen BE, Lohmann V, Haagmans BL, Schalm SW, et al. 2003. A replicon-based
bioassay for the measurement of interferons in patients with chronic hepatitis C. J. Virol. Methods
110:201-209. PMID: 12798249

Gawlik K, Baugh J, Chatterji U, Lim PJ, Bobardt MD, Gallay PA (2014) HCV core residues critical for
infectivity are also involved in core-NS5A complex formation. PLoS One 9:e88866. doi: 10.1371/
journal.pone.0088866 eCollection 2014 PMID: 24533158

Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z, et al. 2005. Production of infectious
hepatitis C virus in tissue culture from a cloned viral genome. Nat. Med. 11:791-796. PMID: 15951748

Koutsoudakis G, Kaul A, Steinmann E, Kallis S, Lohmann V, Pietschmann T, et al. 2006. Characteriza-
tion of the early steps of hepatitis C virus infection by using luciferase reporter viruses. J. Virol.
80:5308-5320. PMID: 16699011

Saeed M, Scheel TK, Gottwein JM, Marukian S, Dustin LB, Bukh J, et al. 2012. Efficient replication of
genotype 3a and 4a hepatitis C virus replicons in human hepatoma cells. Antimicrob. Agents Che-
mother. 56:5365-73. doi: 10.1128/AAC.01256-12 PMID: 22869572

PLOS ONE | DOI:10.1371/journal.pone.0152036  April 22,2016 21/23


http://dx.doi.org/10.1111/apt.13342
http://dx.doi.org/10.1111/apt.13342
http://www.ncbi.nlm.nih.gov/pubmed/26238707
http://dx.doi.org/10.1002/hep.27726
http://www.ncbi.nlm.nih.gov/pubmed/25614962
http://dx.doi.org/10.1002/hep.27960
http://www.ncbi.nlm.nih.gov/pubmed/26118427
http://dx.doi.org/10.1111/jvh.12360
http://www.ncbi.nlm.nih.gov/pubmed/25412795
http://dx.doi.org/10.1002/hep.22131
http://www.ncbi.nlm.nih.gov/pubmed/18302285
http://dx.doi.org/10.1002/hep.22835
http://www.ncbi.nlm.nih.gov/pubmed/19353740
http://dx.doi.org/10.1128/AAC.00016-14
http://www.ncbi.nlm.nih.gov/pubmed/24687498
http://www.ncbi.nlm.nih.gov/pubmed/6498206
http://www.ncbi.nlm.nih.gov/pubmed/2059621
http://dx.doi.org/10.1128/AAC.01324-07
http://www.ncbi.nlm.nih.gov/pubmed/18212100
http://www.ncbi.nlm.nih.gov/pubmed/1496687
http://dx.doi.org/10.1128/AAC.00289-10
http://www.ncbi.nlm.nih.gov/pubmed/20516274
http://www.ncbi.nlm.nih.gov/pubmed/12798249
http://dx.doi.org/10.1371/journal.pone.0088866
http://dx.doi.org/10.1371/journal.pone.0088866
http://www.ncbi.nlm.nih.gov/pubmed/24533158
http://www.ncbi.nlm.nih.gov/pubmed/15951748
http://www.ncbi.nlm.nih.gov/pubmed/16699011
http://dx.doi.org/10.1128/AAC.01256-12
http://www.ncbi.nlm.nih.gov/pubmed/22869572

@’PLOS ‘ ONE

STG-175 Blocks HCV Infection and HCV/HBV/HIV-1 Co-Infection

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Prichard MN, Shipman C Jr (1990) A three-dimensional model to analyze drug-drug interactions. Antivi-
ral Res 14:181-205. PMID: 2088205

Chatterji U, Bobardt M, Selvarajah S, Yang F, Tang H, Sakamoto N, et al. (2009) The isomerase active
site of cyclophilin A is critical for hepatitis C virus replication. J Biol Chem 284:16998-7005. doi: 10.
1074/jbc.M109.007625 PMID: 19380579

Bobardt MD, Cheng G, de Witte L, Selvarajah S, Chatterji U, Sanders-Beer BE, et al. (2008) Hepatitis C
virus NS5A anchor peptide disrupts human immunodeficiency virus. Proc Natl Acad Sci U S A
105:5525-5530. doi: 10.1073/pnas.0801388105 PMID: 18378908

Yang F, Robotham JM, Nelson HB, Irsigler A, Kenworthy R, Tang H (2008) Cyclophilin A is an essential
cofactor for hepatitis C virus infection and the principal mediator of cyclosporine resistance in vitro. J
Virol 82:5269-5278. doi: 10.1128/JV1.02614-07 PMID: 18385230

Kaul A, Stauffer S, Berger C, Pertel T, Schmitt J, Kallis S, et al. (2009) Essential role of cyclophilin A for
hepatitis C virus replication and virus production and possible link to polyprotein cleavage kinetics.
PLoS Pathog 5:€1000546. doi: 10.1371/journal.ppat.1000546 PMID: 19680534

Liu Z, Yang F, Robotham JM, Tang H (2009) Critical role of cyclophilin A and its prolyl-peptidyl isomer-
ase activity in the structure and function of the hepatitis C virus replication complex. J Virol 83:6554—
65. doi: 10.1128/JV1.02550-08 PMID: 19386705

Gaither LA, Borawski J, Anderson LJ, Balabanis KA, Devay P, Joberty G, et al. (2010) Multiple cyclo-
philins involved in different cellular pathways mediate HCV replication. Virology 397:43-55. doi: 10.
1016/j.virol.2009.10.043 PMID: 19932913

Nakagawa M, Sakamoto N, Tanabe Y, Koyama T, Itsui Y, Takeda Y, et al. (2005) Suppression of hepa-
titis C virus replication by cyclosporin a is mediated by blockade of cyclophilins. Gastroenterology
129:1031-1041. PMID: 16143140

Dorner M, Horwitz JA, Donovan BM, Labitt RN, Budell WC, Friling T, et al. (2013) Completion of the
entire hepatitis C virus life cycle in genetically humanized mice. Nature 501:237—41. doi: 10.1038/
nature12427 PMID: 23903655

Chatterji U, Lim P, Bobardt MD, Wieland S, Cordek DG, Vuagniaux G, et al. (2010) HCV resistance to
cyclosporin A does not correlate with a resistance of the NS5A-cyclophilin A interaction to cyclophilin
inhibitors. J Hepatol 53:50-6. doi: 10.1016/j.jhep.2010.01.041 PMID: 20451281

Hopkins S, Bobardt M, Chatterji U, Garcia-Rivera JA, Lim P, Gallay PA (2012) The cyclophilin inhibitor
SCY-635 disrupts hepatitis C virus NS5A-cyclophilin A complexes. Antimicrob Agents Chemother
56:3888-97. doi: 10.1128/AAC.00693-12 PMID: 22585215

Garcia-Rivera JA, Bobardt M, Chatterji U, Hopkins S, Gregory MA, Wilkinson B, et al. (2012) Multiple
mutations in hepatitis C virus NS5A domain Il are required to confer a significant level of resistance to
alisporivir. Antimicrob Agents Chemother 56:5113-5121. doi: 10.1128/AAC.00919-12 PMID:
22802259

Yang F, Robotham JM, Grise H, Frausto S, Madan V, Zayas M, et al. (2010) A major determinant of
cyclophilin dependence and cyclosporine susceptibility of hepatitis C virus identified by a genetic
approach. PLoS Pathog 6:€1001118. doi: 10.1371/journal.ppat.1001118 PMID: 20886100

Ansari IU, Striker R (2012) Subtype specific differences in NS5A domain Il reveals involvement of pro-
line at position 310 in cyclosporine susceptibility of hepatitis C virus. Viruses 4:3303-3315. PMID:
23342381

Grisé H, Frausto S, Logan T, Tang H (2012) A conserved tandem cyclophilin-binding site in hepatitis C
virus nonstructural protein 5A regulates Alisporivir susceptibility. J Virol 86:4811-22. doi: 10.1128/JVI.
06641-11 PMID: 22345441

Ansari lU, Allen T, Berical A, Stock PG, Barin B, Striker R (2013) Phenotypic analysis of NS5A variant
from liver transplant patient with increased cyclosporine susceptibility. Virology 436:268-73. doi: 10.
1016/j.virol.2012.11.018 PMID: 23290631

Tiongyip C, Jones CT, Tang Y, Snoeck J, Vandamme AM, Coelmont L, et al. (2011) Host targeting
cyclophilin inhibitor alisporivir presents a high barrier to resistance with no cross-resistance to direct
acting antivirals. 6th International Workshop on Hepatitis C, Resistance and New Compounds. Cam-
bridge, MA, June 24th.

Coelmont L, Hanoulle X, Chatterji U, Berger C, Snoeck J, Bobardt M, et al. (2010) DEB025 (Alisporivir)
inhibits hepatitis C virus replication by preventing a cyclophilin A induced cis-trans isomerisation in
domain Il of NS5A. PLoS One 5:e13687. doi: 10.1371/journal.pone.0013687 PMID: 21060866
Hansson MJ, Moss SJ, Bobardt M, Chatterji U, Coates N, Garcia-Rivera JA, et al. (2015) Bioengineer-
ing and semisynthesis of an optimized cyclophilin inhibitor for treatment of chronic viral infection. Chem
Biol 22:285-92. doi: 10.1016/j.chembiol.2014.10.023 PMID: 25619934

PLOS ONE | DOI:10.1371/journal.pone.0152036  April 22,2016 22/23


http://www.ncbi.nlm.nih.gov/pubmed/2088205
http://dx.doi.org/10.1074/jbc.M109.007625
http://dx.doi.org/10.1074/jbc.M109.007625
http://www.ncbi.nlm.nih.gov/pubmed/19380579
http://dx.doi.org/10.1073/pnas.0801388105
http://www.ncbi.nlm.nih.gov/pubmed/18378908
http://dx.doi.org/10.1128/JVI.02614-07
http://www.ncbi.nlm.nih.gov/pubmed/18385230
http://dx.doi.org/10.1371/journal.ppat.1000546
http://www.ncbi.nlm.nih.gov/pubmed/19680534
http://dx.doi.org/10.1128/JVI.02550-08
http://www.ncbi.nlm.nih.gov/pubmed/19386705
http://dx.doi.org/10.1016/j.virol.2009.10.043
http://dx.doi.org/10.1016/j.virol.2009.10.043
http://www.ncbi.nlm.nih.gov/pubmed/19932913
http://www.ncbi.nlm.nih.gov/pubmed/16143140
http://dx.doi.org/10.1038/nature12427
http://dx.doi.org/10.1038/nature12427
http://www.ncbi.nlm.nih.gov/pubmed/23903655
http://dx.doi.org/10.1016/j.jhep.2010.01.041
http://www.ncbi.nlm.nih.gov/pubmed/20451281
http://dx.doi.org/10.1128/AAC.00693-12
http://www.ncbi.nlm.nih.gov/pubmed/22585215
http://dx.doi.org/10.1128/AAC.00919-12
http://www.ncbi.nlm.nih.gov/pubmed/22802259
http://dx.doi.org/10.1371/journal.ppat.1001118
http://www.ncbi.nlm.nih.gov/pubmed/20886100
http://www.ncbi.nlm.nih.gov/pubmed/23342381
http://dx.doi.org/10.1128/JVI.06641-11
http://dx.doi.org/10.1128/JVI.06641-11
http://www.ncbi.nlm.nih.gov/pubmed/22345441
http://dx.doi.org/10.1016/j.virol.2012.11.018
http://dx.doi.org/10.1016/j.virol.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23290631
http://dx.doi.org/10.1371/journal.pone.0013687
http://www.ncbi.nlm.nih.gov/pubmed/21060866
http://dx.doi.org/10.1016/j.chembiol.2014.10.023
http://www.ncbi.nlm.nih.gov/pubmed/25619934

@’PLOS ‘ ONE

STG-175 Blocks HCV Infection and HCV/HBV/HIV-1 Co-Infection

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hanoulle X, Badillo A, Wieruszeski JM, Verdegem D, Landrieu |, Bartenschlager R, et al. (2009) Hepati-
tis C virus NS5A protein is a substrate for the peptidyl-prolyl cis/trans isomerase activity of cyclophilins
A and B. J Biol Chem. 2009 May 15; 284(20):13589—-601. doi: 10.1074/jbc.M809244200 PMID:
19297321

Madan V, Paul D, Lohmann V, Bartenschlager R (2014) Inhibition of HCV Replication by Cyclophilin
Antagonists is Linked to Replication Fitness and Occurs by Inhibition of Membranous Web Formation.
Gastroenterology pii: S0016-5085(14)00146-2. doi: 10.1053/j.gastro.2014.01.055

Chatterji U, Bobardt M, Tai A, Wood M, Gallay PA (2015) Cyclophilin and NS5A Inhibitors, but not other
Anti-HCV Agents, Preclude HCV-Mediated Formation of Double Membrane Vesicle Viral Factories.
Antimicrob Agents Chemother pii: AAC.04958-14.

Gallay PA, Bobardt MD, Chatterji U, Trepanier DJ, Ure D, Ordonez C, et al. (2015) The Novel Cyclophi-
lin Inhibitor CPI-431-32 Concurrently Blocks HCV and HIV-1 Infections via a Similar Mechanism of
Action. PLoS One 10:e0134707. doi: 10.1371/journal.pone.0134707 eCollection 2015 PMID:
26263487

Romero-Brey |, Merz A, Chiramel A, Lee JY, Chlanda P, Haselman U, et al. (2012) Three-dimensional
architecture and biogenesis of membrane structures associated with hepatitis C virus replication. PLoS
Pathog 8:61003056. doi: 10.1371/journal.ppat.1003056 PMID: 23236278

Paul D, Hoppe S, Saher G, Krijnse-Locker J, Bartenschlager R (2013) Morphological and biochemical
characterization of the membranous hepatitis C virus replication compartment. J Virol 87:10612—
10627. doi: 10.1128/JVI.01370-13 PMID: 23885072

Ferraris P, Blanchard E, Roingeard P. (2010) Ultrastructural and biochemical analyses of hepatitis C
virus-associated host cell membranes. J Gen Virol 91:2230-2237. doi: 10.1099/vir.0.022186-0 PMID:
20484561

Berger C, Romero-Brey |, Radujkovic D, Terreux R, Zayas M, Paul D, et al. (2014) Daclatasvir-like
inhibitors of NS5A block early biogenesis of hepatitis C virus-induced membranous replication facto-
ries, independent of RNA replication. Gastroenterology 147:1094—1105.e25. doi: 10.1053/j.gastro.
2014.07.019 PMID: 25046163

Eyre NS, Beard MR (2014) HCV NS5A inhibitors disrupt replication factory formation: a novel mecha-
nism of antiviral action. Gastroenterology 147:959-962. doi: 10.1053/j.gastr0.2014.09.024 PMID:
25265576

Rosnoblet C, Fritzinger B, Legrand D, Launay H, Wieruszeski JM, Lippens G, et al. Hepatitis C virus
NS5B and host cyclophilin A share a common binding site on NS5A. J Biol Chem. 2012 Dec 28; 287
(53):44249-60. doi: 10.1074/jbc.M112.392209 PMID: 23152499

Nkongolo S, Ni'Y, Lempp FA, Kaufman C, Lindner T, Esser-Nobis K, et al. Cyclosporin A inhibits hepati-
tis B and hepatitis D virus entry by cyclophilin-independent interference with the NTCP receptor. J
Hepatol. 2014 Apr; 60(4):723-31. doi: 10.1016/j.jhep.2013.11.022 PMID: 24295872

Iwamoto M, Watashi K, Tsukuda S, Aly HH, Fukasawa M, Fujimoto A, et al. Evaluation and identifica-
tion of hepatitis B virus entry inhibitors using HepG2 cells overexpressing a membrane transporter
NTCP. Biochem Biophys Res Commun. 2014 Jan 17; 443(3):808—13. doi: 10.1016/j.bbrc.2013.12.052
PMID: 24342612

Phillips S, Chokshi S, Chatterji U, Riva A, Bobardt M, Williams R, et al. (2015) Alisporivir inhibition of
hepatocyte cyclophilins reduces HBV replication and hepatitis B surface antigen production. Gastroen-
terology 148:403-14.e7. doi: 10.1053/j.gastro.2014.10.004 PMID: 25305505

Towers GJ, Hatziioannou T, Cowan S, Goff SP, Luban J, Bieniasz PD (2003) Cyclophilin A modulates
the sensitivity of HIV-1 to host restriction factors. Nat Med 9:1138-1143. PMID: 12897779

Sokolskaja E, Sayah DM, Luban J (2004) Target cell cyclophilin A modulates human immunodeficiency
virus type 1 infectivity. J Virol 78:12800-12808. PMID: 15542632

Liu S, Asparuhova M, Brondani V, Ziekau |, Klimkait T, Schiimperli D (2004) Inhibition of HIV-1 multipli-
cation by antisense U7 snRNAs and siRNAs targeting cyclophilin A. Nucleic Acids Res 32:3752—-3759.
PMID: 15254276

PLOS ONE | DOI:10.1371/journal.pone.0152036  April 22,2016 23/23


http://dx.doi.org/10.1074/jbc.M809244200
http://www.ncbi.nlm.nih.gov/pubmed/19297321
http://dx.doi.org/10.1053/j.gastro.2014.01.055
http://dx.doi.org/10.1371/journal.pone.0134707
http://www.ncbi.nlm.nih.gov/pubmed/26263487
http://dx.doi.org/10.1371/journal.ppat.1003056
http://www.ncbi.nlm.nih.gov/pubmed/23236278
http://dx.doi.org/10.1128/JVI.01370-13
http://www.ncbi.nlm.nih.gov/pubmed/23885072
http://dx.doi.org/10.1099/vir.0.0221860
http://www.ncbi.nlm.nih.gov/pubmed/20484561
http://dx.doi.org/10.1053/j.gastro.2014.07.019
http://dx.doi.org/10.1053/j.gastro.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25046163
http://dx.doi.org/10.1053/j.gastro.2014.09.024
http://www.ncbi.nlm.nih.gov/pubmed/25265576
http://dx.doi.org/10.1074/jbc.M112.392209
http://www.ncbi.nlm.nih.gov/pubmed/23152499
http://dx.doi.org/10.1016/j.jhep.2013.11.022
http://www.ncbi.nlm.nih.gov/pubmed/24295872
http://dx.doi.org/10.1016/j.bbrc.2013.12.052
http://www.ncbi.nlm.nih.gov/pubmed/24342612
http://dx.doi.org/10.1053/j.gastro.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25305505
http://www.ncbi.nlm.nih.gov/pubmed/12897779
http://www.ncbi.nlm.nih.gov/pubmed/15542632
http://www.ncbi.nlm.nih.gov/pubmed/15254276

