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Discovering novel anti-HCV compounds with
inhibitory activities toward HCV NS3/4A protease
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Aim: To discover novel hepatitis C virus (HCV) inhibitors and elucidate the mechanism of action of the active compounds.

Methods: HCV subgenomic replicon-based luciferase reporter cell line was used to screen 1200 synthetic compounds with novel
structures. Huh7.5.1 cell line stably transfected with HCV NS3/4A protease reporter was established to investigate the anti-HCV
mechanism of the active compounds. The active compounds were further examined in an in vitro HCV infection assay to confirm their

anti-HCV activity.

Results: After two-round screening in the anti-HCV replicon assay, some 2,4-diaminoquinazoline derivatives and carboxamide
analogues were found to possess anti-HCV replicon activities (the ICs, values were less than 5 umol/L). Among them, two
representative compounds HZ-1157 and LZ-110618-6 inhibited HCV NS3/4A protease with 1C5, values of 1.0 and 0.68 pmol/L,
respectively. Furthermore, HZ-1157 and LZ-110618-6 inhibited HCV infection in vitro with ICy, values of 0.82 and 0.11 pymol/L,

respectively.

Conclusion: Some 2,4-diaminoquinazoline derivatives and carboxamide analogues have been identified as novel anti-HCV compounds.
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Introduction
Hepatitis C virus (HCV), a major cause of chronic liver disease,
has infected approximately 130-210 million people world-
wide. In most infected individuals, HCV establishes itself as a
chronic infection that may lead to liver fibrosis, liver cirrhosis
and hepatocellular carcinoma™?. The genome of HCV is a
single-stranded positive-sense RNA of approximately 9.6 kb,
which has an open reading frame (ORF) flanked by untrans-
lated regions (UTRs) at both the 5" and 3’ ends. The ORF
encodes a polyprotein precursor. Viral and host proteases will
cleave the polyprotein precursor into the core structural pro-
teins, E1 and E2, as well as the non-structural (NS) proteins p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B P,

Current standard treatment with polyethylene glycol deco-
rated interferon-a (PEG-IFNa) and ribavirin (PR) is only
effective for 40%-50% patients infected with genotype 1, the
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most prevalent HCV subtype in the United States, Europe,
and ]apan“’ °1. Moreover, the known side effects of PR, such as
anemia, flu-like symptoms, fatigue and depression, make the
48-week treatment difficult for patients to toleratel®”. Thus,
there is an unmet medical need to develop therapeutic mea-
sures with high potency and improved tolerance. In 2011, two
first-generation NS3/4A protease inhibitors (PIs), telaprevir
(Incivek, NDC Code: 51167-100-01) and boceprevir (Victrelis,
NDC Code: 0085-0314-02), were approved. Combined with
PR, they improved sustained virological response rates among
genotype 1 patients®®'". At the same time, a better under-
standing of the HCV life cycle has led to the development
of direct antiviral agents (DAA). Aside from NS3/4A PIs,
DAAs also comprise NS5B polymerase inhibitors, such as the
newly approved drug sofosbuvir (Sovaldi, NDC Code: 61958-
1501-1)"", and NS5A inhibitors, which are currently in devel-
opment.

However, as is the case for HIV, there is a continuous need
to improve and optimize current therapy and develop novel
agents and drug classes. During DAA monotherapy, viral
breakthrough with genotypic resistance occurs rapidly™ 2.
With triple therapy using combined PI and PR for genotype 1
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infection, IFN remains an important and necessary component
to avoid the emergence of resistant viral variants'”. The triple
therapy means that the adverse events brought by IFN remain
and may be even increased by PI®'*'> ™ A combination
therapy containing DAAs with different targets and substi-
tutes with the same target but different resistance profiles may
help solve the problem.

For the purpose of developing and studying novel anti-
HCV drugs, we screened 1200 compounds with novel struc-
tures. A second-round assay discovered two compound
series, 2,4-diaminoquinazoline derivatives and carboxamide
analogues® ', as potential active anti-HCV compounds. To
investigate the action mechanism, we then established an effi-
cient and sensitive cell-based HCV NS3/4A protease assay
and tested those active compounds. Results revealed that
several active compounds inhibit HCV replication by target-
ing the HCV NS3/4A protease. Further experiments using an
infectious HCV system (J399EM) confirmed their anti-HCV
activity.

Materials and methods
Cell culture and virus
The Huh 7.5.1 cell line and the HCV replicon cell line (J399LM)
were kindly provided by Prof Xin-wen CHEN, Wuhan Insti-
tute of Virology, Chinese Academy of Sciences. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum at 37 °C with 5% CO,.
J399EM is an infectious HCV virus derived from the JFH1
virus (genotype 2a). The establishment of the infectious
J399EM HCV virus has been described previously™. Virus
was propagated in Huh7.5.1 cells. Briefly, Huh7.5.1 cells were
infected with J399EM at MOI=0.1 and cultured for 4 d. Cul-
ture supernatant was collected and filtered through a 0.45 pm
membrane and stored at -80°C as virus stock. Virus titer was
tested in Huh7.5.1 cells. Stocks were serially diluted, and the
plaque-forming units (PFU) were determined as the number
of fluorescent colonies formed in infected Huh7.5.1.

Luciferase activity assays of the HCV subgenomic replicon

The HCV replicon cell line was obtained from Huh? cells sta-
bly transfected with HCV subgenomic viral RNA, J399LM,
which was made by replacing the EGFP gene in the J399EM
genome with the Renilla luciferase gene. Cells were seeded
in a 96-well plate. Compounds were added to the culture
medium at various concentrations. After 72 h of culture, the
expression levels of the HCV replicon were measured using
the luciferase assay system (Promega, Madison, Wisconsin,
USA) following the manufacturer’s instructions. The half
maximal effective concentration (ICs,) was calculated as the
compound concentration that inhibited HCV RNA replication
activity by 50% ™.

Plasmid construction

For the pSelect-NS3/4A-Seap plasmid, the NS3/4A coding
sequence, including the cleavage site, was amplified from
the full length JFH1 strain plasmid pJFH1T (genotype 2a)

by PCR with the forward primer 5"-ccatggTTGCTCCCAT-
CACTGCTT-3" and the reverse primer 5"-ccatggGCATTCCTC-
CATCTCATCAA-3" and cloned into the Ncol site of the
PSELECT-zeo-Seap vector (InvivoGen, San Diego, California,
USA). The schematic diagram of this plasmid is shown in Fig-
ure 1. For the pSelect-NS3/4A,,.y-Seap plasmid, the serine of
the HDS catalytic triad was changed to alanine (S139A).
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Figure 1. The schematic diagram of HCV NS3/4A-Seap expression
plasmids. The Seap gene with an N-terminal signal was fused in-frame to
the HCV NS3/4A coding sequence. NS3/4A and Seap amino acids in the
fusion regions are shown by capitalized characters. HDS is the catalytic
triad of the HCV NS3 protease. The S to A mutation in the catalytic
triad results in a disabled NS3 protease. The NS4A/4B cleavage site is
indicated by an arrow.

Secreted embryonic alkaline phosphatase (Seap) assay and cell
viability assay

The Seap activity in the culture supernatants was measured
by the chemiluminescent method (Roche, Shanghai, China)
following the manufacturer’s instructions. Briefly, 12.5 pL
supernatant samples were diluted with 37.5 pL dilution buf-
fer. Then, they were incubated with 50 pL inactivation buffer
at room temperature for 5 min. After adding 50 pL freshly
prepared substrate reagent, the mixtures were incubated at
room temperature for 10-20 min. Finally, the luminescence
was measured with a luminometer.

Cell viability was measured by the MTT [3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich]
method. Briefly, MTT (1 mg/mL) was dissolved in PBS. Cell
culture supernatants were removed and replaced with MTT
and further cultured for 4 h; cells were then lysed with 10%
sodium dodecyl sulfate (SDS), 50% N,N-dimethylformamide,
pH 7.2. ODs; values were read. The percentage of cell death

was calculated against the control well without compounds®®”.

Western blot analysis

Cells were lysed in 200 pL RIPA buffer (Beyotime, Haimen,
Jiangsu, China) containing a cocktail protease inhibitor
(Roche). After centrifugation, equal amounts of total extract
protein (15 pg) were separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The sepa-
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rated proteins were transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking with 5% BSA for 1 h at
room temperature, the membrane was incubated with mouse
anti-NS3 monoclonal antibody (Abcam, Shanghai, China) at
4°C overnight. On the second day, the membrane was washed
in TBST and incubated with peroxidase-conjugated goat anti-
mouse secondary antibody (Beyotime). After a final treatment
with enhanced chemiluminescence assay (ECL) reagents (GE
Healthcare, Pittsburgh, Pennsylvania, USA), samples were
exposed to X-ray film™'.

Antiviral assay using infectious HCV virus

Huh 7.5.1 cells were seeded at a density of 1x10* cells per well
of a 96-well plate with black walls and a clear bottom (Corn-
ing, Costar 3904). Twenty-four hours later, the medium was
inoculated with J399EM virus at an MOI of 0.3. Four hours
later, the virus inoculum was replaced by medium contain-
ing different concentrations of compounds in triplicate, cells
were further incubated for an additional 72 h, and the EGFP
fluorescence was measured directly in the plate by using a
luminometer with excitation at 488 nm and emission at 516
nm!"”. The percentage of the inhibition effect of compounds
was calculated against the control well. After the EGFP signal
was read, cell viability was measured in the same plate by the
MTT method as described above.

Results

Screening and discovery of synthetic compounds in anti-HCV
replicon activities

In total, 1200 synthetic compounds were screened in a HCV
replicon reporter system, which was a Huh7 harboring a HCV
subgenome with a Renilla luciferase reporter. The results
of the preliminary screening are shown in Figure 2, with the
luciferase signal of each compound plotted. Of the 1200 com-
pounds screened, those with luciferase signals lower than the
threshold (Mean-3xSD of the control well, lower dashed line,
Figure 2) were considered to be anti-HCV active compounds
and selected for the second-round test. In the second-round
test, candidate compounds were serially diluted and tested

Table 1. Anti-HCV replicon activities of compounds.
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Figure 2. The screening results of the anti-HCV replicon assay. 1200
synthetic compounds with novel structure were screened by using the
HCV subgenomic replicon-based reporter cell line (J399LM, genotype 2a).
Compounds were co-cultured with cells for 48 h. The luciferase signal was
read and compared to control wells without compounds. Compounds with
reporter signal lower than the mean-3xSD (lower dashed line) of control

wells (without compound) were considered to be active compounds and
selected for further tests. Normal Huh7.5.1 cells served as the blank.

by the same HCV replicon assay. ICs, values of the selected
compounds are shown in Table 1. We discovered two catego-
ries of compounds, 2,4-diaminoquinazoline derivatives and
carboxamide analogues, that exhibited anti-HCV activity at
reasonable concentrations (IC5p<5 pmol/L). These compounds
were selected for further investigation of their anti-HCV
mechanisms.

Establishment of a transiently transfected HCV NS3/4A Seap
reporter in Huh7.5.1 cells

To identify whether these anti-HCV active compounds act
against the HCV NS3/4A protease, a HCV NS3/4A protease
reporter plasmid was constructed. The construct expresses
a HCV NS3/4A-Seap fusion protein linked by a natural
NS3/4A cleavage site (Figure 1). Successful self-cleavage
by the NS3/4A protein releases the Seap protein, which is

HCV Replicon assay

Compound CCso (umol/L) ICso (UMoOI/L) S
2,4-Diaminoquinazoline derivatives HZ-1031 >10 0.037+0.013 >136
HZ-1157 >10 0.73+0.084 >13
HZ-1327 6.3+0.53 4.7+0.54 1.3
HZ-1600 5.3+0.48 2.9+0.22 1.8
Carboxamide analogues LZ-110618-1 >10 0.018+0.0071 >555
LZ-110618-6 >10 0.056+0.0093 >187
LZ-110618-9 >10 0.024+0.011 >416
L7-110618-24 >10 0.032+0.012 >312
VX-950 >10 0.67+0.057 >15
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then secreted into the culture supernatant due to the exposed
N-terminal signal peptide. In a mutated plasmid, pSelect-
NS3/4A wSeap, the serine in the catalytic triad was changed
to alanine, making the mutated NS3 non-functional. The
pSelect-NS3/4A-Seap plasmid and its mutated version were
transiently transfected into Huh7.5.1 cells to validate their
function by Western blot. As expected, a band of 70 kDa, cor-
responding to the NS3/4A fusion protein, was detected in cells
transfected with the pSelect-NS3/4A-Seap plasmid (Figure 3,
lane 4). Also as expected, a band of 130 kDa was detected in
cells transfected with the pSelect-NS3/4A ,,y-Seap plasmid,
corresponding to the NS3/4A-Seap fusion peptide with the
Seap protein still attached (Figure 3, lane 3). This result indi-
cated that the cleavage of NS3/4A-Seap fusion protein and
the subsequent Seap secretion were fully dependent on HCV
NS3 protease activity. Telaprevir (VX-950), a known inhibitor
of the HCV NS3/4A serine protease®, was able to decrease
the Seap level in the supernatant by 74% at 10 pmol/L (Fig-
ure 4A). The free form of NS3 also decreased by western blot
analysis (Figure 4B).

Huh7.5.1
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NS3/4A-SEAP
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Figure 3. HCV NS3/4A expression of the pSelect-NS3/4A-Seap construct.
Cells were lysed 72 h after transient transfection for western blotting.
For the western blot, 15 pg total protein samples were loaded, and the
NS3/4A fusion protein was detected with an anti-NS3 antibody. Con-1,
infectious HCV virus (J399EM) infected Huh7.5.1 cell lysate; Huh7.5.1,
normal Huh7.5.1 cell lysate; Vector, pSELECT-zeo-Seap plasmid (Invivogen).
The representative result is from two independent experiments with the
same results.

Establishment of the stably transfected HCV NS3/4A reporter
cell line in Huh7.5.1 cells
To establish a stably transfected HCV NS3/4A-Seap reporter
cell line, Huh7.5.1 cells were transfected with pSelect-NS3/4A-
Seap and selected by 500 mg/L zeocin for four weeks. We
obtained five colonies of cells. The Seap levels in supernatants
were tested, and clone 3, which had the highest Seap activity,
was chosen and propagated (Figure 5). The inhibitory efficacy
of telaprevir was tested in clone 3. The results showed that the
IG5, of telaprevir was 0.931 pmol/L (Figure 6A). The CCs, was
higher than 10 pmol/L (Figure 6B).

To further validate the HCV NS3/4A-Seap reporter cell
line, several reference compounds were used (Table 2). The
anti-HCV activity of these compounds was also determined
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Figure 4. The inhibitory activity of telaprevir on HCV NS3/4A protease by
transient transfection. (A) The Seap activity in the supernatant of cells
transfected with pSelect-NS3/4A-Seap. Huh7.5.1 cells were transiently
transfected with the plasmid and co-cultured with telaprevir for 72 h.
Culture supernatant was collected and subjected to the Seap assay.
Representative data are from three independent experiments with the
same results. (B) Western blot analysis for telaprevir inhibiting NS3
cleavage. pSelect-NS3/4A-Seap-transfected cells were lysed after 72 h
co-cultured with telaprevir (as above). The NS3/4A fusion peptide was
detected by a specific anti-NS3 antibody; GAPDH is shown here as the
control. The representative result is from two independent experiments
with the same results.
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Figure 5. The reporter activities of HCV NS3/4A-Seap stably transfected
clones. Huh7.5.1 cells were transfected with the pSelect-NS3/4-Seap
plasmid using Lipofectamine 2000 transfection reagent and selected with
500 mg/L zeocin for 4 weeks. Cell colonies were picked and propagated
to the proper confluency, and the Seap activities in culture supernatants
were assayed.

in parallel using an HCV infection assay and a replicon assay.
As expected, BMS-790052 (daclatasvir), a NS5A inhibitor™ %,
showed no inhibitory activity on the NS3/4A protease (Table
2). Ribavirin showed neither anti-HCV activity nor a protease
inhibitory effect when it was used without IFN-a. The inhibi-
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HCV NS3/4A protease assay was close to its ICs, value in

Figure 6. The activity of telaprevir in the HCV NS3/4A-Seap stably X . o
the HCV replicon assay (0.73 pmol/L). This result indicated

transfected cell line. Seventy-two hours after telaprevir administration,
supernatant was collected, and the Seap activity was tested. At the same
time, cell viability was measured by the MTT method. The representative

result is from two independent experiments with the same results. O\ -
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Table 2. Test of reference compounds in anti-HCV assays. XO NH, N
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Figure 7. Chemical structures of HZ-1157 and LZ-110618-6.

Table 3. Anti-HCV-NS3/4A protease activities of compounds.

NS3/4A-Seap assay

Compound CCao (HMOl/L) ICs (mol/L) sI
2,4-Diaminoquinazoline derivatives HZ-1031 >10 0.037+0.013 >136
HZ-1031 >10 >10
Hz-1157 14+0.15 1.0+0.92 14
HZ-1327 5.5+0.26 4.2+0.16 1.3
HZ-1600 >10 >10
Carboxamide analogues LZ-110618-1 9.3+0.87 9.1+0.51 1.0
LZ-110618-6 15+0.93 0.68+0.071 22
LZ-110618-9 10+1.2 6.1+0.71 1.6
LZ-121012-24 8.6+0.62 5.5+0.52 1.5
VX-950 >10 1.0+0.33 >10
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that HZ-1157 inhibited HCV replication by targeting the viral
NS3/4A protease. However, the ICs, value of LZ-110618-6
in the HCV NS3/4A protease assay (0.68 pmol/L) was much
higher than its ICs, value in the HCV replicon assay (0.06
pmol/L). This suggests that LZ-110618-6 most likely has mul-
tiple targets in the HCV life cycle, and its anti-HCV activity
could be partially due to the inhibition of the HCV NS3/4A
protease.

Confirmation of anti-HCV active compounds in an HCV infection
assay

HZ-1157 and LZ-110618-6 were further tested against an
infectious HCV virus (J399EM) which can infect and replicate
in Huh?7.5.1 cells in vitro. The results are shown in Figure 8.
HZ-1157 and LZ-110618-6 effectively inhibited J399EM virus
replication in Huh7.5.1 cells with IC5, values of 0.82 pmol/L
and 0.11 pmol/L, respectively. Comparing the results of
HZ-1157 and LZ-110618-6 in three assay systems (HCV rep-
licon, infectious HCV and HCV NS3/4A protease), HZ-1157
showed similar IC5, values across all tests (0.73 pmol/L vs 0.82
pmol/L vs 1.0 pmol/L), indicating that HZ-1157 is a specific
inhibitor of the HCV NS3/4A protease. However, the ICs,
values of LZ-110618-6 differed across the three assay systems
(0.06 vs 0.11 vs 0.68 pmol/L), as LZ-110618-6 was more active
in assay systems that involve virus replication. This may
indicate that LZ-110618-6 inhibits viral components other than
the NS3/4A protease (see the Discussion section below). The
exact anti-HCV mechanism through which LZ-110618-6 acts
remains to be further investigated.

A HZ-1157 (IC5,=0.82 pmol/L)
O LZ-110618-6 (IC5,=0.11 pmol/L)
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Figure 8. The effects of LZ-110618-6 and HZ-1157 in an HCV infection
assay. Compounds HZ-1157 and LZ-110618-6 were tested for their
anti-HCV activities using an infectious HCV virus (J399EM) in Huh7.5.1
cells. Cells were first infected with J399EM virus, and then compounds
were added and co-cultured for 72 h. The inhibition rate and cytotoxicity
rate were calculated against control wells without compounds. The
representative result is from two independent experiments with the same
results.

Discussion
The development of anti-HCV drugs targeting multiple
aspects of infection is a healthcare imperative. In 2005, the

development of robust in vitro HCV infection models made it
possible to screen anti-HCV compounds that inhibit the viral

replication cycle®™?,

A screen for anti-HCV agents usually
utilizes the HCV replicon or infectious assay systems to cover
the entire or, at least, most aspects of HCV propagation. How-
ever, these assays cannot differentiate the action mechanism
of the compound and usually result in many false positives,
and most of the valid active candidates turn out to be target-
ing host cellular components, making them unsuitable for
further development. Therefore, using a system to study the
inhibitory efficacy of the compounds on a specific HCV target
is very useful. Another obvious advantage of using a target-
specific assay system to help to identify the novel anti-HCV
compound is the guarantee of high specificity. This could
pave the way for further development with respect to increas-
ingly strict regulations regarding drug safety and potential
toxicity tests.

The NS3 protease of HCV is a prime target for the develop-
ment of anti-HCV agents because it cleaves the viral polypro-
tein and liberates NS3, NS4A, NS4B, NS5A, and NS5B, allow-
ing them to function normally in viral RNA replication, and it
deactivates many host proteins involved in innate immunity
to foster a favorable cellular environment for HCV replica-
tion™, The NS3 protease is most active when complexed
with its cofactor NS4A® . For the in vitro evaluation of HCV
NS3/4A protease inhibitors, there are generally two types of
methods that can be used. One is to express and purify the
NS3 protease in vitro, using a synthetic peptide as its sub-
strate®]. The other alternative method is a cell-based system,
as we created here, which is rapid and easy to operate and
does not require conventional protein expression and purifica-
tion. In our system, the Seap activity in the supernatant can be
monitored continuously. In addition, with the help of adeno-
virus delivery, the NS3/4A-Seap construct can be used in
evaluations utilizing animal models. The Seap protein will be
released into the blood by an active HCV protease, thus indi-
cating the potency of an agent in vivo™. Telaprevir, a novel
small-molecule peptidomimetic inhibitor of the HCV NS3/4A
protease, was used here to verify the feasibility of the system.
The ICs, of telaprevir in genotype 1b HCV replicon cells was
354 nmol/L™. To our knowledge, this is the first time that the
inhibitory efficacy of telaprevir has been shown in a cell-based
system that monitors only the HCV NS3/4A protease activ-
ity (genotype 2a). The IC;, of telaprevir in our system was
approximately 931 nmol/L. The difference in ICs, between
these two systems may due to the genotype difference or the
difference between the replicon system and the single target
system.

In Table 1, in addition to compounds of HZ-1157 and
LZ-110618-6, we also identified other active anti-HCV com-
pounds in our replicon assays, but they showed no specific
inhibitory effect on HCV NS3/4A protease activity (Table 3).
This does not rule out their potential activity against the HCV
virus. They could be active anti-viral agents that target other
viral components, and their anti-viral mechanism remains to
be further investigated.
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We also identified HZ-1157 and many other 2,4-diamino-
quinazoline derivatives as anti-Dengue active compounds!®.
Dengue virus is an RNA virus, and both Dengue and HCV
belong to the Flaviviridae family. They are both positive-
sense RNA viruses and thus share a similar genome structure
and life cycle. We propose that this compound could also be a
Dengue viral protease inhibitor, which requires further inves-
tigation.

Moreover, LZ-110618-6, which showed better activity in
the HCV replicon and infectious systems than in the HCV
NS3/4A protease-specific assay, may possess the ability to
inhibit other viral replication steps, including viral and cellular
protease that are necessary for HCV replication. The possible
multi-function mechanisms of this compound make it very
interesting for further investigation.

Taken together, the present study discovered novel anti-
HCV compounds using a combination of anti-viral assay sys-
tems, including the viral replicon, infectious virus and viral
protease-specific assays. The results suggested that anti-HCV
active compounds have been developed from 2,4-diamino-
quinazoline derivatives and carboxamide analogues. HZ-1157
was identified as a potent inhibitor of HCV NS3/4A protease,
and LZ-110618-6 was identified as a pan-inhibitor against vari-
ous viral proteases, including HCV NS3/4A. Therefore, these
active compounds could act as lead compounds for further
anti-HCV drug development.
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