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a b s t r a c t

The novel small molecule, BIT225 (N-[5-(1-methyl-1H-pyrazol-4-yl)-napthalene-2-carbonyl]-guanidine:
CAS No. 917909-71-8), was initially identified using a screening strategy designed to detect inhibitors of
Hepatitis C virus (HCV) p7 ion channel activity. Here we report that BIT225 has potent stand-alone antivi-
ral activity against the HCV model pestivirus bovine viral diarrhea virus (BVDV) with an IC50 of 314 nM.
Combinations of BIT225 with recombinant interferon alpha-2b (rIFN�-2b) show synergistic antiviral
action against BVDV and the synergy is further enhanced by addition of ribavirin. Synergy was also
observed between BIT225 and two nucleoside analogues known to inhibit the HCV RNA-dependent RNA
polymerase.
VDV
CV
7

BIT225 has successfully completed a phase Ia dose escalating, single dose safety trial in healthy volun-
teers and a phase Ib/IIa trial to evaluate the safety and pharmacokinetics of repeated dosing for selected
doses of BIT225 in HCV-infected persons. A modest, but statistically significant drop in patient viral load
was detected over the 7 days of dosing (ref. www.biotron.com.au). Given the critical role of the p7 protein
in the HCV life cycle and pathogenicity, our data indicate that molecules like BIT225, representing a new
class of antiviral compounds, may be developable for therapeutic use against HCV infection, either as

inati
monotherapy, or in comb

. Introduction

The Flaviviridae are a family of enveloped viruses with nucle-
capsids containing one molecule of a single stranded, positive
ense, RNA genome of around 9500–12500 nucleotides (Dimmrock
t al., 2001). The family is comprised of three genera—Pestiviruses
e.g. bovine viral diarrhea virus—BVDV), Flaviviruses (e.g. dengue
irus), and Hepaciviruses (e.g. Hepatitis C virus—HCV). Members of
he latter two genera cause significant diseases in humans.

From a medical research perspective, HCV is perhaps the most
otorious (reviews Bartenschlager et al., 2004; Penin et al., 2004),
lthough mosquito-borne flavirus diseases such as dengue fever

nd yellow fever also cause significant disease burden in humans.
CV infects ∼170 million people, or approximately 3% of the
orld’s population and can lead to life-threatening liver disease

ncluding hepatocellular carcinoma. No vaccines are available to

∗ Corresponding author at: Biotron Limited, Innovations Bld. #124, Eggleston Rd.,
anberra, ACT 2602, Australia.
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on with other HCV drugs.
© 2010 Elsevier B.V. All rights reserved.

prevent HCV infection and the current standard of care therapy
relies on treatment with pegylated interferon � (Peg-IFN) and rib-
avirin. Peg-IFN and ribavirin therapy requires a long duration of
therapy (48 weeks) and is not universally effective at reducing viral
burden or preventing disease progression. For treatment of geno-
type 1 HCV infections the sustained viral response rate (SVR) is
approximately 50%. It is also expensive and frequently associated
with side effects that limit eligibility for and compliance to therapy
(Manns et al., 2006). Hence, there is still an urgent need for new
anti-HCV agents that target different aspects of virus replication
to work, either in concert with Peg-IFN and ribavirin, or perhaps
to replace those drugs with combinations of multiple new specif-
ically targeted anti-HCV (STAT-C) compounds. Such combinations
are likely to result in improved rates of control and elimination of
virus from HCV-infected individuals.

There are several new classes of direct acting anti-HCV agents

under clinical development that may potentially be used in the next
decade. These compounds are primarily agents that have activ-
ity against the HCV polymerase or protease (Kwong et al., 2008;
Thompson et al., 2009). Both drug classes are potent inhibitors of
HCV replication and in clinical trials show enhanced response rates

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
http://www.biotron.com.au/
mailto:gewart@biotron.com.au
dx.doi.org/10.1016/j.antiviral.2010.02.312
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ompared to current standard of care therapy (Kwong et al., 2008;
hompson et al., 2009).

Another target for new STAT-C compounds is p7. The p7 protein
s a small membrane protein encoded between the E2 and NS2 pro-
eins. It is known to be required for HCV replication in chimpanzees
Sakai et al., 2003), and is crucial for virus replication in vitro, acting
t a late stage involving virus assembly and release (Steinmann et
l., 2007a). Similarly, the p7 polypeptides of BVDV (Harada et al.,
000) and HCV’s closest relative, the hepacivirus GBV-B (Takikawa
t al., 2006), are also known to be crucial for virus replication.
ence, p7 is a valid target for antiviral drug development.

p7 oligomerizes in phospholipid membranes to form a cation-
elective ion channel (Griffin et al., 2003; Pavlovic et al., 2003;
remkumar et al., 2004; Clarke et al., 2006), which is a drug
argetable molecular activity of the protein; the only one so far
haracterized. Consequently, p7 belongs to the same family of
irus-encoded ion-channel-forming proteins as the influenza A
rotein M2 and HIV-1 Vpu. This family of proteins are known col-

ectively as viroporins (Gonzalez and Carrasco, 2003). Viroporin
nhibitors were first approved for use in humans over 40 years ago
n the form of the anti-influenza A drugs amantadine and rimanta-
ine, establishing a clear precedent for successful pharmaceutical
evelopment for this class of antiviral compounds (Couch, 2000;
xford et al., 2003). Amantadine and rimantadine inhibit influenza
by blocking H+-conduction through the M2 ion channel, an activ-

ty affecting conformational changes in virus proteins which are
ssential for virus replication (Hay et al., 1985; Pinto and Lamb,
006).

In contrast to the influenza story, the sequence of molecular
echanisms by which Flaviviridae p7 facilitates virus assembly and

elease have not yet been elucidated. However, the simplest start-
ng hypothesis is that a mechanism similar to that of M2, involving
he p7 ion channel activity, may be operating. Further, whatever
he actual mechanism, it would seem likely that inhibitors of p7 ion
hannels – as long as they are able to reach the p7 target in infected
ells – will show antiviral activity. Indeed, to date, a number of
ompounds have been identified that inhibit HCV p7 ion channels
Griffin et al., 2003; Pavlovic et al., 2003, 2005; Premkumar et al.,
004), and Griffin et al. (2008) have recently demonstrated that
uch compounds are capable of inhibiting HCV replication in the
FH1 in vitro HCV cell culture system.

Here we report initial identification of BIT225, a novel small
olecule that is the first representative of a new class of HCV p7

on channel inhibitors.
As part of early characterization of the antiviral properties of

IT225, we tested the compound against the well-established HCV
odel virus, BVDV (Buckwold et al., 2003a), and found that BIT225

nhibits replication of BVDV at a sub-micromolar IC50. The BVDV
ystem was also used to examine drug interactions between BIT225
nd other known antiviral compounds and revealed synergistic
ntiviral activity between BIT225 in combination with recombi-
ant interferon �-2b (rIFN�-2b) and ribavirin, as well as between
IT225 and two nucleoside analogues known to inhibit the HCV
NA-dependent-RNA polymerase.

. Materials and methods

.1. BIT225

BIT225 (Fig. 1) was synthesized for Biotron Limited at Epichem
ty. Ltd. (Murdoch, WA, Australia). For long-term storage, the com-

ound was stored desiccated at −80 ◦C. Stock solutions at 500 mM
ere made in DMSO and were stored at −20 ◦C protected from light

or up to 1 week. For inhibition of p7 ion channels in planar lipid
ilayer experiments, a working solution of 100 mM BIT225 in DMSO
as prepared and 1 �l aliquots were added to the cis and trans
Fig. 1. Structure of BIT225 (N-[5-(1-Methyl-1H-pyrazol-4-yl)-napthalene-2-
carbonyl]-guanidine.) [CAS No. 917909-71-8].

chambers with stirring (the final concentration of BIT225 in each
chamber was 100 �M). DMSO was also used as the compound car-
rier in virological assays and carrier-only controls were included in
all experiments.

2.2. P7 ion channel recording in planar lipid bilayers

The synthesis and characterization of a peptide correspond-
ing to the p7 protein of HCV H77 (genotype 1a) was described
previously (Premkumar et al., 2004). The peptide sequence is ALEN-
LVILNAASLAGTHGLVSFLVFFCFAWYLKGRWVPGAVYAFYGMWPL-
LLLLLALPQRAYA; it shows a strong peak at m/z ratio 7018.4 by
matrix-assisted laser desorption/ionization time of flight mass
spectroscopy and appears as a single protein band on Coomassie
stained polyacrylamide gels (4–20% gel run in Tris–Glycine–EDTA
buffer with 8 �g of peptide loaded per lane).

Lipid bilayer experiments were also performed essentially
as described previously (Premkumar et al., 2004), except that
a lipid mixture of palymitoyl-oleoly-phospatidylethanolamine,
palymitoyl-oleoly-phospatidylcholine and palymitoyl-oleoly-
phospatidylserine (6:3:1) in n-decane was used, and unless
specified otherwise, buffers in the cis and trans chambers were
symmetrical; 50 mM KCl in 10 mM MES buffer (pH 7.2). The p7
peptide was dissolved in 2,2,2-trifluoroethanol (TFE), initially at
7.5 mg/ml, then diluted to 0.15 mg/ml in TFE, and 2 �l (0.3 �g)
was added to the cis and trans chambers, for a final peptide
concentration of approximately 40 nM bathing both sides of the
bilayer. Both chambers were stirred to facilitate spontaneous
incorporation of the peptide into the bilayer and channel activity
was typically detected within 5–10 min at a holding potential of
−60 mV (trans relative to cis). Currents were filtered at 1 kHz, and
digitized at 2 kHz. For subsequent analysis and presentation, data
traces were filtered at 200 Hz and mean currents were determined
over a period of 10–30 s.

2.3. BVDV antiviral assays

The antiviral efficacy against BVDV (strain NADL; American Type
Culture Collection [ATCC]) was evaluated as inhibition of virus-
induced cytopathic effect (CPE) in infected Madin–Darby bovine
kidney (MDBK) cells [ATCC], essentially as described by Buckwold

et al. (2003b). Antiviral assays were designed to test 6 half-log con-
centrations of each compound in triplicate against the challenge
virus. Cell viability was measured 7 days post-drug addition by
staining the cells with Cell Titer 96 (Promega, Madison, WI). Aver-
aged replicate data were converted to % inhibition of CPE, based
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n 100% being the average cell control value (uninfected cells, no
rug) and 0% being the average virus control value (infected cells,
o drug). Assessment of compound cytotoxicity was run in par-
llel; with % of cell viability expressed within the range between
00% = average cell control O.D. and 0% = average background O.D.
wells with no cells).

.4. Antiviral combination assays

For characterization of the efficacy of combinations of two com-
ounds against BVDV-induced CPE, a checkerboard dilution matrix
f all permutations of 2-fold serial dilutions of each compound was
repared, and the MacSynergy II software (Prichard and Shipman,
996) was used – as per (Buckwold et al., 2003b) – to evaluate
hether there was evidence of synergy or antagonism for antivi-

al activity and/or cytotoxicity. For BIT225, eight 2-fold dilutions
ere used (max. conc. 4 �M) and combined with five 2-fold dilu-

ions of either rIFN�-2b (max. conc. 80 IU/ml); ribavirin (max. conc.
0 �g/ml); 2′-C-methyladenosine (CMA; max. conc. 10 �M); or, 2′-
-methylcytidine (CMC; max. conc. 10 �M). For testing the effect
f triple combinations of BIT225, rIFN�-2b and ribavirin, experi-
ents were set up with a fixed concentration of rIFN�-2b (either 5

r 10 IU/ml) in all wells and a checkerboard of BIT225 and ribavirin
oncentrations, as above.

Using the MacSynergy II software on the basis of the Bliss inde-
endence mathematical definition, the expected additive antiviral
rotection was determined from the dose–response curves of the

ndividual drugs and subtracted from the experimental antivi-
al activity for each combination concentration (Prichard and
hipman, 1990). The resultant data matrix was plotted as a three-
imensional surface and two values – corresponding to the total
olumes of the surfaces above and below the zero plane (plane
f additivity) – were calculated. Volumes of positive value reflect
ynergism and negative volumes reflect antagonism. Synergy or
ntagonism volumes were statistically calculated at 95% confidence
evel as Synergy95, and Antagonism95. Synergy95 values of between
0 and 100 U (in units of concentration times concentration times
ercent; e.g. IU/ml �M%; �M2%, �g/ml�M%) were defined to be
lightly synergistic and values of greater than 100 U to be highly
ynergistic; with corresponding interpretation for the negative val-
es of Antagonism95. Synergy95 or Antagonism95 values in the
ange ±50 U are considered to fall within the range of additivity.

. Results

.1. Identification of BIT225 as a potential p7 ion channel
nhibitor

BIT225 (Fig. 1) was identified as an inhibitor of HCV p7
fter screening Biotron’s library of antiviral compounds. The ini-
ial screen employed an indirect, semi-quantitative, moderate
hroughput p7 bacterial bioassay. The method is described fully
lsewhere (Ewart and Best, 2006; Cox et al., 2007; Gage et al., 2007):
ssentially, a synthetic cDNA fragment encoding the HCV p7 protein
strain H77 genotype 1a), with codons optimized for expression
n Escherichia coli (GenScript, Piscataway, NJ), was cloned into the
xpression vector pPL451(Love et al., 1996), creating the plasmid
PLp7, in which expression of p7 is downstream of the tandem
pR and pL promoter pair and under control of the temperature

ensitive cIts857 repressor. Expression of p7 is tightly repressed at
0 ◦C and increasing levels of protein can be induced by raising the

ulture temperature; with a maximal expression level induced at
2 ◦C. As shown previously, for growth on minimal nutrient media,
xpression of a Na+/K+ conductive viroporin, like p7, in the E. coli
lasma membrane causes a de-energized state leading to the leak
f essential metabolites (e.g. adenine, proline) from the cell that are
search 86 (2010) 144–153

required for growth (Ewart et al., 1996). In the presence of inhibitors
of the p7 ion channel, normal ionic gradients are maintained in the
E. coli cell, the metabolites are retained, and the cells are able to
grow despite expression of p7. Thus, partial rescue of the growth
of E. coli cells expressing HCV p7 provided the first evidence that
BIT225 is able to inhibit the HCV p7 ion channel. This method is
used as the first screening step for all compounds of the Biotron
compound library. In the format used, small volumes (∼1 �l) of
compound containing solutions were applied in discrete locations
on minimal medium agar plates that had been inoculated at 30 ◦C
with a background lawn of E. coli cells containing the p7 expression
vector. After allowing the compounds to absorb into the agar, the
plates were incubated overnight at 35–37 ◦C to induce expression of
p7 (which inhibits growth of the cells in the background lawn). The
plates were examined by eye and compounds were scored as posi-
tive if a halo of E. coli cell growth (indicating inhibition of expression
of the p7 channel activity) was clearly visible around the site of
application of the compound. BIT225 consistently scored positive
in this assay.

3.2. BIT225 inhibits HCV p7 ion channel activity in planar lipid
bilayers

As reported previously by ourselves and others, HCV p7 forms
ion channels in artificial planar lipid bilayers that are weakly cation
selective and conductive to K+, Na+, and Ca2+ ions (Griffin et al.,
2003; Pavlovic et al., 2003; Premkumar et al., 2004). Chloride ions
are also permeable, though to a lesser extent (Premkumar et al.,
2004). We also reported that p7 channels are blocked by 5-(N-
N-hexamethlyene)-amiloride (Premkumar et al., 2004). Here, as
illustrated in Fig. 2, we show that BIT225 inhibits p7 ion channel
activity. The traces in Fig. 2A–C were obtained at a transmem-
brane holding potential of −60 mV: the cis and trans chambers
both contained 50 mM KCl. The bilayer was painted and gave a
stable capacitance of 130 pF in tests using an applied linear volt-
age ramp (1 V/s), and Fig. 2A shows the baseline current data for
the bilayer prior to addition of a peptide corresponding to p7 from
HCV genotype 1a, strain H77. Peptide was added to the cis and
trans chambers, at a final concentration of approximately 40 nM,
and after stirring both chambers for approximately 8 min, ion chan-
nel activity was detected: a 10 s sample trace is shown in Fig. 2B.
Over a period of about 7 min, current flowing through the bilayer
fluctuated between 0 pA (channel closed state; as indicated by the
dashed line in Fig. 2B) and a maximal open state current of around
3 pA, with an average current over the period of 0.65 pA (SD 0.27;
Fig. 2D). Upon addition of 2 �l of 50 mM BIT225 in DMSO to the cis
and trans chambers (final concentration; 100 �M), channel activity
ceased after a brief period of stirring (Fig. 2C) and average bilayer
current returned to baseline over the subsequent 2 min, after which
time the experiment was terminated.

Complete p7 channel inhibition by 100 �M BIT225 (as per
Fig. 2D) was seen in 3 out of 3 replicate experiments. Inhibition
was strictly dependent on the presence of BIT225: addition of con-
trol volumes of DMSO carrier alone did not effect the ion currents
(data not shown).

It should be noted that these experiments were not designed to
fully characterize the interaction of BIT225 with p7. Undoubtedly,
much time and effort could be devoted to such experimentation.
However such experiments were not our priority, which was rather
to establish whether BIT225 could inhibit the p7 ion channel at a

reasonable concentration. We (arbitrarily) set 100 �M as an upper
limit, by which we should expect to see significant inhibition of the
p7 channel in bilayers if physiologically relevant inhibition were
likely to be seen at sub-toxic levels in cell culture experiments
and we were both pleasantly surprised and satisfied to see that
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Fig. 2. BIT225 inhibits HCV p7 ion channels in planar lipid bilayers. Bilayer experi-
ments were performed as described in Section 2. Representative 10 s traces of bilayer
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the IC of BIT225 against BVDV. In contrast, increasing concentra-
urrents, filtered at 200 Hz: (A) baseline bilayer current; (B) a period of maximal p7
hannel activity; (C) addition of BIT225 inhibits the p7 channel activity. (D) Left to
ight: average bilayer current over periods of 2–5 min corresponding to conditions
n A–C.

IT225 showed complete channel inhibition at that concentration
n artificial bilayers.

In summary, results from the planar lipid bilayer experiments,
n conjunction with the p7 bacterial bioassay, showed that BIT225
s able to inhibit the ion channel activity of the HCV p7 protein.

.3. BIT225 inhibits BVDV in vitro and shows synergy with
IFN˛-2b

In vitro replication of BVDV is a well-established, readily accessi-
le and user-friendly experimental system that, before the advent
f JFH1-based cell culture replicative HCV systems, was widely
ccepted as a surrogate system for initial testing of potential anti-
CV compounds (Buckwold et al., 2003a). It is still a valid choice for
ertain aspects of drug development, such as assessing synergy or

ntagonism of combinations of antiviral drugs. Such experiments
re not yet standard in the JFH1 system.

BIT225 is highly active against BVDV: the dose–response curve
s shown in Fig. 3. In 6 experiments BIT225 gave an average IC50
search 86 (2010) 144–153 147

of 314 nM (95% confidence interval 295–335 nM). In these exper-
iments, no significant cytotoxicity was seen in uninfected MDBK
cells up to 2 �M, with approximately 16% cell death seen at 4 �M
(Fig. 3A). In a single earlier screening experiment the 50% cytotox-
icity concentration (CC50) of BIT225 for MDBK cells was measured
at 11.6 �M, giving an antiviral index (IC50/CC50) in these cells of
around 40. Clearly, BIT225 inhibits replication of BVDV at concen-
trations lower than those causing cytotoxicity. We were therefore
able to use this system to evaluate potential interactions between
BIT225 and other compounds with known anti-HCV activity.

We tested the effects of (a) double compound combinations of
BIT225 with rIFN�-2b or ribavirin; as well as, (b) triple combina-
tions of BIT225, rIFN�-2b and ribavirin. As described in Section
2, culture plates of MDBK cells were set up in a checkerboard
fashion to test combinations of concentration over the effective
ranges of each compound and the resultant cytotoxicity or CPE
data were analyzed using the MacSynergy II program (Prichard and
Shipman, 1996). The experiments testing triple compound com-
binations were set up at two fixed concentrations of interferon
(5 IU/ml or 10 IU/ml) in each culture well, with varying concentra-
tions of BIT225 and ribavirin. The results for all combination studies
are summarized in Table 1 and MacSynergy plots for representative
experiments are shown in Fig. 4.

Antiviral synergy was observed between BIT225 and rIFN�-2b
(Fig. 4A) with an average Synergy95 volume (see Section 2 for defi-
nition) of 87 �M IU/ml% over 3 experiments (Table 1).

On the other hand, antagonism was observed between the
BIT225 and ribavirin (Fig. 4B). This effect occurs primarily at the
higher concentrations of both compounds. As reported in the liter-
ature and confirmed in these studies, ribavirin on its own did not
show significant antiviral activity at concentrations up to 20 �g/ml
(<5% inhibition of CPE) (Fig. 3C). Therefore, the results may suggest
that, at higher concentrations, ribavirin interferes with the strong
antiviral activity of BIT225.

Despite the observation of a degree of antagonism between
BIT225 and high concentrations of ribavirin, the presence of
low concentrations of ribavirin enhanced the Synergy95 volumes
derived from the triple compound experiments as compared to
combinations of BIT225 and interferon only (Table 1). Further, this
effect was seen to primarily occur at the lower concentrations of
BIT225 and at the higher concentrations of BIT225 the net effect of
the presence of interferon was to cancel the antagonism between
BIT225 and ribavirin (Fig. 4C and D). Ribavirin is well known to
enhance the activity of IFN against BVDV, as well as improve the
success rate of Peg-IFN treatment for HCV patients (Buckwold et
al., 2003b; Buckwold, 2004), and the results presented here show
that the ribavirin is also able to increase the antiviral synergy of
combinations of BIT225 and rIFN�-2b.

Antagonistic effects in cytotoxicity are favorable interactions,
suggesting that addition of one drug could offset partial cytotoxicity
of another drug. The cytotoxicity arms of the experiments indicate
some antagonism in the case of the triple compound combinations
(Fig. 4 G and H) that was not seen in the double compound experi-
ments (Fig. 4 E and F). Again, this effect was predominantly at the
higher concentrations of ribavirin. Our data indicated that addition
of BIT225 to rIFN�-2b and ribavirin achieved reduced combined
cytotoxicity.

The effect of rIFN�-2b and ribavirin on BIT225 dose–response
for BVDV-induced CPE was further analyzed by fitting sigmoidal
curves (using GraphPad Prism® software) to individual data sets.
In general, we found that ribavirin alone did not significantly affect
50
tions of rIFN�-2b caused a reduction of BIT225 IC50 values: using
consistent curve fitting parameters (variable Hill slope; TOP and
BTM constants constrained to 93% and 8%, respectively), the IC50
values (95% confidence intervals in brackets) for BIT225 in the
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Fig. 3. Dose–response curves for single compounds against BVDV in MDBK cells. Sigmoidal curves were fit to the experimental data for % inhibition of BVDV CPE and % cell
viability after exposure to BIT225, and IC50 values were determined using Graphpad Prism® software. Curve fitting parameters allowed variable Hill slope and unrestrained
TOP and BTM constants. (A) Combined dose–response (squares) and cytotoxicity (diamonds) curves for BIT225 as a stand-alone compound against BVDV: for dose–response,
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C50 = 314 nM (95% CI: 295–335), error bars are SEM for n = 6 experiments, goodne
I: 17.8–26.5), error bars are SEM for n = 3 experiments, goodness of curve fit; R2 =
rror bars are SEM for n = 3 experiments. Also shown in C are the dose–response c
espectively).

resence of 0, 5 and 10 IU/ml of rIFN�-2b, respectively, were
14 nM [295–335]; 127 nM [90–179]; and 55 nM [35–86]. Although
he numbers are slightly different when the curves are fit with
nrestrained TOP and BTM parameters, the same trend of reducing

IT225 IC50 with increasing interferon is seen.

Addition of low concentrations of ribavirin to combinations of
IT225 plus rIFN�-2b greatly increased the antiviral activity, as

llustrated in Fig. 5A. Fig. 5B highlights the synergy of triple com-
ound combinations at the lowest concentration of BIT225 tested

able 1
ynergy95/Antagonism95 volumes for drug combinations containing BIT225.

Combination (BIT225+) Antiviral activity

Synergy95/Antagonism95 Volumes Interp

rIFN�-2ba 87/−1 Slight
Ribavirinb 1/−72 Slight
Ribavirinb + rIFN�-2b (5 IU/ml) 138/0 High
Ribavirinb + rIFN�-2b (10 IU/ml) 127/0 High
2′-C-methyl-adenosinec 107/−3 High
2′-C-methyl-cytidinec 71/0 Slight

a Units for Synergy95/Antagonism95 volumes: IU/ml �M%.
b Units for Synergy95/Antagonism95 volumes: �g/ml �M%.
c Units for Synergy95/Antagonism95 volumes: �M2%.
curve fit; R2 = 0.999. (B) Dose–response curve for rIFN�-2b: IC50 = 21.7 IU/ml (95%
(C) Dose–response curve for ribavirin alone (circle symbols): IC50 = not applicable,
for ribavirin in the presence of 5 and 10 IU/ml rIFN�-2b (triangle and diamonds,

(31 nM). For example, it can be seen that the combination of 5 IU/ml
rIFN�-2b plus 31 nM BIT225 plus the lowest concentration of rib-
avirin tested (1.25 �g/ml), yielded >70% inhibition of BVDV CPE. The
same low concentrations of BIT225 and ribavirin, in the presence

of 10 IU/ml IFN� yielded >90% virus inhibition. For comparison:
5 IU/ml IFN� alone gave ∼8% inhibition; 31 nM BIT225 alone gave
∼5% inhibition; and 1.25 �g/ml ribavirin alone showed no antiviral
activity. Clearly the triple combination is highly efficacious against
BVDV.

Cytotoxicity

retation Synergy95/Antagonism95 Volumes Interpretation

synergy 1/−7 Additive
antagonism 2/−4 Additive

synergy 0/−59 Slight antagonism
synergy 0/−67 Slight antagonism
synergy 2/−53 Slight antagonism
synergy 0/−18 Additive



C.A. Luscombe et al. / Antiviral Research 86 (2010) 144–153 149

F ity (E
S agonis
z s repr
r l rIFN

3

a
o
n
a

ig. 4. MacSynergy II plots for antiviral activity against BVDV (A–D) and cytotoxic
ection 2, these plots represent the surfaces generated by the Synergy95 and Ant
ero percent inhibition represent regions of significant (p = 0.05) synergy and valley
IFN�-2b (A and E); ribavirin (B and F); ribavirin with fixed concentration of 5 IU/m

.4. BIT225 shows synergy with nucleoside analogues
No other therapeutic compounds, apart from IFNs and rib-
virin, have yet been approved for use in HCV patients. However,
f those under development, the two main classes are the
ucleoside analogues and the protease inhibitors (Tomei et
l., 2005; Sarrazin et al., 2007; Liu-Young and Kozal, 2008).
–H) data for representative compound combination experiments. As described in
m95 values calculated from the data. Mountains above the plane of additivity at
esent antagonism. All plots show compounds in combination with BIT225 (x-axis):
�-2b (C and G); ribavirin with fixed concentration of 10 IU/ml rIFN�-2b (D and H).

Of these, some nucleoside analogues have been shown to
be effective in the BVDV model. We further investigated

the antiviral interaction between BIT225 and two nucleoside
analogues active against BVDV: 2′-C-methyladenosine (CMA),
and 2′-C-methylcytidine (CMC). Their anti-HCV activities have
previously been reported (Carroll et al., 2003). Our data sug-
gested that both of these nucleoside analogues as stand-alone
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Fig. 5. The antiviral effect of representative combinations of BIT225 and rIFN�-
2b ± ribavirin against BVDV. (A) The effect on BIT225 dose–response curves of:
BIT225 alone (circles); BIT225 plus 5 IU/ml rIFN�-2b (triangles); BIT225 plus 5 IU/ml
rIFN�-2b plus 1.25 �g/ml ribavirin (squares); BIT225 plus 10 IU/ml rIFN�-2b plus
1.25 �g/ml ribavirin (inverted triangles with dashed line). (B) Comparative antiviral
e
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ffects of particular compound concentrations, either stand-alone or in the indicated
ombinations.

ompounds were active against BVDV (Fig. 6A). Combination
xperiments revealed that increasing concentrations of either
MA or CMC caused a leftward shift of BIT225 dose–response
urves, indicative of decreased IC50 values for BIT225 (Fig. 6B
nd C). MacSynergy II analysis confirmed that there was sig-
ificant synergy between BIT225 and both CMA and CMC
Fig. 6D and E; Table 1). The combination of 31 nM BIT225 plus
.5 �M CMA caused approximately 75% inhibition of BVDV CPE
Fig. 6B).

. Discussion

BIT225 – a novel small molecule – was identified as an
nhibitor of the ion channel activity of HCV p7 after screen-
ng Biotron’s antiviral compound library. Against the HCV-related

estivirus, BVDV, BIT225 has potent stand-alone antiviral activ-

ty with an IC50 of 314 nM (Fig. 3A). Also in the BVDV system,
here is strong synergism between the antiviral actions of BIT225
nd rIFN�-2b (Fig. 4A). This synergy was enhanced in the pres-
nce of low concentrations of ribavirin (Fig. 4C and D), such
search 86 (2010) 144–153

that almost complete inhibition of virus replication was achieved
with a triple-drug combination containing only 31 nM BIT225
(one-tenth of its stand-alone IC50 against BVDV) plus concen-
trations of IFN and ribavirin well below their stand-alone IC50
values.

Synergistic antiviral activity was also observed for combinations
of BIT225 with the nucleoside analogues 2′-C-methyl-adenosine
and 2′-C-methyl-cytidine (Fig. 6), both of which are known to
inhibit the HCV RNA-dependent RNA polymerase.

Over the years, BVDV system has proven to be a very good pre-
dictor of anti-HCV activity for compounds and anti-flaviviral drug
combinations. For example, imminosugars (Durantel et al., 2001)
and amantadine (Griffin et al., 2004) inhibited both BVDV and HCV
in vitro, and IFN/ribavirin combinations showed similar synergistic
activity against BVDV, as they did for HCV. Consequently, BIT225
not only has potential application as a tool for basic research or
veterinary use in the bovine industry, but also, investigation of the
potential utility of BIT225 (or BIT225-like molecules) in anti-HCV
therapeutic cocktails is a high priority in our future drug develop-
ment strategy.

To date, BIT225 has completed two phase I human trials (see
www.biotron.com.au): a phase Ia escalating single dose safety
and pharmacokinetics study in healthy volunteers; and a phase
Ib 7-day multi-dosing study in HCV-infected subjects at two
selected doses (also primarily a safety and pharmacokinetics
study). In the latter trial a modest but statistically significant
drop in viral load was associated with BIT225 treatment at the
higher dose, establishing proof of concept and providing impetus
for further development of this new class of anti-HCV com-
pounds.

The obvious direction for future research lies in characteriza-
tion of BIT225 and its mechanism of action in HCV cell culture
systems. So far, difficulties of access to the JFH1 system (in part
associated with our commercial goals) have limited our ability to
characterize BIT225 in this system. However, preliminary experi-
ments with JFH1 – performed by T. Suzuki and T. Wakita (National
Institute of Infectious Diseases, Tokyo, Japan) – revealed evidence
of anti-HCV activity of BIT225 (manuscript in preparation). In addi-
tion, experiments with subgenomic HCV replicons – which do
not express p7 – show a lack of inhibition by BIT225, consistent
with inhibition of p7 being integral to the antiviral mechanism of
action.

The major reason for development of therapeutic antiviral
drug combinations is that stand-alone small molecule compounds
rapidly lead to development of viral resistance. For HCV, this has
been documented for NS3 protease and NS5B polymerase inhibitors
in clinical trials (Tomei et al., 2005; Sarrazin et al., 2007; Liu-Young
and Kozal, 2008) as well as for amantadine (Chan et al., 2002;
Maynard et al., 2006). As shown by current highly active antiretro-
viral therapy (HAART) strategies used for management of HIV-1
infection, the rate of generation of resistance is greatly reduced by
simultaneously treating viral infections with multiple drugs, tar-
geting different viral and cellular proteins. The same approach is
likely to be useful in HCV treatments, with the added benefit that it
is possible to cure viral infection from individual patients after rel-
atively short-term treatments. Indeed, a recent small scale phase II
study reported sustained virological response in 8 out of 12 geno-
type 1 patients after treatment with triple combinations of the
protease inhibitor telepravir, Peg-IFN �-2a and ribavirin (Lawitz
et al., 2008) and these results are supported by data from the larger
scale phase II trials PROVE 1 and PROVE 2 (Zeuzem, 2008).
The strong synergy between BIT225, rIFN�-2b and ribavirin
(as well as anti-HCV nucleoside analogues) that we report here,
argues well for the possibility of future development of BIT225,
or related compounds, for use in combination therapies for HCV
treatment.

http://www.biotron.com.au/
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Fig. 6. Effect of nucleoside analogues and combinations of BIT225 plus nucleoside analogues on BVDV CPE: (A) shows the dose–response curves for CMA (squares) and CMC
( dicat
E mbina

a
c
r
C
l
e
i

diamonds); (B and C) respectively, show the effect of various concentrations (as in
rror bars are SEM for n = 3 experiments. (D and E) show MacSynergy II plots for co

What is the mechanism of action of BIT225? In terms of stand-
lone BIT225, there are two clear observations concerning the
ompound reported in this manuscript: (a) BIT225 inhibits BVDV

eplication and (b) it inhibits the ion channel activity of HCV p7.
learly many details remain to be elucidated to establish all the

inks in chain of the mechanism of antiviral activity of BIT225. Nev-
rtheless, based on current knowledge of viroporins and their roles
n virus replication, we propose that the simplest broad hypothesis
ed in the inset legends) of CMA and CMC on the dose–response curves for BIT225.
tions of BIT225 with CMA and CMC, respectively.

remains that inhibition of p7 channel activity in infected host cells
is involved in the mechanism of action of BIT225: as opposed to
the alternate hypothesis that the compound acts on BVDV by some

completely identified pathway not involving the p7 protein.

To reiterate the evidence that BIT225 inhibits p7 channel activ-
ity: as a consequence of screening Biotron’s compound library,
BIT225 was identified using two separate assays of p7 function. The
bacterial bioassay was used as the initial high-throughput screen
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o identify compounds able to reverse growth inhibition caused
y expression of p7 channels in the bacterial cell membrane. This
ell-based method is a relatively indirect assay, however, the com-
ounds selected by this screen are then further characterized in a
ery direct assay of p7 channel function: in the planar lipid bilayer
ystem, a highly purified synthetic peptide with sequence corre-
ponding to the p7 protein of HCV strain H77 (genotype 1a) was
econstituted into synthetic phospholipid bilayers and ion currents
cross the membrane, due to spontaneous p7 channel formation,
ere measured. Although the bilayer experiments are relatively

ntricate and time consuming, the advantage of the system is that
e can confidently attribute the ion currents to channels formed by

he p7 peptide. Consequently, the complete and reproducible ces-
ation of the ion currents upon addition of BIT225 (Fig. 2) allows
s to confidently conclude that BIT225 is able to inhibit HCV p7

on channels in planar lipid bilayers. This conclusion is valid even
hough, in the experiments reported here, only a single chosen con-
entration (100 �M) was tested. It is, possible that BIT225 inhibits
VDV by targeting an activity of a protein other than the p7 ion
hannel. We believe this is unlikely.

Formation of cation-selective ion channels is the only functional
ctivity of p7 so far identified (Griffin et al., 2003; Pavlovic et al.,
003; Premkumar et al., 2004), and from a viral replication per-
pective, HCV p7 protein is known to be involved in virion assembly
nd release (Steinmann et al., 2007a). Thus, a circumstantial mech-
nistic link between these two activities is implied. Mutagenesis
xperiments have firmed up the link between the ion channel activ-
ty of p7 and its roles in virus replication: site-directed mutations
n the loop region of p7 – a short hydrophilic segment between the
wo trans-membrane helices – abolish both p7 ion channel activity
Griffin et al., 2004) and infectivity of HCV in chimpanzees (Sakai et
l., 2003). The same correlation has been demonstrated with BVDV
7 mutants (Harada et al., 2000).

BIT225 may represent a new tool for probing the role of ion chan-
el function in the replication HCV and related viruses: for example,

uture attempts to generate BIT225 resistant mutants and to corre-
ate resistance to changes in the p7 gene and ion channel function

ay prove fruitful. Such resistance mutants would provide another
iece in the puzzle; but still the precise mechanism by which ion
hannel activity assists virus replication would remain to be elu-
idated. In the case of the analogous viral ion channel encoded by
nfluenza A, the M2 protein, the H+-conductive ion channel activity
s known to critically affect conformation of hemagluttinin dur-
ng intra-cellular trafficking. It seems likely that a similar general
rocess may apply in HCV, whereby p7 channel activity manipu-

ates the ion gradients across membranes of intracellular vesicles
t the site of HCV assembly, affecting local protein conformations
nd influencing HCV assembly and release.

Strengthening the argument for analogous actions of M2 and p7
s the remarkable observation that the influenza A/M2 inhibitors
mantadine and rimantadine also turn out to inhibit HCV p7 ion
hannel activity and in vitro HCV replication (Griffin et al., 2008).
nfluenza and HCV are widely divergent viruses, just as M2 and p7
re widely divergent proteins sharing very little primary amino acid
equence homology. Similarly, amantadine inhibits the p7 proteins
rom BVDV and HCV, where again only very low conservation of the
rimary amino acid sequences is observed. The common mecha-
ism of inhibition by amantadine is not known, but, there is a high
egree of similarity in the predicted secondary structures of the
roteins (Griffin et al., 2004), which presumably contribute features
hat are involved in the binding of channel blocking molecules. In

he light of this, and given that we have shown that BIT225 can bind
o HCV p7 (required for channel blocking activity), as per our work-
ng hypothesis, the most likely explanation for the mode of action
f BIT225 against BVDV is via inhibition of BVDV p7 ion channel.
his remains to be tested.
search 86 (2010) 144–153

In apparent contrast to amantadine’s “broad-spectrum” ability
to inhibit ion channels of diverse primary sequence such as M2 and
p7, it is also well known that specific, single amino acid substitu-
tions in the M2 protein can cause drug resistance in influenza A.
Similarly, the amino acid sequence of p7 affects the amantadine
sensitivity of HCV (Griffin et al., 2008). Clearly, further research is
required to clarify the subtleties of interactions between p7 and its
inhibitors.

In addition to amantadine and rimantadine (Griffin et al., 2003),
other compounds have been reported that inhibit the HCV p7 ion
channel, namely, long alkylchain imminosugars (Pavlovic et al.,
2003, 2005), and hexamethylene amiloride (HMA) (Premkumar et
al., 2004; StGelais et al., 2007). Imminosugar derivates were found
to inhibit replication of three chimeric JFH-1 reporter viruses in
vitro with representative p7 sequences from genotypes 2a, 1a and
1b (Steinmann et al., 2007b); and HMA is able to inhibit p7 channels
from genotypes 1a (Premkumar et al., 2004) and 1b (StGelais et al.,
2007), although no data has been reported related to the anti-HCV
activity of HMA.

No p7 inhibitor has yet been definitively proven to be effective
against HCV in vivo. So far, clinical data is available for amantadine
where results have been variable, some trials showing a sus-
tained virological response in previous interferon non-responders,
although the net effect was not statistically significant (Deltenre et
al., 2004). In this regard, it is noteworthy that the ability of aman-
tadine to inhibit HCV p7 ion channels and HCV replication in vitro
appears to be highly dependent on the viral genotype and sequence
of the p7 isolate (Haqshenas et al., 2007; Steinmann et al., 2007b;
Griffin et al., 2008). A phase II trial of the imminosugar UT-231B
failed to demonstrate any antiviral efficacy in genotype 1, inter-
feron non-responder HCV-infected subjects (United Therapeutics
company website, clinical trial identifier NCT00069511).

In summary, BIT225 represents the first molecule of a new
class of compounds with antiviral activity against HCV and related
viruses: substituted napthoyl guanidines. The probable mechanism
of action of BIT225 is via inhibition of p7 ion channel activity,
though this remains to be definitively proven. The strong syn-
ergy between BIT225, rIFN� and ribavirin bodes well for the future
development of BIT225, or related analogues, in combination ther-
apies for HCV treatment.
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