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The National Research Council has recommended that at least one, preferably two, polio antiviral drugs 
be developed as a supplement to the tools currently available for control of polio outbreaks post- eradi- 
cation. The primary application of such drugs is expected to be the resolution of chronic poliovirus excre- 
tion in perso ns with primary immunodeficiency disorders. We have assessed the in vitro activity of AG- 
7404 (also known as ‘‘compound 1’’), an inhibitor of picornavira l 3C protease, against a large panel of pro- 
grammaticall y important poliovirus strains and its activity in combination with two poliovirus capsid 
inhibitors, V-073 and BTA798. AG-7404 was active against all viruses in this panel, with EC50 values rang- 
ing from 0.080 to 0.674 lM. Similarly, BTA798 was active against all viruses in this panel, with EC50 val-
ues ranging from 0.003 to 0.591 lM. By comparison, values for V-073 were 0.003–0.126 lM. BTA798 was 
active against V-073-res istant variants with an alanine to valine change in VP3 at position 24. However,
BTA798 was inactive agai nst the V-073-resistant strains with amino acid substitutions at VP1 amino 
acids 194 (equivalent to 192 in type 3) and 236. As expected from its different mechanism of action,
AG-7404 was fully active against all V-073-resistant variants, with EC50 values ranging from 0.218 to
0.819 lM, compared to values of 0.202–0.407 lM for the V-073-su sceptible parental strains. In vitro drug 
combination experiments demonstrated synergy between AG-7404 and either V-073 or BTA798, whereas 
the combination of the two capsid inhibitors acted additively.

Published by Elsevier B.V.
1. Introduction drugs be developed as a supplement to the tools currently avail- 
The Global Polio Eradication Initiative (GPEI) has relied exclu- 
sively on the oral polio vaccine (OPV), an inexpensive and easily 
administere d live, attenuated vaccine (Sutter et al., 2008 ). OPV is
generally safe and has been highly effective under most circum- 
stances. Normally, OPV viruses are excreted in the stool of healthy 
vaccinated individuals for several weeks (Duintjer Tebbens et al., in
press). When individuals with a primary immune deficiency with 
immunoglo bulin deficit, such as agammaglobul inemia or com- 
bined variable immunodeficiency, receive OPV, the virus may rep- 
licate persistently, accumulating genetic changes associated with 
reversion to neurovirulence and posing a risk of paralysis for the 
infected individual and compromi sing efforts to eradicate the virus 
(Minor, 2009 ).

The National Research Council of the National Academies has 
recommend ed that at least one, preferably two, polio antiviral 
able for control of polio outbreaks post-erad ication (National Re- 
search Council, 2006 ). The primary application of such drugs is
expected to be control of chronic poliovirus excretion in persons 
with primary immunodeficiency disorders (Collett et al., 2008 ).
Pursuant to the NRC recommend ation, poliovirus-s pecific capsid 
inhibitor V-073 is being advanced clinically to assess the potential 
utility of poliovirus antiviral drugs in the managemen t of polio 
incidents (http://www.taskforce.org/o ur-work/progr ams/global- 
polio-era dication ). As with the application of any antiviral drug,
treatment- emergent drug resistance may occur, of which the con- 
sequence s must be understo od. While not found in nature, we have 
recently demonstrat ed that poliovirus variants with reduced sus- 
ceptibilit y to V-073 can be isolated in cell culture at a frequenc y
of 3 � 10�5–4 � 10�4 from otherwise drug-suscep tible virus popu- 
lations (Liu et al., 2012 ). Amino acid substitution s conferring resis- 
tance to V-073 map to capsid residues that interact directly with 
the drug and prevent drug entry into the hydrophobi c ‘‘pocket’’ be- 
low the virion surface (Liu et al., 2012 ). Therefore, it is important to
develop an additional compound(s) with a different site or
mechanis m of action to complement the use of V-073 in chronic 
polioviru s excretors. Theoretical ly, the combination resistance 
frequenc y for two drugs with independent sites of action is the 
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product of their individual resistance frequencies, resulting in an
extremely low rate of dual resistance.

AG-7404 is an irreversibl e inhibitor of the picornaviral 3C pro- 
tease with demonstrat ed activity against human rhinoviruses and 
several human enteroviruses, including polioviru ses (De Palma 
et al., 2008a; Dragovich et al., 2003; Patick, 2006; Patick et al.,
2005). This compound is attractive for use in combinati on with 
V-073 because of its demonst rated anti-poli ovirus activity, its dis- 
tinct mechanis m of action, and its preliminar y evaluation in a hu- 
man phase I clinical trial. We have assessed the in vitro activity of
AG-7404 against a large panel of programmati cally important 
poliovirus strains and its activity in combinati on with two poliovi- 
rus capsid inhibitors, V-073 and BTA798.
2. Materials and methods 

2.1. Antiviral compounds 

Capsid inhibitors V-073 (Buontem po et al., 1997 ) and BTA798 
(Watson et al., 2003 ) were provided by ViroDefense Inc., Rockville ,
Table 1
Activity of V-073, BTA798, and AG-7404 against a pane l of 45 polioviruses.

Strain Country/Year collected Serotype Origin 

10235 Dominican republic/2000 PV1 cVDPV 
10236 Dominican republic/2000 PV1 cVDPV 
10238 Dominican republic/2000 PV1 cVDPV 
10237 Haiti/2000 PV1 cVDPV 
10239 Haiti/2001 PV1 cVDPV 
10240 Haiti/2001 PV1 cVDPV 
10241 Haiti/2001 PV1 cVDPV 
10242 Haiti/2001 PV1 cVDPV 
10690 Philippines/2001 PV1 cVDPV 
10691 Philippines/2001 PV1 cVDPV 
10692 Philippines/2001 PV1 cVDPV 
10693 Philippines/2001 PV1 cVDPV 
10694 USA/2005 PV1 iVDPV 
10695 USA/2005 PV1 iVDPV 
10668 Taiwan/2002 PV1 iVDPV 
10689 Taiwan/2002 PV1 iVDPV 
10223 USA/1982 PV1 iVDPV 
10222 USA/1981 PV1 iVDPV 
10225 USA/1990 PV1 iVDPV 
10224 USA/1987 PV1 iVDPV 
Brunhilde USA/1939 PV1 Wild 
Mahoney USA/1942 b PV1 Wild 
Sabin 1 OPV a Vaccine strain PV1 Vaccine 
10229 Egypt/1993 PV2 cVDPV 
10230 Egypt/1998 PV2 cVDPV 
10231 Egypt/1998 PV2 cVDPV 
10232 Egypt/1999 PV2 cVDPV 
10233 Egypt/1999 PV2 cVDPV 
10234 Egypt/1999 PV2 cVDPV 
10219 Madagascar/2002 PV2 cVDPV 
10220 Madagascar/2002 PV2 cVDPV 
10243 Nigeria/2002 PV2 cVDPV 
10221 USA/1999 PV2 iVDPV 
10228 USA/1992 PV2 iVDPV 
10226 USA/1991 PV2 iVDPV 
10227 USA/1991 PV2 iVDPV 
Lansing USA/1937 PV2 Wild 
MEF-1 Egypt/1942 b PV2 Wild 
P712 USA/1954 PV2 Wild 
Sabin 2 OPV a Vaccine strain PV2 Vaccine 
10804 Egypt/2007 PV3 iVDPV 
10805 Iran/2007 PV3 iVDPV 
Saukett USA/1962 b PV3 Wild 
Leon USA/1937 PV3 Wild 
Sabin 3 OPV a Vaccine strain PV3 Vaccine 

a The Sabin type 1, 2, and 3 oral polio vaccine (OPV) strains are PV1-LSc/2ab, PV2-P71
b PV1-Mahoney, PV2-MEF-1, and PV3-Saukett are seed strains for inactivated polio va
c All values are in lM and based on at least three independent determinations. Value
MD, and Biota Holdings Ltd., Notting Hill, Victoria, Australia,
respectively . Picornaviru s 3C protease inhibitor AG-7404 (Drago-
vich et al., 2003 ) was obtained through the Pure Powder Gift Pro- 
gram of Pfizer Inc., Groton, CT.

2.2. Viruses 

Antiviral activity was evaluated in a cell culture cytopathic ef- 
fect (CPE) assay using a panel of 45 polioviru ses (Table 1), as de- 
scribed previousl y (Oberste et al., 2009 ). The panel consists of
viruses of all three poliovirus (PV) serotypes and includes wild ref- 
erence strains (PV1-Brunhilde, PV1-Mah oney, PV2-Lansi ng, PV2- 
MEF-1, PV2-P712, PV3-Leon, and PV3-Sauket t), the three Sabin 
vaccine strains, representat ive circulating vaccine-derive d poliovi- 
rus (cVDPV) isolates (12 PV1-cVDPV , nine PV2-cVDPV) and vac- 
cine-deri ved polioviruses from immunodeficient chronic 
excretors (iVDPV; eight PV1-iVDPV, four PV2-iVDP V, two PV3- 
iVDPV) collected from numerous geographic regions over the per- 
iod 1981–2007 (Table 1). In addition, we assessed antiviral activity 
of BTA798 and AG-7404 against VDPV strains of all three poliovirus 
serotypes that had been selected for resistance to V-073 (Liu et al.,
V-073 EC50 ± SDc AG7404 EC50 ± SDc BTA798 EC50 ± SDc

0.018 ± 0.003 0.289 ± 0.052 0.202 ± 0.087 
0.029 ± 0.021 0.199 ± 0.115 0.271 ± 0.087 
0.014 ± 0.006 0.297 ± 0.070 0.293 ± 0.045 
0.011 ± 0.005 0.296 ± 0.028 0.227 ± 0.050 
0.014 ± 0.003 0.199 ± 0.023 0.359 ± 0.231 
0.015 ± 0.007 0.337 ± 0.028 0.032 ± 0.006 
0.083 ± 0.055 0.244 ± 0.099 0.057 ± 0.033 
0.017 ± 0.013 0.291 ± 0.017 0.079 ± 0.015 
0.029 ± 0.006 0.240 ± 0.176 0.426 ± 0.215 
0.018 ± 0.012 0.402 ± 0.030 0.021 ± 0.021 
0.029 ± 0.015 0.455 ± 0.143 0.255 ± 0.129 
0.008 ± 0.003 0.345 ± 0.050 0.068 ± 0.043 
0.014 ± 0.002 0.446 ± 0.127 0.236 ± 0.205 
0.008 ± 0.005 0.384 ± 0.018 0.129 ± 0.109 
0.021 ± 0.015 0.133 ± 0.059 0.084 ± 0.085 
0.042 ± 0.029 0.236 ± 0.028 0.047 ± 0.020 
0.010 ± 0.008 0.166 ± 0.085 0.066 ± 0.025 
0.015 ± 0.009 0.502 ± 0.172 0.211 ± 0.196 
0.017 ± 0.010 0.349 ± 0.051 0.189 ± 0.104 
0.069 ± 0.064 0.334 ± 0.047 0.039 ± 0.014 
0.018 ± 0.009 0.317 ± 0.099 0.052 ± 0.049 
0.076 ± 0.052 0.321 ± 0.063 0.049 ± 0.010 
0.017 ± 0.000 0.173 ± 0.137 0.079 ± 0.037 
0.020 ± 0.022 0.427 ± 0.088 0.003 ± 0.000 
0.036 ± 0.019 0.502 ± 0.152 0.058 ± 0.021 
0.028 ± 0.013 0.313 ± 0.206 0.591 ± 0.194 
0.019 ± 0.013 0.411 ± 0.174 0.162 ± 0.092 
0.024 ± 0.014 0.374 ± 0.247 0.053 ± 0.030 
0.009 ± 0.001 0.386 ± 0.185 0.068 ± 0.035 
0.023 ± 0.014 0.427 ± 0.066 0.096 ± 0.024 
0.010 ± 0.007 0.349 ± 0.116 0.174 ± 0.131 
0.038 ± 0.008 0.349 ± 0.228 0.075 ± 0.059 
0.027 ± 0.008 0.278 ± 0.052 0.134 ± 0.054 
0.126 ± 0.063 0.266 ± 0.070 0.005 ± 0.003 
0.019 ± 0.001 0.236 ± 0.134 0.020 ± 0.029 
0.019 ± 0.019 0.367 ± 0.208 0.182 ± 0.095 
0.007 ± 0.000 0.261 ± 0.102 0.067 ± 0.014 
0.026 ± 0.025 0.554 ± 0.100 0.069 ± 0.051 
0.003 ± 0.000 0.200 ± 0.053 0.109 ± 0.102 
0.016 ± 0.012 0.305 ± 0.148 0.030 ± 0.034 
0.042 ± 0.026 0.305 ± 0.158 0.119 ± 0.047 
0.029 ± 0.005 0.357 ± 0.133 0.032 ± 0.015 
0.062 ± 0.008 0.240 ± 0.096 0.246 ± 0.038 
0.109 ± 0.119 0.270 ± 0.067 0.087 ± 0.025 
0.020 ± 0.007 0.137 ± 0.007 0.033 ± 0.003 

2, and PV3-Leon, respectively.
ccine.
s for V-073 (Oberste et al., 2009 ) are shown for comparison.
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2012). All viruses were propagated on HeLa cells in a 5% CO2 atmo-
sphere at 37 �C in minimal essential medium (MEM) with Earle’s 
salts (Invitrogen, Carlsbad, CA), supplemented with 2% fetal bovine 
serum (FBS; Atlas Biologicals, Fort Collins, CO, or Thermo Scientific,
Lafayette, CO).

2.3. Drug susceptibility assay 

Virus inhibition by drug and determination of the median effec- 
tive concentr ation (EC50) were performed as described previously 
(Pevear et al., 1999 ). Briefly, drug and virus were combined with 
HeLa cells in 96-well plates in a cross-titrati on format (0.5 log 10 se-
rial dilutions of both drug and virus) to ensure reaching endpoints 
for both drug and virus titrations, with duplicate wells for each 
drug-virus concentration. After three days incubation at 37 �C,
plates were stained with crystal violet (0.05% crystal violet, 0.5%
Tween-20, 50% ethanol), washed three times with deionized water,
and allowed to dry overnight. Viral CPE was measure d by reading 
absorbance at 590 nm. EC50 values were derived by analyzing 
dose–response absorbance values by four-paramete r curve fitting
using Prism 5.04 (GraphPad Software , Inc., La Jolla, CA).

2.4. Evaluation of AG-7404 activity in combination with V-073 or
BTA798

The assay design used a checkerboar d dilution matrix 
(cross-titration) of 0.5 log 10 serial dilutions of each of the drugs 
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Fig. 1. Distribution of EC50 values for V-073, BTA798, and AG7404, against a panel 
of 45 polioviruses, derived from the data in Table 1.

Table 2
Activity of BTA798 and AG-7404 against V-073 resistant polioviruses.

Strain Country Serotype aa

10235 Dominican republic PV1 –
10235 Dominican republic PV1 l1
10235 Dominican republic PV1 A
10230 Egypt PV2 –
10230 Egypt PV2 l1
10230 Egypt PV2 A
10805 Iran PV3 –
10805 Iran PV3 l1
10805 Iran PV3 F1
10805 Iran PV3 A

a Amino acid residues and positions are indicated by parental amino acid, viral 
I1194F = isoleucine at VP1 position 194 changed to phenylalanine.

b All values are in lM and based on at least three independent determinations.
c V-073-sensitive parental virus.
d Compound was not active at the highest concentration tested, 10 lM.
individua lly and in pairwise combinations . HeLa cells were seeded 
in 96-well plates at 2 � 105 cells/mL in 200 lL MEM with 2% FBS.
Immediatel y following addition of drug(s), the cells were infected 
with 100 CCID 50 of poliovirus type 1, type 2, or type 3 (all Sabin vac- 
cine strains). The concentration range for AG-7404 was 0.09–
5.12 lM, 0.025–0.625 lM for V-073, and 0.20–1.25 lM for 
BTA798. Theoretical additive interactio ns of the drugs based on
the Bliss Independence mathematical definition of expected effects 
for drug–drug interactions was calculated by using MacSynergy II
(Prichard et al., 1993 ). Interpret ation of significance of the observed 
volumes of synergy or antagonism, depicted in the differential sur- 
face plots, was based upon the guidelines provided in the MacSyn- 
ergy II documentat ion. The reproducibility of the peak volumes was 
assessed using the mean and sample standard deviation of results 
of at least three replicate experiments. The synergy (or antagoni sm)
volume is the three-dimensio nal counterpart of the area under a
dose response curve, expressed in lM2%, and is a quantitat ive mea- 
sure of synergy or antagonism. The volume above the 95% confi-
dence interval for the theoretical additive surface was used to
categorize the degree of synergy according to the MacSynergy II
user’s manual: strong synergy (>100), moderate synergy (50–
100), minor synergy (25–50), additive (�25–25), minor antagonism 
(�25–�50), moderate antagonism (�50–�100), and strong antago- 
nism (<�100) (Prichard et al., 1993; Prichard and Shipman, 1990 ).
3. Results 

3.1. Anti-polio virus activity of AG-7404 and BTA798 

The spectrum of AG-7404 and BTA798 activity against a panel 
of 45 polioviruses was evaluated in a cell culture CPE assay. The pa- 
nel consisted of viruses from all three poliovirus serotypes and in- 
cluded wild reference strains, the three Sabin vaccine strains, and 
representat ive circulating vaccine-derive d poliovirus (cVDPV) and 
vaccine-d erived polioviruses from immunodeficient chronic excre- 
tors (iVDPV) (Oberste et al., 2009 ). AG-7404 was active against all 
viruses in this panel, with EC50 values ranging from 0.080 to
0.674 lM (Table 1). Similarly , BTA798 was also active against all 
viruses in the panel, with EC50 values ranging from 0.003 to
0.591 lM (Table 1). By comparison, the values for V-073 were 
0.003–0.126 lM (Table 1) (Oberste et al., 2009 ). The distribution 
of drug susceptibilities of the 45 polioviru ses to all three drugs is
depicted in Fig. 1. Ninety percent of all polioviruses tested were 
inhibited by AG-7404 at an EC50 value of 60.446 lM
(MIC90 = 0.446 lM) and by BTA798 at an EC50 value of
60.236 lM (MIC90 = 0.236 lM), compared to an MIC 90 of
0.076 lM for V-073 (Oberste et al., 2009 ).
Change a BTA798 EC50 ± SDb AG-7404 EC50 ± SDb

c 0.546 ± 0.115 0.202 ± 0.063 
194F >10 d 0.218 ± 0.043 
3024V 0.681 ± 0.103 0.227 ± 0.026 
c 0.182 ± 0.072 0.314 ± 0.044 
194M >10 d 0.318 ± 0.042 
3024V 0.032 ± 0.016 0.269 ± 0.026 
c 0.028 ± 0.009 0.407 ± 0.079 
192F >10 d 0.819 ± 0.205 
236L >10 d 0.394 ± 0.020 

3024V 0.025 ± 0.004 0.593 ± 0.045 

protein affected, position within that protein, and substituted amino acid; e.g.
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3.2. Cross-resistan ce between capsid inhibitors 

To assess potential cross-resista nce between V-073 and 
BTA798, we tested the ability of BTA798 to inhibit poliovirus vari- 
ants selected in cell culture for resistance to V-073 (Liu et al.,
2012). BTA798 was active against V-073-resistan t variants with 
changes at VP3 position 24 (Ala to Val), with EC50 values in the 
same range as its activity against the V-073-sus ceptible parental 
strains (0.025–0.681 lM and 0.028–0.546 lM, respectively)
(Table 2). However , BTA798 was inactive against V-073 resistant 
strains with amino acid substitution s at VP1 amino acids 194 
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Fig. 2. Effects of AG-7404 in combination with V-073 or BTA798 on CPE induced by Sab
confidence interval data generated using MacSynergy II. Volumes of synergy or antagonis
The shading indicates the level of synergy or antagonism; the legend in panel A applies to
V-073 + BTA798. A, D, G. Sabin 1. B, E, H. Sabin 2. C, F, I. Sabin 3.
(residue 192 in type 3) and 236. As expected from its different 
mechanis m of action, AG-7404 was fully active against all V-073- 
resistant variants, with EC50 values ranging from 0.218 to
0.819 lM, compare d to values of 0.202–0.407 lM for the V-073- 
susceptibl e parental strains (Table 2).

3.3. Synergist ic effect of drug combinations 

Potential synergy between AG-7404 and the two capsid inhibi- 
tors was assessed by combining AG-7404 with V-073 or BTA798 in
varying proportions, with the range of absolute concentrations 
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spanning the EC50 values for each drug. CPE inhibition was mea- 
sured for each of the three Sabin poliovirus strains (Fig. 2). For 
comparison, we also assessed the effect of combining V-073 and 
BTA798. These two compounds are expected to function additively 
because they each inhibit CPE by binding to the same site below 
the virion surface. The degree of synergy was measured by calcu- 
lating the volume of inhibition above the upper 95% confidence
interval for the theoretical surface of additivity (Prichard et al.,
1993). The combination of V-073 and AG-7404 exhibited strong 
synergy for all three Sabin strains, with volume values of
580 lM2%, 459 lM2%, and 288 lM2%, for Sabin 1, Sabin 2, and Sa- 
bin 3, respectively (Fig. 2A–C). The combination of BTA798 and 
AG-7404 also exhibited strong synergy for all three Sabin strains,
with volume values of 463 lM2%, 245 lM2%, and 579 lM2%, for Sa- 
bin 1, Sabin 2, and Sabin 3, respectively (Fig. 2D–F). As expected,
the combined effect of V-073 and BTA798 was additive for all three 
strains (Fig. 2G–I). Combinations of V-073 with either BTA798 or
AG-7404 had no effect on the viability of uninfected HeLa cells 
(data not shown) and, for all three compounds, the 50% cytotoxic 
concentratio n (CC50) was >10 lM, the highest concentr ation 
tested.
4. Discussion 

Immunodeficient chronic poliovirus excretors represent a com- 
munity reservoir of virulent poliovirus, and consequentl y pose a
risk to maintenance of a polio-free world. These individuals must 
be identified and their polioviru s excretion stopped, presumably 
through the use of antiviral drugs. However, the emergence of
resistant variants may compromi se drug efficacy should the resis- 
tant variants be of sufficient fitness to dominate. Conseque ntly, as
recommend ed by the NRC (National Research Council, 2006 ), it is
prudent that at least two mechanistic ally distinct anti-poli ovirus 
compounds be developed.

One of the best-studied targets for picornav irus antiviral ther- 
apy is a hydrophobic pocket beneath the viral capsid surface 
formed principally by the VP1 protein (Hogle et al., 1985; Pevear 
et al., 1989 ). Capsid inhibitors bind into this pocket, displacing 
the resident fatty acid molecule (possibly sphingosine) and in
doing so, increase virion rigidity, thus inhibiting disassembly 
(uncoating) of the virion (McKinlay et al., 1992 ). One such capsid 
inhibitor, V-073, has been shown to inhibit a wide range of polio- 
virus strains in vitro (Oberste et al., 2009 ). V-073 has successfully 
completed a phase I human safety trial, and a phase II proof-of- 
concept trial is in progress (https://www.c linicaltrialsreg ister.eu/ 
ctr-search/sear ch?query=eudr act_number:20 11-004804-38 ).
BTA798, another capsid inhibitor, is under developmen t for the 
treatment of human rhinovirus infections , particularly in high-risk 
chronic obstructive pulmonary disease and asthma patients 
(http://www.biota.com.au/?p age=1021001& subpage=10 21018 ).
In addition to its activity against human rhinoviruses, BTA798 has 
been shown to be active in vitro against polioviru s type 1 (De Pal- 
ma et al., 2008b; Thibaut et al., 2011 ).

While V-073-resistan t variants have not been identified in nat- 
ure, they can be selected for in cell culture from otherwis e drug- 
susceptible poliovirus populations (Liu et al., 2012 ). The resistance 
phenotype correlate d with specific amino acid changes in capsid 
residues that line the hydrophobic pocket. While V-073 and 
BTA798 target the same site on the capsid, they are chemically dis- 
tinct and structura l differences between the two compounds likely 
affect the specific interactions with amino acid residues in and 
around the hydrophobic pocket. Indeed, the differential activity 
of BTA798 against polioviruses selected for resistance to V-073 (Ta-
ble 2) supports this assertion. While BTA798 was fully active 
against V-073-res istant viruses with an Ala-to-Val change in VP3 
amino acid 24, V-073-resistan t polioviruses with specific changes 
in VP1, at amino acids 194 (192 in PV3) or 236 were also resistant 
to BTA798. Because of partial cross-resi stance, the two capsid 
inhibitors are not ideal candidates for combination therapy of
polioviru s infection.

AG-7404 (‘‘compound 1’’) is an irreversibl e inhibitor of 3C pro- 
tease function with improved physicochemi cal and systemic phar- 
macokin etic propertie s over predecessor compounds (e.g.,
rupintriv ir [AG-7088] , Pfizer (Patick et al., 2005 ). While originally 
being develope d for rhinovirus indications (Kaiser et al., 2000; Pa- 
tick et al., 1999, 2005 ), both rupintriv ir and AG-7404 have activity 
against the Sabin polioviru s strains (De Palma et al., 2008a; Thibaut 
et al., 2011 ). Here, we have expanded the breadth of AG-7404 anti- 
polioviru s activity to a panel of 45 programmatical ly relevant pol- 
ioviruses . We further show that AG-7404 is active against both cat- 
egories of V-073-resistan t virus variants. Prelimina ry drug 
resistance studies suggest that the resistance frequency for the 
combinati on of AG-7404 and V-073 is significantly lower than for 
either compound alone (data not shown). These data, together 
with the synergist ic antiviral activity observed when combined,
indicate that further investigation of AG-7404-V-073 combination 
therapy is warranted.
Role of the funding source 

This research was funded through federal appropriations in
support of global polio eradication. The respective drug sponsors 
were informed of the study results but had no role in study design,
in the collection, analysis, and interpretation of data, in the writing 
of the report, and in the decision of where to submit the manu- 
script for publication.

Acknowled gements 

The authors thank Chuck Knirsch and Margaret Tawadrous,
Pfizer, Inc., Marc Collett, ViroDefense , Inc., and Simon Tucker, Biota 
Holdings, Ltd., for providing compounds and for helpful discus- 
sions. We are deeply indebted to Walter Dowdle and the Task Force 
for Global Health for their continued support and champio ning of
the Polio Antiviral s Initiative .

References

Buontempo, P.J., Cox, S., Wright-Minogue, J., De Martino, J.L., Skelton, A.M., Ferrari,
E., Albin, R., Rozhon, E.J., Girijavallabhan, V., Modlin, J.F., O’Connell, J.F., 1997.
SCH 48,973: a potent, broad-spectrum, antienterovirus compound. Antimicrob.
Agents Chemother. 41, 1220–1225.

Collett, M.S., Neyts, J., Modlin, J.F., 2008. A case for developing antiviral drugs 
against polio. Antiviral Res. 79, 179–187.

De Palma, A.M., Pürstinger, G., Wimmer, E., Patick, A.K., Andries, K., Rombaut, B., De
Clercq, E., Neyts, J., 2008a. Potential use of antiviral agents in polio eradication.
Emerg. Infect. Dis. 14, 545–551.

De Palma, A.M., Vliegen, I., De Clercq, E., Neyts, J., 2008b. Selective inhibitors of
picornavirus replication. Med. Res. Rev. 28, 823–884.

Dragovich, P.S., Prins, T.J., Zhou, R., Johnson, T.O., Hua, Y., Luu, H.T., Sakata, S.K.,
Brown, E.L., Maldonado, F.C., Tuntland, T., Lee, C.A., Fuhrman, S.A., Zalman, L.S.,
Patick, A.K., Matthews, D.A., Wu, E.Y., Guo, M., Borer, B.C., Nayyar, N.K., Moran,
T., Chen, L., Rejto, P.A., Rose, P.W., Guzman, M.C., Dovalsantos, E.Z., Lee, S.,
McGee, K., Mohajeri, M., Liese, A., Tao, J., Kosa, M.B., Liu, B., Batugo, M.R.,
Gleeson, J.P., Wu, Z.P., Liu, J., Meador 3rd, J.W., Ferre, R.A., 2003. Structure-based 
design, synthesis, and biological evaluation of irreversible human rhinovirus 3C
protease inhibitors. 8. Pharmacological optimization of orally bioavailable 2-
pyridone-containing peptidomimetics. J. Med. Chem. 46, 4572–4585.

Duintjer Tebbens, R.J., Pallansch, M.A., Chumakov, K.M., Halsey, N.A., Hovi, T., Minor,
P.D., Modlin, J.F., Patriarca, P.A., Sutter, R.W., Wright, P.F., Wassilak, S.G.F., Cochi,
S.L., Kim, J.-H., Thompson, K.M., in press. Expert review on poliovirus immunity 
and transmission. Risk Anal. http://dx.doi.org/10.1111/risa.12022.

Hogle, J.M., Chow, M., Filman, D.J., 1985. Three-dimensional structure of poliovirus 
at 2.9 A resolution. Science 229, 1358–1365.

Kaiser, L., Crump, C.E., Hayden, F.G., 2000. In vitro activity of pleconaril and AG7088 
against selected serotypes and clinical isolates of human rhinoviruses. Antiviral 
Res. 47, 215–220.

https://www.clinicaltrialsregister.eu/ctr-search/search?query=eudract_number:2011-004804-38
https://www.clinicaltrialsregister.eu/ctr-search/search?query=eudract_number:2011-004804-38
http://www.biota.com.au/?page=1021001&amp;subpage=1021018
http://dx.doi.org/10.1111/risa.12022


E. Rhoden et al. / Antiviral Research 98 (2013) 186–191 191
Liu, H.-M., Roberts, J.A., Moore, D., Anderson, B., Pallansch, M.A., Pevear, D.C., Collett,
M.S., Oberste, M.S., 2012. Characterization of poliovirus variants selected for 
resistance to the antiviral compound V-073. Antimicrob. Agents Chemother. 56,
5568–5574.

McKinlay, M.A., Pevear, D.C., Rossmann, M.G., 1992. Treatment of the picornavirus 
common cold by inhibitors of viral uncoating and attachment. Annu. Rev.
Microbiol. 46, 635–654.

Minor, P., 2009. Vaccine-derived poliovirus (VDPV): impact on poliomyelitis 
eradication. Vaccine 27, 2649–2652.

National Research Council, 2006. Exploring the Role of Antiviral Drugs in the 
Eradication of Polio. The National Academies Press, Washington, DC.

Oberste, M.S., Moore, D., Anderson, B., Pallansch, M.A., Pevear, D.C., Collett, M.S.,
2009. In vitro antiviral activity of V-073 against polioviruses. Antimicrob.
Agents Chemother. 53, 4501–4503.

Patick, A.K., 2006. Rhinovirus chemotherapy. Antiviral Res. 71, 391–396.
Patick, A.K., Binford, S.L., Brothers, M.A., Jackson, R.L., Ford, C.E., Diem, M.D.,

Maldonado, F., Dragovich, P.S., Zhou, R., Prins, T.J., Fuhrman, S.A., Meador, J.W.,
Zalman, L.S., Matthews, D.A., Worland, S.T., 1999. In vitro antiviral activity of
AG7088, a potent inhibitor of human rhinovirus 3C protease. Antimicrob.
Agents Chemother. 43, 2444–2450.

Patick, A.K., Brothers, M.A., Maldonado, F., Binford, S., Maldonado, O., Fuhrman, S.,
Petersen, A., Smith 3rd, G.J., Zalman, L.S., Burns-Naas, L.A., Tran, J.Q., 2005. In
vitro antiviral activity and single-dose pharmacokinetics in humans of a novel,
orally bioavailable inhibitor of human rhinovirus 3C protease. Antimicrob.
Agents Chemother. 49, 2267–2275.

Pevear, D.C., Fancher, M.J., Felock, P.J., Rossmann, M.G., Miller, M.S., Diana, G.,
Treasurywala, A.M., McKinlay, M.A., Dutko, F.J., 1989. Conformational change in
the floor of the human rhinovirus canyon blocks adsorption to HeLa cell 
receptors. J. Virol. 63, 2002–2007.

Pevear, D.C., Tull, T.M., Seipel, M.E., Groarke, J.M., 1999. Activity of pleconaril against 
enteroviruses. Antimicrob. Agents Chemother. 43, 2109–2115.

Prichard, M.N., Aseltine, K.R., Shipman, C.J., 1993. MacSynergy II User’s Manual.
University of Michigan, Ann Arbor, MI.

Prichard, M.N., Shipman Jr., C., 1990. A three-dimensional model to analyze drug–
drug interactions. Antiviral Res. 14, 181–205.

Sutter, R.W., Kew, O.M., Cochi, S.L., 2008. Poliovirus vaccine-live. In: Plotkin, S.A.,
Orenstein, W.A., Offit, P.A. (Eds.), Vaccines Saunders. Elsevier, pp. 631–686.

Thibaut, H.J., Leyssen, P., Puerstinger, G., Muigg, A., Neyts, J., De Palma, A.M., 2011.
Towards the design of combination therapy for the treatment of enterovirus 
infections. Antiviral Res. 90, 213–217.

Watson, K.G., Brown, R.N., Cameron, R., Chalmers, D.K., Hamilton, S., Jin, B.,
Krippner, G.Y., Luttick, A., McConnell, D.B., Reece, P.A., Ryan, J., Stanislawski, P.C.,
Tucker, S.P., Wu, W.Y., Barnard, D.L., Sidwell, R.W., 2003. An orally bioavailable 
oxime ether capsid binder with potent activity against human rhinovirus. J.
Med. Chem. 46, 3181–3184.


	Anti-poliovirus activity of protease inhibitor AG-7404, and assessment  of in vitro activity in combination with antiviral capsid inhibitor compounds
	1 Introduction
	2 Materials and methods
	2.1 Antiviral compounds
	2.2 Viruses
	2.3 Drug susceptibility assay
	2.4 Evaluation of AG-7404 activity in combination with V-073 or BTA798

	3 Results
	3.1 Anti-poliovirus activity of AG-7404 and BTA798
	3.2 Cross-resistance between capsid inhibitors
	3.3 Synergistic effect of drug combinations

	4 Discussion
	Role of the funding source
	Acknowledgements
	References


