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Three different antiviral assays were developed for the in vitro screening of inhibitors of the hepatitis A
virus (HAV) of which (i) a cytopathic effect reduction assay suitable for medium-to-high-throughput 
screening and (ii) two virus yield reduction assays (based on quantification of viral RNA) for genotypes 
IB and IIIA. The assays were validated for antiviral studies with interferon-alpha (IFNa) and amantadine 
HCl, two known inhibitors of HAV replication. IFN a effectively inhibite d HAV replication, whereas the 
activity of amantadine HCl appeared to be strain- dependent. Employing these assays, we asses sed the 
effect of the known enterovirus inhibitors pleconaril, rupintrivir and enviroxime on HAV replication.
Pleconaril exhibited some very moderate activity, the effect of rupintrivir proved to be strain- dependent.
Enviroxime did not inhibit HAV replication, suggesting that phos phatidylinositol-4-kinase IIIb is not cru- 
cial in the HAV life cycle.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction 

Hepatitis A virus (HAV) is an atypical member of the Picornavir-
idae and among the leading causes of enterically transmitted hep- 
atitis worldwide (Wasley et al., 2006 ). Infections are often 
asymptomati c, especially in children, but result occasionally in
jaundice, fever, fatigue and malaise. It is estimated that about 1.5 
million clinical cases of hepatitis A occur annually (Wasley et al.,
2006). Full recovery is the rule for most symptomatic HAV infec- 
tions, although some patients display relapsing infection or fulmin- 
ant hepatitis, especially the elderly. This results in mortality rates 
up to 5.4% in those aged over 50 (World Health Organizatio n,
2011). Superinfecti ons with HAV in patients chronically infected 
with hepatitis B or C are believed to increase morbidity and mor- 
tality (Keeffe, 2000; Vento et al., 1998 ), although these findings
are still subject of debate (Shouval, 2012 ). HAV is transmitted 
through the faeco-oral route and conseque ntly, epidemics most of- 
ten occur in regions with poor hygienic and sanitary conditions.
Although efficacious vaccines are commercially available against 
the single HAV serotype, outbreaks are still reported rather fre- 
quently in developed countries (Donnan et al., 2012; Bordi et al.,
2012). The current treatment is merely supportive: rest, adequate 
hydratation and proper nutritional balance are advised (Jeong
and Lee, 2010 ). For severe infections and for the purpose of con- 
tainment of epidemics, but also to shorten the period of illness 
(several weeks), a safe and potent antiviral molecule would be
much appreciated. A recent report warned for the potential emer- 
gence of new serotypes (Pérez-Sautu et al., 2011 ). Rapid interven- 
tion with an antiviral would be a useful tool in halting the spread of
such vaccine-escape variants.

A limited number of molecule s has been reported to inhibit the 
in vitro replicatio n of HAV. Antiviral activities have been described 
for amantadine, ribavirin, glycyrrhizin, pyrazofu rin, amphoteric in
B, atropine and protamine by using various methodologies such 
as solid-phase radioimmun oassays, antigen stainings and RNA 
hybridiza tion assays (Widell et al., 1986; Superti et al., 1987;
Crance et al., 1990; van Cuyck-Gand ré et al., 1995; Biziagos et al.,
1990). Limited antiviral activity has been described for chlorprom- 
azine and chloroqui ne (Bishop, 1998 ). However, clinical use of
these compounds is hampered by poor selectivity or toxic side ef- 
fects. Interferon-alph a (IFNa) is active in vitro against HAV and has 
shown some effect in the treatment of severe HAV infections 
(Crance et al., 1995; Yoshiba et al., 1994 ), but clinical use is associ- 
ated with severe side effects.

Since the arrival of vaccines, research interest in HAV has de- 
creased substantially (Martin and Lemon, 2006 ). To the best of
our knowledge, no cell-based screening assays against HAV have 
been reported in the last decade. Moreove r, the antiviral assays 
that were reported earlier are labor-intens ive and allow only to
evaluate a small number of molecules. Here we report a cytopathic 
effect (CPE) reduction assay amenable for high-throughp ut screen- 
ing purposes. In addition, we present virus yield reduction assays 
(based on reverse transcriptio n quantitative PCR (RT-qPCR)) that 
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can be used as a secondary assay to confirm and validate the activ- 
ities of hits identified in the CPE-based assay. We employed these 
assays to assess the potential inhibitory activity of a small panel of
known enterovirus inhibitors (pleconaril, rupintriv ir and envi- 
roxime) against HAV.
2. Materials and methods 

2.1. Cells and viruses 

FRhK-4 cells (ATCC CRL-1688) and BS-C-1 cells (ATCC CCL-26)
were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Gent, Belgium) supplemented with 10% fetal bovine serum (FBS,
Integro, Leuvenhei m, the Netherlands). Huh7-A-I cells supporting 
stable HAV growth (Konduru and Kaplan, 2006 ) were grown in
DMEM supplemented with 10% FBS and were subcultured twice a
week at a 1:5 ratio. Huh7-A-I slow (Huh7-A-IS) cells were obtained 
by subculturing Huh7-A-I once a week (1:5 split ratio) for 20 pas- 
sages in DMEM with 10% FBS and then for 10 passages in minimal 
essential medium (MEM) rega 3 (Gibco) supplemented with 10%
FBS, 1% L-glutamine (Gibco) and 1% sodium bicarbonate (Gibco).
All cell lines were grown in a humidified 5% CO2 incubator at 37 �C.

Cell culture-ada pted cytopathi c HAV strain HM175/18f (geno-
type IB, ATCC VR-1402) (Lemon et al., 1991 ) and HAV strain 
PA21 (genotype IIIA, ATCC VR-1357) (Binn et al., 1984 ) were grown 
in BS-C-1 cells in DMEM with 2% FBS at 35 �C. Blasticidin resis- 
tance-confer ring HAV8Y-Bsd virus (Konduru and Kaplan, 2006 )
was cultured in Huh7-A-I cells in DMEM with 10% FBS and 
blasticidin (Invitrogen, Carlsbad, CA, added 24 h post infection) at
2 lg/mL at 35 �C. Virus was harvested by 3 freeze–thaw cycles 
followed by centrifugation at 1000 g for 10 min at 4 �C. Since a
fungal contaminat ion was reported for the PA21 strain by ATCC,
the purchase d stock was filtered through a 0.20 lm Millex filter
(Millipore, Billerica, MA) and after infection cultured for 3 weeks 
in medium containing penicillin (100 U/mL, Gibco), streptomyci n
(100 lg/mL, Gibco) and nystatin (50 lg/mL, Sigma–Aldrich,
St. Louis, MO) with weekly medium changes. Amphote ricin B,
although suggested by ATCC, was not used since a (limited) antivi- 
ral effect has been reported against HAV (Crance et al., 1990;
van Cuyck-Gandré et al., 1995 ). All antiviral experime nts were 
performed in a humidified 5% CO2 incubator.

HM175/18f and HAV8Y-Bsd stocks were titrated by end-point 
dilution. For HM175/18f , FRhK-4 cells were seeded in 96-well 
plates (BD Falcon, Franklin Lakes, NJ) at 2 � 104 cells per well in
100 lL of DMEM supplemented with 2% FBS and incubate d at
37 �C. After 24 h, cells were confluent, medium was removed and 
100 lL of a 1:10 virus dilution series in medium was added to each 
well. For HAV8Y-B sd, Huh7-A-I cells were seeded at 5 � 103 cells
per well in 100 lL of DMEM with 10% FBS and 100 lL of a 1:10 
virus dilution series in medium was added to each well immedi- 
ately. After 24 h, blasticidin was added to each well to a final con- 
centration of 2 lg/mL. Each dilution was analyzed in 6-fold for 
both strains. Plates were incubated at 35 �C for 7 days and subse- 
quently scored by microscopy. The tissue culture infectious dose 
50 (TCID50) corresponds to a viral dose sufficient to induce CPE 
(HM175/18f) or protect from blasticidin toxicity (HAV8Y-Bsd) in
half of the cells in a tissue culture and was calculated by the meth- 
od of Reed and Muench (Reed and Muench, 1938 ). Since the PA21 
strain does not induce CPE, the number of RNA copies per mL as
determined by RT-qPCR was used as a proxy for the infectious titer.
2.2. Compounds 

Interferon-al pha 2b (IFNa, Intron-A �) was purchased from 
Schering Plough (Kenilworth, NJ), diluted to 3 � 105 international
units (IU)/mL in phosphate-buffer ed saline (PBS, Lonza, Verviers,
Belgium) supplemented with 10% glycerol and 0.1% bovine serum 
albumin, stored at �80 �C and kept at 4 �C after thawing. Amanta- 
dine HCl was from Sigma–Aldrich. Ribavirin [1-(b-D-ribofuran o-
syl)-1H-1,2,4-triazole-3- carboxamide (Virazole�)] was purchase d
from ICN Pharmaceutica ls (Costa Mesa, CA). Pleconaril and envi- 
roxime were synthesized as described before (Diana et al., 1995;
Paget et al., 1978 ), rupintriv ir (AG-7088) was a gift from Pfizer
(New York, NY). Compound s were dissolved in DMSO and stored 
at 4 �C.

2.3. CPE reduction assay 

FRhK-4 cells were seeded in 96-well plates at 2 � 104 cells per 
well in 100 lL of DMEM supplemented with 2% FBS and incubate d
at 37 �C. After 24 h, cells were confluent, medium was removed 
and 100 lL of a 1:2 compound dilution series and 100 lL of
HM175/18f dilution in medium, correspondi ng to a multiplici ty
of infection (m.o.i.) of 0.02, were added to each well. Virus controls 
(VC) and cell controls (CC) were included in each plate. Plates were 
incubate d at 35 �C. Seven days post infection, medium was 
removed and replaced with 100 lL of a 3-(4,5-dimethylthiazol- 
2-yl)-5-(3-carboxymethox yphenyl)-2-(4-sulfophenyl)-2H-tetrazo- 
lium/phena zinemethosul fate (MTS/PMS, Promega, Leiden, the 
Netherla nds) solution, as described (Jochmans et al., 2012 ). After 
an incubation period of 4 h at 37 �C, the optical density (OD) at
498 nm was determined for each well. Antiviral activity was 
calculated with following formula: % antiviral activity = % CPE 
reduction = (ODvirus+compound–ODVC)/(ODCC–ODVC) ⁄ 100. Alterna- 
tively, quantification was done with the ATPlite luminescence 
assay system (PerkinElmer, Waltham, MA). The 50% effective 
concentr ation (EC50) is the concentratio n of compound that causes 
50% protection of cells from virus-induc ed CPE and was calculated 
through logarithmic interpolation. For toxicity evaluation, plates 
were prepared in parallel with antiviral assays, but instead of virus 
dilution, 100 lL of plain medium was added. The 50% cytotoxic 
concentr ation (CC50) is the concentratio n of compound that causes 
cell death in 50% of cultured cells and was estimated through 
logarithmi c interpolati on as well. Z’-values were calculated as
described (Zhang et al., 1999 ).

2.4. HM175/18 f virus yield assay 

FRhK-4 cells were seeded in 96-well plates at 2 � 104 cells per 
well in 100 lL of DMEM supplemented with 2% FBS and incubate d
at 37 �C. After 24 h, cells were confluent. Medium was removed 
and replaced with 20 lL of medium containing compound and 
HM175/18f virus at an m.o.i. of 0.2. Plates were incubated at
35 �C. The inoculum was removed after 1 h and cell layers were 
washed 3 times with 100 lL of PBS. To each well, 100 lL of com- 
pound dilution in medium was added. After incubation at 35 �C
for 3 days, the viral load in 100 lL of culture medium was deter- 
mined by RT-qPCR. For evaluation of compound toxicity, 100 lL
of MTS/PMS dilution was added to each well after medium re- 
moval, plates were incubated at 37 �C for 4 h and OD’s were deter- 
mined as described .

2.5. PA21 virus yield assay 

Huh7-A- IS cells were seeded in 96-well plates at 104 cells per 
well in 100 lL of MEM rega 3 supplemented with 10% FBS, 1%
L-glutamine and 1% sodium bicarbonate and incubate d at 37 �C.
After 24 h, medium was removed and replaced with 50 lL of
medium containing compound and PA21 virus at 1.3 � 105 viral
RNA copies per well. Plates were incubated at 35 �C. The inoculum 
was removed after 4 h and cell layers were washed twice with 
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100 lL of PBS. To each well, 100 lL of compound dilution in
medium was added. After incubation at 35 �C for 7 days, the viral 
load in 100 lL of culture medium was determined by RT-qPCR.
For toxicity evaluation, 100 lL of MTS/PMS dilution was added to
each well after medium removal, plates were incubated at 37 �C
for 1 h and OD’s were determined as described.
2.6. HAV8Y-Bsd virus yield assay 

Huh7-A-I cells were seeded in 96-well plates at 5 � 103 cells per 
well in 100 lL of DMEM supplem ented with 10% FBS and incu- 
bated at 37 �C. After 24 h, medium was removed and replaced with 
100 lL of medium containing compound and HAV8Y-Bsd virus at
an m.o.i. of 0.002. Plates were incubate d at 35 �C. The inoculum 
was removed after 1 h and cell layers were washed 2 times with 
100 lL of PBS. To each well, 100 lL of compound dilution in
medium was added. After incubation at 35 �C for 5 days, the viral 
load in 100 lL of culture medium was determined by RT-qPCR.
For evaluation of compound toxicity, 100 lL of MTS/PMS dilution 
was added to each well after medium removal, plates were 
incubated at 37 �C for 1 h and OD’s were determined as described.
2.7. RT-qPCR 

Viral RNA was extracted from culture medium with the 
NucleoSpin RNA virus kit (Macherey–Nagel, Düren, Germany)
according to the manufacturer’s instructions. Primers and probes 
for TaqMan- based quantification of HAV RNA were based on pub- 
lished sequences (Silberstein et al., 2003 ). As a forward primer 
50-GGCATTTAGG TTTTTCCTCATT CTTA-3 0 was used for HM175/18f 
and HAV8Y-Bsd and 50-GGCATTTAGG TTTTTCCTCA TCAATA-3 0 for
PA21, reverse primers were 50-AATGTCTGCC AAAGACAGGA TGT-3 0

for HM175/18f and HAV8Y-B sd and 50-CACATCTGCCA
AAGACAGAA TGT-3 0 for PA21. Probes were labeled with 6-carbox y-
fluorescein (FAM) at the 50 end and with a minor groove binder 
(MGB) at the 30 end (50-6FAM-CAA GGTATTTTCCAGA CTGTTGG- 
GAGTGGTCT- MGBNFQ-3 0 for HM175/18f and HAV8Y-Bsd,
50-6FAM-CAAGGTA TTTTCCAGACTGT TGGGAG TGGCCT-3 0-MGBNFQ
for PA21). Reactions were performed with One-Step qRT-PCR mix 
(Eurogentec, Seraing, Belgium) in a final volume of 25 lL contain- 
ing 3 lM of each primer, 67 nM of probe and 5 lL of RNA sample.
PCR was performed using the ABI 7500 Fast Real-Tim e PCR System 
(Applied Biosystem s, Foster City, CA) under following conditions:
30 min at 48 �C and 10 min at 95 �C, followed by 40 cycles of
15 s at 95 �C and 1 min at 60 �C. Data were analyzed with ABI 
PRISM 7500 SDS software (version 1.3.1, Applied Biosystems).
For absolute quantification, standard curves were generated 
using 10-fold dilutions of template preparations of known 
concentratio ns.
Fig. 1. Assay quality as assessed by calculation of Z’ value. For both conditions, a
total of 390 values was obtained over 3 independent experiments.
3. Results 

A CPE reduction assay was developed to allow the rapid, conve- 
nient and reproduci ble evaluation of the potential anti-HAV activ- 
ity of compound libraries. The cell culture-ada pted, cytopathic 
HM175/18f strain was used to this end since it induces a rapid 
and complete CPE in FRhK-4 cells (Lemon et al., 1991 ). Initial opti- 
mization experiments indicated that infection at an m.o.i. of 0.02 
on confluent FRhK-4 cells with subsequent incubation for 7 days 
at 35 �C results in sufficient CPE for detection with the MTS/PMS 
method. The Z’-value of the assay was calculated to be 0.63. This 
calculation was based on 390 wells of both uninfected and infected 
cultures (collected from 3 independen t experiments, Fig. 1). IFN a
was used for validation of the antiviral assay (Fig. 2A and C). An
EC50 of 110 ± 70 IU/mL was calculated and no cytotoxic ity was de- 
tected at concentratio ns up to 3000 IU/mL. When CPE reduction 
was quantified by measuring intracellular ATP levels, an EC50 of
60 ± 20 IU/mL was calculated (Fig. 2B and C). Dose response curves 
generate d by both methods were comparable . Microsco pic scoring 
confirmed these data obtained by the MTS/PMS and the ATP detec- 
tion methods (Fig. 2C and D). Amantadine HCl, a known inhibitor of
HAV replication (Kanda et al., 2005 ), resulted in complete inhibi- 
tion of virus-induc ed CPE at a concentration of 125 lM, as assessed 
by the MTS/PMS-m ethod (Fig. 2E) and corroborated by microscop- 
ical evaluation (Fig. 2D).

The potential antiviral activity of 3 known inhibitors of in vitro 
enterovir us replication, i.e. pleconaril, rupintrivir (also known as
AG7088) and enviroxime, was evaluated in the CPE reduction as- 
say. Pleconaril exhibited moderate antiviral activity with a maxi- 
mal inhibition of 70 ± 11% at 25 lM and a calculated EC50 of
9 ± 3 lM (Fig. 2F). Neither rupintrivir nor enviroxim e inhibited 
virus-induc ed CPE formation (Fig. 2G and H).

To allow confirmation of the antiviral activity of hits identified
in (future) antiviral screens in the CPE-based assay, we developed 
an RT-qPCR-based virus yield assay using the HM175/18f strain 
and FRhK-4 cells. From a pilot study, we observed that infection 
at an m.o.i. of 0.2 and an incubation period of 72 h at 35 �C yielded 
sufficient levels of viral RNA for the efficient detection of potential 
antiviral effects. Using this assay, an EC50 of 20 ± 22 IU/mL was cal- 
culated for IFN a and 90 ± 23 lM for amantadine HCl (Fig. 3A and 
B). The moderate antiviral effect of pleconaril as detected in the 
CPE assay was confirmed (EC50 of 7 ± 4 lM, Fig. 3C). Neither rupin- 
trivir nor enviroxime reduced viral RNA levels, thus confirming the 
results from the CPE reduction assay (Fig. 3D and E).

A second RNA virus yield assay was developed using the PA21 
strain and Huh7-A-IS cells. This strain is only weakly adapted to
cell culture (Binn et al., 1984 ), hence sufficiently high viral RNA ti- 
ters were only reached at 7 days post infection. A critical point for 
this assay is the requiremen t for 10% FBS in the medium over the 
entire assay period, initial tests with 2% FBS (as is standard in most 
antiviral assays) revealed that Huh7-A- IS (but also regular Huh7-A- 
I) become apoptotic after 3–4 days of culturing, in particular when 
confluent (data not shown). Since Huh7-A-IS divide markedly 
slower than the parent Huh7-A-I, they are well suited for extended 
incubation. As shown, the PA21 strain in these cells is considerably 
more sensitive to IFN a than for instance the HM175/18f strain in
FRhK-4 cells. In fact, complete inhibition of viral replication was 
noted over a wide concentratio n range (EC50 of 2 ± 3 IU/mL). The 
PA21 virus in Huh7-A-IS was however less sensitive to amantadine 
HCl than HM175/18f on FRhK-4 (EC50 of 230 ± 46 lM, Fig. 4A and 



Fig. 2. CPE reduction assay. Inhibition of CPE formation by HM175/18f and cell viability after IFN a treatment were assessed by MTS (A) and ATPlite (B) read-out. Results are 
similar for both methods and correspond to values obtained by microscopic scoring (C). HM175/18f causes extensive CPE after 7 days, which is efficiently inhibited by IFN a at
1500 and 375 IU/mL and by amantadine HCl at 125 lM (D and E). Pleconaril exhibits moderate anti-HAV activity in the CPE reduction assay (F), no antiviral activity could be
detected for rupintrivir or enviroxime (G and H). A–G: Results represent 7–10 measurements from at least 3 independent experiments. H: 4–5 measurements, 2 independent 
experiments. Values represent mean ± SD.
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B). Pleconaril proved somewhat more toxic in Huh7-A-IS than in
FRhK-4 cells, but also exhibited antiviral activity (EC50 7 ± 3 lM,
Fig. 4C). In contrast to the HM175/18f , some activity of the 3C
inhibitor rupintrivir was observed (EC50 of 11 ± 4 lM, Fig. 4D).
These observed differenc es may possibly be explained by the use 
of the particular virus strains, the cellular background or a combi- 
nation of both. Also in this assay enviroxime proved not effective 
(Fig. 4E).

Finally the effect of the 5 molecule s studied was assessed 
against an almost wild-type strain, HAV8Y-Bsd. Apart from the 
blasticidin resistance gene, it contains only one adaptive mutation 
in the 2B-coding region (A216V) that does not seem to affect viru- 
lence (Konduru and Kaplan, 2006 ). Huh7-A- I cells allow stable 
growth of this almost wild-type virus. Treatment with IFN a re-
sulted in complete inhibition over a large concentratio n range 
(Supplement ary Fig. 1A), (EC50 of 0.5 ± 0.2 IU/mL). EC50’s obtained 
for amantadine HCl (170 ± 90 lM) and pleconar il (10 ± 10 lM)
are in the same order of magnitude as those calculated in the above 
described assays (Supplementary Fig. 1B and C). Rupintrivir dis- 
played a limited antiviral effect (EC50 of 51 ± 9 lM) while envi- 
roxime did not inhibit HAV8Y-Bsd replication (Supplement ary 
Fig. 1D and E).
4. Discussion 

We established three antiviral assays to identify inhibitors of
the HAV. The HM175/18f -based CPE reduction assay is suitable 
for medium-to-hig h-throughput screening purposes. Two virus 
RNA yield assays were developed that allow to assess the potential 
antiviral activity against genotypes IB and IIIA. Since the latter as- 
says are rather costly and labor-intensi ve, they would be less suit- 
able for large scale screening campaigns, but very useful for further 
confirmation of hits identified in the CPE reduction assay. The sys- 
tems were validated for antiviral studies with IFN a and amanta- 
dine HCl, two known inhibitors of in vitro HAV replication.
Moreove r, the potential antiviral effect of a selection of three 
enterovir us inhibitors, i.e. the capsid binder pleconaril, the 3Cpro

inhibitor rupintrivir and the 3A/phospha tidylinositol-4-k inase IIIb
(PI4KIIIb)-targeting compound enviroxime, was assessed. The ef- 
fect of pleconaril and rupintrivir appeared to be cell type and/or 
virus strain-specific. Enviroxim e, a direct PI4KIII b inhibitor with 
broad spectrum anti-enterovi rus activity (van der Schaar et al.,
2012), was devoid of any activity against HAV. In addition, results 
were confirmed with an almost wild-type HAV strain (HAV8Y-
Bsd).

The HM175/18f strain is a highly passaged HAV strain and 
adapted to growth in African green monkey kidney cell lines such 
as BS-C-1 and FRhK-4. When compare d to wild-type HM175, 44
mutations were noted (Lemon et al., 1991 ). Although the physio- 
logical relevance of this highly adapted strain could be questioned,
the mutations concern <1% of the entire 7.5kb HAV genome, which 
is far less than for instance the 15% sequence divergence between 
different genotypes (Costa-Mattiol i et al., 2003 ). Another concern 
could be the use of the non-hepatic FRhK-4 cell line, while wild- 
type HAV mainly replicates in the liver. We propose therefore to



Fig. 3. Virus yield assay for HAV HM175/18f with RT-qPCR over 72 h. Extensive antiviral activity was recorded for IFN a (A). To a more limited extent, amantadine HCl (B) and 
pleconaril (C) proved to be active as well. No selective antiviral effects were observed for rupintrivir (D) and enviroxime (E). A and B: 8 measurements, 3 independent 
experiments. C and D: 5 measurements, 3 independent experiments. E: 4 measurements, 2 independent experiments. Values represent mean ± SD.

Fig. 4. Virus yield assay for HAV PA21 with RT-qPCR over 7 days. Extensive antiviral activity was found for IFN a (A). Amantadine HCl and pleconaril exhibit only small 
selectivity windows (B and C). Toxicity is more pronounced for pleconaril in Huh7-A-IS compared to FRhK-4 (Fig. 3C). Contrary to results for HM175/18f, rupintrivir displays 
an antiviral effect against PA21 (D). No selective inhibition was observed for enviroxime (E). A and B: 8 measurements, 3 independent experiments. C and D: 5 measurements,
3 independent experiments. E: 4 measurements, 2 independent experiments. Values represent mean ± SD.
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assess the potential antiviral effect of hits from a screen using 
HM175/18f in the PA21 virus yield assay using the hepatocyte cell 
line Huh7-A-IS. The PA21 virus has only been passaged a limited 
number of times (Binn et al., 1984 ). A potential issue for the 
PA21 virus yield system is the limited dynamic range (Ct values 
of 27–28 were obtained in the infected cultures at 7 days post 
infection). This however is virtually inevitable for a slow growing 
virus such as HAV and is probably not a significant issue in the ini- 
tial assessme nt of an antiviral effect.

The systems described here have several strengths and advanta- 
ges. First, at the inoculum used in the CPE reduction assay, multiple 
cycles of viral replication are required to obtain a sufficient level of
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CPE for MTS or ATPlite read-out. This allows for detection of anti- 
viral activity at any step of the replication cycle and evaluation of
cell viability after 7 days allows for a stringent assessment of po- 
tential cytotoxic ity. Second, the RT-qPCR-ba sed virus yield assay 
is highly sensitive. By using only a 3-day incubation for the 
HM175/18f strain, it is possible to study the antiviral effect in just 
one or a few replicatio n cycles. A higher inoculum is required for 
such assays than in the CPE reduction assay to provide a sufficient
dynamic range. On the other hand, the PA21 virus yield assay em- 
ploys a limitedly adapted genotype IIIA virus in a hepatocyte cell 
line and thus offers a set of more physiologica l condition s. To our 
knowledge no cytopathic variants of HAV have been described 
other than those belonging to genotype IA or IB. Also, genotypes 
I and III are the most common genotypes isolated (Nainan et al.,
2006). Third, compare d to the assays described in the late 1980’s 
– early 1990’s, our systems do not require radioactivi ty or evalua- 
tion by immunostaining and the CPE reduction assay can be em- 
ployed in medium-to-hig h-throughput screening campaigns. The 
methodologi es reported here are convenient, robust, reproducibl e
and reliable. We also implemented an antiviral screening assay 
based on the blasticidin resistance-carr ying strain HAV8Y-B sd in
Huh7-A-I cells (Konduru and Kaplan, 2006 ). A negative selection 
assay with addition of blasticidin to culture medium 2 days post 
infection and MTS read-out after 7 days was successfully devel- 
oped, but yielded several false positive hits in an antiviral screen 
(unpublished results). This may be explained by a direct inhibition 
of the blasticidin S deaminase instead of blockage of viral 
replication.

It has since long been established that HAV is susceptibl e to the 
antiviral activity of IFN a, both in vitro and in vivo (Crance et al.,
1995; Yoshiba et al., 1994 ). We here report EC50 ranging from 0.5 
to 110 IU/mL depending on the assay, which is in line with values 
reported by Crance and colleagues (<10 to 90 IU/mL, m.o.i.-depen- 
dent) (Crance et al., 1995 ). Differences between assays may be ex- 
plained by differences in the cell types and virus genotypes 
employed, the extent of cell culture adaptation and the required 
time of incubation. The activity of amantadi ne has been reported 
as well with only a limited selectivity (EC50 = 58 lM) (Crance
et al., 1990 ). Although initially thought to act as an inhibitor of
intravesicular acidification and thus HAV uncoating, amantadine 
was later reported to block IRES-mediated translation of the viral 
genome (Kanda et al., 2005 ). The results presented here corrobo- 
rate the antiviral effect, even though the selectivity is very limited 
and the activity seems to be strain-depende nt, as was found for dif- 
ferent naturally occurring IRES’s as well (Kanda et al., 2010 ).

Pleconaril is an enterovirus inhibitor that targets receptor 
attachment and uncoating through binding into a hydrophobic 
pocket underneath the canyon present in the enterovirus capsid 
(Thibaut et al., 2012 ). The molecule is rather potent against most 
enterovirus es (with EC50‘s in the range of 0.002–1 lM (Pevear
et al., 1999 )), here we report EC50’s between 7 and 10 lM for 
HAV. It is however rather surprisin g to observe activity of this mol- 
ecule on HAV since the virion structure has no canyons comparable 
to those in enterovirus es (Martin and Lemon, 2006 ). Further exper- 
iments are required to unravel by which mechanism pleconaril 
inhibits HAV. The lack of activity found for rupintrivir in HM175/ 
18f experiments can be explained by limited sequence identity 
and significant variations in specificity-determining amino acid 
residues between HAV and enterovirus 3Cpro (see e.g. Tan et al.,
2013). These authors reported several broad-spectr um picornaviral 
3Cpro inhibitors that were inactive against a HAV subgenomic rep- 
licon (Tan et al., 2013 ). The fact that we observed some activity 
against PA21 and limited inhibition of HAV8Y-B sd may be attribut- 
able to sequence differences between virus strains. The full PA21 
sequence is currently not available through GenBank , sequencing 
of the PA21 3Cpro region and comparison with HM175/18f may 
shed light on these differences. HAV8Y-Bsd and HM175/18f differ 
in 3Cpro by one amino acid (Q101E) (Lemon et al., 1991 ), but this 
residue is not located near the catalytic side (Bergmann et al.,
1997). Alternative explanation s may be found in the different cell 
types or m.o.i.’s employed in the experiments. Although envi- 
roxime selects for drug-resistanc e mutations in 3A, it functions 
by directly inhibiting PI4KIII b which is an essential host factor that 
is hijacked by enterovirus es for replication complex formation (van
der Schaar et al., 2012 ). Most picornaviral 3A proteins have a trans- 
membran e region that targets to the endoplasmatic reticulum (ER)
from which the replicatio n complexes are derived. Lack of activity 
of enviroxime against HAV is not unexpected since sequence 
homology between HAV and enteroviral 3A is very limited and 
more importantly , since HAV 3A is thought to target to the outer 
mitochond rial membrane, instead of to the ER, for derivation of
replicatio n complexes (Yang et al., 2007 ). The lack of activity for 
enviroxim e and the mitochondr ial origin of replication complexes 
suggest that PI4KIII b does not play a role in HAV replication.

The assays described in the present report should allow for the 
first time medium-to- high-throughput screening campaign s
against HAV. Despite the fact that it would be important to have 
(a) drug(s) at hand for the treatment of severe and life-threaten ing 
cases of HAV infection, the investment cost to develop such drug 
from a new molecular entity (NME) may possibly seem too high 
in light of the potential market. Therefore screening of approved 
drug libraries may be an interesting option. Inhibitors (or combina- 
tions thereof) thus identified may be used off-label for the treat- 
ment of severe cases, to contain outbreaks and to combat the 
potential rise of vaccine-escape mutants (Pérez-Sautu et al., 2011 ).
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