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Targets Host Cell Factor Phosphatidylinositol 4-Kinase III3
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Despite their high clinical and socioeconomic impacts, there is currently no approved antiviral therapy for the prophylaxis or
treatment of enterovirus infections. Here we report on a novel inhibitor of enterovirus replication, compound 1, 2-fluoro-4-(2-
methyl-8-(3-(methylsulfonyl)benzylamino)imidazo[1,2-a]pyrazin-3-yl)phenol. This compound exhibited a broad spectrum of
antiviral activity, as it inhibited all tested species of enteroviruses and rhinoviruses, with 50% effective concentrations ranging
between 4 and 71 nM. After a lengthy resistance selection process, coxsackievirus mutants resistant to compound 1 were isolated
that carried substitutions in their 3A protein. Remarkably, the same substitutions were recently shown to provide resistance to
inhibitors of phosphatidylinositol 4-kinase III} (PI4KIIIf), a lipid kinase that is essential for enterovirus replication, suggesting
that compound 1 may also target this host factor. Accordingly, compound 1 directly inhibited PI4KIIIf in an in vitro kinase ac-
tivity assay. Furthermore, the compound strongly reduced the PI 4-phosphate levels of the Golgi complex in cells. Rescue of cox-
sackievirus replication in the presence of compound 1 by a mutant PI4KIIIf} carrying a substitution in its ATP-binding pocket
revealed that the compound directly binds the kinase at this site. Finally, we determined that an analogue of compound 1, 3-(3-

fluoro-4-methoxyphenyl)-2-methyl-N-(pyridin-4-ylmethyl)imidazo[1,2-a]pyrazin-8-amine, is well tolerated in mice and has a
dose-dependent protective activity in a coxsackievirus serotype B4-induced pancreatitis model.

he genus Enterovirus belongs to the family of Picornaviridae, a

group of positive-strand RNA viruses that includes many im-
portant human pathogens. Within the Enterovirus genus, there are
four human enterovirus (HEV) species, called HEV-A to HEV-D,
which in total comprise more than 100 virus (sero)types. Well-
known members of the HEV-A species are the coxsackie A viruses
and the emerging neurotropic enterovirus 71 (EV71) (1). These
viruses are the major ethological agents of hand-foot-and-mouth
disease, especially in young children. EV71 can also cause severe
neurological diseases, including brain stem encephalitis and po-
liomyelitis-like paralysis (2). The HEV-B species comprise the
coxsackie B viruses and echoviruses, which are the main causes of
viral meningitis, myocarditis, and pancreatitis (3, 4). Coxsackievi-
ruses are also associated with type 1 diabetes (5). The most exten-
sively studied enterovirus is poliovirus (PV), which belongs to the
HEV-C species and is the causative agent of paralytic poliomyeli-
tis. The HEV-D species contains five viruses, including EV68 and
EV70, which can cause clinical symptoms ranging from hand-
foot-and-mouth disease to respiratory tract infections and acute
hemorrhagic conjunctivitis (6, 7).

The three species of human rhinoviruses (HRV), HRV-A to
HRV-C, are also classified within the Enterovirus genus and all
together contain ~150 serotypes. HRV is the main cause of the
common cold, which poses a significant socioeconomic burden,
with millions of days of absence from work or school, and often
leads to improper use of antibiotics (8, 9). Furthermore, HRV
infections can trigger severe asthma attacks and exacerbations of
chronic obstructive pulmonary disease (COPD) in high-risk pa-
tients. The World Health Organization (WHO) has predicted that
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COPD will become the third leading cause of death worldwide by
the year 2030 (http://www.who.int/mediacentre/events/annual
/world_copd_day/en/).

There are two strategies to combat viral infections: the use of
vaccines to prevent disease, or drugs to inhibit viral replication.
For enteroviruses, a vaccine is only available for PV, while EV71
vaccine candidates are currently being evaluated in clinical trials
(10, 11). The development of vaccines against other nonpolio en-
teroviruses seems essentially impossible, given the large variety of
(sero)types. Hence, antiviral drugs are urgently needed for the
prophylaxis and/or treatment of enterovirus infections. Antiviral
compounds can affect different stages of the enterovirus replica-
tion cycle. This cycle starts with attachment and entry of a virus
particle into the host cell. Subsequently, the virus uncoats to de-
liver its genome into the cytoplasm (12). Here, the positive-strand
RNA genome is directly translated into a large polyprotein, which
is subsequently processed into four capsid proteins (VP1 to VP4)
and seven nonstructural proteins (2AP™, 2B, 2C, 3A, 3B, 3CP™,
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and 3DP°) that mediate viral RNA replication (13). Enteroviruses
reorganize Golgi complex membranes into tubular and vesicular
structures that serve as a platform for viral RNA replication (14—
16), possibly via recruitment of essential membrane-modifying
host factors, such as guanine nucleotide exchange factor GBF1
(17-19) and phosphatidylinositol 4-kinase IIIf (PI4KIIIB) (20—
22). Replication starts with the synthesis of negative-strand RNA,
which in turn serves as a template for production of more posi-
tive-strand RNA (13). These new viral genomes are then packaged
in capsid proteins to yield progeny virions, which are released into
the external environment upon cell lysis.

To date, only two compounds (the capsid binders BTA798 and
V-073) are under clinical development for the treatment of en-
terovirus infections (23). A major concern with these compounds
that directly target a viral protein is the rapid emergence of drug-
resistant viruses as a consequence of the high mutation rate of
RNA viruses. One approach to overcome this problem is to pursue
a combination therapy of several antiviral compounds that target
different viral proteins (24). Another strategy is the development
of compounds that interfere with or modulate the function of host
factors that play a critical role in the virus replication cycle. Since
host factors are unlikely to mutate and develop resistance in re-
sponse to therapy, they are attractive targets for antiviral drugs.
Importantly, this “host-targeting” approach may allow the devel-
opment of broad-spectrum inhibitors, since all viruses within a
single genus, or even within a whole family, usually exploit host
factors of the same cellular pathway. A potential disadvantage of
host-targeting compounds is that interference with a cellular tar-
get may be associated with toxic side effects. An example of a safe
host-targeting antiviral agent that has successfully passed phase I
clinical trials for treatment of infections by the Flavivirus hepatitis
C virus (HCV) is Alisporivir, a compound that binds to the host
factor cyclophillin (25, 26). Here, we present a novel inhibitor of
enterovirus replication that specifically interacts with the host fac-
tor PI4KIIIP.

MATERIALS AND METHODS

Cells and reagents. Buffalo green monkey (BGM) kidney cells, HeLa R19
cells, and HeLa Rh cells were grown at 37°C, 5% CO, in minimal essential
medium (MEM; Gibco) supplemented with 10% fetal bovine serum, pen-
icillin, and streptomycin. Compound 1, 2-fluoro-4-(2-methyl-8-(3-
(methylsulfonyl)benzylamino)imidazo[1,2-a]pyrazin-3-yl)phenol, and
compound 2, 3-(3-fluoro-4-methoxyphenyl)-2-methyl-N-(pyridin-4-yl-
methyl)imidazo[1,2-a]pyrazin-8-amine, were provided by Galapagos
NV, had a purity of more than 95%, and were dissolved in dimethyl
sulfoxide (DMSO). The synthesis of these compounds will be described
elsewhere. Guanidine hydrochloride (GuaHCI) was purchased from Sig-
ma-Aldrich and dissolved in water.

Plasmids. The p53CB3/T7 wild-type (wt) and 3A mutant full-length
infectious clones have been described previously (19, 28). The coxsackie-
virus serotype B3 (CVB3) replicon has also been described previously
(18). The EV71 replicon (BrCr strain) was constructed with the same
approach as the CVB3 replicon by replacing the P1 capsid coding region
with the firefly luciferase gene by using standard techniques. The cDNA
was placed behind a hammerhead ribozyme coding sequence to remove
the extra nucleotides at the 5" end. The plasmids carrying FAPP1-PH-GFP
(FAPP1 is 4-phosphate adaptor protein 1; PH is pleckstrin homology;
GFP is green fluorescent protein), PI4KIIIB-HA (HA is hemagglutinin),
PI4KIIIB-Y583M-HA, and kinase-dead PI4KIIIB-D656A-HA were
kindly provided by T. Balla (NICHD, National Institutes of Health, Be-
thesda, MD).
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Viruses. Mutant CVB3 and CVB3-Rluc, which contains the Renilla
luciferase gene upstream of the capsid coding region, were obtained by
transfection of RNA transcripts derived from the full-length infectious
clones into BGM cells as described before (29). A mengovirus strain of the
cardiovirus encephalomyocarditis virus (EMCV) was obtained from
c¢DNA clone pM16.1, generously provided by A. C. Palmenberg (Univer-
sity of Wisconsin, Madison, WI). Enterovirus 71 (BrCr) and coxsackievi-
rus A21 (Coe) were received from the National Institute for Public Health
and Environment (RIVM; The Netherlands). Equine rhinitis A virus
(ERAV; NM11/67) was kindly provided by D. Rowlands and T. Tuthill
(University of Leeds, Leeds, United Kingdom). Human rhinoviruses 2
and 14 were a kind gift of J. Seipelt (Medical University of Vienna, Vienna,
Austria). Virus titers were determined by endpoint titration according to
the method of Reed and Muench, and they are expressed as the 50% cell
culture infective dose (CCIDs,).

Determination of antiviral activity and cytotoxicity. The assays to
determine the 50% effective concentration (ECs,) and 50% cytotoxic
concentration (CCs,) of compound 1 were performed as described else-
where (30). Briefly, cells were infected with 100 CCIDs,, for 2 h, after
which the virus was removed and serial dilutions of the compound were
added. For determination of the CCj, serial dilutions of the compound
were added to the cells. Following 3 to 4 days of incubation, the medium
was replaced with CellTiter 96 AQueous One solution reagent (Promega).
Optical densities at 490 nm were corrected for background absorbance,
which was determined from wells thatlacked cells. The resulting values for
untreated cells were set to 100%.

Virus infections and RNA transfection. Subconfluent layers of cells
were infected with virus at a multiplicity of infection (MOI) of 0.1 to 1.
Alternatively, cells were transfected with RNA transcripts of either the
full-length infectious clones or the replicon constructs. After 30 min, cells
were washed, and fresh (compound-containing) medium was added to
the cells. At 8 h postinfection (p.i.), cells were subjected to three cycles of
freeze-thawing, after which virus titers were determined by endpoint
titration. Alternatively, cells were lysed to determine the intracellular Re-
nilla luciferase activity, by using the Renilla luciferase assay system (Pro-
mega).

PI4K in vitro activity assay. The PI4K in vitro activity assay was per-
formed as described previously (20). Briefly, recombinant PI4KITI( (Sig-
nalChem) or PI4KIIIa (Millipore) and their substrate, phosphatidylino-
sitol (PI)-phosphatidylserine (PS), were diluted in buffer containing
Triton X-100. The reaction was started by addition of a mixture of ATP
and 0.25 wCi of [y->*P]ATP. After 75 to 90 min of incubation at 30°C, the
reaction was terminated by addition of phosphoric acid. The incorporated
radioactivity was measured by using a TopCount NXT microplate scintil-
lation counter (PerkinElmer). Data were converted to the percent inhibi-
tion relative to controls.

Immunofluorescence assay. HeLa R19 cells were grown to subcon-
fluency on coverslips in 24-well plates. Cells were transfected with 300 ng
DNA for each construct by using FuGENE (Roche) according to the man-
ufacturer’s protocol. After 16 h, cells were treated with 1 pM compound 1
for 1 h at 37°C. Subsequently, cells were fixed and stained with a mouse
monoclonal anti-HA antibody (Covance) and an Alexa 568-conjugated
goat anti-mouse antibody (Molecular Probes) as described previously
(20). Cells were analyzed with a Leica BMR microscope. Fluorescent im-
ages of typical examples of observations that we consistently obtained in
three or more experiments are presented in the figures.

Replication rescue assay. A replication rescue assay was conducted as
described before (20). Briefly, BGM cells were transfected with plasmids
carrying wt or mutant PI4KIIIB, or EGFP (enhanced green fluorescent
protein) as a negative control. Two days posttransfection, the cells were
infected with CVB3-Rluc in the absence or presence of compounds. At 8 h
p-i., the intracellular Renilla luciferase activity was determined by using
the Renilla luciferase assay system (Promega). Similar expression levels of
the proteins were confirmed in parallel in an immunofluorescence assay
with an antibody directed against HA.
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FIG 1 Molecular structures of compounds 1 and 2.

PK studies. Pharmacokinetics (PK) studies were performed in male
NMRI mice administered a single dose of 1 mg/kg intravenously (i.v.) or
5 mg/kg orally. The vehicle for both routes of administration was DMSO-
polyethylene glycol 200 (PEG 200)-saline (5:45:50, vol/vol). Intravenous
doses were prepared at a concentration of 0.2 mg/ml and administered in
a dose volume of 5 ml/kg of body weight. Oral doses were prepared at a
concentration of 0.5 mg/ml and administered in a dose volume of 10
ml/kg of body weight. No adverse effects were noted for either route of
administration. Terminal blood samples were collected from three ani-
mals per time point up to 8 h postdose and using heparin as anticoagulant.
Plasma proteins were precipitated, and compound was extracted by the
addition of three volumes of acetonitrile containing an analytical internal
standard (carbamazepine). Samples were centrifuged for 30 min at 4,000
rpm, and the supernatant fractions were subjected to mass spectrometry
analysis. Quantification of the compound was performed by extrapola-
tion from calibration lines prepared in control mouse plasma and ana-
lyzed concurrently with experimental samples. Pharmacokinetic param-
eters were determined by noncompartmental analysis using WinNonlin
software (Pharsight, version 5.2). AUC (area under the time-concentra-
tion curve) values were calculated by the trapezoidal method.

CVB4-induced pancreatitis mouse model. All experimental proce-
dures were in accordance with the KULeuven ethical committee for ver-
tebrate animal experiments. Five-week-old male SJL mice (Harlan, The
Netherlands) were fed ad libitum and weighed every day as a measure of
compound tolerability. Mice (n = 4 per group) were treated orally twice
daily. Compound 2 was dissolved at a concentration of 2.5 mg/ml in a
vehicle with 10% hydroxypropyl-B-cyclodextrin (HPBCD) acidified to
pH 3 with citric acid. For lower dosages, this solution was diluted with the
vehicle solution. Fresh compound solutions were prepared every day. An
administration volume of 200 .l was used per dose. The mice received the
first dose (¢ = 0) in the morning on day 0 and were infected intraperito-
neally with 1 X 10° PFU of CVB4 strain Edwards (E2) in a final volume of
300 pl of phosphate-buffered saline (PBS) 3 h later. The range of doses
were administered at ¢t = 8, 24, 32, 48, 56, and 72 h. The mice were
sacrificed at 75 h. Blood was collected by cardiac puncture after euthana-
sia. After 1 h at room temperature (RT), blood was centrifuged at 13,000
rpm for 10 min. Serum amylase and lipase were quantified by using an
enzymatic colorimetric reaction (Cobas/Roche, Basel, Switzerland) on the
Modular P analyzer (Roche Diagnostics, Basel, Switzerland). The mice
were perfused transcardially with phosphate-buffered saline, and the pan-
creas was removed. One part was fixed in 4% formaldehyde and embed-
ded in paraffin. Tissue sections were stained with hematoxylin and eosin
(H&E) for routine histological examination. The severity of pancreatitis
(corresponding to the degree of edema, inflammation, and necrosis) was
assessed blindly by using a standardized scoring system and expressed
quantitatively. The second half of the pancreas was flash-frozen in liquid
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nitrogen and stored for quantification of infectious virus content. To this
end, the tissue parts were homogenized in cell culture medium by me-
chanical disruption in 2-ml tubes containing ceramic beads on the auto-
mated Precellys24 apparatus (Bertin, France). Homogenization was per-
formed at 6,500 rpm for 3 cycles of 5 s, with intervals of 5 s. Next, the tubes
were centrifuged for 10 min at 4°C, 13,000 rpm, and the cleared supernatant
was collected. The infectious virus content was determined in cell cultures and
expressed as the CCIDj;, according to the method of Reed and Muench.

RESULTS

Compound 1 is a broad-spectrum inhibitor of enterovirus rep-
lication. The BioFocus SoftFocus kinase inhibitor library was
screened for antiviral activity against different viruses, as recently
reported (27). Compound 1 (Fig. 1) was identified as an inhibitor
of CVB3. During the development of the series, the analogue com-
pound 2 was identified, which showed improved bioavailability.
We evaluated the effect of compound 1 on a large panel of represen-
tative members of the different HEV and HRYV species in a multicycle
cytopathic effect (CPE) assay. The antiviral effect was assessed at 3 to
4 days postinfection to allow maximal CPE. Table 1 shows that com-

TABLE 1 Broad-spectrum antienterovirus activity of compound 1

Virus group and species

or strain Cells EC,, (pM)® S1
Human enterovirus A
EV71 BGM 0.011 £ 0.003 5,945
Human enterovirus B
CVA9 BGM 0.021 £ 0.004 3,114
CVB3 BGM 0.071 = 0.018 921
ECHO9 BGM 0.054 £ 0.006 1,211
ECHOI11 BGM 0.026 = 0.007 2,515
Human enterovirus C
PV1 HeLa Rh 0.019 = 0.008 2,505
PV2 HeLa Rh 0.013 = 0.004 3,661
PV3 HeLa Rh 0.005 = 0.002 9,520
Human enterovirus D
EV68 HeLa R19 0.031 £ 0.001 371
EV70 HelLa R19 0.025 = 0.020 460
Human rhinovirus A
HRV2 HeLa Rh 0.009 = 0.005 5,288
HRV9 HeLa Rh 0.006 = 0.005 7,933
HRV15 HeLa Rh 0.021 £ 0.010 2,267
HRV29 HeLa Rh 0.005 = 0.005 9,520
HRV39 HeLa Rh 0.004 = 0.005 11,900
HRV41 HeLa Rh 0.017 = 0.006 2,800
HRV59 HeLa Rh 0.006 = 0.005 7,933
HRV63 HeLa Rh 0.006 = 0.003 7,933
HRV85 HeLa Rh 0.024 = 0.025 1,983
HRV89 HeLa Rh 0.024 = 0.019 1,983
Human rhinovirus B
HRV14 HeLa Rh 0.031 £ 0.024 1,535
HRV42 HeLa Rh 0.027 £ 0.032 1,762
HRV70 HeLa Rh 0.024 = 0.027 1,983
HRV72 HeLa Rh 0.028 £ 0.026 1,700
HRV86 HeLa Rh 0.024 £ 0.031 1,983

“ Data represent mean values = SD of at least three independent assays.
b 81, selectivity index. The CCs, was 65 uM for BGM cells, 47 .M for HeLa Rh cells,
and 11 uM for HeLa R19 cells.
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FIG 2 Antiviral activities of compounds 1 and 2 on a single virus replication
cycle. Cells were infected at low MOI with various HEV and HRV species, the
cardiovirus EMCV, or the aphthovirus ERAV. After infection, 1 uM com-
pound 1 or 3 wM compound 2 was added to the cells. After 8 h, cells were
lysed by freeze-thawing to release intracellular virus particles, and the total
virus titer was determined by endpoint titration. Bars represent means of
three samples * the SD.

pound 1 potently inhibited all viruses tested, with ECs,s ranging
between 4 and 71 nM. The cytotoxicity of compound 1, deter-
mined in parallel with the EC5, and using the same culture con-
ditions for 3 to 4 days, was low, with CCs, values ranging from 11
to 65 wM, resulting in high selectivity indices.

Inhibition of virus replication in a multicycle assay could be the
result of a direct effect of the compound on virus replication or an
indirect effect on virus spreading by stimulation of an antiviral
pathway in the host cell. To investigate whether the compound
directly or indirectly affected virus replication, we tested its effects
in a single-cycle assay with a result determined at 8 h postinfec-
tion. Compounds 1 and 2 inhibited all enteroviruses used for this
assay, while members of other picornavirus genera, namely, the
cardiovirus EMCV and the aphthovirus ERAV, were not affected
by the compound (Fig. 2). This result demonstrated that com-
pounds 1 and 2 inhibit virus replication directly.

The compounds act at the level of viral RNA replication. To
determine the step in the virus replication cycle at which the com-
pounds inhibited replication, we used CVB3-Rluc, a genetically
engineered virus that encodes Renilla luciferase upstream of the
capsid coding region (18). Replication of CVB3-Rluc yields, be-
sides viral proteins, large amounts of Renilla luciferase. Quantifi-
cation of intracellular luciferase levels is a sensitive measure to
delineate the steps of viral RNA translation and replication and
eliminates possible effects of the compound on virion assembly
and egress in the viral replication cycle. GuaHCI, a well-known
inhibitor of viral RNA replication, was used to distinguish be-
tween translation and replication of the viral RNA. Treatment
with GuaHCI resulted in a strong reduction in the amount of
luciferase (Fig. 3A, dashed line). Low concentrations of com-
pound 1 reduced the amount of luciferase to GuaHCl-treated lev-
els, suggesting that the compound blocked viral RNA replication.
The ECs, of compound 1 in this assay was 77 nM, which was
comparable to the inhibition observed in the multicycle assay for
CVB3 (Table 1). Compound 2 was found to be slightly less potent,
with an ECs,, of 238 nM.

To ensure that the compounds exerted their antiviral effects at
the step of viral RNA replication in the enterovirus replication
cycle, we employed subgenomic CVB3 and EV71 replicons in
which the capsid coding region was replaced by the firefly lucifer-
ase gene (18). For the CVB3 as well as the EV71 replicon, 1 and 5
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FIG 3 Compound 1 is a potent inhibitor of enterovirus RNA replication. (A)
BGM cells were infected with CVB3-Rluc at an MOI of 1. Following infection,
the virus was removed and compound 1 or compound 2 was added to the cells.
The values obtained with the replication inhibitor GuaHCI, used at 2 mM, are
shown as a dashed line. (B) BGM cells were transfected with RNA transcripts of
EV71 or CVB3 replicons. Immediately after transfection, the medium was
replaced by fresh (compound-containing) medium. For the experiments in
both panels A and B, at 8 h postinfection or posttransfection, cells were lysed to
quantify the intracellular amount of luciferase as a measure of viral RNA rep-
lication. Data points or bars represent means of three samples * the SD.

wM compound 1 strongly inhibited replication, as demonstrated
by the reduction in luciferase amounts to levels observed after
GuaHCl treatment (Fig. 3B). Taken together, these results indi-
cate that the compounds act at the stage of viral RNA replication.

Substitutions in 3A rendered CVB3 resistant to compound 1.
In order to obtain more insight into the mechanism of action, we
generated CVB3 mutants resistant to compound 1 by culturing
the virus in the presence of the compound. After 32 passages (~16
weeks), three independent cultures of CVB3 were obtained that
replicated efficiently in the presence of compound 1 at concentra-
tions exceeding the EC5, by more than 10-fold. The genomes of all
virus isolates carried mutations in two or more different nonstruc-
tural proteins (Table 2). Only a single substitution was detected in
the 3A protein, either H57Y (two virus isolates) or I54F (one iso-
late). Interestingly, we previously found that these 3A substitu-
tions provide resistance against enviroxime, GW5074, and TTP-
8307 (20, 28). Besides these substitutions, 3A-V45A was also
shown to allow CVB3 to replicate in the presence of these com-
pounds (20, 28). We therefore evaluated whether 3A-V45A also
confers resistance against compound 1, by employing our previ-
ously established CVB3 3A-V45A and CVB3 3A-H57Y mutants

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

TABLE 2 Substitutions identified in the genome of CVB3 mutants
resistant to compound 1

Amino acid substitution(s) within:

Serial
passage no. VP1 2A 2C 3A 3D
1 N2D H57Y
H44R
2 D152E N2D H57Y
S1091
3 E77Q N2D I54F P336S
V40A
A95V

(20, 28). Wild-type CVB3 replication was strongly inhibited (to
virus input levels) at 1 and 5 uM compound 1 (Fig. 4A). In con-
trast, the substitutions 3A-V45A and 3A-H57Y greatly restored
the ability of CVB3 to replicate in the presence of compound 1.
During the production of the mutant viruses, comprising multiple
replication cycles, the viruses may have acquired other substitu-
tions in addition to 3A-V45A or 3A-H57Y that are essential for
providing resistance. To rule out this possibility, we transfected
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FIG 4 Resistance of CVB3 mutants to compound 1. (A and B) BGM cells were
infected with CVB3 wild type, CVB3 3A-V45A, or CVB3 3A-H57Y (A) or
transfected with the corresponding RNA transcripts of full-length infectious
CVB3 clones (B). Immediately after infection or transfection, various concen-
trations of compound 1 were added to the cells. After 8 h, cells were lysed by
freeze-thawing to release intracellular virus particles, and the total virus titer
was determined by endpoint titration. (B) Bars represent means of three sam-
ples = the SD. Significant differences compared to wild-type virus are indi-
cated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 5 Compounds 1 and 2 specifically inhibit PI4KIII@ in vitro. Recombinant
PI4KIIIB or PI4KIIIa was incubated in the presence of compound 1 (upper
panel) or compound 2 (lower panel) with their substrate, phosphatidylinosi-
tol, in the form of Triton micelles and radioactively labeled ATP. After termi-
nation of the enzyme reaction with phosphoric acid, the amount of radioactive
ATP that was incorporated into the micelles was quantified as a measure of
PI4K activity. Data were converted to the percent inhibition relative to con-
trols. Data points represent the means of three samples * the SD.

into cells RNA transcripts of the infectious clones and determined
the virus titers after one replication cycle. Comparable results were
obtained with RNA transfection as with infection (Fig. 4B). Thus,
the single substitutions V45A and H57Y in 3A allowed CVB3 to
replicate in the presence of compound 1.

Compounds 1 and 2 inhibit PI4KIIIf activity. Recently, we
showed that the 3A substitutions described above rendered CVB3
resistant to the inhibitory effects of the specific PI4KIIIB inhibitor
PIK93 (20). Furthermore, we and others demonstrated that envi-
roxime and GW5074 target PI4KIIIR (20, 22). The finding that the
same 3A substitutions provided resistance to compound 1
prompted us to examine whether compounds 1 and 2 also target
PI4KIIIB. To this end, we first investigated whether the com-
pounds were able to inhibit PI4KIIIB in an in vitro kinase activity
assay. Wortmannin, used as a positive control, had a 50% inhibi-
tory concentration (ICs,) of 353 nM for PI4KIIIB and 622 nM for
PI4KIlIla, which were in line with previous reports (31, 32). Com-
pound 1 strongly inhibited PI4KIIIB activity in vitro, with an ICs,
of 5.7 nM (Fig. 5). Compound 1 also impaired PI4KIIla, but only
at an ~300-fold-higher concentration (ICs, of 1.7 uM). Com-
pound 2 was less potent in blocking PI4KIIIB (ICs, 0of 91 nM), but
it had an equal specificity for the B-isoform as compound 1. In
addition, the activity of compound 1 was analyzed on a set of 150
cellular kinases (Reaction Biology Corporation), including 13
lipid kinases at a concentration of 10 wM (data not shown). For all
kinases, the inhibition was less than 10%, indicating that com-
pound 1 specifically inhibits PI4KIIIB in vitro.
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FIG 6 Compound 1 binds in the ATP-binding pocket of PI4KIIIB. (A) HeLa
R19 cells were transfected with FAPP1-PH-GFP and treated 1 day later with 1
M compound 1 for 1 h, after which endogenous PI4KIIIP was stained. (B and
C) HeLa R19 cells were cotransfected with plasmids carrying FAPP1-PH-GFP
and either HA-tagged PI4KIIIP wt (B) or PI4KIIIB-Y583M (C). The next day,
cells were treated for 1 h with 1 pM compound 1, after which the overex-
pressed PI4KIIIB was stained with an antibody against HA. Nuclei were
stained with Hoechst stain.

We next investigated whether compound 1 also inhibits
PI4KIIIR in cells. To this end, we employed a PI4P sensor called
FAPP1-PH-GFP, a GFP-tagged PH domain of FAPP1. This PH
domain contains a PI4P-binding pocket as well as an Arfl-binding
site, which together determine its localization to the Golgi com-
plex (33-36). Previously, we showed that PI4P produced by
PI4KIIIB is the major determinant of the Golgi complex localiza-
tion of the PI4P sensor; hence, FAPP1-PH-GFP can be used to
quantify the synthesis of PI4P lipids catalyzed by PI4KIIIP at the
Golgi apparatus (20). Following a 1-h treatment with 1 wM com-
pound 1, a dramatic loss of the Golgi complex localization of the
PI4P sensor compared to that of untreated cells was noted (Fig.
6A). Compound 1 reduced the amount of Golgi complex-local-
ized FAPP1-PH-GFP by 76% = 4.8% (mean * standard deviation
[SD]; n = 10). Similar to our previous observations with the
PI4KIIIB inhibitors enviroxime, GW5074, and PIK93 (52), we
detected an increase in the intensity of the PI4KIII staining on
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Golgi complex membranes after compound 1 treatment, which
may have been the result of an unknown compensatory mecha-
nism of the cell. Together, these results suggest that compound 1
reduces the PI4P levels at the Golgi complex through a direct
inhibition of PI4KIIIB activity.

Compounds 1 and 2 can inhibit kinases in two different man-
ners (37). In the competitive manner, a compound acts as an
ATP/GDP analogue and binds in the ATP-binding pocket. Alter-
natively, compounds may inhibit the kinase in a noncompetitive
manner without interfering with ATP binding. To study the man-
ner in which compound 1 inhibits PI4KIIIB3, we used the mutant
PI4KIIIB-Y583M, which carried the substitution Y583M in the
ATP-binding pocket. This substitution weakens binding of the
inhibitors wortmannin and PIK93 but does not affect the catalytic
activity of the kinase (31). Plasmids carrying either PI4KIII wt or
PI4KIIIB-Y583M were cotransfected with the FAPP1-PH-GFP
construct into cells. One day later, cells were treated for 1 h with
compound 1. Without treatment, the PI4P sensor was localized to
the Golgi complex in cells expressing PI4KIIIB wt or PI4KIIIB-
Y583M (Fig. 6B and C). Treatment with compound 1 resulted in
diminished PI4P levels in cells that expressed PI4KIIIB wt, as
shown by the reduction of Golgi complex-localized FAPP1-PH-
GFP (Fig. 6B). The PI4P sensor remained localized in the Golgi
apparatus in cells expressing PI4KIIIB-Y583M (Fig. 6C). These
results suggested that compound 1 binds in the ATP-binding
pocket of PI4KIIIRB and therefore inhibits PI4KIIIB in a competi-
tive manner.

PI4KIII is the major target of the compounds accountable
for the inhibition of CVB3 replication. Competitive kinase in-
hibitors usually target more than one cellular kinase (38). Al-
though compound 1 is a highly specific PI4KIII inhibitor in vitro,
we next verified whether PI4KIIIf is the major target of com-
pound 1 responsible for its detrimental effect on CVB3 replica-
tion. To this end, we performed a “replication rescue assay” with
the PT4KIIIB mutant. Cells were transfected with either PI4KIII
wt, PI4KIIIB-Y583M, or as negative controls the kinase-dead
PI4KIIIB-D656A or EGFP. Two days later, the cells were infected
with CVB3-Rluc in the presence of compound 1 and were lysed
after 8 h to quantify the intracellular luciferase levels. Similar ex-
pression levels of all PI4KIIIP proteins were confirmed in parallel
in an immunofluorescence assay (data not shown). CVB3-Rluc
was unable to replicate in cells transfected with EGFP, the kinase-
dead PI4KIIIB-D656A, or PI4KIIIB wt in the presence of com-
pound 1 (Fig. 7). In contrast, the expression of PI4KIIIB-Y583M
provided nearly complete protection against the inhibitory effect
of compound 1 on CVB3 replication, since CVB3-Rluc replicated
almost to untreated levels in these cells. Similar results were ob-
tained with compound 2. These results corroborate PI4KIIIf as
the major target of compounds 1 and 2 accountable for the inhi-
bition of CVB3 replication.

Activity of compound 2 in a CVB4-induced pancreatitis
mouse model. Next, we investigated the in vivo antiviral activity of
compound 2 in a CVB4-induced pancreatitis model (39). Since
the pharmacokinetic properties of compound 1 were not suitable
for analysis of its effects in vivo due to its rapid clearance (data not
shown), we employed its analogue, compound 2, to explore pro-
tection against enterovirus infection in mice. Importantly, the in
vitro characteristics of compound 2 were comparable to those of
compound 1 (Fig. 2, 3, 5, and 7). The pharmacokinetics of com-
pound 2 were assessed in male NMRI mice administered a dose of
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FIG 7 CVB3 replication in the presence of compound 1 or 2 is rescued by
expression of a PI4KIIIB mutant. BGM cells were transfected with HA-tagged
PI4KIIIB wt, PI4KIIIB-Y583M or, as negative controls, the kinase-dead
PI4KIIIB-D656A or EGFP. Two days posttransfection, cells were infected with
CVB3-Rluc in the presence of 1 uM compound 1 or 3 uM compound 2. After
lysis of the cells at 8 h p.i., the amount of luciferase activity was quantified in the
samples. Bars represent means of three samples * the SD.

5 mg/kg orally and 1 mg/kg i.v., using three mice per time point
(Fig. 8). The compound was rapidly absorbed, with maximal
plasma levels (T,,.,) observed at 30 min postdosing, while the
clearance (Cl) was low, approximately 25% of the liver blood flow,
and the volume of distribution (V) was high (Table 3). Based on
these results, we decided to perform a pilot experiment of the
CVB4-induced pancreatitis model. Considering the PK profile of
compound 2, we determined that application of an oral twice-a-
day (BID) dosing regimen would give optimal coverage of the
antiviral IC;, while keeping the maximum serum concentration
(Cinax) 10 a lower range. Mice (n = 4 per group) were infected
intraperitoneally with CVB4 and treated with compound 2 or left
untreated. The compound was administered at three different
doses (1, 5, and 25 mg/kg BID). No adverse effects or clinical signs
were detected during the experiment, indicating that the mice
tolerated compound 2.
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FIG 8 Plasma drug concentration levels of compound 2 in NMRI mice. Mice
were treated with a single dose of compound 2 as either 1 mg/kgi.v. or 5 mg/kg
orally. Terminal blood samples were collected from three animals per time
point, up to 8 h postdosing. Samples were centrifuged, and the supernatant
was subjected to mass spectrometry analysis. Data points represent the means
of three samples * the SD.
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TABLE 3 Pharmacokinetic parameters for compound 2 in male NMRI
mice

Result after treatment

Parameter (units) 1 mg/kg i.v. 5 mg/kg orally
C, or C,,,, (ng/ml) 1,559 782

Tonax (h) 0.5

AUC,_, (ng - h/ml) 503 1,281
AUC, ..y (ng - h/ml) 519 1,566

ClI (liters/h/kg) 1.93

V., (liters/kg) 2.23

t,, (h) 2.38 4.15

F (%) 60

In H&E-stained sections of pancreas tissue collected 3 days
after CVB4 infection, extensive exocrine tissue damage was obvi-
ous in infected, untreated animals (Fig. 9A). Histopathological
analysis revealed diffuse interstitial inflammation, necrosis, and
edema, along with a cellular infiltrate (Fig. 9B). On the other hand,
pancreas sections obtained from mice treated with the highest
compound 2 dose (25 mg/kg BID) showed no signs of inflamma-
tion, edema, or necrosis. Partial protection against CVB4-induced
pancreatitis was noted at a lower dose (5 mg/kg BID), while no
beneficial effect was observed at the lowest dose (1 mg/kg BID).
Peak serum amylase and lipase levels were also measured on day 3
postinfection (39). In untreated CVB4-infected mice, serum
lipase and amylase levels were increased more than 10-fold and
5-fold, respectively (Fig. 9C). A dose-dependent effect of com-
pound 2 was observed with mice treated with the highest dose, as
lipase and amylase levels were comparable to those in the unin-
fected control group. Moreover, infectious virus content was re-
duced by >2log;, in mice treated with the highest dose (Fig. 9D).
Taken together, these results indicated that compound 2 exhibited
a clear dose-dependent antiviral effect in vivo, and a dose of 25
mg/kg BID fully protected against CVB4-induced pancreatitis.

DISCUSSION

We demonstrated here the specific and selective antiviral effects of
a novel broad-spectrum inhibitor of enterovirus replication in
vitro and in a CVB4-induced pancreatitis mouse model. To gain
insight into the mechanism of action, compound-resistant CVB3
was generated, which revealed that single substitutions in 3A al-
lowed the virus to replicate more efficiently in the presence of the
compound. These same substitutions allowed us in our previous
study to identify PI4KIII as the target of the antiviral compounds
enviroxime and GW5074. Similar to these earlier results, com-
pounds 1 and 2 also specifically inhibited the activity of PI4KIII3
in an in vitro kinase activity assay and strongly reduced the P14P
levels in Golgi complex membranes in intact cells. Finally, CVB3
replication in the presence of the compounds was nearly restored
to untreated levels by the expression of a mutant PI4KIIIP carry-
ing a substitution in its ATP-binding pocket. Collectively, these
results indicated that host factor PI4KIIIR is the major target of
the compounds responsible for their effects on enterovirus repli-
cation.

Enteroviruses are not the only viruses that exploit PI4KIIIB for
their replication. Within the Picornaviridae family, Aichi virus of
the genus Kobuvirus was recently also reported to recruit PI4KIII3
to its replication sites (40). Viruses belonging to the genera Car-

aac.asm.org 4977


http://aac.asm.org

van der Schaar et al.

B edema C
a 34 L 2 4 L2
A
g 2- ’e *
o
I
2 1 TS
S
g
[
n 0 <000 o0 000
T T T T T
necrosis D
$ 34 €113}
=2
g 2- o o
o
I
2 14 00
Pl
g
[
® 04 e ¢} fe119)
T T T T T
inflammation
6 34 AdA AdAA
=2
g 2- A A
0o
@
.-? 14 AA
P
g
[
D 0 sk A AddA
T T T T T
2 & & F F
R S O O
O R & &
& v
‘o@ &@
S

Serum amylase (IU/L)

Virus titer (log4o CCID5¢/ml)

40000 1500
¢ amylase
* O lipase g
30000- . . .
20 o -1000 3
20000-| *3 ; Q o 3
* o * ®
© o %e0 500 =
10000- e c
> =
L * O
0 % T X T O f@ o
7
6 . . o
— *
54 . . '
*
4
- *e
3_ v
-
2 T T T T T
& £ L F P
S O
6\) b" & & &
x@ X% N “ >
o &
& &

FIG 9 Antiviral activity of compound 2 in a CVB4-induced pancreatitis mouse model. (A) Pancreas histopathology (H&E stain) in CVB4-induced pancreatitis.
Mice were infected with CVB4, treated with compound 2 (right panel) or left untreated (left panel), and sacrificed 3 days p.i. (B) Histopathological severity
scoring for CVB4-induced pancreatitis. H&E-stained tissue sections were scored blindly for inflammation, necrosis, and edema by using a standardized scoring
system. A score of 0 indicates complete absence of pathology, whereas a score of 3 refers to diffuse lesions throughout the tissue section. (C) Effect of compound
2 on serum markers for pancreatitis. At day 3 p.i., serum was collected and lipase/amylase were quantified in enzymatic colorimetric assays. (D) Effect of
compound 2 on infectious virus production, which was quantified by titration of tissue homogenates from cell cultures.

diovirus and Apthovirus do not seem to rely on this host factor,
which is in line with their insensitivity to enviroxime and GW5074
(data not shown). HCV also utilizes PI4Ks for its replication, pre-
dominantly PI4KIIl« (41-47), while PI4KIIIB has also been re-
ported to be involved in virus replication (21, 42, 45, 47). In ad-
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dition, severe acute respiratory syndrome coronavirus also
depends on PI4KIIIB, but for cell entry instead of RNA replication
(48).

Since PI4KIIIP is an essential host factor for many viruses, it is
an attractive target for the development of broad-spectrum anti-

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

viral drugs. Targeting a host factor is more likely to be associated
with toxic side effects than targeting a viral protein. Indeed, a
recent study in the context of HCV treatment showed that condi-
tional transgenic mice that served as models for pharmacologic
inhibition of PI4KIIla displayed a lethal phenotype (49), which
suggested that compounds targeting PI4KIII may have toxic side
effects. The first specific inhibitor of PI4KIIIB was PIK93, which
had an ~100-fold preference for the B-isoform over the a-iso-
form but also inhibited PI3Ks (50). GW5074 and enviroxime have
long been known to inhibit enteroviruses, but they were only re-
cently shown to exert their antiviral effect by inhibiting PI4KIII3
(20, 22). GW5074 is a classic example of a promiscuous kinase
inhibitor with an undesired wide range of other cellular kinases as
targets, such as c-Raf, Pim-1 through Pim-3, HIPK2, and MST2
(38). Enviroxime is a far more potent inhibitor of enterovirus
replication than GW5074 (28, 51), but the clinical development of
enviroxime was discontinued at the point of phase II trials due to
insufficient therapeutic effects and gastrointestinal side effects
(52, 53). More recently, a number of investigators have reported
novel antiviral PI4KIIIB inhibitors, but they have also reported
different adverse events in these studies. A compound from No-
vartis with antiviral activity against HCV was precluded from fur-
ther development due to its antiproliferative effects on T and B
cells in vitro, which were confirmed in vivo in a rat antibody for-
mation assay (i.e., the sheep red blood cell assay) at one of the
doses tested; however, no other clinical signs were noted in the 4
days of treatment (54). While this work was in progress, the anti-
enterovirus compound T-00127-HEV1 (51), which is structurally
similar to our compounds 1 and 2, was evaluated together with
another novel PI4KIIIB inhibitor from Boehringer-Ingelheim for
toxicity in SJL mice (55). Oral doses of 50 mg/kg/day and higher of
the BI compound were found to be lethal to the mice, with mor-
tality starting at day 2 after the start of the treatment. However, in
our study the mice treated orally twice a day with 25 mg/kg com-
pound 2, which had a comparable potency against PI4KIIIf,
showed no signs of toxicity during 3 days of treatment. Therefore,
further studies are needed to elucidate whether the toxicity effects
observed in other studies were caused by the inhibition of
PI4KIIIB or, alternatively, by some as-yet-unknown other off-
target effect.

Due to their high mutation rate, RNA viruses in general and
picornaviruses in particular can rapidly acquire mutations that
allow them to become resistant to the antiviral effects of com-
pounds that directly target viral proteins, and this poses serious
problems in a clinical context. For example, resistant HCV vari-
ants were already detected during the first days of treatment with
the viral protease inhibitors telaprevir and boceprevir (56, 57). It is
generally believed that compounds that target critical host factors
pose a higher barrier for resistance development of RNA viruses.
Cellular targets are unlikely to mutate in response to therapy and
are therefore ideal targets for drug development. Indeed, PV was
unable to acquire resistance against the Hsp90 inhibitor geldana-
mycin, which blocked the correct folding and maturation of en-
terovirus capsid proteins (58). Here, we showed that CVB3 can
acquire resistance in cell culture to a novel PI4KIIIB inhibitor by
acquiring substitutions in its 3A protein. It is important to em-
phasize that this resistance developed only after a lengthy resis-
tance selection process (~16 weeks). As most enterovirus infec-
tions are acute and of limited duration, it is questionable whether
resistance will develop in vivo upon (short-term) treatment with
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PI4KIIB inhibitors. If so, combination treatments with more
than one drug might be needed for successful antiviral therapy.
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