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Abstract

A cell-based assay was used to discover compounds inhibiting respiratory syncytial virus (RSV)-induced fusion in HeLa/M cells.
A lead compound was identified and subsequent synthesis of >300 analogues led to the identification of JNJ 2408068 (R170591),
a low molecular weight (MW 395) benzimidazole derivative with ansgE(.16 nM) against some lab strains almost 100,000 times
better than that of ribavirin (1aM). Antiviral activity was confirmed for subgroup A and B clinical isolates of human RSV and
for a bovine RSV isolate. The compound did not inhibit the growth of representative viruses from other Paramyxovirus genera, i.e.
HPIV2 and Mumps Virus (genus Rubulavirus), HPIV3 (genus Respirovirus), Measles virus (genus Morbillivirus) and hMPV. Effi-
cacy in cytopathic effect inhibition assays correlated well with efficacy in virus yield reduction assays. A concentration of 10 nM
reduced RSV production 1000-fold in multi-cycle experiments, irrespective of the multiplicity of infection. Time of addition studies
pointed to a dual mode of action: inhibition of virus—cell fusion early in the infection cycle and inhibition of cell-cell fusion at the
end of the replication cycle. Two resistant mutants were raised and shown to have single point mutations in the F-gene (S398L and
D486N). JNJ 2408068 was also shown to inhibit the release of proinflammatory cytokines IL-6, IL-8 and Rantes from RSV-infected
A549 cells.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction The options to prevent or treat RSV infections are
limited. Prophylactic administration of palivizumab, a
Respiratory syncytial virus (RSV), a Paramyxovirus, is monoclonal antibody binding the respiratory syncytial
an important cause of respiratory tract infection in infants, virus fusion protein, has been shown to significantly de-
young children and adults. RSV infection is responsible for crease the incidence of RSV-related hospitalisations among
a large proportion of hospitalisations of infants in the winter high-risk children The IMpact-RSV Study Group, 1998
months and consumption of significant health care resourcesThere are questions concerning the efficacy and safety
Significant morbidity is associated with RSV bronchiolitis, of using ribavirin, the only licensed antiviral for treat-
and a link to development of asthma has been proposedment of RSV infections Anonymous, 1996) Develop-
(Welliver, 1995. Although the importance of RSV among ment of new and better antivirals is therefore a priority.
young children is well recognized, it has recently been ap- Several small molecules with potent anti-RSV activity
preciated that more than 78% of RSV-associated underly-have recently been discovered. While some of these also
ing respiratory and circulatory deaths occur among personsaffect the replication of other viruseXimura et al.,
aged 65 years or oldeTflompson et al., 2003 2000, others have been described as specific inhibitors
of RSV (Huntley et al., 2002; McKimm-Breschkin, 2000;
Watanabe et al., 199&nd these usually target the fusion
* Corresponding author. protein of the virus. The current report describes the discov-
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ery and antiviral properties of a new family of potent RSV 2.2. Compounds

inhibitors.
Substituted benzimidazoles such as JNJ 2408068 (2-
[[2-[[1-(2-aminoethyl)-4-piperidinyl]Jamino]-4-methyl+-
2. Materials and methods benzimidazol-1-ylimethyl]-6-methyl-3-pyridinol) F{g. 1,
MW 395, formerly R170591Andries et al., 2000 were
2.1. Viruses and cells synthesized in the Johnson and Johnson (Pharmaceutical

Research and Development) laboratories by methods de-

Human (strain LO) and bovine RSV, human parainfluenza scribed elsewhere (Janssens et al., WO 01/00611, WO
viruses 2 and 3 (HPIV2 strain Greer and HPIV3 strain C243), 01/00612, WO 01/00615). Compounds were dissolved
human rhinoviruses 2 and 14 (HRV2, HRV14), Mumps in dimethylsulfoxide (DMSO) at 20mM and diluted in
Virus (strain Jones), Measles virus (strain Edmonston), andgrowth medium to achieve the final concentration needed.
pneumonia virus of mice (PVM, strain 15) were provided by Ribavirin was acquired from Sanico (Turnhout, Bel-
the American Type Culture Collection, Manassas, VA, USA. gium) and palivizumab from Medimmune (Gaitersburg,
Influenza viruses (A/Taiwan/1/86 [H1N1], A2/Japan/305/ MD, USA).
57 [H2N2], A/Virginia/88 [H3N2], B/Hong Kong/5/72)
were obtained from F.G. Hayden, Charlottesville, USA. 2.3. Cytotoxicity assay
Human RSV was grown in HeLa/M, HEp-2 or A549 cells,
HRV in HeLa/M cells, bovine RSV in MDBK cells, in- To assess the cytotoxicity of JINJ 2408068, HeLa/M cells
fluenza viruses in MDCK cells, mumps and HPIV3 virus were seeded in 6-well plates in a volume of 2ml of MEM
in LLC-MK2 cells, Measles virus and HPIV2 in Vero cells at a concentration of 125,000 or 800,000 cells per well. Af-
and HIV in MT-4 cells. Virus stocks were stored-a70°C. ter 24 h incubation at 37C in a humidified 5% C@ atmo-
Cells were maintained in Eagle’s minimum essential sphere, the growth medium was replaced by test solutions
medium (MEM) supplemented with 5% foetal calf serum (fresh growth medium with or without JNJ 2408068). The
(FCS), 2% sodium bicarbonate and 2 mMglutamine. number of living cells present in triplicate cultures was de-
Clinical isolates of RSV were obtained from A.M. Van termined at the time of drug addition (day 0), and days 1,
Loon, University of Utrecht, The Netherlands, and G. leven, 2 and 3. At these time points, cells were rinsed twice using
University of Antwerp, Belgium. These were also grown in C&*- and Mg*-free phosphate-buffered saline and then
HeLa/M cells. Human metapneumovirus (hMPV) was ob- trypsinized, pooled, centrifuged for 5min at 3000 rpm, re-
tained from Dr. Guy Boivin, Research Center in Infectious suspended in medium and counted in triplicate using a Coul-
Diseases, Regional Virology Laboratory, Laval University, ter Counter.
Quebec City, Canada. This virus was grown in LLC-MK2
(rhesus monkey kidney; ATCC CCL7) cells in MEM sup- 2.4. Antiviral activity
plemented as described above except that foetal calf serum
was not added and the medium was supplemented with For all viruses listed, a tetrazolium-based colorimetric
0.5mg/ml Worthington trypsin (Worthington Biochemical method, the MTT assayMosmann, 198Bwas used to de-
Corp., Lakewood, NJ; cat. no. 32C5468). termine EGgs reflecting antiviral activities.
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Fig. 1. Chemical scaffold of the substituted benzimidazole series.
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Flat-bottom, 96-well plastic microtiter trays were filled (cells washed three times) virus yields were determined by
with MEM. Stock solutions of compounds were added to a plaque assay after different incubation times (1, 2, 3 and
series of triplicate wells so as to allow simultaneous evalua- 4 days post-virus exposure) at 3Z. Separate experiments
tion of their effects on virus- and mock-infected cells. Serial assessed the effect of lowering the MOI from 1 to 0.01, and
five-fold dilutions were made directly in the microtiter trays the effect of delaying exposure of the drug until completion
using a customised robot system (Zymark Corp., Hopkin- of the adsorption period. The data represent results obtained
ton, MA). Virus- and mock-infected controls were included in experiments that were shown to be reproducible in at least
in each test. Approximately 100 median tissue culture infec- two occasions.
tious doses (TClIgy) of virus were added to two of the three
rows, and medium without virus to the third row. After 2h 2.6. Mechanism of action
incubation at 37C in a 5% CQ atmosphere, a suspension
(4 x 10° cells/ml) of susceptible cells was added to all wells 2.6.1. Correlation between inhibition of fusion and
in a volume of 5Qul. Cultures were further incubated at inhibition of virus production
37°C, except for HRV (33C). Four to seven days post-virus Seven benzimidazole derivatives ($¢@. 1, Table J were
exposure, the viability of mock- and virus-infected cells was incubated for 60 min with RSV (Long strain) at fixed con-
quantitated spectrophotometrically using the MTT method. centrations (0.1 or ftM) in MEM containing 5% FCS and
The EGo was defined as the 50% inhibitory concentration 2% HEPES buffer at 37C. The virus—drug mixtures were
for cytopathic effect and Cég as the 50% concentration for  inoculated into HeLa/M cells, the same concentration of
cytotoxicity. compound was added and the extracellular virus yield was

To assess whether the antiviral effect was cell-dependent,determined at 2 days post inoculation by plaque assay.
an EGy for cytopathic effect (CPE) inhibition was also de-
termined in HEp-2 and A549 cells using the method de- 2.6.2. Effect of time of addition
scribed above. Plaque assays were performed in Vero cells. JNJ 2408068 at 100 times the & palivizumab at 10

Activity against PVM was assessed using a limiting di- times the EGg and ribavirin at 13 times the Eg (the max-
lution reverse transcriptase-polymerase chain reaction (RT-imal non-cytotoxic dose of ribavirin) were added at differ-
PCR) assay. RNA was extracted from cell culture super- ent times 60, 0, 30, 60min, and 3, 6, 9, 12, 18, 24, 36
natants. A region encoding the attachment protein of PVM and 48 h) post-virus exposure of parallel cultures of HeLa/M
(forward primer: TTT TCA CAT CAA ACC ACA AGG cells with human RSV (Long strain) at an MOI of 1. After
CC, nucleotides 256-278; reverse primer: TAG CCT GTT 60 min of incubation at 37C, cells were washed to remove
GAC CTC CAA GCT CT, nucleotides 797-819) was am- unadsorbed virus and medium with the same drug concen-
plified using the Titan One Tube RT-PCR system (Roche, tration (if any) was added. The experiment was terminated
Mannheim, Germany). Samples were analysed with agarosewhen syncytia formation was complete in control cultures

electrophoresis. (48 h post inoculation). The extracellular virus yields of cul-
ture supernatants were determined by plaque-titration.
2.5. Mirusyield reduction assay In a second set of experiments, we studied the effect of

first adsorbing the virus at€ and then adding the com-
RSV (Long strain) was pre-incubated with JNJ 2408068 pound, with or without a temperature shift. RSV binds to
at 1-1000 times the E{g for 60 min and then added to cells both at 4 and 37C but fusion occurs only when the
HelLa/M cells at a multiplicity of infection (MOI) of approx-  temperature is raised above B (Srinivasakumar et al.,
imately 1 pfu per cell. After 1 h adsorption at 3, inocu- 1997). Virus was first concentrated on a sucrose cushion
lum was removed, cells were washed three times and fresh(1.45M, 4 h, 7500« g) and then purified by ultra centrifu-
maintenance medium containing identical concentrations of gation on a discontinuous sucrose gradient (30-45-60%).
JNJ 2408068 was added. Extracellular and cell-associatedGradient purified virus at an MOI of 1 was allowed to ad-

Table 1
Antiviral activities of selected substituted benzimidazoles
JNJ No. R1 R2 R3 R4 E£5 (nM) PEGso Log yield reduction Log yield reduction
100nM 1000nM
JNJ 1789008 H H H H 398 6.4 0.1 11
JINJ 4977648 H H Me H 158 6.8 0.1 14
JNJ 4688840 OEt H H H 63 7.2 0.2 2.3
JNJ 4955808 OEt H Me H 13 7.9 1.7 34
JINJ 4841278 H OH H H 25 8.6 2.7 4.3
JINJ 4749914 H OH Me H 0.40 9.4 4.1 4.7
JNJ 2408068 H OH Me Me 0.16 9.8 4.4 4.6

The EGps (nM) and effects on virus yield reduction for human RSV were assayed (R1 to R4 refer to substituents on the sdaiffolt).of he pEGq
is the negative logarithm of the B¢ (e.g. for 1nM the pEgp is 9, for 10nM the pEGgp is 8).
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sorb onto HeLa/M cells at 4C for 1h. In some cultures, dient purified RSV (Long strain) was diluted tofu/ml,

16 nM of JNJ 2408068 (108 ECsp) was added at 4C for pre-incubated with drug or solvent for 1 h at 37 and in-

1 h at different times during adsorption, and cells were sub- oculated into confluent monolayers of HeLa/M cells (MOI
sequently incubated at 3T for 24 h and processed as de- 0.1). After adsorption for 1 h at 3T, the inoculum was
scribed below. In other cultures, adsorption was performed replaced by medium with the same drug concentration and
at 4°C for 1 h, unbound virus was removed by washing and cultures were incubated for 18 h at 3Z. Cells were then
cells were warmed to 3C for 0, 7.5, 15, 30, 60, 120 or rinsed with PBS and RNA was extracted with TRIzol (Life
240 min before addition of 16 nM of JNJ 2408068. After Technologies, MD, USA). Purified RNA was dissolved in
addition of JNJ 2408068, cells were cooled again t€€4  DEPC water and stored at70°C. RNA was reverse tran-
for 1h before further incubation at 3T. At 24h post- scribed at 42C with RT Expand (Roche, Mannheim, Ger-
infection, cells were lysed for 5min at room temperature many) using a primer complementary to plus strand RNA
in phosphate buffered saline (PBS) supplemented with 1% and tagged%choenike et al., 1999The resulting cDNA was
NP-40, 1mM EDTA and a cocktail of protease inhibitors. amplified with Expand High Fidelity (Roche, Mannheim,
The lysate was centrifuged at 230¢ for 5min at 4°C Germany) using an RSV-specific primer, complementary to
and the supernatant was stored-&0°C until analysed us-  minus strand RNA, and a tag primer. Viral-specific regions
ing an enzyme-linked immunosorbent assay (ELISA). For of the primers were designed on basis of the sequence cod-
analysis, microtiter wells were first coated overnight aC4 ing for the nucleocapsid region. The sequence of the primers
with 200ul of palivizumab at 1Qug/ml in 20 mM carbon- was as follows: tagged-antisense primer, TCG CAG ACC
ate buffer, pH 9.6, then blocked with 2p0 of 10% horse AAT ACG CAT GAC TCACCC CTG CTG CTAATT TAG
serum (HS) in PBS. After removal of the blocking solution, TTA TTA C; sense primer, GGC TCT TAG CAAAGT CAA
100! of two-fold dilutions of the samples in incubation GTT G; tag Schoenike et al., 1999TCG CAG ACC AAT
buffer (1B, PBS-0.05% Tween 20, 4% HS) was added, the ACG CAT GAC TCA. PCR consisted of a 2 min denatura-
plates were incubated for 1 h at 3Z and then washed>4 tion at 95°C, 25 cycles of 95C for 30 s, 48 C for 30 s and
with 250l washing buffer (WB, PBS-0.05% Tween 20). 68°C for 45s. After extension at 6& for 7 min the sam-
Thereafter 10l of MAB858-1 (Chemicon, CA, USA), a  ples were stored at€. All amplicons were detected with
mouse monoclonal RSV F protein AB (diluted 1/3200 in ethidium bromide after electrophoresis in a 2% gel.

IB), was added and the plates were incubated for 1h at The effect of adding JNJ 2408068 early in the cycle
37°C. After rinsing the wells & with WB, 100l of a on viral protein synthesis was assessed by metabolic la-
peroxidase labelled goat anti-mouse antibody (AB) (diluted belling of viral proteins with 3°S-methionine-cysteine.
1/4000 in IB) was added and the plates were incubated atVirus (10’ pfu/ml, Long strain) was pre-incubated with
37°C for 1h. Thereafter the washing procedure was re- drug or drug solvent for 1 h at 3T and then inoculated on
peated and 100l of the chemiluminescent substrate solu- HelLa/M cells for 1 h at 37C. After adsorption, medium
tion (Roche, Mannheim, Germany) was added. After 5min, supplemented with drug or solvent was added for 18 h at
the signal was measured with a chemiluminescence readeB7°C and then pulse labelled for 2 h using medium supple-
(Labsystems, Helsinki, Finland). A dilution series from a mented with dialysed FCS (Life Technologies, MD, USA)
cell-derived viral stock was used to generate a standardand 10uCi/ml 35S-methionine-cysteine (Amersham Phar-

curve,. macia Biotech, Buckinghamshire, England). After labelling,
cells were lysed for 3min in ice-cold SDS-electrophoresis
2.6.3. Virusinactivation sample buffer supplemented with 1 mM PMSF and 1 mM

Virucidal and binding properties of JNJ 2408068 and EDTA, boiled for 5min and then stored at20°C until
palivizumab were studied by incubation of approximately SDS—PAGE on a 12% gel. Metabolically labelled proteins
10’ plaque forming units (pfu)/ml RSV (Long strain) with or  were visualised with autoradiography.
without approximately 100 times the B&of JINJ 2408068
(16 nM) or palizivumab (@ug/ml) for 0, 1, 12 and 24h at  2.6.5. Resistance studies
37°C. After these incubation periods, the reversibility of RSV (Long strain) at an MOk 1 was exposed to JNJ
the binding between the virus and the compound was as-4955808 or JNJ 2408068 at concentrations approximately
sessed by making 10-fold dilutions of the virus—drug mix- 1000 times their E€ps, before and during three passages in
tures until non-inhibitory concentrations of free compound HelLa/M cells. At the end of each passage (lasting 3 days
(as established by the Egtest) were obtained. These di- each), virus from one or two end dilutions showing CPE
lutions were plaque-titrated in Vero cells for remaining in- was harvested by freezing and thawing and used to initiate a
fectious virus. Each result represents the average of threesubsequent passage. The resulting isolates were cloned and

replicates. the genes coding for F-, G-, and SH-protein were ampli-
fied with RT-PCR. The amplicons were sequenced with an
2.6.4. Inhibition on viral RNA and protein synthesis ABI PRISM 3700 DNA analyser. The extent of resistance

The effect of adding JNJ 2408068 early in the cycle on and cross-resistance was assessed using the antiviral assay
plus strand RNA synthesis was assessed by RT-PCR. Gradescribed above.
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2.7. Inhibition of cytokine release in alveolar epithelial anti-RSV activity. Substitution on the pyridine ring, particu-
cells larly on position three and six, are crucial for improvement
of the antiviral activity as was illustrated by the introduction
RSV (Long strain) was grown on HEp-2 cells and purified of a methyl on position six and a hydroxy group on position
by ultracentrifugation on a sucrose gradieiib{guino and three (compare JNJ 4977648, INJ 4955808 and JNJ 4749914
Menezes, 1991 A549 cells were seeded in 6-well plates with the desmethyl derivatives JNJ 1789008, JNJ 4688840
at day—1 in 2ml of growth medium at a concentration of and JNJ 4841278, respectively). The crucial introduction of
800,000 cells per well. After 24 h, when 80% confluent, cells a 3-hydroxy substituent (RZ OH) led to a hundred-fold
were inoculated with virus at an MOI of 1 in the presence of improvementin anti-RSV activity, as demonstrated with JNJ
drug (100x ECsp), palivizumab (Gug/ml) or drug-solvent. 1789008 and its hydroxylated analogue JNJ 4841278. The
Supernatants were harvested at 0, 3, 6, 12 and 24 h postsimultaneous substitution of the three and the six position
infection and were stored at20°C until analysis. IL-6 was  resulted in additional benefits as illustrated by comparing
measured with specific ELISA (R&D, Minneapolis, USA), the 3-hydroxy-pyridine derivative JNJ 4841278 to the 3-
the sensitivity of the assay was 0.2 pg/ml. Cell lysis was de- hydroxy-6-methyl-pyridine JNJ 4749914. Extra substituents
termined by measuring lactic dehydrogenase (LDH) releaseon the benzimidazole ring system, in particular on position
using the CytoTox 96 Non-Radioactive Cytotoxicity Assay seven (R4= CHj3), resulted in only a minor amelioration of
(Promega, MD, USA). the antiviral activity as illustrated by JNJ 2408068 compared
to JNJ 4749914,
JNJ 2408068, the compound that was selected for fur-

3. Results ther evaluation, inhibited 50% of the syncytium forma-
tion in HeLa/M cells at concentrations as low as 0.16 nM
3.1. Cytotoxicity (0.063 ng/ml), compared to 318M (3.9 wg/ml) for ribavirin,

and 0.32nM (0.04g.g/ml) for palivizumab, which were in-

Cytostatic or cytotoxic effects were determined by assess-cluded as positive controls. Selectivity indexes ranged from
ing the effect of JINJ 2408068 on logarithmic cell growth. >251 for the lead compound JNJ 1789008 to >100,000 for
The HeLa/M cell number for untreated controls increased the selected compound JNJ 2408068.
approximately 10-fold compared to day 0. A JNJ 2408068 To determine if the anti-RSV activity was cell-line-
concentration of 10Q.M reduced cell growth by 38%, and dependent, JNJ 4749914 and JNJ 2408068 were also evalu-
lower concentrations of the drug were not inhibitory for ated for inhibition of RSV (strain Long) in A549 cells and
cell growth. The Cgg of JNJ 2408068 for logarithmic cell HEp-2 cells, two human respiratory epithelial cell lines.
growth at 37C was therefore >100M. Under the condi- Inhibition of virus replication (as assessed by the develop-
tions of the antiviral screening assay (subconfluent HeLa/M ment of CPE) was comparable to that found in HeLa/M
cells, 7 days at 37C), the CGo was for INJ 2408068 was cells for both compounds (differences less than three-fold).
400pM. The CGp of compounds shown ifable 1was also
greater than 10QM in each case. Cytotoxicity in other cell 3.3. Antiviral spectrum
lines was studied in less detail, but observations in BHK-21,

MT-4 and MDCK cells did not suggest increased cytotoxi-  To determine if the anti-RSV activity was viral strain-

city for other cell lines. specific, the inhibitory spectrum of JNJ 2408068 against
typed clinical isolates of RSV was determined in HeLa/M

3.2. Antiviral activity cells. The EGgs for five isolates from subgroup A ranged

from 0.16 to 1.3 nM (median 0.50 nM), and those for five dif-

A remarkably active substituted benzimidazole deriva- ferentisolates from subgroup B ranged from 0.32 to 4.47 nM
tive, JNJ 1789008Hig. 1, Table ), was identified as alead (median 0.48 nM).
molecule by screening a representative subset of a 130,000 Replication of bovine RSV was also inhibited at similar
compounds library against the Long strain of RSV. We em- concentrations. However, as assessed by semi-quantitative
bedded the lead structure JNJ 1789008 into a general for-RT-PCR, no activity could be identified against Pneumo-
mula ig. 1) to optimise the antiviral activity and recognized nia Virus of Mice, a virus belonging to the same Paramyx-
several possibilities for chemical modification: the amino ovirus genus (genus pneumovirus). Both compounds were
ethyl group, the piperidine ring system, the bridge modifica- also unable to inhibit the growth of representative viruses
tion R1 between the benzimidazole and pyridine rings and from other Paramyxovirus genera, i.e. HPIV2 and Mumps
the substitution pattern on these ring systems (substituentsvirus (genus Rubulavirus), HPIV3 (genus Respirovirus), and
R2, R3 and R4)Table ). Modifications of the amino ethyl  Measles virus (genus Morbillivirus). JINJ 2408024 had no de-
group or the piperidine system did not substantially affect the tectable inhibitory activity against MPV. Its selective index
antiviral activity, while introduction of an ethoxy-methylene (SI; determined by dividing the Gfg for LLC-MK2/ECsg
bridge (R1= OEt) in JNJ 4688840 instead of a methylene [200.g] by the EGp obtained for JNJ 2408024 against
bridge (R1= H) in JNJ 1789008 significantly enhanced the hMPV [>200pg]) was <1. Members of the Orthomyx-
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Fig. 2. Effects of INJ 2408068 on human RSV yield. HeLa/M cells were infected with the human RSV, pre-incubated with the appropriate concentration
(controls @), 1 x ECsp or 0.16 nM @), 10 x ECsg (<), 100x ECso ((J), 1000x ECsg (O)) of antiviral compound Fig. 2A-D) or treated with JNJ
2408068 at 6 h post inoculatiofrify. 2E and F. Cells were incubated for 48 h at 3C, frozen and thawed, and the virus yield was plaque-assayed. (A)

Low MOI, cell-associated virus, (B) high MOI, cell-associated virus, (C) low MOI, extracellular virus, (D) high MOI, extracellular virus, (E) low MO
extracellular virus, late addition, (F) high MOI, extracellular virus, late addition.

oviridae (several influenza virus strains), Retroviridae (HIV titers were only obtained if 1000 times the §Gvas used
strain LAl), Picornaviridae (HRV2, HRV14), Herpesviridae (Fig. 2B).

(HSV2 strain 196) were also insensitive. To assess the effect of a delay in treatment of virus-
infected cultures, JNJ 2408068 was also added at 6 h after
3.4. \irus yield reduction assay the inoculation of RSV, after the sensitive stage had passed in

the first round of replication. In this case, significant reduc-

The effect of different concentrations of JNJ 2408068 tions of extracellular virus yields could still be obtained, but
on cell-associated and extracellular virus yield in multiple ©nly if cultures had been infected with a low MCHig. 2E
rounds of replication was determined in 6-well plates, in- and b.
oculated with human RSV at a lowig. 2A, C and B or
high MOI (Fig. 2B, D and F. In a first set of experiments, 3.5. Mechanism of action
JNJ 2408068 was added to the virus before virus inocula-
tion. In experiments using a low MOI (0.01), a drug con- 3.5.1. Correlation between inhibition of fusion and
centration exceeding the g 10-fold resulted in a 100- inhibition of virus production
fold reduction of both cell-associated and extracellular virus ~ Seven different benzimidazole derivatives were incubated
titers (Fig. 2A and §. Concentrations 10-100-fold higher for 60 min with RSV at concentrations of 0.1 and/gul¥
reduced the virus yields even further (1000-10,000-fold). in MEM containing 2% FCS at 37TC. The virus—drug mix-
When HelLa/M cells were infected with 100-fold higher tures were inoculated into HeLa/M cells, which were then
MOI’s, virus controls peaked 1 day earlier, and about 100 incubated for 48 h. The reductions in extracellular virus yield
times the EG was needed to reduce the extracellular virus as compared to virus controls were determined using plaque
yield 1000-fold Fig. 2D). Cell-associated virus titers peaked assay and plotted against the logggCTrhe median values
even earlier and in this case significant reductions in virus of two to five separate assays are presenfégl Q).
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reduction in extracellular virus yield as compared to virus contrglaxis) was determined using plaque assay and plotted against thg PE@Xis).
pEGs is the negative logarithm of the Eg(e.g. for 1 nM the pEgp is 9, for 10nM the pEGp is 8). Less active compounds (with lower pfg€, left

side of theX axis) were tested at lower multiples of their &€ and produced lower reductions in virus yield than compounds with higher lggsEC

Compounds with lower log E£gs (left side of theX axis)
were tested at low multiples of their B§ and produced
lower reductions in virus yield than compounds with higher
log EGsps. The correlation between inhibition of CPE and
inhibition of virus productioni?) reached 0.96 for both 0.1
and/or M.

The ratio of the used concentrations to thesi€an also
be plotted in theX axis. This reveals the correlation be-
tween the multiple of the E£g used on the one hand(
axis) and the reduction in virus yield on the other hand
(Y axis). FromFig. 3 one can estimate that a concentra-
tion approximately 100 times the Bgresults in an ap-
proximately 1000-fold reduction of the extracellular virus
titer.

3.5.2. Effect of time of addition of JNJ 2408068 on virus
inhibition

To learn more about the mechanism of anti-RSV activity
of INJ 2408068, compound at 100 times theiaas added

at different times post-virus exposure of parallel cultures of

HelLa/M cells with human RSV at an MG} 1. Ribavirin

and palivizumab were included as controls. Development

Interestingly, the time-dependence for inhibition of syn-
cytia formation was very different from the one described
above, in that both palivizumab and JNJ 2408068 could be
added as late as 6 and 12 h post inoculation, respectively to
prevent syncytium formation. Ribavirin, on the other hand,
was less effective in inhibiting syncytia formation if added
at 12 h post inoculation (results not shown).

When virus was adsorbed in the cold and JNJ 2408068
was added before cells were warmed ta° @7 viral fusion
protein synthesis as assessed by ELISA was blocked com-
pletely (Fig. 4B). Adding the antiviral at the beginning or at
the end of the adsorption period had a similar effect. Incu-
bation of infected cells for 7.5 min at 3T before addition
of compound resulted in &15-fold increase in F-protein
synthesis. A further gradual increase in fusion protein syn-
thesis was observed when the antiviral was added at 15, 30,
60, 120 and 240 min after warming the cells to°87 Simi-
lar data were obtained upon analysis of viral RNA (data not
shown).

3.5.3. Virusinactivation
Incubation of 16 pfu/ml RSV with a concentration of

of syncytia reached 100% at 48 h post-virus exposure in JNJ 2408068 exceeding the §g100-fold (16 nM) for O, 1,

the virus controls. At this time point, supernatant fluid was

12 and 24 h at 37C did not result in a reduction of viral

collected and the extracellular virus yield was determined infectivity (results not shown), suggesting that JNJ 2408068

by plaque-titration. As shown iRig. 4A, JNJ 2408068 was
effective in inhibiting RSV replication if added before the 1 h

has no virus inactivating properties and that any binding
between RSV proteins and JNJ 2408068 is fully reversible

virus adsorption period. When JNJ 2408068 was added afterby dilution.

virus adsorption had been allowed to proceed &GRSV
replication was not inhibited. Similar results were obtained
when palivizumab was used. In contrast, ribavirin was still

Incubation of 18 pfu/ml RSV with a concentration of
palivizumab exceeding the Bg127-fold (6g/ml) for O,
1, 12 and 24 h at 37C resulted in the following reductions

effective in suppressing virus replication when added up to of viral infectivity: —1.3 log pfu after 1 h—3.4 log pfu after

6 h after inoculation.

12 h, and—3.6 log pfu after 24 h.
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Fig. 4. Time-dependent drug of addition effects. (A) HeLa/M cells were infected with human RSV $MQIUNJ 2408068 (108 ECso (@)), ribavirin

(13 x ECso (H)) or palivizumab (10x ECso (®)) were added at the indicated times. Extracellular virus yield was determined by plaque assay after
48 h incubation. (B) Virus was first adsorbed in the cold and JNJ 2408068 was added at different times before and after warming e€llsviemB7
fusion protein synthesis was assessed by ELISA after 48 h of incubd®rPdsitive and negative controbZj addition of JNJ 2408068 before raising
temperature to 37C; () addition of JINJ 2408068 after raising temperature t6G7

3.5.4. Inhibition on viral RNA and protein synthesis

To study the effect of early addition of JNJ 2408068 on vi-
ral RNA synthesis, HeLa/M cells were inoculated with gra-
dient purified and JNJ 2408068 (0.01, 0.1 and\) treated
virus. After 18 h incubation at 37C the viral RNA present
in the cells was analysed with plus strand-specific PCR. Vi-
ral RNA could not be detected with the used RT-PCR pro-
cedure immediately after inoculation (negative controls). A
distinct signal was obtained in the positive controls and a
concentration-dependent reduction in viral RNA in the com-
pound treated samples.

Two additional proteins could be detected in the virus-
infected cells upon comparison with mock-infected controls,
one with a MW of approximately 40 kDa and the second with
a MW of approximately 30 kDa. Addition of JNJ 2408068

second isolate was obtained using JNJ 2408068 (three pas-
sages at 100 nM, coded R2LO). Sequencing of the F, G and
SH proteins of these isolates resulted in the identification of
single point mutations in the F protein: S398L in R1LO, and
D486N in R2LO. The Egpof R1LO increased >10,000-fold

for R139304 and 500-fold for JNJ 2408068. For the R2LO
isolate, the Egp increased 50,000-fold for both drugs.

A third mutant (R6LO) was raised to palivizumab and
again a single point mutation (K272M/T) was observed in
the F protein of virus isolated in the third passage. The
ECso for this isolate increased 300,000-fold. No cross-
resistance was observed between ribavirin, JNJ 2408068
and palivizumab.

3.6. Inhibition of cytokine release in alveolar epithelial

during the adsorption period prevented the accumulation of cells

both proteins.

3.5.5. Resistance studies

Exposure of RSV (Long strain) to JNJ 4955808 at a high
selection pressure (M, i.e. approximately 1000 times
the EGy) during three passages in HeLa/M cells resulted

The effect of JNJ 2408068 on cytokine production and
release was studied in A549 cells. A549 cultures were in-
fected with RSV preincubated with drug or drug solvent for
1h at 37C. After adsorption, the inoculum was replaced
with medium, supplemented with drug or drug solvent. IL-6

in the isolation of a resistant virus isolate coded R1LO. A was measured in culture supernatants harvested at 0, 3, 6, 12
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Fig. 5. Effect of INJ 2408068 and palivizumab on RSV induced IL-6 release from A549 cells. A549 cultures were infected with RSV preincubated with
drug or drug solvent for 1h at 3. After adsorption, the inoculum was replaced with medium, supplemented with drug or drug solvent. IL-6 was
measured in culture supernatants harvested at 0, 3, 6, 12 and 24 h post-inf&iGonfrol; #) RSV; ) RSV+JINJ 2408068;E) RSV+ palivizumab.

and 24 h post-infection. As shown Fig. 5, the inoculation lar virus, and the effect of the drug on the extracellular virus
of A549 cells with replicative RSV resulted in an increased, yield was more pronouncedig. 2A and Q. This suggests
as compared to uninfected control cells, concentration of that taking lung washings during in vivo experiments may
IL-6 in the culture supernatant. An increase of IL-6 could be more sensitive than studying tissue (lung) homogenates.
be observed at 6, 12 and 24 h post-infection. PreincubationWhen a higher MOI was used for infection, cell-associated
with JNJ 2408068 or palivizumab prevented the increased and extracellular virus yield peaked earlier, and higher con-
release of the cytokine. Similar data were obtained for IL-8 centrations of drug were needed to reduce the yield signifi-
and Rantes (data not shown). Measurement of LDH indi- cantly (Fig. 2B and D.
cated that less than 1.5% of the cells were lysed in both the When drug was added 6 h after the inoculation of RSV,
control and the infected cells, indicating that the increased after the sensitive stage had passed in the first round of repli-
release of cytokines, could not be ascribed to cell lysis. Nei- cation (see time of addition experiment), significant reduc-
ther JNJ 2408068 nor palivizumab had an effect on the lim- tions of extracellular virus yields were only seen if cultures
ited increase of IL-8 or IL-6 secretion induced by binding of had been infected with a low MOF{g. 2E and I, indi-
heat- or UV-treated, non-replicative virus (data not shown). cating that it is harder to achieve antiviral efficacy in case
a significant number of cells is already infected at the time
drug is added.
4. Discussion The observed correlation between inhibition of fusion and
inhibition of virus replication Fig. 3) suggests that these
The described substituted benzimidazoles represent a newiwo properties are causally related. This is an interesting
class of anti-RSV drugs with significant in vitro efficacy. observation because earlier benzimidazole derivatives have
ECsos in several human cell lines (HeLa/M, HEp-2 and been described where such correlation was abgauibdvi
A549) are significantly lower than those for ribavirin. Cy- et al., 1980. Within the current series of benzimidazoles,
totoxicity studies with JNJ 2408068 indicated that 1.00 it appears that a concentration approximately 100 times the
was not cytotoxic in various cell lines. ECs is sufficient to reduce the extracellular virus yield by
JNJ 2408068 is especially active against members of the3 logs, at least in HelLa cells.
genus pneumovirus. Within this genus, bovine and human The time of addition studyHig. 4A) and the experiments
RSV are both very sensitive, while the somewhat geneti- on viral RNA and viral protein synthesis all suggest that
cally distinct pneumovirus of mice was not. Both human JNJ 2408068 has an effect on an early event in the replica-
RSV subgroups A and B appear susceptible, as the rangdion cycle of human RSV. The time of addition profile of
of ECsos from clinical isolates of both groups was similar. palivizumab was similar to that of JNJ 2408068 in that a
Members of other Paramyxoviridae genera (Morbillivirus, 90% reduction of virus production was observed when com-
Rubulavirus, Respirovirus, Metapneumovirus) were not sen- pound was added within 30 min after the start of the exper-
sitive, nor other viruses that are important pathogens of theiment. In contrast, ribavirin could be added up to 6h, but
upper respiratory tract, such as influenza viruses and humarot 9 h, after the start of the replication cyckd. 4A). In-
rhinoviruses. terestingly, the time dependency for inhibition of syncytia
The effect of INJ 2408068 on cell-associated and extra- formation was different, at least in case of palizivumab and
cellular virus yield in multiple rounds of replication was JNJ 2408068. Both compounds could be added up to 6h
studied upon infection at a low or a high MOI. When using Post-virus exposure and still inhibit syncytium formation by
a low MOI, cell-associated virus peaked before extracellu- at least 50%. These findings point to a dual mode of action:
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inhibition of virus—cell fusion early in the infection cycle can be reduced to the extent these are caused by continu-
and inhibition of cell—cell fusion at the end of the replica- ing virus production. In a recent study of nasal lavage fluid
tion cycle resistance. An effect on virus adsorption, as de- collected from volunteers experimentally infected with in-
scribed for another RSV fusion inhibitoR&zinkov et al., fluenza A, a cascade of cytokine responses was documented
2001, was not apparent from the datakig. 4B. The time that implicate their involvement not only in disease resolu-
of addition studies in the cold suggest that the compound cantion but also in symptom formation. Specifically, interleukin
bind to the pre-hairpin conformation of RSV. The virus in- IL-6, interferon alpha, and tumour necrosis factor alpha lev-
activation studies indicate that any binding on extracellular els increased and peaked by days 2 or 3, while IL-8 levels
virus particles is fully reversible. For palivizumab, binding peaked later. These responses correlated significantly with
to extracellular virus particles is not reversible by dilution. the magnitude and kinetics of viral replication, mucus for-

The gp41/120 glycoprotein of HIV structurally resembles mation, and disease symptontsafyden et al., 19981In a
the RSV F protein including a predicted coiled coil structure subsequent study, it was shown that treatment with a neu-
in and around the fusion domain. Peptide inhibitors of this raminidase inhibitor prevented the infection and abrogated
fusion protein have been described for both RSV and HIV the local cytokine and chemokine responddayden et al.,
(Lambert et al., 1996 Although JNJ 2408068 has no activity 1999.
on the replication of HIV, the similarity in target between The extraordinary selective antiviral activity seen in
the two viruses suggests that it may be possible to identify these studies has lead to testing of JNJ 2408068 in cotton
small molecule inhibitors of the fusion event of HIV. rats (Wyde, in presk In this in vivo testing, 0.39 mg JNJ

The isolation of escape mutants with point mutations in 2408068/kg administered just once by small droplet aerosol
the fusion protein of RSV supports the suggestion that the 24 h prior, or subsequent, to virus administration, signifi-
antiviral activity is caused by an inhibition of the fusion cantly inhibited replication of both A and B subtype RSV
process. Reverse genetics experiments could confirm thisstrains in the lungs of cotton rats without any evidence of
hypothesis. A model of the structure of the fusion protein toxicity. Thus, the results obtained in vivo support those
has recently been described and the positions of the pointobtained in tissue culture, and both strongly encourage fur-
mutations obtained by JNJ 2408068 are discusSadith ther evaluation of this compound and related substituted
et al., 2002. While residue 486 was not included in the benzimidazole compounds.
model, residue 398 lies N-terminal to the immunoglobulin-
like B-sandwich domain and is found surface exposed on
the rim of an axial channel at the junction between two F
protein monomers.

The high level of resistance of the isolated escape mu-
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