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Respiratory syncytial virus (RSV) is the leading cause of acute lower respiratory tract infections in young children and other
high-risk populations. RSV nucleoprotein (N) is essential for virus assembly and replication as part of the viral ribonucleopro-
tein (RNP) complex. RSV604 was a putative N inhibitor in phase 2 clinical trials whose molecular mechanism of action (MoA)
was not well understood. This study investigated the cell line-dependent potency of RSV604 and demonstrated its direct binding
to the N protein in vitro, providing the first evidence of direct target engagement for this class of inhibitors reported to date. The
affinity of RSV604 N binding was not affected by RSV604 resistance mutations in the N protein. RSV604 engaged in two different
MoAs in HeLa cells, inhibiting both RSV RNA synthesis and the infectivity of released virus. The lack of inhibition of viral RNA
synthesis in some cell lines explained the cell-type-dependent potency of the inhibitor. RSV604 did not inhibit viral RNA synthe-
sis in the RSV subgenomic replicon cells or in the cell-free RNP assay, suggesting that it might act prior to viral replication com-
plex formation. RSV604 did not alter N protein localization in the infected cells. Taken together, these results provide new in-
sights leading to an understanding of the MoAs of RSV604 and other similar N inhibitors.

Respiratory syncytial virus (RSV) is an enveloped, nonsegmented,
negative-sense RNA virus in the family Paramyxoviridae. It is

the leading cause of acute lower respiratory tract infections (ALRI)
in young children and other high-risk populations worldwide (1).
RSV infection has accounted for an estimated 34 million cases of
ALRI and over 66,000 deaths among children younger than 5 years
in developing countries each year (2). The association of RSV
infection with morbidity in elderly patient populations with un-
derlying chronic illnesses (e.g., chronic obstructive pulmonary
disease, asthma, and immunocompromised patients) has also
been increasingly recognized in recent years (3, 4). Despite de-
cades of research and drug development endeavors, no effective
RSV treatment or vaccine is available (1). Ribavirin, a panantiviral
and the only approved small-molecule therapy against RSV, has an
unclear molecular mechanism of action (MoA) and restricted clinical
utility due to its toxicity, limited efficacy, and complexity of use (5).
Immunoprophylaxis with RSV-neutralizing antibodies is effective
only as a preventive measure, but not as a therapeutic treatment (5).

In the past 2 decades, RSV inhibitors in clinical development
for RSV therapeutic treatment have primarily targeted viral fusion
to prevent infection of new cells. Other early clinical candidates
included the small interfering RNA (ALN-RSV01) (6, 7), nucleo-
side inhibitor (ALS-8176) (8), and nucleoprotein (N) inhibitor
(RSV604) (9). These inhibitors have yet to show reported thera-
peutic efficacy in the clinic against natural RSV infections (10). In
two recent phase 2a RSV challenge studies with adult volunteers,
the fusion inhibitor GS-5806 (Gilead) and the nucleotide inhibi-
tor ALS-8176 (Alios) demonstrated a reduction in disease symp-
toms and viral load when dosed at a relatively low viral load and
before the onset of symptoms (11). In a phase 2a trial in stem cell
transplant patients with RSV infection, RSV604 reduced the viral
load and symptoms in the subset of patients with RSV604 plasma
exposure reaching 1� the 90% effective concentration (EC90),
though not in those with less plasma exposure (12).

Of the 11 RSV-encoded proteins, N is one of the most con-
served structural proteins and is essential for virus encapsidation

by coating the entire viral RNA genome to form the ribonucleopro-
tein (RNP). Although poorly understood, this multifunctional pro-
tein was also found to play an important role in viral RNA replication,
mRNA transcription, and virus assembly (3). RSV604, discovered
through chemical optimization of an RSV high-throughput
screen hit, was reported to be an N inhibitor based on the identi-
fication of resistance mutations in the N gene in the escape viruses
(9, 13). However, the MoA and mechanism of resistance for the
compound were unclear. The MoA of another class of negative-
strand RNA virus nucleoprotein inhibitors, aryl piperazine amides,
such as nucleozin, is through inducing nucleoprotein aggregation
and altering its localization in influenza virus-infected cells (14–16).
The function of nucleoprotein is well conserved among negative-
strand RNA viruses.

In this study, we dissected the steps in the RSV replication cycle
that are impacted by RSV604, demonstrated direct target-inhibi-
tor binding, investigated its cell-type-dependent activity, and an-
alyzed the effects of resistance mutations on target engagement in
vitro. These results provide new insights into the RSV N inhibitor
MoA, which may facilitate future drug discovery and application
of RSV604 as a tool to investigate the role of the N protein in RSV
replication.
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MATERIALS AND METHODS
Cells and virus. HeLa, HEp-2, and BHK-21 cells were cultured according
to ATCC instructions. HeLa cell-derived RSV subgenomic replicon cells
(Apath) were cultured as previously described (17, 18). RSV A2 (ATCC)
was propagated, and viral titers were determined by a 50% tissue culture
infective dose (TCID50) assay in HEp-2 cells, as previously reported (19).

Compounds. RSV604 and the RSV L inhibitor AZ-27 were synthe-
sized in house as previously described (9, 13, 18), solubilized in dimethyl
sulfoxide (DMSO) to a 10 mM concentration, and serially diluted to the
desired compound concentrations, with a final DMSO concentration of
0.1% (vol/vol) in assay medium for testing. AZ-27, which inhibits viral
RNA synthesis, served as a control in this study.

Compound uptake analysis. The HeLa and BHK-21 cells were seeded
at 106 cells/well in 6-well plates and incubated with DMSO, RSV604, or
AZ-27 at 37°C. The cells were then washed 3 times with Dulbecco’s PBS
(DPBS) at 2, 4, and 24 h posttreatment and lysed with lysis buffer (150
mM NaCl, 1.0% NP-40, 50 mM Tris-Cl [pH 8.0]) for 10 min at 4°C.
Compound in the cell lysates was analyzed using an Agilent 6490 Triple
Quadrupole Mass Spectrometer (MS) equipped with an Agilent 1290 liq-
uid chromatograph (LC) (Agilent Technologies) coupled with the Waters
Acquity HSS T3 column (2.1 by 50 mm; 1.8 �m). Mobile phases of water
(0.1% formic acid) and acetonitrile (0.1% formic acid) were applied in the
gradient elution mode. The following multiple-reaction-monitoring
transitions were monitored for the analytes of interest in positive-ion
mode: RSV604 (�) 389.0¡235.0, AZ-27 (�) 634.3¡201.1. Calibration
curves were acquired by plotting the observed compound concentrations
against the known concentrations for each condition. The R2 value for
each standard curve was over 0.99.

RSV ELISA. The RSV enzyme-linked immunosorbent assay (ELISA)
was performed as previously described to measure compound potency
(18). Briefly, HeLa, BHK-21, or HEp-2 cells seeded in 96-well plates were
infected with RSV A2 at a multiplicity of infection (MOI) of 0.1 in the
presence of compound for 3 days, followed by quantitation of expressed
RSV F protein by ELISA to determine the compound’s EC50 and EC90.

Cytotoxicity assay. The effects of compounds on cell viability were
measured by the standard format previously described (18). Briefly, cells
were seeded and incubated with compound under the RSV ELISA condi-
tions in the absence of virus infection, followed by CellTiter-Glo substrate
(Promega) addition and luminescence detection to determine the com-
pound’s 50% cytotoxic concentration (CC50).

RSV replicon assay. The RSV replicon assay was performed as previ-
ously described (20). Briefly, RSV replicon cells were cultured in the pres-
ence of compound or DMSO (control) for 2 days, followed by addition of
EnduRen substrate (Promega) to measure the replicon luciferase reporter
signal.

RSV qRT-PCR assay. HeLa, BHK-21, or RSV replicon cells were
seeded at 5 � 104 cells/well in 24-well plates overnight, followed by incu-
bation with medium containing DMSO (control), RSV604, or AZ-27 at
1� the EC90 at 37°C. EC90 values calculated from RSV ELISA and replicon
assays of the same cell lines were used in this and subsequent immunoflu-
orescence studies, except for RSV604, where only the EC90 from HeLa cell
ELISA was measurable, and therefore, its value was used for all cell lines
(RSV604, 14 �M [HeLa]; AZ-27, 0.1 �M [HeLa], 3.5 �M [BHK-21], and
4 �M [RSV replicon]). Two hours after the compound incubation, HeLa
and BHK-21 cells were infected with RSV A2 at an MOI of 0.1 for 2 h,
followed by 3 DPBS washes and incubation with compound-containing
medium. At the indicated time points postinfection/compound incuba-
tion, total RNAs were isolated from the cells, followed by quantitative
reverse transcription-PCR (qRT-PCR) quantitation according to a previ-
ously described protocol (21). Briefly, the first-strand cDNA synthesis and
quantitative PCR (qPCR) used primers recognizing the N region of the
negative-strand RSV RNA genome, with negative-sense viral RNA tran-
scripts serving as standards and processed along with the samples. Intra-
cellular RSV RNA copy numbers were expressed as the normalized RNA
copy number per nanogram of total RNA. The amount of released virus in

the culture supernatants was measured by the same qRT-PCR protocol
described above and normalized as the released viral RNA copy number
per milliliter.

RNP assay. The cell extracts enriched in the RSV RNP complex were
prepared as previously described (22). Briefly, HEp-2 cells were infected
with RSV A2 at an MOI of 10 for 2 h, followed by removal of the virus-
containing medium and culture in DMEM supplemented with 2% fetal
bovine serum for 21 h. The cells were then incubated for 1 h in the pres-
ence of D-actinomycin added to the medium (2 �g/ml) to inhibit host
polymerases activities prior to preparation of the viral RNP-containing
cell extracts as previously described (22). Viral RNA synthesis in the RNP
complex was measured in a 50-�l reaction mixture containing 5 �l cell
extract in the reaction buffer (5 �Ci [32P]CTP; 0.5 mM [each] ATP, GTP,
and UTP; 5 �M CTP; 4 mM MgCl2; 3 mM dithiothreitol [DTT]; 0.5 mM
EGTA; 120 mM potassium acetate [KAc]; 10 mM Tris-HCl [pH 7.5]; 5%
glycerol; 50 �g/ml bovine serum albumin [BSA]) in the presence of 2%
DMSO, 0.02 �g/�l anti-N MAb (RSV1C3; Abcam), or 10 �M RSV604.
After 2 h of incubation at 30°C, the reactions were stopped by adding 250
�l ice-cold stopping buffer (10 mM Tris, pH 7.5, 500 mM NaNH3, 2 mM
EDTA, 0.1 �g/ml tRNA), followed by viral RNA extraction with 300 �l of
phenol-chloroform-isoamyl alcohol (50:49:1), precipitation with an
equal volume of isopropanol, and centrifugation for 30 min at 15,000
rpm. The pellets were washed once with ice-cold 70% ethanol, dissolved
in 1� formaldehyde loading buffer (AM8546G; Life Technologies),
heated for 5 min at 70°C, and run on a 6% phosphonoacetic acid (PAA)-
urea gel, followed by overnight exposure to Amersham Hyperfilm MP.

Immunofluorescence. Subconfluent (80%) HeLa or BHK-21 cell
monolayers grown on glass coverslips were treated with DMSO (control),
RSV604 (1� EC90), or AZ-27 (1� EC90) for 24 h. The cells were washed
with ice-cold PBS and fixed with 4% paraformaldehyde for at least 10 min
at room temperature, followed by the permeabilization of cell membranes
with 0.2% Triton X-100 for 5 min. The fixed cells were washed thoroughly
with PBS and then incubated for 30 min in blocking buffer (Blockaid; Life
Technologies), followed by immunostaining with anti-F (MAB8262X;
Millipore), N (MAB858-3B-5; Millipore), or M2-1 (ab94805; Abcam) an-
tibody. Bound antibodies were detected with species-specific fluoro-
chrome-conjugated secondary antibodies (AS-21381 and A-21240; Life
Technologies). All the antibodies were diluted 1:100 in 1% BSA in PBS.
Coverslips were mounted in fluorescent mounting medium with DAPI
(4=,6-diamidino-2-phenylindole) (Life Technologies) and analyzed by
confocal laser scanning microscopy, as described previously (23, 24). Im-
ages of more than 20 cells were analyzed for each sample.

RSV N protein production. The construction of an RSV His6-tagged
N(13-391) protein expression plasmid and expression and purification of
the N protein were described previously (25). Briefly, a pET-28b-based
plasmid (pJT1128) encoding N-terminal His6-tagged RSV N protein
(amino acids 13 to 391; with a 12-amino-acid truncation at the N termi-
nus) and a pET-30a-based plasmid encoding glutathione S-transferase
(GST)-tagged RSV full-length P protein (amino acids 1 to 241), both
codon optimized for expression in Escherichia coli, were constructed and
cotransformed into E. coli to facilitate N protein overproduction. E. coli
cells carrying the plasmids were induced by IPTG (isopropyl-�-D-thioga-
lactopyranoside) and harvested for N protein purification using HiTrap
Ni2� column (GE Healthcare Life Sciences) affinity chromatography,
followed by size exclusion chromatography. The concentrated N protein
was eluted with elution buffer (50 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 1
mM EDTA, 1 mM DTT, and 5% glycerol) and stored at �80°C. Similar
RSV N expression plasmids encoding single (L139I) or double (L139I plus
I129L) amino acid substitutions were engineered through site-directed
mutagenesis, and the recombinant mutant N proteins were produced as
described above. The purified proteins were characterized by SDS-PAGE
and LC-MS, and the concentrations were determined by the Bradford
method. The final yield of purified N protein was �30 mg from 4 liters of
cell culture. RSV P was not recovered.
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SPR. Surface plasmon resonance (SPR) experiments were performed
on a Biacore T200 using Series S NTA sensor chips (GE Healthcare) and
His6-RSV N protein. The immobilization of RSV N protein was per-
formed using standard nickel capture chemistry in a binding buffer [50
mM HEPES (pH 7.5), 150 mM NaCl, 50 �M EDTA, 1 mM tris(2-carboxy-
ethyl)phosphine (TCEP), 0.005% T-20 (pH 7.5)]. Varying concentrations
of RSV604 binding to the immobilized RSV N protein were then moni-
tored using the same buffer. The data were analyzed using Biacore T200
Evaluation Software V 2.0.

RESULTS
Cell line-dependent RSV inhibition. The anti-RSV activity of
RSV604 was examined in a 3-day RSV A2 infection assay using
several cell lines (Fig. 1A and B). The compound demonstrated
potency against RSV infection in multiple cell types, including
HeLa and HEp-2 cells, with an EC50 (�2 �M) similar to the re-
ported values (Table 1 and Fig. 1A) (9, 18). Interestingly, RSV604
showed minimal activity against RSV infection in BHK-21 cells, in
contrast to the control compound, AZ-27, an L inhibitor, which
maintained its potency in all cell types tested (Table 1 and Fig. 1B)
(18). To investigate whether this cell line-dependent activity was
due to differences in compound penetration and stability in the
different cell lines, the compound concentrations within the HeLa
and BHK-21 cells were determined by LC-MS analysis after 2- to
24-h culture in the assay medium containing 10 �M RSV604 (Fig.
1C). The cells showed similar compound absorptions and accu-
mulations at all the time points examined, suggesting that the cell

line-dependent potency is not due to lack of RSV604 penetration
into BHK-21 cells.

RSV N binding in vitro. The cell line-dependent activity of
RSV604 raised the question of whether the RSV N protein is the
direct target of the inhibitor, as the existing evidence supporting N
as the target was indirect and based only on resistant mutations
mapping to the gene encoding the N protein (9). To test for a
possible direct compound-target interaction, a recombinant RSV
N protein with a 12-amino-acid truncation at the N terminus was
expressed in E. coli to enable the production of soluble N protein
(25, 26). Compound binding to the purified N protein monomer
was then measured by SPR (Fig. 2). RSV604 directly bound to RSV
N in SPR analysis with a binding affinity comparable to its cellular
potency against RSV (Kd � 1.6 	 0.4 �M; n � 3), supporting the
concept that N is a direct target of the inhibitor. The previously
reported RSV604-resistant N amino acid substitutions (L139I and
I129L) were engineered into the recombinant N protein to study
their effects on compound-target engagement (9). Interestingly,
introduction of these single or double amino acid substitutions
into the N protein did not alter the binding affinity for RSV604 in
the SPR analysis (Kd � 1.34 	 0.04 �M; n � 2), suggesting that
resistance may rely on a mechanism other than loss of compound
binding to the target (Fig. 2).

Inhibition of N function. RSV N is a multifunctional protein
involved in viral RNA synthesis and encapsidation and also
interacting with viral and host proteins (27). To begin to un-
derstand the effect of RSV604 on these functions, viral RNA
synthesis and the infectivity of released virus were examined in
the presence of the compound.

Intracellular RNA synthesis of RSV A2 was analyzed by qRT-
PCR at different time points postinfection at an MOI of 0.1 in the
presence of RSV604 (1� EC90, from RSV ELISA in HeLa cells) or
AZ-27 (1� EC90, from RSV ELISA in the corresponding cell lines)
(Fig. 3). In HeLa cells, similar to the L polymerase inhibitor AZ-
27, RSV604 significantly reduced intracellular viral RNA copy
numbers at multiple time points compared to the DMSO control
(Fig. 3A), suggesting that RSV604 blocks viral RNA synthesis dur-
ing RSV infection. In a time-of-addition study, RSV604 also
maintained its potency when first added 6 h postinfection, sup-
porting a postentry MoA (data not shown). Surprisingly, in the
RSV replicon cells with established subgenomic viral RNA tran-
scription and replication (17), RSV604 did not affect viral replicon
RNA synthesis (Fig. 3B and C). To further investigate its role in
viral RNA synthesis, RSV604 was tested in a cell-free RNP assay
using crude RSV replication complex isolated from RSV A2-in-
fected cells. RSV604 did not block viral RNA synthesis catalyzed
by the preformed replication complex, unlike the anti-N anti-

FIG 1 (A and B) Potency of RSV604 against RSV A2 infection in HeLa (A) and
BHK-21 (B) cells. The data shown are percent inhibition of the RSV signal
(means and standard deviations [SD]; n � 3) following a 3-day infection at an
MOI of 0.1 as measured by RSV ELISA. The RSV L inhibitor AZ-27 served as a
positive control. (C) RSV604 absorption into HeLa and BHK-21 cells. The cells
were harvested at the indicated times after compound treatment at 10 �M. The
compound concentration (Concn) in each cell lysate was determined by
LC-MS analysis. The data shown are means and SD (n � 2).

TABLE 1 Activities of RSV604 and AZ-27 against RSV in different cell
lines

Cell line

RSV604a AZ-27a

EC50 (�M) CC50 (�M) EC50 (�M) CC50 (�M)

HeLa 2 	 0.5 
50 0.04 	 0.02 
50
HEp-2 1.8 	 0.15 
50 0.01 	 0.005 
50
BHK-21 
50 
50 0.05 	 0.03 
50
a The EC50 was measured by RSV ELISA following 3-day RSV A2 infection in the
presence of compound in HeLa, HEp-2, and BHK-21 cells. The CC50 was measured by
cytotoxicity assay in parallel with the EC50 assays. The values shown are means 	 SD
(n � 3).
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body, which bound to the N protein in the RNP and completely
inhibited viral RNA synthesis (Fig. 3D). Together, these data sug-
gest that RSV604 may impact de novo viral RNA synthesis but not
the already established replication complex within the cell.

To investigate the effects of RSV604 on infectious virus assem-
bly and release, the amount of released virus and its infectivity
during a 72-h infection were analyzed by qRT-PCR and TCID50

assay, respectively. Similar to AZ-27, RSV604 delayed progeny
virus release and also reduced the amount of virus released from
HeLa cells, as expected for an inhibitor of viral RNA synthesis (Fig.
4A). Interestingly, the virus released in the presence of RSV604
completely lost its infectivity, whereas AZ-27 had minimal impact
(Fig. 4B). These results demonstrated that RSV604 could block
both viral RNA synthesis and the infectivity of the released virus.
Whether failing to act on either of these mechanisms contributes
to the cell-type-dependent potency of the compound (Fig. 1) was
then investigated. In a similar experiment following RSV A2 in-

fection of BHK-21 cells, RSV604 showed no effect on viral RNA
synthesis or the amount of virus released, in contrast to the HeLa
cell infection data (Fig. 5A and B). However, it abolished the in-
fectivity of the released virus, similar to its effect in HeLa cells (Fig.
5C). These data suggested that the ability of RSV604 to inhibit viral
RNA synthesis was cell line dependent, which largely determined its
potency under the assay conditions, whereas its ability to reduce virus
infectivity appeared to be independent of the cell type.

Effect on viral protein localization. The effect of RSV604 on
viral protein intracellular localization and accumulation was ex-
amined by confocal laser scanning microscopy. HeLa and BHK-21
cells infected by RSV A2 in the presence of DMSO, RSV604, or
AZ-27 were analyzed by indirect immunofluorescence staining
with anti-F, anti-N, and anti-M2-1 antibodies. At 24 h postinfec-
tion, N protein was detected in the cytoplasmic inclusions, F pro-
tein was near the cell surface, and M2-1 was diffusely spread inside
the infected cells, as previously described (Fig. 6) (23). RSV604

FIG 2 Direct binding between RSV604 and RSV N protein as measured by SPR analysis. (A, C, and E) Sensorgrams representing direct-binding kinetics for
RSV604 against wild-type (wt) and mutant RSV N shown in response units (RU) as a function of time with increasing concentrations of RSV604. (B, D, and F)
Plots of signals at equilibrium versus the concentrations of RSV604 to determine affinity. The data shown are from a representative SPR experiment using the
indicated wt or mutant (L139I plus I129L or L139I) recombinant RSV N protein (amino acids 13 to 391).
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treatment significantly reduced viral protein expression in HeLa
cells (Fig. 6A). In contrast, RSV604 did not inhibit viral protein
expression in BHK-21 cells (Fig. 6B), consistent with its lack of
inhibition of viral RNA synthesis in the cell line (Fig. 1 and 5),
whereas AZ-27 reduced F, N, and M2-1 expression in both cell
types, as expected (Fig. 6). Interestingly, although RSV604 im-
pacted the assembly and release of infectious virus particles (Fig. 4
and 5), no effect on viral protein distribution/localization was
detected in the infected cells (Fig. 6). Similar results were obtained
at other time points postinfection in HeLa and BHK-21 cells and
the RSV replicon cells treated with RSV604 (data not shown).

DISCUSSION

This study characterized the mechanism of action of RSV604 and
demonstrated for the first time that RSV604 bound directly to
RSV N protein in vitro. This is important for validating N as the
target of the inhibitor, as RSV604 showed cell line-dependent ac-
tivity that was found to be independent of compound penetration
into the cells. Investigating the impact of RSV604 on N function
revealed that it could block both RSV RNA synthesis and the in-
fectivity of released virus in a susceptible cell line. These two MoAs
appeared to be separable, as RSV604 did not inhibit viral RNA

FIG 3 (A) Effect of RSV604 on intracellular viral replication in HeLa cells. HeLa cells were infected with RSV A2 at an MOI of 0.1 in the presence of DMSO,
RSV604 (1� EC90), or AZ-27 (1� EC90). The quantity of RSV RNA in the infected cells was determined by RT-qPCR at the indicated times postinfection. (B and
C) Effect of RSV604 on viral RNA synthesis in RSV replicon cells. Following compound treatment at the same concentrations as for panel A, percent inhibition
of the replicon luciferase reporter activity (B) and intracellular viral replicon RNA copy numbers (C) was determined by luciferase assay at 48 h and by qRT-PCR
assay at the indicated time points, respectively. The data shown are means and SD (n � 2). (D) Effect of RSV604 on viral RNA synthesis in the RNP assay. Viral
RNA synthesis in the RSV RNP replication complex was visualized using [32P]UTP substrate in a 2-h reaction in the presence of DMSO (control), anti-N
monoclonal antibody (MAb), or RSV604 (10 �M), followed by 6% PAA-urea gel electrophoresis. The RSV transcripts are labeled based on their expected sizes
(lengths in nucleotides). The crude RSV RNP fraction used in this reaction was isolated from RSV A2-infected HEp-2 cells.

FIG 4 Effect of RSV604 on virus release and infectivity in HeLa cells. HeLa cells were infected with RSV A2 at an MOI of 0.1 in the presence of DMSO (control),
RSV604 (1� EC90), or AZ-27 (1� EC90). (A) The culture supernatants containing the released virus were collected at the indicated times, and the amounts of
released virus were measured by qRT-PCR for RSV RNA. (B) Released virus infectivity was determined by TCID50 assay. The data shown are means and SD
(n � 2).
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synthesis in BHK-21 cells while still maintaining the ability to
reduce the infectivity of virus released from the cells.

These results provide new insights into the RSV604 MoA and
at the same time raise new questions that merit further investiga-
tion. Reduction of viral infectivity did not appear to be sufficient
to retain RSV604 potency in the BHK-21 infection assay. Whether
this suggests that the infectivity of virus spread through cell-to-cell
fusion was less impacted remains to be determined. The mecha-
nism for the cell line-dependent inhibition of viral RNA synthesis
by RSV604 is still not known. A possible explanation is that a host
factor(s) is involved, and variations in the host factor expression
level, sequence, and/or structure among cell lines from different
origins may contribute to this cell line-dependent inhibition. The
RSV604 binding site on the N protein is also not yet defined. The
known resistance mutations in the N gene were mapped to a
region encoding a surface pocket exposed to solvent and with

unclear function, away from the N oligomerization and RNA
binding regions (28). Whether this is the RSV604 and host factor-
binding pocket remains to be determined. Interestingly, the resis-
tance mutations did not affect RSV604 and N protein binding in
vitro, suggesting that the mechanism of resistance may not rely on
reducing inhibitor-target binding, and thus, these mutations may
or may not be located at the inhibitor binding site. Additional
investigations, such as defining the inhibitor-N complex struc-
ture, will be needed to address these questions.

Side-by-side comparison of RSV604 with an RSV L polymerase
inhibitor (AZ-27) in an infection time course study identified sim-
ilar patterns of inhibition of viral RNA synthesis in HeLa cells by
the two compounds. It is well established that the RSV L, N, M2-1,
and P proteins are essential for viral RNA synthesis in cells (23, 29,
30). Interestingly, RSV604 did not significantly affect viral RNA
synthesis in the RSV replicon cells nor in the viral replication

FIG 5 Effect of RSV604 on viral RNA synthesis (A), virus release (B), and infectivity (C) in BHK-21 cells. BHK-21 cells were infected with RSV A2 at an MOI of
0.1 in the presence of DMSO (control), RSV604 (1� EC90, as in RSV ELISA in HeLa cells) or AZ-27 (1� EC90, as in RSV ELISA in BHK-21 cells). (A) The quantity
of RSV RNA in the infected cells was determined by qRT-PCR at the indicated time points. (B) The amount of released virus was determined by qRT-PCR
quantitation of the RSV RNA in the culture medium supernatants. (C) The infectivity of the virus released into the culture supernatants was determined by
TCID50 assay. The data shown are means and SD (n � 2).

FIG 6 Effects of RSV604 and AZ-27 on RSV F, N, and M2-1 protein expression and localization. HeLa and BHK-21 cells were infected with RSV A2 at an MOI
of 10 in the presence of DMSO (a, b, and c), RSV604 (1� EC90, as in RSV ELISA in HeLa cells) (d, e, and f), or AZ-27 (1� EC90, as in RSV ELISA in the
corresponding cell lines) (g, h, and i). The cells were fixed 24 h postinfection, followed by immunostaining with anti-F, anti-N, or anti-M2-1 antibody, and
visualized under confocal microscopy. The data shown are from a representative experiment.
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complex isolated from infected cells. Since both of these systems
measure inhibition of an established viral replication complex,
one hypothesis could be that RSV604 may prevent the de novo
assembly of the functional viral replication complex but have no
impact on preformed replication complexes, which in turn affects
viral replication and potentially also the assembly of infectious
virus particles. Alternatively, RSV604 may indirectly impact viral
RNA synthesis in infected cells through an unknown mechanism
not captured by the replicon and RNP systems. These possibilities
merit further study, which may also help to better understand the
role of RSV N protein at the different stages of viral RNA tran-
scription and replication.

The novel finding of a second MoA for RSV604, inhibition of
released virus infectivity, highlights the potential for this class of
inhibitors in delivering efficacy and suppressing resistance by hav-
ing dual mechanisms of inhibition within one molecule. The de-
tails of this mechanism remain to be clarified. They may include,
but are not limited to, the possibility that RSV604 induces aber-
rant assembly of virus RNP and particles or that the bound com-
pound may be encapsidated into progeny virus and interfere with
N function in the subsequent round of infection. It would be in-
teresting to examine whether the RNP assembled in the presence
of RSV604 is functional and whether RSV604 is incorporated into
virions, which we have not determined. RSV604 did not appear to
affect N protein distribution and localization in the infected cells,
suggesting that its MoA differs from that of the influenza virus
nucleoprotein inhibitor nucleozin, which induces nucleoprotein
aggregation and alters its intracellular localization (14–16). A new
RSV N inhibitor with improved potency and physical properties
would be desirable to reach the full potential for this class of RSV
inhibitors.
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