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bstract

Human parainfluenza virus type 3 (HPIV3) is an important respiratory tract pathogen of infants and children. There are no vaccines or antivirals
urrently approved for prevention or treatment of HPIV3 infection. Towards developing an antiviral therapy to combat HPIV3 infection, we have
stablished a green fluorescent protein (GFP)-tagged HPIV3 infected-cell assay and used it for screening of a small molecule library obtained from
hemBridge Diver. Two novel small molecules (C5 and C7) which shared structural similarities were identified and their inhibitory effects on HPIV3
ere confirmed in CV-1 and human lung epithelium A549 cells by plaque assay, Western blot and Northern blot analyses. C5 and C7 effectively
revented the cytopathic effect in cells infected with HPIV3, achieving IC50 values of 2.36 �M and 0.08 �M, respectively, for infectious virus produc-

ion. The inhibition appears to be at the primary transcriptional level of HPIV3 life cycle based on sequential time course test, binding and internaliza-
ion assays, and finally by a minigenome transcription assay in cells as well as measuring viral transcripts in cells in the presence of anisomycin. Inter-
stingly, vesicular stomatitis virus (VSV), another member of mononegavirales order, was also inhibited by these compounds, whereas poliovirus–a
icornavirus was not. Use of these inhibitors has a strong potential to develop novel antiviral agents against this important human pathogen.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Human parainfluenza virus (HPIV3), a member of paramyx-
viridae family is a respiratory pathogen affecting children
orldwide causing croup, bronchiolitis, and pneumonia

Moscona, 2005; Reed et al., 1997). It is second only to
espiratory syncytial virus (RSV) resulting in acute respiratory
nfections that require hospitalization of infants and children
Heilman, 1990; Murphy, 1988). It is also an important cause
f morbidity and occasional mortality in immunocompromised
atients, especially for those undergoing allogeneic hematopoi-
tic stem cell transplantation (Cortez et al., 2001; Madhi et al.,

002).

HPIV3 is a single-stranded, nonsegmented, negative strand
NA virus. Its 15,462 base genomic RNA of negative polarity

∗ Corresponding author. Tel.: +1 216 444 0625; fax: +1 216 444 2998.
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ontains a 3′ leader RNA complement of 55 nucleotides, a 5′
railer RNA of 44 nucleotides and the six genes of N, P, M, F,
N, and L flanked between these two cis-regulatory regions.
he junction connecting two genes includes conserved gene-
nd, intergenic (IG) and gene-start sequences. These genes are
ranscribed sequentially into mRNAs by the virion-associated
NA polymerase consisting of a large protein (L) and a phospho-
rotein (P). During infection, HPIV3 binds to the target cells, via
nteraction of the viral glycoprotein HN with sialic acid contain-
ng receptor molecules on the cell surface (Bose and Banerjee,
002). The envelope then fuses directly with the plasma mem-
rane of the cell, mediated by the viral fusion protein (F
rotein), releasing the nucleocapsid (RNP) into the cytoplasm
Moscona, 2005). In the cytoplasm, the viral polymerase (P–L)
ranscribes (primary transcription) the N-encapsidated genome

NA (N:RNA), starting from the 3′ end, to generate the (+)

eader RNA and the successive capped and polyadenylated
RNAs, by terminating and reinitiating at each gene junction.
nce sufficient unassembled N (as a P–N complex) is generated,

mailto:banerja@ccf.org
dx.doi.org/10.1016/j.antiviral.2007.09.001
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he viral polymerase then ignores all gene junctions and pro-
uce an antigenome RNA into a fully assembled nucleocapsid,
y coordinated RNA synthesis and encapsidation (Lamb and
olakofsky, 1995). Genome synthesis from antigenome tem-
late occurs in a fashion similar to that of antigenome synthesis.
he nucleocapsid of the virus is subsequently assembled in the
ytoplasm and virus buds from the apical surface of the epithelial
ells (Bose et al., 2001).

Currently, there are no vaccines or antivirals approved for
he prevention and treatment of HPIV3 infection. Although the
PIV3 candidate vaccine cp45 (Belshe et al., 2004) was shown

o be safe and immunogenic in young children in phase I and
I trials, it still needs to be evaluated in phase III efficacy stud-
es. Clinical evaluation of bovine/human PIV3 chimeras, another
ttractive HPIV3 candidate vaccine, is at the early stage of devel-
pment (Durbin and Karron, 2003). Antiviral therapy to combat
his virus has not been systematically carried out (Alymova et
l., 2004; Pastey et al., 2000; Tanaka et al., 2006). Our laboratory
as been actively involved in developing such potential antiviral
ompounds towards this important human pathogen. Here, we
creened 3600 compounds from a chemical library containing
4,000 novel small molecules (molecular weight 250–550) for
otential antiviral agent(s) by using recombinant GFP-tagged
PIV3 (r-GFP-HPIV3) infected cell assay. We obtained two

ompounds (C5 and C7) with the IC50 of 2.36 �M and 0.08 �M,
espectively. Further studies suggest that the compounds inhibit
iral replication at the primary transcriptional level.

. Materials and methods

.1. Cells and viruses

Human cervix adenocarcinoma cells (HeLa), Africa green
onkey kidney cells (CV-1) and human lung carcinoma cells

A549) were cultured in Dulbecco’s Modified Eagle Medium
DMEM) containing glutamine, penicillin and streptomycin
upplemented with 10% fetal bovine serum. HPIV3 (HA-1; NIH
7885) and Vesicular Stomatitis Virus (VSV) were grown in
V-1 cells. Poliovirus was generously supplied by Dr. Nickolay
eznanov (Neznanov et al., 2005) and grown in HeLa cells.

.2. Chemicals

Chemicals for screening (about 34,000) were from Cam-
ridge Diverset library. The compounds C5 and C7 were
urchased from the CamBridge Corp. at 5 mg scale. Stock solu-
ions were prepared by dissolving chemicals in 100% DMSO
nd were stored at −20 ◦C.

.3. Plasmid construction

The infectious cDNA clone pHPIV3 (Hoffman and Banerjee,
997) was digested with PmlI and XhoI, and the resulting

ragment containing virus bases from 1213 to 7443 was inserted
nto the same site in pUC119 introduced by the method of
unkel (Kunkel, 1985). The virus genome bases 3700–3705

TCAATC) in the pUC119-F1213-7443 were mutated to AflII
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p
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ite (CTTAAG) by the same method. PCR product encompass-
ng GFP was generated from pGEM4-GFP by using a pair of
rimers containing AflII site (underlined): GFP3700AflIIs/5′-
ccCTTAAGAATATACAAATAAGAAAAATTTAGGATTA-
AG agcgATGGTGAGCAAGGGCGAGGAGCTGTTCACCG-
G-3′, and GFP3700AflIIa/5′-gccCTTAAG TTATTCGGTGT-
GTTTTTTTTATTTGATCT CTACTTGTACAGCTCGTCCA-
GCCGAGAGTGATCCC-3′. GFP3700AflIIs also encodes

end (3706–3724), Intergenic (IG) TTT, and M start
3728–3737) at the upstream of GFP initial sequence (in
talic), and GFP3700AflIIa also encodes P end (3599–3628) at
pstream of GFP end sequence (in italic). GFP PCR product
as cloned into the AflII site in pUC119-F1213-7443. The GFP

lone in a pUC119 background was then digested with RsrII
nd XhoI, and the resulting fragment was inserted into the same
ite in pOCUS-HPIV3. This generated pOCUS-HPIV3-GFP,
he infectious clone with GFP encoding sequence inserted
etween P and M genes.

.4. Recovery of recombinant GFP-tagged HPIV3
r-GFP-HPIV3)

r-GFP-HPIV3 was recovered as described previously
Hoffman and Banerjee, 1997). In brief, the monolayer of
eLa cells was infected with recombinant vaccinia virus vTF7-
which expresses T7 RNA polymerase at a multiplicity of

nfection (MOI) of 2. After 1 h at 37 ◦C, pOCUS-HPIV3-
FP (0.5 �g) was transfected along with plasmids encoding

he HPIV3 proteins NP (1 �g), P (2 �g) and L (0.05 �g) into
he HeLa cells by using Lipofectin (Invitrogen). The cultures
ere incubated at 37 ◦C for 3 h, then the medium was replaced
ith fresh DMEM containing 5% fetal bovine serum. After

ncubation at 37 ◦C for an additional 2 days, the plates were
rozen, thawed and scraped, and the cell supernatant was har-
ested by centrifugation at 10,000 rpm for 5 min at 4 ◦C. The
larified supernatant was layered onto fresh HeLa monolayers
nce, subsequently on fresh CV-1 monolayers in the presence
f 25 �g/ml 1-�-d-arabinofuranosylcytosine (Ara-C) to inhibit
accinia virus replication. The single recovered r-GFP-HPIV3
as isolated by picking up as agar plugs during titering and

urther amplified by passage in CV-1 cells. Photographs of r-
FP-HPIV3 infected cells were taken with a Leica inverted
uorescence microscope equipped with a digital camera.

.5. Screening of the small molecule library by using the
-GFP-HPIV3 infected CV-1 cell-based system

To evaluate the r-GFP-HPIV3 infected CV-1 cell based sys-
em, the CV-1 cells were treated with IFN-� at concentrations of
0 u/ml, 100 u/ml, and 1000 u/ml overnight (16 h) as described
reviously (Gao et al., 2001) and subsequently infected with
-GFP-HPIV3 at an MOI of 1 for a maximum of GFP expres-
ion. At 24 h post-infection (PI), the GFP expression in infected

ells was observed under fluorescence microscope. The screen-
ng process is as follows: Four to 5 × 104 CV-1 cells were seeded
nto 96-well plates the day before infection with one well per
late being treated with 1000 u/ml of IFN-� overnight (16 h)
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s a positive control. On the next day, the media from each
ell were replaced with 200 �l of Opti-MEM. Then compounds

13.7 mM in DMSO) were added into media at 0.2 �l/well and
he final concentrations were 13.7 �M. After 1 h, 10 �l of r-
FP-HPIV3 (4 × 106 pfu/ml) were added to infect cells in each
ell at an MOI of 1. At 24 h PI, the media were removed

nd the fluorescence in cells of each well was quantified at
xcitation/emission wavelength of 485/535 nm with a VICTOR
eadout System (Wallac VICTOR2

TM, 1420 MULTILABLE
OUNTER, Perkin-ElmerTM). Blue staining assay was further
erformed to reflect the cytotoxicity of compounds. In brief,
0 �l of 1% MeBlue, 50% methanol was added into wells and
ept for 5–10 min. The wells were washed with water for three
imes and air-dried for 20 min. After that, 50–100 �l of 1% SDS
in phosphate-buffered saline (PBS)) was added and the plates
ere scanned at 600 nm. The Ab600 values were used to estimate

he cytotoxicity of compounds. The primary “hits” were identi-
ed as the compounds which decreased the fluorescence in cells

o background level in non-infected cells or in IFN-�-treated
nfected cells while keeping similar blue staining values.

.6. Plaque assay

The virus titer was determined by plaque assay as described
reviously (Choudhary et al., 2001). Briefly, the virus sample (or
larified supernatant) was serially diluted in 1 ml of Opti-MEM
o 10−4, 10−5, and 10−6 or 10−5, 10−6, and 10−7. Confluent

onolayers of CV-1 cells in 6-well plates were washed with
BS and incubated with the diluted suspension at 37 ◦C, 5%CO2
or 1.5 h. The media was removed and cells were washed with
BS and overlaid with 0.8% methyl cellulose (in 1 × MEM,
ontaining 5% fetal bovine serum, 2 mM l-glutamine, 15 mM
epes buffer, 0.075% NaHCO3, 5 mM NaOH, 2.5 �g/ml Fungi-
one, 0.2 mg/ml Gentamicin). After 48 h, the methyl cellulose
as aspirated and cells were stained with 1% crystal violet (in
0% methanol). Plaques were counted and the average number
f plaques in duplicate wells was used to determine the titer of
he virus sample. The IC50 is defined as the 50% inhibitory con-
entration for virus yield detected by plaque assay. EC50 is 50%
ffective concentration.

.7. Western blot

Western blot was performed by standard protocols as pre-
iously described (Yuan et al., 2004) with some modification.
he clarified supernatant was mixed with equal volume of
× SDS gel-loading buffer (100 mM Tris–Cl PH 6.8, 4%
DS, 0.2% bromophenol blue, 20% glycerol, and 200 mM
ithiothreitol) and heated at 95 ◦C for 5 min. Twenty-five micro-
iters of each sample was subjected to 10% sodium dodecyl
ulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
hen transferred to nitrocellulose membrane (BioRad, Transfer-
lot®) at 100 V for 45 min at 4 ◦C. After blocking with 5%

onfat milk (in PBS containing 0.1% tween 20) for 1 h, the
embrane was probed with monoclonal anti-HN of HPIV3

Fitzgerald, clone# M02122321, 2.0 mg/ml, 1:1000 dilution) or
nti-GAPDH (Santa Cruz Biotechnology, Sc-32233, 200 �g/ml,

c
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:2000 dilution) at 4 ◦C overnight followed by incubation with
orseradish peroxidase-conjugated goat anti-mouse IgG (Santa
ruz Biotechnology, Sc-2005, 200 �g/0.5 ml, 1:1000 dilution)
t room temperature for 1 h. Finally, HN or GAPDH expression
as detected by ECL reagents (Amersham Biosciences).

.8. Northern blot

Northern blot was performed by standard protocols as
reviously described (Mansfield et al., 1999) with some mod-
fications. In brief, the total RNA was extracted by using
rizol® reagent (Invitrogen) according to the manufacturer’s

nstruction. Five or 15 �g of total RNA for each sample were
ubjected to 1.2% Agarose gel containing 18% formaldehyde
nd then capillary transferred to ImmobilonTM-Ny+ membrane
MilliPore). The blots were air-dried completely and then
xposed to a UV light source (254 nm) equipped in Stratalinker
Stratagen) for RNA fixation. The total exposure energy was
0,000 microJoules/cm2. The 32P labeled probes of NP or
APDH were made by using random primed DNA labeling
it (Roche) and purified with Quick Spin Column (Roche).
re-hybridization and hybridization were performed at 68 ◦C

n hybridization buffer (0.5 M sodium phosphate PH 7.1, 2 mM
DTA, 7% SDS, 0.1% sodium pyrophosphate). After washing
ith Wash buffer I (1 × SSPE, 0.1% SDS) and Wash buffer II

0.2 × SSPE, 0.1% SDS), the blots were wrapped and exposed
o autoradiographic film for radioactive detection. Stripping of
lots for re-probing was performed in the stripping solution
0.1% SDS) according to the Transfer Membrane User Guide of

illipore. The individual bands were quantified using Image-
uant 5.2.

.9. Cell viability assay

Cell viability/cytotoxicity of compounds was determined
sing a 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
romide (MTT) cell proliferation assay kit (ATCC). Cells in
6-well plates (5 × 104/well) were treated with various con-
entrations of compounds for 24 h, 48 h or 72 h. Then cells
ere incubated with 20 �l MTT reagent for 2–3 h. One hundred
icroliters of detergent reagent were added and the plate was left

t room temperature in the dark for 2 h. The absorbance in each
ell was read at 560 nm with the VICTOR Readout System.
he values for each sample were determined by subtracting the
verage absorbance of the media-only blanks from its average
riplicate reading. The cell viability for each sample is repre-
ented as a percentage of the average value of non-infected cells.

.10. 35S-HPIV3 adsorption and internalization assay

[35S] Methionine-labeled HPIV3 was prepared (Wechsler
t al., 1985) and used to analyse the effects of the com-
ounds on adsorption and internalization of the virus in A549

ells as described previously (Bose et al., 2004; Zhao et al.,
996). Briefly, for the adsorption assay, 0.3 MOI of 35S-HPIV3
2.8 × 105 cpm) was added to chilled A549 cells in the pres-
nce of 13.75 �M of compounds. After 2 h of incubation at 4 ◦C
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the temperature that supports attachment but not internaliza-
ion), the cells were washed extensively with chilled PBS. The
ashed cells were lysed with lysis buffer (50 mM Tris–HCl PH
.0, 5 mM EDTA, 150 mM NaCl, 0.5% NP40) and the lysates
adioactivity representing the attached 35S-HPIV3 were counted
ith a liquid scintillation counter. For internalization assay, fol-

owing attachment for 2 h in the absence of compounds at 4 ◦C,
he cells were washed extensively with PBS and cultured in fresh
pti-MEM containing C5 or C7. The temperature was shifted

o 37 ◦C to allow internalization of the attached virus. At 2 h

ost-internalization, cells were washed extensively with PBS
nd trypsinized with 0.25% trypsin-0.125% EDTA for 15 min at
7 ◦C to remove cell surface attached viruses. The protease activ-
ty was neutralized with complete DMEM and the cells were

v
3
H
l

ig. 1. The r-GFP-HPIV3 infected CV-1 cell-based screening system. (A) CV-1 ce
ere subsequently infected with r-GFP-HPIV3 at an MOI of 1. The photographes w
00 �m. (B) Effects of C5 on r-GFP-HPIV3 infection. The photographes were taken
re indicated below.
arch 77 (2008) 83–94

ashed twice with PBS. The washed cells were lysed and the
ysates representing the internalized 35S-HPIV3 were counted
ith a liquid scintillation counter.

.11. In vivo minigenome assay

In vivo HPIV3 minigenome assay was performed as
escribed previously (Hoffman and Banerjee, 2000) with slight
odifications. HeLa cell monolayers in 12-well plates, grown to

0% confluency, were infected with recombinant vaccinia virus

TF7-3, which expresses T7 RNA polymerase, at an MOI of
. At 1 h PI, cells were washed with PBS and transfected with
PIV3 minigenome plasmid HPIV3-MG(–) (200 ng) carrying

uciferase reporter gene together with supporting plasmids car-

lls were pretreated with increasing concentrations of IFN-� as indicated and
ere taken at 24 h PI in two different magnifications. The scale bar represents
during screening. The corresponding values of fluorescence and blue staining
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having the most potent inhibitory effect on r-GFP-HPIV3 infec-
tion. Moreover, C5 and C7 share similar structural feature as
shown in Fig. 2. Based on pharmacophore analyses of the two
“hits”, we further screened a group of structural analogs of these
H. Mao et al. / Antivira

ying N (600 ng), P (750 ng) and L (100 ng) by using Lipofectin.
fter 5 h, transfection medium was removed, cells were washed
ith PBS and incubated in DMEM with different concentrations
f C5 or C7, or only DMSO for 24 h. Cells were lysed in 150 �l of
ysis buffer, from which 1.5 �l aliquots were used to determine
uciferase activity in a luminometer (VICTOR) according to the

anufacturer’s instructions (Luciferase Assay Kit; Roche).

.12. Primary transcription assay

The primary transcription assay was performed as described
reviously (Zhao et al., 1996). In brief, confluent A549 cells
ere cultured in the presence of anisomycin at 100 �M for 2 h.
fter 2 h, the media was removed and replaced with fresh Opti-
EM containing various concentrations of C5 or C7 as well as

00 �M of anisomycin. Then the cells were infected with HPIV3
t an MOI of 1. At 6 h PI, the cells were lysed and the total RNA
as extracted for Northern blot.

. Results

.1. Development of a cell-based assay system using
-GFP-HPIV3 infected CV-1 cells and identification of
hits” from screening a small molecule library

A cDNA clone (pOCUS-PIV3-GFP) encoding the complete
enome of the HPIV3 47885 strain with GFP inserted between
and M genes was constructed as described under Section 2.

his position of insertion was chosen primarily due to its effec-
ive expression potential (Durbin et al., 2000; Sakai et al., 1999).
he GFP gene contained an independent transcription unit with

ts own start gene (M start 37283737) and stop gene (P end
599–3628). A total of 786 bp was inserted maintaining the
equired multiple of six (the rule of six), for transcription and
eplication of viruses belonging to the paramyxoviridae family
Durbin et al., 1997; Lamb and Kolakofsky, 1995). pOCUS-
IV3-GFP and the three supporting plasmids encoding the
PIV3 proteins NP, P and L were transfected into HeLa cells

nfected with vTF7-3 expressing T7-RNA polymerase. In the
ell monolayer incubated with the clarified transfection super-
atant, green syncytia were formed as viewed under fluorescence
icroscope, indicating that the r-GFP-HPIV3 was successfully

ecovered. The recovered r-GFP-HPIV3 was further purified
nd amplified in CV-1 cells, showing similar biological char-
cteristics such as syncytia formation and plaque morphology
n cultured cells as wild type HPIV3.

To evaluate the r-GFP-HPIV3 infected CV-1 cell-based assay
or its sensitivity, quantifiability and reproducibility against
ntiviral agents, we first treated cells with IFN-� of 10 u/ml,
00 u/ml or 1000 u/ml for 16 h before infection and examined
he GFP expression in cells under fluorescence microscope at
4 hPI. As shown in Fig. 1A, GFP expression in cells was
educed by IFN-� in a dose-dependent manner and virtually

o fluorescence was observed for IFN-� of 1000 u/ml used
s the positive control. To quantitate the intensity, the fluo-
escence was measured at excitation/emission wavelength of
85 nm/535 nm using a VICTOR Readout System. As shown
arch 77 (2008) 83–94 87

n Fig. 1B, the fluorescence value in C5 treated cells (6640)
as lower than background level (7473 ± 58 for the same plate)

nd that in IFN-� treated cells (7291), indicating 100% inhi-
ition of GFP expression. Based on the fluorescence values
btained in negative (15 636 ± 1353 for untreated/infected con-
rol) and positive control wells (6 901 ± 74 for 1000 u/ml of
FN-� treated/infected CV-1 cells, 7 050 ± 97 for mock infected
ontrol), the Z′-value for the well-to-well variation was counted
o be 0.51 (>0.5), suggesting acceptable reproducibility of the
ssay (Mason et al., 2004). The cytotoxicity of IFN-� was
ssessed in a parallel blue staining assay with no significant dif-
erence to the non-treated control. These results demonstrated
hat the r-GFP-HPIV3 infected-CV-1 cell assay system is reli-
ble for screening of the small molecule library and could be
dapted for high-throughput screening (HTS) assay, although it
oes not allow us to distinguish between infectious virus, DI
article production and production of virus parts.

The small molecule library supplied by the ChemBridge
orp. has been used extensively for a variety screens yielding
romising results (Gudkov and Komarova, 2005; Gurova et al.,
005). Our initial screening of 3600 compounds yielded 7 pri-
ary “hits”. Among them, C5 (Fig. 1B) and C7 were selected
Fig. 2. The molecular structures of C5 and C7.
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Fig. 3. Inhibition of wt-HPIV3 infection in cultured cells by C5 and C7. (A) A549 cells were infected with HPIV3 at an MOI of 0.3 in the presence of 0.05 �M,
0.55 �M, and 5.5 �M of C5 or C7. At 48 h PI, the cells were lysed and the supernatants were harvested and clarified for plaque assay as described in Section 2.
Plaque assay was performed twice with similar results. A is a representative data. (B) At 24 h PI, the clarified supernatants were analysed by Western blot. “no”,
untreated/infected control; “DMSO”, DMSO-treated/infected control; “A549 (–)”, mock infected control. The NP proteins were quantified using the ImageQuant
5.2 and were normalized to the level of GAPDH proteins, which served as the loading control. The ratios of NP to GAPDH were calculated and shown below.
(C) At 24 h PI, the cells were lysed for total RNA extraction for Northern blot analyses of HPIV3 N mRNA. Five �g of total RNA per sample were loaded and
detected by hybridization using 32P-random labeled NP-DNA probe. “no”, untreated/infected control; “DMSO”, DMSO-treated/infected control. The NP mRNAs
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ere quantified using the ImageQuant 5.2 and were normalized to the level of
ere calculated and shown below. (D) CV-1 cells were infected with HPIV3 at a
ere taken at 24 h PI.

wo compounds identified in ChemBridge repository using a
earchable database (http://www.hit2lead.com). Although less
otent than C5 and C7, most of them also possessed antiviral
roperties against r-GFP-HPIV3 in culture (data not shown).
hese results strongly suggest that they belong to a novel group
f HPIV3 inhibitors and further structure activity relationship
SAR) studies were needed to establish their usefulness as poten-
ial antivirals.

.2. Inhibition of wild type HPIV3 infection in cultured cells

Since HPIV3 infects the epithelial cells of lung as the pri-
ary target, we used A549 cells that are widely used as a model

or airway epithelia (Bose et al., 2001; Gao et al., 2001). To
est the antiviral activity of C5 and C7, A549 monolayer was
nfected with HPIV3 at an MOI of 0.3 for 48 h in the pres-
nce of 0.05 �M, 0.55 �M or 5.5 �M of the two compounds.
e found that, with the increase of the concentration of C5 and

7, both virus titers (Fig. 3A) and viral protein HN expression

Fig. 3B) in the supernatant concomitantly decreased as com-
ared to untreated or DMSO-treated/infected samples. The viral
NA and the NP mRNA also decreased (Fig. 3C) in cells treated

a
i
v
a

H mRNAs, which served as the loading control. The ratios of NP to GAPDH
I of 0.3 in the presence of compounds at 13.7 �M or DMSO. The photographes

ith C5 or C7 at the concentration of 5.5 �M. The IC50 for C5
nd C7 to inhibit virus production (Fig. 3A) are 2.36 �M and
.08 �M, respectively. These results indicate that C5 and C7 are
fficient antiviral agents against HPIV3, C7 is more potent than
5, and their activity is manifested in a dose-dependent manner.
owever, like IFN, the compounds did not inhibit virus if added

ater in the infection (data not shown).
In addition, as shown in Fig. 3D, treatment of C5 or C7

13.75 �M) rendered CV-1 cells less susceptible to HPIV3 infec-
ion as shown by the absence of extensive syncytia formation
s compared to DMSO-treated/infected cells. These observa-
ions further confirmed the antiviral activity of these two primary
hits” against HPIV3 obtained from the small molecule library
creening.

We next evaluated the antiviral potency of C5 and C7 against
PIV3 at an MOI of 0.3 with increased concentration of the

ompounds. We found the virus yield (Fig. 4A) and viral pro-
ein HN expression (Fig. 4B) were both further inhibited by C5

nd C7 with the increase of their final concentrations. As shown
n Fig. 4A, 27.5 �M of C5 was able to inhibit more than 98% of
irus yield. But for C7, maximum inhibition of 94% occurred
t 11 �M; increase of concentration did not inhibit further. To

http://www.hit2lead.com/
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Fig. 4. The potency of C5 and C7 to inhibit HPIV3 in A549 cells (A) and (B).
Dose-dependent inhibition of HPIV3 by C5 and C7. A549 cells were treated
with indicated concentrations of C5 or C7 and were subsequently infected with
HPIV3 at an MOI of 0.3. At 48 h PI, the cells were lysed and the supernatants
were harvested and clarified for plaque assay (A) and Western blot analyses
(B). (A) A representative plaque assay data. Plaque assay was performed twice
with similar results. (B) “no”, untreated/infected control; “DMSO”, DMSO-
treated/infected control; “A549 (–)”, mock infected control. The NP proteins
were quantified using the ImageQuant 5.2 and were normalized to the level
of GAPDH proteins, which served as the loading control. The ratios of NP
to GAPDH were calculated and shown below. C. MTT assay for evaluating
the cytotoxicity of C5 and C7. C5 and C7 were added to A549 monolayers at
various concentrations of 0.137 �M, 1.37 �M, 13.7 �M, 27.5 �M, and 55 �M
as indicated. After 48 h, MTT assay was conducted as described in Section 2.
Data for cell viability is presented as percentage of untreated control.
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heck the cytotoxicity of the two compounds at the higher con-
entrations, we performed MTT assay at 24 h, 48 h and 72 h
ost-treatment. Fig. 4C shows the one at 48 h post-treatment,
hich is corresponding to the time point for the detection of
irus yield and HN protein expression shown in Fig. 4A and
. No apparent cytotoxicity was observed following the treat-
ent of C5 or C7 at concentrations less than 27.5 �M at 48 h

ost-treatment.

.3. Characteristics of the antiviral activity of C5 and C7 in
549 cells

To ascertain at which time period in the HPIV3 life cycle
hese compounds exert their inhibitory effect, A549 cells were
reated with the compounds for 0–48 h, 0–2 h, or 2–48 h during
nfection. At 48 h PI, cells were lysed by freezing and thaw-
ng and the clarified supernatants were collected for plaque
ssay (Fig. 5A) and Western blot analyses (Fig. 5B). By com-
aring the viral yield in 2–48 h and 0–48 h treated samples for

5 or C7, the inhibitory effect was decreased by 9% although

he treatment was delayed for only 2 h, suggesting that C5 and
7 must exert their antiviral activity in early period of HPIV3

ife cycle. Because there was a noticeable decrease of virus

ig. 5. Time course of inhibition of HPIV3 infection by C5 and C7. A549 cells
ere infected with HPIV3 at an MOI of 0.3 in the presence of 13.7 �M of C5 or
7 from 0 h to 24 h, 0 h to 2 h, or 2 h to 24 h during infection. Zero hours refers

o the time when viruses were added. At 48 h PI, the cells were lysed and the
upernatants were harvested and clarified for plaque assay (A) and Western blot
nalyses (B). (A) The plaque assay was performed twice with similar results.

representative data is shown. (B) “no”, untreated/infected control; “DMSO”,
MSO-treated/infected control; “A549 (–)”, mock infected control. The NP
roteins were quantified using the ImageQuant 5.2 and were normalized to the
evel of GAPDH proteins, which served as the loading control. The ratios of NP
o GAPDH were calculated and shown below.
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Fig. 6. Inhibition of viral transcription by C5 and C7 in HPIV3 minigenome
system. In this system, a negative sense copy of the luciferase gene is transcribed
to a positive one by viral RNA polymerase, which in turn encodes the luciferase
for detection by a luminometer. HeLa cells were cotransfected with minireplicon
cDNA pHPIV3-MG(–) and supporting plasmids of N, P and L. At 5 h post-
transfection, indicated concentrations of C5 or C7 were added and at 24 h post-
transfection cells were lysed and collected for luciferase assay. (A) and (B) show
the effects of C5 and C7 on luciferase expression, respectively. The minigenome
assay was performed three times with similar results. A representative data is
shown. “mock + DMSO”, transfected with N and P plasmids/DMSO treated
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iter and HN protein expression during 0–2 h treatment with
he compounds, especially for C7 (C5 is not nearly as potent
hen applied for 2 h and then removed), we wanted to ascertain
hether adsorption and internalization of the virus were com-
romised. Using purified 35S-HPIV3 as described in Section
, we tested the adsorption and internalization processes using
he standard biochemical procedures (Bose et al., 2004; Zhao
t al., 1996). No significant difference of radioactivity between
reated and untreated cells was found associated with the cells
t 4 ◦C as well as within the cells when incubated at 37 ◦C for
h, strongly suggesting that the inhibitory effect is not directed
t the steps of attachment and penetration in early life cycle
f the virus. In addition, as indicated by the virus yield and
iral HN expression in samples pretreated with the compounds
or 2 h or 4 h, the pretreatment brings about increased antivi-
al effect during HPIV3 infection (data not shown), suggesting
possible prophylactic role of the compounds against HPIV3

nfection.

.4. Inhibition of primary transcription of HPIV3 by C5
nd C7

To identify the step(s) in virus’ life cycle where the observed
nhibition occurs, we used the HPIV3 minigenome transcription
ystem (Hoffman and Banerjee, 1997), in which a negative sense
opy of the luciferase gene containing minigenome is made by
7 RNA polymerase and encapsidated within the cells following

ransfection of supporting plasmids encoding L, P, and N pro-
ein. Subsequently, the negative minigenome RNP is transcribed
y virion-associated RNA polymerase (L and P) to produce a
ositive sense luciferase gene which is then quantitated by a
uminometer measuring luciferase production. We cotransfected
he HeLa cells with the minigenome cDNA pHPIV3-MG(–)
nd the supporting plasmids of N, P and L under optimal con-
itions. At 5 h post-transfection the media was replaced with
resh one containing C5 or C7 and the cells were lysed and col-
ected for luciferase assay at 24 h post-transfection. The data
Fig. 6) demonstrated that the luciferase activity (transcription
f viral genome) in cells treated with C5 or C7 decreased in a
ose-dependent manner, as shown by the inhibition of luciferase
xpression measured by a luminometer and compared to DMSO-
reated control. These results suggest that the antiviral effect of
5 and C7 is at viral transcriptional level possibly at the primary

ranscription step.
To test directly whether the inhibition by C5 and C7 is indeed

t the primary transcription step, we used the protein inhibitor,
nisomycin, to arrest protein synthesis in cells followed by infec-
ion with HPIV3 and measured the transcription level of the
irus. The cells were infected with HPIV3 at an MOI of 1 in the
resence of anisomycin (100 �M) as described in Materials and
ethods. At 6 h PI, we extracted the total RNA from the cells

or Northern blot analyses using 32P labeled NP cDNA as probe.
s shown in Fig. 7, although the level of viral genome RNA was
ame in different samples, as expected, the corresponding level
f NP mRNA, however, decreased gradually with the increasing
oncentration of C5 (Fig. 7A) or C7 (Fig. 7B). The NP mRNAs
ere further quantitated using the ImageQuant 5.2 and were

(
t
H
l

ontrol; “control + DMSO”, transfected with N, P and L plasmids/DMSO treated
ontrol. The P protein expression was detected by Western blot and shown below.

ormalized to the level of GAPDH mRNAs, which served as
he loading control. The ratios of NP to GAPDH were calcu-
ated as shown below in the figure. In a parallel experiment, we
reated A549 cell monolayer with indicated concentrations of
5 and C7, and subsequently infected the cells with HPIV3 at
n MOI of 1. At 24 h PI, the supernatant for each sample was
arvested for plaque assay (Fig. 7C) and Western blot analy-
es (data not shown). Data indicated that even against HPIV3
t an MOI of 1, C5 and C7 showed potent inhibitory activity,
lthough less effectively compared to HPIV3 at an MOI of 0.3

see Fig. 4A). Because the inhibition of virus yield parallels with
hat of mRNA production, it appears that C5 and C7 inhibited
PIV3 infection in A549 cells at the viral primary transcription

evel.



H. Mao et al. / Antiviral Research 77 (2008) 83–94 91

Fig. 7. Inhibition of wt-HPIV3 infection by C5 and C7 at the primary transcription level. (A) and (B). Northern blot analyses of viral primary transcripts. A549
cells were treated with indicated concentrations of C5 or C7 and were subsequently infected with HPIV3 at an MOI of 1 in the presence of the protein synthesis
inhibitor, anisomycin, at 100 �M. At 6 h PI, the cells were lysed and the total RNA was harvested for Northern blot analysis using 32P random labeled NP DNA
as probe. The NP mRNAs were quantified using the ImageQuant 5.2 and were normalized to the level of GAPDH mRNAs, which served as the loading control.
The ratios of NP to GAPDH were calculated and shown below. “no”, untreated/infected control; “DMSO”, DMSO-treated/infected control. (C) Plaque assay. A549
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ells were infected with HPIV3 at an MOI of 1 in the presence of indicated c
ere harvested and clarified for plaque assay as described in Section 2. The pla
ata.

.5. Specificity of the antiviral activity of C5 and C7

Since the mode of replication of HPIV3 primary transcription
s similar to all viruses belonging to the order mononegavirales,
e were interested to see whether C5 and C7 could inhibit

nother virus of the same order. We used vesicular stomatitis
irus (VSV), a rhabdovirus, and studied the inhibition of its repli-
ation, if any, by C5 and C7. We treated CV-1 monolayer cells
ith Opti-MEM containing indicated concentrations of C5 or
7, and infected the cells with VSV at an MOI of 0.2. At 24 h PI,

he cells treated with C5 and C7 appeared robust similar to mock

nfection control (Fig. 8A). Whereas the DMSO-treated/infected
ontrol showed extensive syncytia. These results strongly sug-
est that C5 and C7 could protect cells from the cytopathic effect
f VSV infection. Consistent with this finding, the viral N pro-

p
s
b
f

trations of C5 and C7. At 24 h PI, the cells were lysed and the supernatants
ssay was performed twice with similar results. Here we show a representative

ein expression (Fig. 8B) decreased in the compounds treated
ells compared to the DMSO-treated/infected control. C5 and
7 had 19% and 58% inhibition, respectively, against VSV at
3.7 �M (Fig. 8B), whereas 35% and 65% inhibition, respec-
ively, against HPIV3 at 5.5 �m (Fig. 4B), indicating relative
ffectiveness of the compounds towards HPIV3. We also car-
ied out the same experiment using poliovirus, a picornavirus, no
nhibition by the compounds was seen although guanidine-HCl,
known inhibitor of poliovirus, completely inhibited viral pro-

ein expression in polio-infected cells. Thus, C5 and C7 appear to
e specific for the viruses belonging to mononegavirales order,

ossible also other members in paramyxovirus family, due to
imilarity in their mode of replication. The inhibition appears to
e at the viral primary transcription level which is also a common
undamental biochemical step for this order of viruses.
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Fig. 8. Inhibition of VSV infection by C5 and C7. (A) CV-1 cells were infected
with VSV at an MOI of 0.2 in the presence of C5 or C7 at 13.7 �M, or DMSO.
At 24 h PI, the cells were examined under microscope. (B) Western blot analy-
ses of VSV NP protein. CV-1 monolayers were infected with VSV ant an MOI
of 0.2 in the presence of C5 or C7 at indicated concentrations. At 24 h PI, the
cells were lysed and the supernatants were harvested and clarified for Western
blot. “no”, untreated/infected control; “DMSO”, DMSO-treated/infected con-
trol; “CV-1 (–)”, mock infected control. The NP proteins were quantified using
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he ImageQuant 5.2 and were normalized to the level of GAPDH proteins, which
erved as the loading control. The ratios of NP to GAPDH were calculated and
hown below.

. Discussion

HPIV3 is second only to respiratory syncytial virus (RSV)
or acute lower respiratory tract disease for infants and chil-
ren. Unfortunately so far effective vaccines or antivirals to
ombat HPIV3 infection are unavailable. Consequently the
evelopment and use of antiviral drugs capable of preventing
r abrogating HPIV3 infection becomes a strong alternative
pproach. In the recent past antiviral discovery programs have
een initiated towards targeting many pathogenic viruses using
arious mechanism-based screening methods (Hwang et al.,
003; Mason et al., 2004). Random chemicals and natural
roduct mixtures are being tested for their ability to block repli-
ation of a variety of viruses in cell culture systems. Promising
olecules, referred to as “hits” are systematically modified

o reduce toxicity or increase biological half-life. We have

sed a fluorescence-based cell system to screen a library of
mall molecules for antiviral activity towards HPIV3. A pilot
mall-scale screening was performed on 3600 small molecules
rom the ChemBridge Diver set of 34,000 small molecules

e
Z
(
c

arch 77 (2008) 83–94

or initial screening using a recombinant HPIV3 expressing
FP.
We inserted the GFP gene into P–M junction of the full-length

DNA of HPIV3 (47885 strain). Recombinant HPIV3-GFP was
roduced which effectively infected HeLa, CV-1 and A549 cells
roducing expected, visible green color syncytia which were
ubsequently quantitated by fluorescence microscope and mea-
ured at 535 nm wavelength. The recombinant HPIV3-GFP virus
r-GFP-HPIV3) can be cultured and propagated in the same
ashion as biologically derived virus, with some differences. It
rew slower in CV-1 cells with the size of the plaques smaller
han the wild type virus. The latter phenotype was previously
bserved for recombinant HPIV3 from the full-length infectious
DNA (Hoffman and Banerjee, 1997). However, another group
ecently reported recombinant HPIV3-GFP replicated with effi-
iency similar to that of wild type recombinant virus (Zhang et
l., 2005). The discrepancy may be due to the different strain of
irus (strain JS) used in their study or because they compared the
ecombinant HPIV3-GFP virus with the wild type recombinant
irus only and not with the biologically derived virus.

We performed plaque assay, Western blot and Northern blot
nalyses to test the virus, viral protein and viral mRNA in HPIV3
nfected cells in the presence or absence of the compounds.
he two compounds C5 and C7 identified from initial screen-

ng of 3600 small molecules have significant antiviral properties
gainst HPIV3 infection (Figs. 3–7). Except for preventing the
ytopathic effect caused by HPIV3, C5 and C7 achieved IC50
alues of 2.36 �M and 0.08 �M, respectively as determined by
laque assay (Fig. 3), even more effective than ribavirin, for
hich EC50 for inhibition of HPIV3 infectious virus production

s 17.2 ± 6.9 �g/ml (70.4 ± 28.3 �M)(Leyssen et al., 2005), and
emagglutinin-neuraminidase inhibitors (Alymova et al., 2004)
ith the IC50 ranging from 0.7 �M to 11.5 �M. It is interesting

o note that two compounds bear structural similarities (Fig. 2)
ndicating that their mode of action could be similar. In fact,
e were able to obtain from the library several analogues of the

ompounds with similar antiviral property. Additional analogues
ould be custom synthesized based on computer prediction for
ncreased potency of C5 and C7. Such work is currently under-
ay. Subsequent series of studies unfolded that 2–4 h prior

reatment of cells with the compounds resulted in increased inhi-
ition of the virus suggesting a possible prophylactic role of the
ntiviral compounds.

Since the life-cycle of HPIV3 includes adsorption and entry,
rimary transcription followed by genome replication, virion
ssembly and release, we then determined which step(s) in
he virus’s life-cycle is possibly compromised by the action of
he compounds. Our preliminary results indicated that adsorp-
ion and entry were not affected by the compounds. HPIV3

inigenome transcription assay in the cells clearly suggested
hat the compounds act at the viral transcription level (Fig. 6),
nd was subsequently confirmed to act at the primary transcrip-
ion step following entry (Fig. 7). This finding is similar to the

ffect of IFN on HPIV3 infection in particular (Gao et al., 2001;
hao et al., 1996) and viruses belonging to this family in general

Gotoh et al., 2001, 2002). Although the IFN-induced putative
ellular component(s) involved in this inhibition process is not
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nown, it is possible that the putative factor interacts with L,
P, or P present in the input RNP. Alternatively, the antiviral

ompounds C5 and C7 may directly interact with these viral
roteins or subvert specific interactions between the viral pro-
eins or viral and host protein in the cells during the minigenome
ssay and HPIV3 infection (Figs. 6 and 7). The role of the com-
ounds, if any, during L–P, N–P, or L–N–P interaction in the cells
an be tested by standard immunoprecipitation using plasmid-
xpressed proteins. Recently, Luizzi et al. (Liuzzi et al., 2005),
ave shown that similar small molecules, that are structurally
ifferent from C5 and C7 inhibited RSV replication. The com-
ounds, identified by HTS assay (Mason et al., 2004), appear to
lock synthesis of RSV mRNA apparently by inhibiting guany-
ylaion of viral transcripts. These findings combined with our
ndings underscore the importance for the use of small molecule

nhibitors that target various steps in the life-cycle of viruses in
he family of paramyxoviridae.

Finally, the compounds appear to be effective also for VSV, a
ember of the same order of HPIV3 (Fig. 8), suggesting that they

ould be effective for RSV, measles, rabies and others, where no
ffective antiviral has been developed.

In conclusion, the in vitro study demonstrates that the r-GFP-
PIV3 infected cell-based assay is a very useful approach to

creen antiviral agents against HPIV3 which may eventually be
dapted for HTS system. The two potent inhibitors C5 and C7,
dentified from a library of small molecules, could be promising
andidates for antiviral therapy as well as useful research tools
or HPIV3 infection.
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