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The ability to rescue an infectious, recombinant, negative-stranded, RNA virus from a complementary
DNA (cDNA) clone, has led to new opportunities for measuring viral replication from a viral expressed
reporter gene. In this study, the enhanced green fluorescent protein (EGFP) gene was inserted into the
human parainfluenza virus type 3 (HPIV-3) antigenome and a recombinant, infectious virus was rescued.
Maximum EGFP expression levels, measured by fluorescence, were seen at day 3. Comparison of a 3-day,
uman parainfluenza virus type 3
nhanced green fluorescent protein
ecombinant virus
ntiviral assay

viral expressed EGFP fluorescence assay to a 7-day, neutral red assay, based on complete cell destruction
in virus infected MA-104 cells, yielded Z′-factor values of 0.83 and 0.70, respectively. A 3-day, endpoint
EGFP-based antiviral assay and a 7-day, endpoint neutral red based antiviral assay were run in parallel
to establish antiviral sensitivity profiles of 23 compounds based on selective index (SI) values. Using an
SI threshold of 10, the EGFP-based antiviral assay had a sensitivity of 100% and a specificity of 54%. Thus,
the use of an EGFP-based antiviral assay for testing potential antiviral compounds against HPIV-3 in a
high-throughput format may be justified.
. Introduction

The discovery of new antiviral drugs usually requires success-
ul testing in vitro prior to further development. To measure the
fficacy of these drugs, cell-based antiviral assays involving col-
rimetric and luminescence detection systems have been used.
olorimetric assays often measure absorption of neutral red (NR)
r 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MTT), which are taken up by intact cell cells as indicators of
ell health. Neutral red measures membrane integrity by being
bsorbed by lysosomes, while MTT, once inside the cell, is reduced
rom a yellow tetrazolium salt into water-insoluble purple for-

azan crystals by a mitochondrial reductase (Barnard et al., 2004;
inter, 1969; Watanabe et al., 1994). The time consuming and labor
ntensive nature of these methods have proven to be drawbacks
Smee et al., 2002). An alternative type of detection method is the
ellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison,
I), which measures the ATP generated by intact cells (Noah et al.,
007). This assay claims to be more sensitive, less time consuming,
nd less labor intensive. Even though the luminescence assay may
olve the disadvantages of the colorimetric assays, several issues
rise that are also common to colorimetric assays as well.

∗ Corresponding author. Tel.: +1 435 797 2696; fax: +1 435 797 3959.
E-mail address: dale.barnard@usu.edu (D.L. Barnard).

166-3542/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2009.01.001
© 2009 Elsevier B.V. All rights reserved.

A major problem with most cell viability assays is that they are
designed to detect any cell death and do not differentiate between
drug toxicity and viral cytopathic effect (CPE). By conducting a par-
allel drug toxicity assay, the two factors can be mathematically
separated, although it is assumed that the differences measured
in the assay are due to drug toxicity and CPE independently. This
assumption ignores the possibility of positive or negative com-
pounding effects from potential interactions between the drug and
virus. A second problem is the inability for some viruses to pro-
duce detectable amounts of CPE and/or the long incubation times
needed to reach complete cell monolayer destruction, which is
often required to get accuracy in dye uptake assays. For the colori-
metric and luminescent antiviral assay to be effective and reliable;
complete cell destruction is necessary to obtain significant signal-
to-background ratios. Viral incubation times may extend up to 14
days for some viruses, which is problematic because the cell con-
trol may not survive that long. A third problem is the detection
of syncytia that initially do not cause cell destruction. Early syn-
cytia formation is problematic because, even though viral CPE can
be visualized within a few days, syncytia absorb similar amounts of
neutral red or MTT compared to uninfected cells (Smee et al., 2002).

Therefore, it is necessary for the complete destruction of the syncy-
tia before dye uptake assays will differentiate between uninfected
cells and cells impacted by syncytial formation. Therefore, a detec-
tion system that can directly measure a change in CPE independent
of drug toxicity in a shorter amount of time would be preferable.

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:dale.barnard@usu.edu
dx.doi.org/10.1016/j.antiviral.2009.01.001
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One strategy of enhancing sensitivity and decreasing the incu-
ation times of an assay would be to construct a recombinant virus
hat expresses a reporter gene. For example, a gene for a fluores-
ent protein could be cloned directly into a viral genome that would
e expressed in proportion to virus replication and allow direct CPE
easurement independently from drug toxicity. This has been done

or antiviral compound screening purposes by inserting the gene for
he green fluorescent protein into the genomes of the ebolavirus
nd cytomegalovirus (Marschall et al., 2000; Towner et al., 2005).
hus, for syncytial forming viruses, such as human parainfluenza
irus type 3 (HPIV-3), a similar approach would be very useful in
educing the time needed to complete an antiviral assay.

Two recombinant HPIV-3 (rHPIV3) viruses have been con-
tructed that express a green fluorescent protein, but they have not
een extensively studied and validated for use in cell-based antivi-
al assays. One such virus, strain JS, was used to follow an infection
f the recombinant virus in lung epithelium (Zhang et al., 2005). The
econd virus, strain 47885, was used to screen a library of potential
ntiviral compounds, yet specific details on replication differences
f the recombinant virus, expressing the fluorescent protein, com-
ared to the wild-type strain were not discussed (Mao et al., 2008).

n this paper, a recombinant HPIV-3 virus (rHPIV3-EGFP) express-
ng the enhanced green fluorescent protein (EGFP) was rescued and
valuated for its use in antiviral assays by comparing it side-by-side
ith both the HPIV-3 wild-type (HPIV-3 WT) and the recombinant
PIV-3 strains. Slight differences in virulence between the rHPIV3-
GFP virus and the HPIV-3 WT virus in cell culture may validate
he possibility of substituting the rHPIV3-EGFP for the HPIV-3 WT
irus in primary, high-throughput antiviral assays.

. Materials and methods

.1. Cells and viruses

Human cervical carcinoma cells (HeLa) were obtained from
merican Type Culture Collection (ATCC, Manassas, VA) and main-

ained at 37 ◦C and 5% CO2 in minimal essential medium (MEM,
yclone Laboratories, Logan, UT) supplemented with 10% fetal
ovine serum (FBS, Hyclone Laboratories), 0.1 mM non-essential
mino acids (NEAA, Invitrogen, Carlsbad, CA), and 1 mM sodium
yruvate (Invitrogen). Embryonic African green monkey kidney
ells (MA-104) were obtained from ATCC and maintained at 37 ◦C
nd 5% CO2 in MEM supplemented with 10% FBS. A recombinant
accinia virus that expresses the bacteriophage T7 RNA polymerase,
TF7-3, generously provided by Dr. Bernard Moss, was propagated
n HeLa cells (Fuerst et al., 1986). HPIV-3 WT, isolate 14702, (J. Bou-
in, Hosp. St. Justine, Montreal, Canada) was propagated in MA-104
ells. During the antiviral assays, MA-104 cells were incubated in
EM supplemented with 2% FBS and 50 �g/ml gentamicin (Sigma

hemical Company, St. Louis, MO).

.2. Antiviral compounds

2-[(2R,3R,4S,5R)-3,4-Dihydroxy-5-(hydroxymethyl)oxolan-2-
l]-3-sulfanylidene-1,2,4-triazin-5-one (2-thio-6-azauridine) was
btained from Sigma and the remainder of the antiviral com-
ounds, including 1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxy-
ethyl)oxolan-2-yl]-1,2,4-triazole-3-carboxamide (ribavirin),

-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-
,2,4-triazole-3-carboximidamide (ribamidine), 2-[(2R,3R,4S,5R)-

,4-dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-1,3-selenazole-4-
arboxamide (selenazofurin), 1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-
hydroxymethyl)oxolan-2-yl]-5-ethynylimidazole-4-carboxamide
EICAR), 6-amino-1-[(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxy-

ethyl)oxolan-2-yl]-5H-imidazo[4,5-c]pyridin-4-one (3-
arch 82 (2009) 12–21 13

deazaguanosine), and 1-(4-methoxybenzyloxy) adenosine, were
obtained from the repository of the NIAID Antiviral Substances
Program, NIH. Also obtained from the repository were CS-978,
CS-1164, CS-1196, CS-1227, PSI-0194, PSI-5067, PSI-5095, PSI-5098,
PSI-5452, PSI-5449, PSI-5741, PSI-5746, PSI-5747, PSI-5852, and
PSI-5990 nucleoside analog compounds that were submitted by
and used with permission from Dr. Michael Otto of Pharmasset
Inc. The DAS181 fusion protein, also obtained from the repository,
was submitted by and used with permission from Dr. Fang Fang of
NexBio Inc. (Malakhov et al., 2006).

2.3. Plasmid construction

Three overlapping complementary DNA (cDNA) strands,
encompassing viral bases 1–5267, 5249–11366, and 11284–15453,
were generated from RNA isolated from a HPIV-3 WT, strain
14702, infection. Forward and reverse primers were derived
from the consensus sequence between three known HPIV-3
strains, 47885, JS, GPv (Galinski, 1991; Ohsawa et al., 1998; Stokes
et al., 1992). To generate the 1–5267 cDNA segment the 5′-
CCGACGTCTTAATTAATACGACTCACTATAGGACCAAACAAGAGAAGA-
AACTT-3′ forward primer, which contains AatII and PacI restrictions
sites (bolded) and a T7 promoter (underlined) and the 5′-
GGTCACCACAAGAGTTAGA-3′ reverse primer were used. To generate
the 5249–11366 cDNA segment the 5′-TCTAACTCTTGTGGTGACC-3′

forward primer, which contains a natural BstEII restriction site
(bolded) and the 5′-ATTCATCCCAAGGGCAATA-3′ reverse primer
were used. To generate the 11284–15453 cDNA segment the
5′-AGAATGGTTATTCACCTGTTC-3′ forward primer and the 5′-
GAGAAGCACTCTGTGTGGTAT-3′ reverse primer, which contains a
mutated DraIII restriction site (bolded) with the two mutations,
A to C and T to G (underlined), were used. The cDNA segments
were inserted into the SmaI site of pUC19 (New England Biolabs,
NEB, Ipswich, MA). Clones were sequenced in both directions
to assure accuracy. An SphI site in the 5249–11366 cDNA seg-
ment was destroyed by mutating A to G, viral base position
8635, using the QuikChange® XL Site-Directed Mutagenesis
(Stratagene, La Jolla, CA) kit and the forward primer, 5′-
pCTTAGGAGCAAAGCGTGCTCAGAAAATGGACACTG-3′, and reverse
primer, 5′-pCAGTGTCCATTTTCTGAGCACGCTTTGCTCCTAAG-3′.

To confirm the sequence of the 3′ end of the HPIV-3 WT
genome, a poly(A) tail was added to the 3′ end of the iso-
lated HPIV-3 WT RNA using the Poly(A) Tailing Kit (Ambion,
Austin, TX). The tailed RNA was amplified by RT-PCR using a 60
nucleotide (nt) poly(T) oligonucleotide, as the forward primer,
and 5′-TCGTTTTAGATCCTTCTCAATCA-3′, as the reverse primer. To
sequence the 5′ end of the HPIV-3 WT genome, the SMARTTM RACE
cDNA Amplification Kit (Clontech) was used. An HPIV-3 WT spe-
cific primer, 5′-GGAAGGAGCCATCGGCAAATCAGAAG-3′, was used to
prime cDNA synthesis and also used in the PCR amplification step as
the forward primer. The PCR products from both the 3′ and 5′ reac-
tions were sequenced to complete the HPIV-3 WT 14702 genome
(GenBank accession no. EU424062).

Two oligonucleotides were generated to contain a 14 base pair
overlap between each other, 5′-TTTTTGTGCGCCCAATACGCAAACC-
GCCTCTCCCCGCGCGTTGGCCGTTAATTAAGAGGGTGACCCTGCACA-
GAGTGCC-3′ and 5′-TTTTTGTAAAAAACCCCTCAAGACCCGTTTAGAG-
GCCCCAAGGGGTTATGCTAGTTAGGTACCCGGGCACTCTGTGCAG-
3′. The oligonucleotides were annealed together and extended
using SequenaseTM Version 2.0 DNA polymerase (USB Cor-
poration, Cleveland, Ohio). The fragment was inserted into

the SmaI site of pUC19 and named pUC19-A. The completed
segment contained the PacI, BstEII, DraIII, SmaI, and KpnI
sites (bolded), a T7 termination sequence (underlined), and
two vaccinia virus termination sequences flanking each end
(italicized). A second set of oligonucleotides were annealed,
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xtended, and inserted into pUC19 in the same manner, 5′-
CCACACAGAGTGCTTCTCTTGTTTGGTGGGTCGGCATGGCATCTCCAC-
TCCTCGCGGTCCGACCT-3′ and 5′-GGCCGGTACCTCCCTTAGCCATC-
GAGTGGACGACGTCCTCCTTCGGATGCCCAGGTCGGACCGCGA-
′. The completed segment, pUC19-R, contained the KpnI and
raIII restriction sites (bolded), the antigenomic hepatitis delta
irus ribozyme (underlined) (Perrotta and Been, 1991), and the
iral bases 15435–15462 (italicized). pUC19-R, digested with
raIII and KpnI, produced a 108 base pair (bp) segment that
as inserted into the same sites of pUC19-A and was renamed
UC19-B. After destroying the native SphI site in pUC19-B and
enamed pUC19-C, an adapter, using the oligonucleotides 5′-
TGACCGCGCATGCCCACAGA-3′ and 5′-GTGGGCATGCGCG-3′, was

nserted into the DraIII and BstEII sites of pUC19-C to encode a SphI
ite (bolded) and renamed pUC19-D. Next, the 5249–11366 cDNA
egment was digested with BstEII and SphI, inserted into the same
ites of pUC19-D, and renamed pUC19-F. Then, the 1–5267 cDNA
egment was digested with PacI and BstEII, inserted into the same
ites of pUC19-F, and renamed pUC19-G. Finally, the 11284–15453
DNA segment was digested with DraIII and SphI, inserted into the
ame sites of pUC19-G, and renamed pUC19-H.

The 1–5267 cDNA segment, digested with AatII and BstEII,
as inserted into the same sites of pACYC177 (NEB) and
amed p177-1Gen. The open reading frame of EGFP was
mplified by PCR using pEGFP (Clontech, Mountain View,
A) as the template and the forward, 5′-TTGACTAGAAG-
TCAAGAACCTGCAGGTCGACTCTAGAGGAT-3′, and reverse, 5′-
TGACCTTCTAGTCAATGTCTTTAATCCTAAGTTTTTCTTATTTATTAAC-
GGCGCTCAGTTGGAAT-3′, primers. Both primers contain a DrdI
estriction site (bolded) on their 5′ ends. The reverse primer also
ncludes the HPIV-3 WT gene end, intercistronic, and gene start
ignals (underlined). The 868 bp band was purified and inserted
nto the SmaI site of pUC19, which was renamed pUC19-EGFP.
UC19-EGFP, digested with DrdI, produced an 852 bp band that was

nserted into the same site of p177-1Gen and named p177-1Gen-E.
1–6119 genomic cDNA segment, containing EGFP, was digested

ut of p177-1Gen-E with PacI and BstEII, inserted into the same
ites of pUC19-F, and named pUC19-I. Finally, the 11284–15453
DNA segment was digested with DraIII and SphI, inserted into the
ame sites of pUC19-I, and renamed pUC19-J.

Three PCR products encompassing the nucleocapsid protein
NP), phosphoprotein (P), and large protein (L) were inserted
nto the SmaI site of pUC19 and named pUC19-NP, pUC19-P,
nd pUC19-L. The following three sets of forward and reverse
rimers were used: NP, 5′-GAAGGTCAAGAAAAGGGAACTCT-
′ and 5′-TTGATTCGATTAGTTGCTTCCA-3′; P, 5′-TGATGGAAAG-
GACGCTAAA-3′ and 5′-GGATCATTGGCAATTGTTGA-3′; L, 5′-GC-
TGCTCAGAAAATGGACA-3′ and 5′-CCTTAGGCTTAAAGATAAAGGTT-

GGA-3′. The start codon (bolded) for the HPIV-3 WT acces-
ory C protein, located on the P forward primer, was mutated from
to C (underlined) to silence its expression. pUC19-NP, pUC19-P,

nd pUC19-L were digested with SalI and KpnI and the 1.5, 2, 7 kb
ands, respectively, were inserted into the same sites of pTNTTM

Promega) and named pTNT-NP, pTNT-P, and pTNT-L.

.4. Rescue of infectious virus from cDNA

HeLa cells, seeded in a 12-well plate, were infected with
.4 × 105 PFU of vTF7-3 at 1 multiplicity of infection (MOI) for
h. The virus and medium were removed and replaced with

pti-MEM® (Invitrogen), containing 0.1 mM NEAA. The three

upport plasmids, 0.8 �g of pTNT-NP, 1.6 �g of pTNT-P, and
.04 �g of pTNT-L, were cotransfected along with 0.4 �g of either
UC19-H or pUC19-J, using LipofectamineTM 2000 (Invitrogen)

or 4–5 h at 37 ◦C. MEM supplemented with 20% FBS, 0.1 mM
arch 82 (2009) 12–21

NEAA, 1 mM sodium pyruvate, and 250 �g/mL of Cytosine �-d-
arabinofuranoside (Ara-C, Sigma) was added to each transfection
and incubated for 48 h at 37 ◦C. The transfected cells were scraped
and the supernatants were frozen at −80 ◦C. The rescued rHPIV3,
pUC19-H transfection, and rHPIV3-EGFP, pUC19-J transfection,
viruses were amplified on MA-104 cells, supplemented with
250 �g/mL Ara-C, for 3–4 days at 37 ◦C. The cells were scraped and
the supernatants were frozen at −80 ◦C. Each virus was purified
by picking agarose plugs over isolated plaques on MA-104 cells in
the absence of Ara-C. Each plug was placed in MEM and froze at
−80 ◦C. The media, containing the plug and isolated virus, was used
to infect MA-104 cells to amplify the virus for 3–4 days at 37 ◦C. The
purification and amplification steps were repeated two more times.
The rHPIV3, rHPIV3-EGFP, and HPIV3 WT viruses were amplified on
MA-104 cells for 3 days at 37 ◦C. The infected cells were scraped and
the supernatants were frozen at −80 ◦C, which were used for fur-
ther testing. Sequencing of the 5′ ends of the genomic RNA, isolated
from rHPIV3 and rHPIV3-EGFP infections, was repeated using the
SMARTTM RACE cDNA Amplification Kit to confirm the DraIII genetic
markers.

2.5. Viral infectious assays

2.5.1. Plaque assay
Duplicate dilutions of HPIV-3 WT, rHPIV3, and rHPIV3-EGFP,

were used to infect MA-104 cells in quadruplicate. Virus was
absorbed for 2 h, after which, the virus was removed and replaced
with an overlay of 1% SeaPlaque® low-melting agarose (ISC
BioExpress®, Kaysville, UT) supplemented with MEM and 0.2%
sodium bicarbonate and incubated for 2–3 days at 37 ◦C. Cells were
fixed with 3.6% formaldehyde for 2 h at room temperature, after
which, the formaldehyde and agarose overlay was removed and
0.5% crystal violet was added for 5 min. After removal of the dye and
one rinse with phosphate buffered saline (PBS), the stained plaques
were counted. Viral titers were compared and statistically analyzed
by unpaired, two-tailed Student’s t-test using the Microsoft® Office
Excel 2003 software (Redmond, WA). In addition, plaques produced
by rHPIV3-EGFP were also photographed using an Eclipse TS100
microscope (Nikon, Melville, NY), CoolSNAP digital camera, and RS
ImageTM software, version 1.7.3, (both from Roper Scientific, Photo-
metrics, Tucson, AZ). Fluorescent photographs were taken with the
same equipment except under UV light and the B-2A fluorescent
filter combination was used, which incorporates excitation wave-
lengths between 450 and 490 nm and emission filter wavelengths
greater than 515 nm.

2.5.2. One-step growth curve
Duplicate 12-well plates were seeded with MA-104 cells and

infected with 1.4 × 106 PFU of HPIV-3 WT, rHPIV3, and rHPIV3-EGFP
viruses, separately, at an MOI = 2. After virus was absorbed for 2 h at
37 ◦C, virus was removed, replaced with fresh MEM supplemented
with 2% FBS, and incubated at 37 ◦C. Individual cells were scraped
and the supernatants harvested every 6 h starting at the time of
virus exposure and frozen at −80 ◦C. At time 0, virus was added
but then immediately removed and replaced with fresh medium.
Each time point for each virus was plaque titered in quadruplicate
following the same method as described above. Each growth curve
was compared to the other two curves, individually, and statisti-
cally analyzed by analysis of variance (ANOVA) using the Microsoft®

Office Excel 2003 software.
2.5.3. Cytopathic effect assay
Ninety-six-well plates were seeded with MA-104 cells and

infected with 3.9 × 103 PFU of either the HPIV-3 WT or rHPIV3-
EGFP virus in duplicate at an MOI = 0.1 in quadruplicate wells.
The plates were incubated at 37 ◦C and on each day, including
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he day of infection, the cells were stained with 0.034% neutral
ed for 2 h at 37 ◦C, washed once with PBS, and the NR extracted
ith ethanol:Sörenson’s citrate buffer for 30 min while rocking at

oom temperature. Absorbance, at 540 and 405 nm wavelengths,
as read with an Opsys MRTM spectrophotometer and Revelation
uicklink software, version 4.24 (both from Dynex Technologies,
hantilly, VA). The two curves was compared and statistically ana-

yzed by ANOVA.

.5.4. QRT-PCR assay
Ninety-six-well plates were seeded with MA-104 cells and

nfected with 7.8 × 104 PFU of HPIV-3 WT and rHPIV3-EGFP viruses,
eparately, in duplicate at an MOI = 2. At specific time points; 0,
2, 24, and 36 h, uninfected and infected cells were harvested
sing CellsDirect Resuspension and Lysis Buffers (Invitrogen). Each

ysate was used as the template for two different reverse tran-
criptase (RT) reactions. One reaction used a primer specific for
he HPIV-3 genome, 5′-AATTATAAAAAACTTAGGAGTAAAG-3′, and
he other reaction used an Oligo(dT)20 primer (Invitrogen). The
rimers used to PCR amplify the cDNA products from the RT
eactions include 5′-CGTTATAGTGCTGCCACAAAGAATAA[FAM]G-
′ and 5′-ATGGAAGACCAGACGTGCATC-3′, for genomic replica-
ion, and 5′-CGATTAAGGAAAGCGACCTGTAAGTAAT[FAM]G-3′ and
′-GAGACACAAATTAGGCGGGAGAT-3′, for L gene transcription.
latinum® Quantitative PCR SuperMix-UDG (Invitrogen), 200 nM
f the forward and reverse LUXTM primers (Invitorgen), and 1/10th
f the RT reaction were mixed and added, in triplicate, to Hard-
hell 96-well skirted PCR plates (Bio-Rad Laboratories, Hercules,
A). The reaction was run on a DNA Engine Opticon 2 Real-Time
CR Detection System (MJ Research, Waltham, MA). The Opticon
onitorTM software, version 3.1.32 (Bio-Rad Laboratories) was used

o calculate relative expression differences, Delta-CT, at each time
oint for each virus, using the 0 h for each virus as the calibrator
Pfaffl, 2001). For each assay, the two curves were compared and
tatistically analyzed by ANOVA.

.6. Antiviral sensitivity assay

An antiviral CPE assay was used to evaluate the antiviral sensi-
ivity profiles of the HPIV-3 WT and rHPIV3-EGFP viruses (Barnard
t al., 2001; Cavanaugh et al., 1990). Briefly, three compounds:
ibavirin (positive control), 2-thio-6-azauridine, and DAS181, were
lated in four 10-fold dilutions in five replicates on 96-well plates
eeded with MA-104 cells using starting concentrations of 1000,
00, and 1 �g/mL, respectively. Two of five replicates were toxicity
ontrols with no virus added, while the other three replicates were
nfected with 3.9 × 103 PFU of either the HPIV-3 WT or the rHPIV3-
GFP virus at an MOI = 0.1. The plates were incubated at 37 ◦C for
days and, after which, the cells of each plate were stained with
R following the same method as described above. The assays were
one three times. Fifty percent effective concentrations (EC50) were
alculated by linear regression using percents of untreated, unin-
ected cell and untreated, infected virus controls. EC50 values were
ompared and statistically analyzed by the unpaired, two-tailed
tudent’s t-test.

.7. EGFP expression assays

Ninety-six-well plates were seeded with MA-104 cells and
nfected with 3.9 × 104 PFU of rHPIV3-EGFP in duplicate at an

OI = 1. Quadruplicate four 10-fold dilutions of virus were plated

nd the cultures incubated at 37 ◦C. Each day for 8 days, includ-
ng the day of infection, the medium was removed and the cell cells

ere washed with PBS and fresh PBS was added. On the day of infec-
ion, the virus was added but then immediately removed and the
ells were washed with PBS. EGFP fluorescence was measured with
arch 82 (2009) 12–21 15

the FMax® fluorometer, using the 485 nm excitation and 538 nm
emission filters, and recorded with SOFTmax® PRO software, ver-
sion 1.3.1, (both from Molecular Devices, Union City, CA).

Duplicate 96-well plates were seeded with MA-104 cells. On
each plate, 16 wells were infected with 3.9 × 103 PFU of rHPIV3-
EGFP at an MOI = 0.1, while 16 wells were left uninfected as a cell
control and 16 wells were left unseeded as a no-cell background
control. The plates were incubated for 3 days at 37 ◦C. After incu-
bation, the uninfected and infected cells and unseeded wells were
washed with PBS, replaced with fresh PBS, and fluorescence was
measured using the FMax® fluorometer. The traditional NR-based
assay and Vybrant® MTT Cell Proliferation Assay (Invitrogen) were
done following the same 96-well plate format except that cells were
treated and results were measured after complete infected cell lysis
on day 7. The cells for the NR assay were stained following the same
procedure described earlier, while the manufacture’s quick protocol
was followed for staining of the cells for the Vybrant® MTT assay.
The absorbance values for cells treated with MTT were measured
using the 540 nm wavelength, Opsys MRTM spectrophotometer, and
Revelation Quicklink software. The CellTiter-Glo® Luminescent Cell
Viability Assay (Promega) was also performed using the same 96-
well format except that MA-104 cells were seeded on white, half
area 96-well plates with a clear bottom. Therefore, plating volumes
were reduced by 50% and the CellTiter-Glo® reagent was reduced by
75%, while otherwise following the manufacture’s protocol. Lumi-
nescence was measured using the Centro LB 960 luminometer and
recorded with MikroWin 2000 software, version 4.34 (both by
Berthold Technologies, Oak Ridge, TN).

2.8. EGFP-based antiviral assay

Six 96-well plates were seeded with MA-104 cells to eval-
uate the NR and EGFP assays in parallel. A format was used
allowing seven compounds to be tested per plate. Each com-
pound was plated using four 10-fold dilutions in triplicate and
starting the concentration at 1000 �g/mL for ribavirin (posi-
tive control), and ribamidine; 100 �g/mL for 2-thio-6-azauridine,
3-deazaguanosine, 1-(4-methoxybenzyloxy) adenosine, selenazo-
furin, and EICAR; 100 �M for CS-978, CS-1164, CS-1196, CS-1227,
PSI-0194, PSI-5067, PSI-5095, PSI-5098, PSI-5452, PSI-5449, PSI-
5741, PSI-5746, PSI-5747, PSI-5852, and PSI-5990; and 1 �g/mL for
DAS181. Compounds that were reconstituted in DMSO were diluted
down to working concentrations of 0.5% DMSO and less to elim-
inate cell toxicity due to the DMSO. Two of the replicates were
infected with 3.9 × 103 PFU of rHPIV3-EGFP, at an MOI = 0.1, while
the remaining replicate served as a toxicity control with no virus
added. Three of the plates were incubated at 37 ◦C for 3 days, after
which, the toxicity and cell control cells were stained with NR fol-
lowing the same procedure described earlier. NR fluorescence was
measured with the FMax® fluorometer, using the 544 nm excita-
tion and 612 nm emission filters. The untreated virus control and
treated, infected cells were washed with PBS, fresh PBS was added,
and the fluorescence was measured with the FMax® fluorome-
ter, using the 485 nm excitation and 538 nm emission filters. The
other three plates were assayed using the traditional colorimet-
ric NR assay. After incubation for 7 days at 37 ◦C, the cells were
stained with NR following the same procedure described earlier.
For the NR assay, EC50 and 50% cell inhibitory concentrations (IC50)
were calculated by linear regression from percents of untreated,
uninfected cell and untreated, infected virus controls. For the EGFP

assay, EC50 values were calculated by linear regression using per-
cents of untreated, infected virus controls and IC50 values were
also calculated by linear regression using percents of untreated,
uninfected cell control. The EC50 and IC50 values for each com-
pound for both assays were compared and statistically analyzed
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Fig. 1. EGFP inserted into the rHPIV3 viral antigenome as the first gene. (A) The 852 bp EGFP PCR product was inserted into a natural DrdI site located between the N gene’s
start signal and start codon. The reverse primer that was used to amplify EGFP’s ORF was designed to encode the HPIV-3 gene end and gene start signals. T7/le indicates
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hat a T7 promoter precedes the rHPIV3 5′ antigenomic leader sequence. tr/Rib ind
equence. (B) Sequence data showing three intentional mutations and recombinan
oncoding region of the L gene (A), and A to C and T to G, creation of a unique Dra
PIV-3 WT (1), rHPIV3 (2), and rHPIV3-EGFP (3) digested with SphI.

y unpaired, two-tailed Student’s t-test. A selectivity index (SI) was
alculated for each compound for each assay using the formula:
I = Mean IC50/Mean EC50. Compounds were sorted into positive,
I ≥ 10, and negative, SI < 10, categories for the combination of NR
nd EGFP assays. Using the NR assay as the gold standard, sensitiv-
ty, true positives/(true positives + false negatives), and specificity,
rue negatives/(true negatives + false positives), were calculated.

. Results

.1. The successful insertion of the EGFP gene into the HPIV-3
ntigenome and rescue of an infectious, recombinant HPIV-3
xpressing the fluorescent protein

A DrdI restriction site was found between the N gene’s start sig-
al and start codon of the HPIV-3 WT genome that was used to

acilitate the insertion of the EGFP gene. Therefore, both the for-
ard and reverse primers that were used to amplify the EGFP open

eading frame were designed to contain a DrdI restriction site on
heir 5′ ends. The HPIV-3 WT gene end, intercistronic, and gene
tart signals were also encoded onto the reverse primer so that the
nserted EGFP gene would be recognized as an additional HPIV-3

T gene (Fig. 1A). The “Rule of Six” was followed to generate an
52 bp EGFP gene segment. The rule suggests that viral replication

s most efficient when the viral genome length is a factor of six,
hich is most likely due to a single nucleocapsid protein binding to

ix genomic ribonucleotides (Calain and Roux, 1993; Durbin et al.,
997). In constructing the recombinant HPIV-3 expressing EGFP, the
resence of three G ribonucleotides, which are equally separated by
ve ribonucleotides starting 79 ribonucleotides from the 5′ end of
he antigenome, had to be manipulated. This location represents
ne complete turn of the 3-dimensional helical structure of the
ucleocapsid encased RNA genome and is thought to co-regulate
iral replication perhaps through the assembly and binding of the
iral polymerase–phosphoprotein complex with the nucleocapsids
Tapparel et al., 1998). The EGFP forward primer interrupted this
atural pattern but the problem was solved by adding the three G
esidues in the forward primer at positions 11, 17, and 23. Before

he addition of the EGFP gene segment into the antigenome, the
–5267 cDNA segment was cloned into the pACYC177 plasmid to
ircumvent multiple DrdI restriction sites located in the pUC19 plas-
id. The resulting 1–6119 cDNA segment, now encoding the gene

or EGFP, was then cloned into the pUC19 plasmid, already con-
a hepatitis delta ribozyme immediately follows the rHPIV3 3′ antigenomic trailer
ers: A to G, destroying a natural SphI site (* indicating destroyed) located in the 5′

located within the 3′ trailer region (A). (C) Electrophoresis of PCR fragments from

taining the 5249–11366 cDNA segment. Finally, the addition of the
11284–15453 cDNA segment to the construct resulted in a com-
plete, infectious, recombinant HPIV-3 virus, expressing the EGFP
gene.

To demonstrate the successful rescue and isolation of two
rHPIV3 strains, one with and one without the EGFP gene inser-
tion, sequences surrounding three genetic markers were aligned
and compared to the HPIV-3 WT virus, isolate 14702 (Fig. 1B). RNA
isolated from rHPIV3-EGFP, rHPIV3, and HPIV-3 WT infections was
amplified by RT-PCR. The sequences generated from the 5′ RACE
RT-PCR, containing the DraIII restriction site, confirmed the A to C
and T to G mutations. These two mutations created a unique DraIII
restriction site present only in the recombinant viruses and allowed
for the insertion of the final 11284–15453 cDNA segment and com-
pletion of the recombinant viruses. The third genetic marker was
also confirmed by aligning sequences generated from the 5′ end of
the L gene from all three viruses. The A to G mutation eliminated
one of two natural SphI restriction sites located in L gene portion
of the HPIV-3 WT virus. The second SphI restriction site was used
to insert both the 5249–11366 and 11284–15453 cDNA segments.
These PCR products were also digested with SphI and separated on
an agarose gel to show that HPIV-3 WT was digested in the presence
of SphI, while the two recombinant viruses were not (Fig. 1C).

Plaques formed by rHPIV3-EGFP were stained with crystal violet
and analyzed by bright field microscopy. The viral induced syncytia
absorbed more crystal violet compared to surrounding uninfected
cells (Fig. 2A). The syncytia from the same plaque were visualized
by fluorescent microscopy and had high concentrations of green
fluorescence (Fig. 2B). On the other hand, plaques formed by HPIV-
3 WT did not produce fluorescence, data not shown. This result
demonstrates a direct correlation between viral growth, syncytia
formation, and EGFP expression.

3.2. rHPIV3-EGFP replication is slightly attenuated due to the
additional gene

The infectious virus present in the stocks of all three viruses
was plaque titered and the means ± standard deviation, of duplicate
assays were found to be: 2.9 ± 0.41 × 107 PFU/mL for HPIV-3 WT,

2.8 ± 0.22 × 107 PFU/mL for rHPIV3, and 1.9 ± 0.49 × 107 PFU/mL for
rHPIV3-EGFP. The infectious virus titer for rHPIV3 was not sig-
nificantly different compared to HPIV-3 WT (p > 0.01) whereas,
rHPIV3-EGFP was significantly lower compared to both HPIV-3 WT
and rHPIV3 (p < 0.01). The addition of the EGFP gene into the HPIV-
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ig. 2. MA-104 cells showing an rHPIV3-EGFP induced plaque. (A) Plaque stained
ith crystal violet and photographed under bright field microscopy. (B) Same plaque
hotographed under fluorescent microscopy. Scale bar, 50 �m.

genome appeared to attenuate rHPIV3-EGFP compared to either
he WT or recombinant strains. However, the process of creating
nd rescuing the recombinant virus and/or the presence of the
hree genetic markers did not cause attenuation of rHPIV3 because
o significant reduction in virus titer was seen. For all subsequent
xperiments the volume of virus inoculums were adjusted so that
qual PFUs were added. In addition, the replication kinetics of
he three viruses, HPIV-3 WT, rHIPV3 and rHPIV-EGFP were mea-
ured to confirm the attenuation of rHPIV3-EGFP compared to the
ild-type and recombinant viruses. The growth curves for rHPIV3

nd HPIV-3 WT were very similar, with no significant differences
p > 0.01) (Fig. 3A). However, the growth curve for rHPIV3-EGFP
as significantly delayed compared to the growth curves for both
PIV-3 WT and rHPIV3 (p < 0.01). During the initial stages of infec-

ion, the attenuated growth of rHPIV3-EGFP compared to both the
ild-type and recombinant viruses can be seen, yet it appears that

he replication of the rHPIV3-EGFP virus may recover and amplify
tself to similar levels compared to the other two viruses during the
ater stages of replication. This result confirmed that the addition
f an additional gene into the HPIV-3 genome may be the cause of
ttenuation.

The CPE produced by rHPIV3-EGFP and HPIV-3 WT viruses in

nfected MA-104 cells was monitored for 7 days and measured
y NR uptake until complete infected cell lysis occurred, verified
y microscopic examination. Complete cell lysis induced by both
iruses occurred at the same time on day 7 and no significant dif-
erence in either curve was detected (p > 0.01) (Fig. 3B). This result
arch 82 (2009) 12–21 17

contradicted previous results showing attenuation in the replica-
tion of the rHPIV3-EGFP virus, but the result supports the idea
that rHPIV3-EGFP is able to recover and replicate up to HPIV-3 WT
standards.

To determine how the additional gene may have contributed to
the attenuation seen during the onset of infection, a QRT-PCR assay
was done to measure genomic replication and L gene transcription.
An HPIV-3 specific primer that annealed to the intergenic sequence
between the fusion and hemagglutinin-neuraminidase genes of the
viral, negative-sense RNA, only allowing binding to viral, genomic
RNA rather than viral mRNA or viral, positive-sense, antigenomic
RNA, was used as a primer for the RT reaction. An Oligo(dT)20
primer was used to prime the RT reaction for the L gene transcrip-
tion measurement, binding only viral mRNA and not viral genomic
RNA. Relative expression differences were calculated and normal-
ized, using the 0 h for each virus as the calibrator, according to the
calculations developed by Pfaffl (2001). A calibrator was used to
normalize the amount of mRNA transcripts or genomic copies gen-
erated during the infections with the amount that was added at
the time of infection for each virus. L gene transcription (Fig. 3C)
and genomic replication (Fig. 3D) were significantly reduced in
an rHPIV3-EGFP infection compared to the HPIV-3 WT infection
(p < 0.01). The additional gene present in the HPIV-3 genome caused
a reduction in the amount of viral mRNA transcripts and genomic
copies that were normally generated in a WT infection.

3.3. rHPIV3-EGFP is slightly more sensitive to antiviral
compounds

To further study the consequences of the attenuation detected
for rHPIV3-EGFP replication, three known antiviral compounds that
inhibit HPIV-3 were tested. The three compounds include two
nucleoside analogs, ribavirin and 2-thio-6-azauridine, and a recom-
binant fusion protein between a sialidase catalytic domain and
cell surface-anchoring sequence, DAS181 (Malakhov et al., 2006).
EC50 values, which are the concentration of compounds that inhibit
50% of virus replication, were calculated for each compound for
both HPIV-3 WT and rHPIV3-EGFP viruses. The mean ± standard
deviation, of three replicates were found to be: 35 ± 2.5 �g/mL
and 19 ± 4.9 �g/mL for ribavirin, respectively; 1100 ± 58 ng/mL
and 630 ± 75 ng/mL for 2-thio-6-azauridine, respectively; and
53 ± 2.3 ng/mL and 13 ± 2.3 ng/mL for DAS181, respectively. The
rHPIV3-EGFP virus was significantly more sensitive to inhibition
by these compounds than was the wild-type virus (p < 0.05). This
supports the idea that the rHPIV3-EGFP virus was attenuated.

3.4. Using EGFP expression as a measure of viral infectivity leads
to a faster and more robust assay

To determine the earliest possible day that a potential EGFP-
based assay could be completed, EGFP expression by rHPIV3-EGFP
was measured. The fluorescence emitted from the viral expressed
EGFP was measured each day in rHPIV3-EGFP infected MA-104 cells
at various MOIs of virus. EGFP expression rose in a dose-dependant
manner beginning at day 1, peaked on day 3 regardless of MOI, and
leveled off thereafter (Fig. 4). Even though, the infection at MOI = 1
resulted in the greatest fluorescence, a large amount of fluorescence
was still detected for the other three MOIs as well. The infection
at MOI = 0.1 was equivalent to the concentration of virus used in
typical antiviral assays, so this concentration of virus was used in
further testing.
To compare the 3-day, EGFP-based assay to the tradi-
tional NR-based assay, Vybrant® MTT Cell Proliferation, and
CellTiter-Glo® Luminescent Cell Viability Assays, the Z′-factors,
signal-to-background ratios, and signal-to-noise ratios were cal-
culated (Table 1). The Z′-factor is a statistical calculation that
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Fig. 3. Infectious assays comparing the recombinant HPIV-3 virus, expressing EGFP, to the wild-type and recombinant viruses. (A) Single step growth curve. HPIV-3 WT (�),
rHPIV3 (�), and rHPIV3-EGFP (�) were used to separately infect 12-well plates seeded with MA-104 cells at MOI = 2. Individual cells were harvested every 6 h, including 0 h,
and viral titers were measured by plaque assay. The growth curve for rHPIV3 was not significantly different compared to the growth curve for HPIV-3 WT (p > 0.01), while
the growth curve for rHPIV3-EGFP was significantly different compared to the growth curves for HPIV-3 WT and rHPIV3 (p < 0.01). (B) Time course of virus induced CPE.
HPIV-3 WT (�) and rHPIV3-EGFP (�) were used to infect MA-104 cells at MOI = 0.1 in 96-well plates. Each day, including day 0, the cells of one plate were stained with NR
for 2 h, washed once with PBS, and the NR extracted with ethanol:Sörenson’s citrate buffer for 30 min rocking. Absorbance was measured on a spectrophotometer using 540
and 405 nm wavelengths. Percents were calculated based on NR reduction in infected cells compared to uninfected cell controls. No significant differences were detected
(p > 0.01). Relative expression differences in L gene transcription (C) and genomic replication (D) were measured by QRT-PCR. MA-104 cells infected with HPIV-3 WT (�) and
rHPIV3-EGFP (�) were harvested at specified time points. The reverse transcriptase reaction was primed with an HPIV-3 specific primer 5′-AATTATAAAAAACTTAGGAGTAAAG-
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′ for genomic replication, which straddles the intergenic region between the fusion
NA, and a Oligo(dT)20 primer for L gene transcription. The cDNAs were amplified u
ifferences were calculated for each virus at each time point, using the 0 h measur
enomic replication and L gene transcription compared to HPIV-3 WT (p < 0.01). All

ssesses the quality of a high-throughput screening assay and pre-
icts the potential of the assay if the number of samples were
caled up. Z′-factors were computed for each assay and com-
ared using two different fitness tables (Kraybill, 2005; Zhang et
l., 1999). Ultimately, a higher Z′-factor value means the assay is
ore robust when it is used in a high-throughput format. The

-day, EGFP-based assay, 0.83, proved to be more robust than
he other three 7-day assays: 0.70 for the NR-based assay, 0.73

or the CellTiter-Glo® Luminescent Cell Viability Assay, and 0.50
or the Vybrant® MTT Cell Proliferation assay. According to the
tness tables, the EGFP-based, NR-based, and CellTiter-Glo® Lumi-
escent Cell Viability Assays were all considered to be good to

able 1
valuation of the viral expressed EGFP detection method compared to three types of viral

3-Day Assay 7-Day Assay

Viral expressed EGFP
fluorescence

Colorimetric neu
red uptake

′-factora 0.83 0.70
ignal-to-background 241 65
ignal-to-noise 4057 301

a The Z′-factor is a statistical calculation that assesses the quality of a high-throughpu
ere scaled up.
hemagglutinin-neuraminidase genes and anneals to viral, negative-sense, genomic
HPIV-3 specific primers, which were tagged with FAM. Delta-CT relative expression
t for each virus as the calibrator. Significant reductions were seen in rHPIV3-EGFP
s values on all graphs represent the mean ± S.D. of duplicate assays.

excellent assays. On the other hand, the Vybrant® MTT Cell Pro-
liferation assay was considered to be borderline excellent/marginal
on one table and at the recommended minimum level for the sec-
ond table. For the signal-to-background ratios, the EGFP assay,
with a value of 241, again proved to be superior showing excel-
lent signal to background signal separation. The NR assay, value of
65, resulted in good separation, whereas both the CellTiter-Glo®

Luminescent, value of 6, and Vybrant® MTT assays, value of 7,

resulted in poor separation of signal to background signal. In addi-
tion, the EGFP assay, with a signal-to-noise ratio of 4057, again
proved to be superior to the other three assays, signal-to-noise
ratios of: 301 for NR, 59 for CellTiter-Glo®, and 60 for Vybrant®

CPE detection methods using the rHPIV3-EGFP virus.

tral CellTiter-Glo® Luminescent
Cell Viability

Vybrant® MTT Cell
Proliferation

0.73 0.50
6 7
59 60

t screening assay and predicts the potential of the assay if the number of samples
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Fig. 4. EGFP expression curve. 96-Well plates were seeded with MA-104 cells and
infected with rHPIV3-EGFP at differing MOIs: 1 (�), 0.1 (�), 0.01 (�), 0.001 (�). Each
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ay, including day 0, the cell monolayer was washed once with PBS and fluorescence
easured. HPIV-3 WT and rHPIV3 infections were also done in parallel but no fluo-

escence was detected (data not shown). All Y-axis values represent the mean ± S.D.
f duplicate assays.

TT, by showing excellent signal to background variability separa-
ion.

.5. Comparison of a 7-day, NR-based antiviral assay and a 3-day,
GFP-based antiviral assay

To investigate the practicality of using rHPIV3-EGFP in an antivi-
al screening assay, a panel of 23 antiviral compounds were selected

hat had shown antiviral activity against HPIV-3 in past screens
data not shown). A standard 7-day, NR-based assay and a 3-day,
GFP-based assay, using the same virus stock, were done in par-
llel using 23 compounds, which included 22 nucleoside analogs
nd the one fusion protein, DAS181 (Table 2). A selective index

able 2
anel of antiviral compounds tested by the traditional 7-day, colorimetric, neutral red upt

ompound name 7-Day colorimetric neutral red uptake assa

EC50
a IC50

a

ICARc 0.81 ± 0.061 >100
AS181c 0.013 ± 0.0015 >1
SI-5067e 0.76 ± 0.032 36 ± 9.2
SI-5452e 0.84 ± 0.14 27 ± 2.5
-Thio-6-azauridinec 0.6 ± 0.095 17 ± 3.5
SI-5746e 6.4 ± 0.46 >100
S-1164e 6.7 ± 0.21 >94 ± 9.8
ibavirinc 20 ± 3.6 230 ± 92
SI-5990e 8.7 ± 1.8 >100
SI-5747e 8.3 ± 2.3 >79 ± 18
SI-5852e 9.9 ± 2.8 >76 ± 21
elenazofurinc 4.9 ± 1.4 34 ± 7.2
ibamidinec 57 ± 15 390 ± 20
SI-5095e 13 ± 2.1 83 ± 4.2
S-1196e 0.5 ± 0.078 2.1 ± 1.1
SI-5449e 30 ± 8.2 >95 ± 9.2
SI-5098e 46 ± 7 >100
S-1227e 38 ± 4.2 58 ± 26
-Deazaguanosinec >31 ± 1.5 34 ± 3.5
SI-0194e >100 >100
S-978e >100 >100
SI-5741e >100 >100
-(4-methoxybenzyloxy) adenosinec >31 31 ± 1.2

a Mean of three independent assays ± S.D.
b SI = Mean IC50/Mean EC50.
c �g/mL.
d Significant difference compared to the EC50 or IC50 of the 7-day NR uptake assay (p < 0
e �M.
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value ≤3 was considered not active, SI values between 4 and 9
slightly active, between 10 and 49 moderately active, and ≥50
highly active. Compounds with SI values ≥10 dictated if an antivi-
ral drug would be further evaluated in additional assays. Using the
threshold SI value of 10, the 3-day, EGFP-based assay had a sensitiv-
ity of 100% and specificity of 54%, compared to the 7-day NR assay.
Using the 7-day NR assay as the gold standard, six compounds were
falsely identified as selective inhibitors of virus replication using the
rHPIV3-EGFP virus in the antiviral assay, which led to the 54% speci-
ficity. These six compounds showed an increase in the SI value over
the threshold of 10 in the EGFP assay but under the threshold in the
NR assay. Of these six, PSI-5449 was not active in the NR assay but
was moderately active in the EGFP assay. An additional four, rib-
amidine, selenazofurin, PSI-5852, and PSI-5095, were considered
slightly active in the NR assay and moderately active in the EGFP
assay. The remaining compound, CS-1196 was considered slightly
active in the NR assay and highly active in the EGFP assay. A factor
that contributed to the differences in selectivity detected in each
assay was the lack of toxicity found in cells exposed to compound
in the EGFP assay. The toxicity of a drug is determined by the con-
centration at which it is lethally toxic to 50% of the cells present
in the assay, termed IC50. No toxicity was observed for all six com-
pounds falsely identified as selective inhibitors in the EGFP assay
and the IC50 values for four out of the six compounds were signifi-
cantly decreased in the 7-day NR assay (p < 0.05). The difference in
toxicity was probably due to the accumulation of toxicity during the
7-day incubation period of the NR assay. On the other hand, when
the rHPIV3-EGFP virus was measured by the EGFP fluorescent assay
the resulting EC50 values were significantly lower (p < 0.05) for three
out of the six drugs compared to the NR assay. This result will also
contribute to the higher selectivity detected for these compounds
evaluated in the NR assay. The combination of an increased IC50 and
a decreased EC50 undoubtedly increased the SI for these six com-
pounds and falsely suggested further evaluation, explaining the low
specificity of the EGFP assay. Overall, for most other compounds a

ake assay and 3-day, EGFP fluorescence assay using the rHPIV3-EGFP virus.

y 3-Day EGFP fluorescent assay

SIb EC50 IC50 SI

>120 0.35 ± 0.025d >100 >280
>79 0.011 ± 0.0024 >1 >89
48 0.86 ± 0.059 >100d >120
32 0.76 ± 0.085 >100d >130
28 0.89 ± 0.13d >100d >110

>16 5.1 ± 0.68 >100 >20
>14 10 ± 3.3 >100 >10
12 31 ± 2.1d >1000d >32

>11 9.8 ± 1.9 >100 >10
>10 6.8 ± 0.46 >100 >15
>8 2.9 ± 0.97d >100 >35

7 3.5 ± 0.1 >100d >29
7 68 ± 2.6 >1000d >15
7 6.6 ± 0.53d >100d >15
4 0.47 ± 0.017 >100d >210

>3 3.9 ± 0d >100 >26
>2 34 ± 0d >100 >3

2 43 ± 2.5 >100d >2
1 21 ± 3.2d >100d >5
0 50 ± 4d >100 >2
0 43 ± 0.58d >100 >2
0 >100 >100 0
0 >41d 41 ± 2.5d 0

.05).
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rend is seen when an increase in the SI value was detected in the
GFP fluorescent assay compared to the NR assay. In most cases, the
ncreased SI can be contributed to either a significant decrease in
he EC50, significant increase in the IC50, or a combination of both
cenarios.

. Discussion

The purpose of this study was to investigate the possibility of
ubstituting rHPIV3-EGFP for HPIV-3 WT in the initial screening
f potential antiviral compounds. First, attenuation of either the
HPIV3 or rHPIV3-EGFP, compared to HPIV-3 WT, was studied to
etermine if loss of virulence had occurred due to either the assem-
ly and rescue of a recombinant clone or the addition of the EGFP
ene. The rescued rHPIV3 virus has three genetic mutations that
ade it distinguishable from HPIV-3 WT. Although these three

enetic markers were detected in the rescued virus, they did not
ttenuate the recombinant virus. Two of these markers reside in
he 3′ untranslated region of the HPIV-3 antigenome and could have
isrupted regulatory promoters to attenuated rHPIV3; they did not.
n the other hand, the addition of the EGFP gene into the rHPIV3
irus, which increased the length of the viral genome by only 5% and
dded a seventh, distinctive gene unit, did significantly attenuate
he rescued rHPIV3-EGFP virus. Even though, the attenuation was
tatistically significant, only a 1.5-fold reduction in rHPIV3-EGFP
iters was seen. This may be of no significance because a wild-
ype virus grown in varying cell culture conditions: higher or lower
assaged cells, confluent or less than confluent cells, variation in
he media formulations, or incubation in varying conditions, may
nhibit or accelerate virus replication. A 10-fold, or greater, reduc-
ion in virus titer would indicate severe attenuation and would
uggest that the new virus was indeed biologically different than
he wild-type strain. In support of this point, the CPE produced by
HPIV3-EGFP was not significantly inhibited or accelerated com-
ared to the CPE produced by HPIV-3 WT throughout the duration
f a viral infection. Although, decreased viral titers and slower viral
eplication was detected for the rHPIV3-EGFP virus, CPE produced
y each virus remained the same.

The attenuation of rHPIV3-EGFP can be attributed to the combi-
ation of the small increase in genome length and the addition of
foreign gene, which contributed to the significantly reduced viral
enomic replication and mRNA transcription. The viral polymerase
erminates and reinitiates transcription at each gene junction
nconsistently, resulting in a reduction of downstream gene tran-
cription and expression in a gradient fashion (Cattaneo et al.,
987; Homann et al., 1990). Thus, the first of six viral genes,
P, should be expressed at significantly higher levels compared

o the last L gene. Therefore, the insertion of the EGFP gene
nto the first viral gene position should result in a reduction in

RNA transcription in all downstream viral genes due to further
nconsistent termination and reinitiation of the viral polymerase.
his phenomenon was confirmed when transcription of the L
ene was reduced in the rHPIV3-EGFP virus infection compared
o the HPIV-3 WT virus infection. In addition, genomic replica-
ion was also reduced, perhaps due to the overall decline in the
xpression of necessary viral replication proteins. A significant
eduction in viral transcription could also lead to a reduction
n translation of the viral transcripts. Overall, less viral proteins

ould be available for replication purposes resulting in less effi-
ient viral replication. Thus, less virions would be assembled

ecause of the reduction in viral proteins and genomic RNA strands
esulting in an attenuated virus. Furthermore, ribavirin and 2-thio-
-azauridine inhibit inosine monophosphate dehydrogenase and
rotidine monophosphate decarboxylase, respectively, and can be
lassified as nucleoside analogs, which may be incorporated into
arch 82 (2009) 12–21

the viral RNA strands and interfere with further protein transla-
tion and genome replication (De Clercq, 1993; Sidwell, 1996). The
reduced EC50 values are probably related to the reduction in mRNA
transcription and genomic replication; therefore, less compound is
needed to incorporate into the RNA strands and inhibit viral expres-
sion. On the other hand, DAS181 eliminates the host cell receptor
needed for viral entry and inhibits virion binding and absorption
(Malakhov et al., 2006). The reduced EC50 values are most likely
due to the reduction in viable virions produced by the attenu-
ated virus; therefore, less compound is required to prevent virion
attachment. The consequence of a slightly attenuated virus is the
possibility of a reduced EC50 value, which may increase the SI value
above the threshold of 10 and result in a false positive, meaning that
the same compound may not inhibit the wild-type virus as much.
This consequence is acceptable in the initial screening of a high-
throughput assay because the false positive compounds would be
retested in the presence of the wild-type virus and if they were true,
false positives, they would be eliminated in the second round of
screening.

The potential of using a recombinant virus that expresses a
reporter gene to measure viral replication leads to the possibility
of detecting the virus earlier in the assay. Assays that use dyes or
enzymes, like NR, Vybrant® MTT, and CellTiter-Glo® Luminescent,
are only measuring the health of a cell and for these assays to be
most accurate the maximum difference between signal and back-
ground needs to be achieved. This occurs for these types of assays
when the virus has completely lysed the infected cell monolayer or
when cell membranes have become non-functional. The length of
time needed to reach this point depends upon the virus. The virus
used in this study, HPIV-3, requires 7 days to achieve complete cell
destruction at the MOI used. However, using an assay that mea-
sures a viral expressed reporter gene, the incubation time is only
limited to when the reporter gene reaches maximal or acceptable
signal-to-background ratio levels. For rHPIV3-EGFP, EGFP expres-
sion is detectable 24 h post-infection and reaches its peak at 3 days
in a dose responsive manner. The characteristic syncytia formation
of the HPIV-3 virus might be the reason that abundant EGFP expres-
sion levels are achieved and remain for 5 days after the maximum
expression levels are reached. Even the lowest dose of virus shown
could potentially be used in the antiviral assay, but for the pur-
pose of this study we chose to use a concentration of virus that was
equivalent to the concentration of virus used in typical antiviral
assays. The broad range of EGFP detection possibilities, in both the
length of time and concentration of virus, could potentially be used
in experiments that need more defined parameters.

The 3-day, EGFP-based assay was evaluated for use in high-
throughput assays using Z′-factor analysis and other parameters.
It had a good to excellent Z′-factor value in addition to very high
signal-to-background and signal-to-noise ratios. The Z′-factor takes
into account the variability of both the signal and background and
the difference between the signal and background. Thus, the virus-
expressed EGFP gene is very suitable for this type of assay because
only the infected cells will fluoresce and any background measure-
ment seen is due to autofluorescence of the plate, medium, or cells,
which can be subtracted from the signal. On the other hand the
NR, Vybrant® MTT, and CellTiter-Glo® luminescent assays all mea-
sure any intact cells infected or not infected with virus. This can
be problematic if the virus does not lyse the cell monolayer com-
pletely because the background measurements are raised, reducing
the sensitivity and validity of the assay. For example, the CellTiter-
Glo® luminescent assay was very susceptible to this phenomenon

because even when the cells of the virus controls were completely
lysed, as determined visually, significant luminescence was mea-
sured when compared to the no-cell control (data not shown), thus
the poor signal-to-background and signal-to-noise ratios for the
luminescent assay.
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When the 3-day, EGFP assay was evaluated with a panel of
nown inhibitors of HPIV-3 WT replication, the assay resulted in
xcellent sensitivity and marginal specificity. When the rHPIV3-
GFP virus was used in an antiviral assay and fluorescence was
easured, approximately an equal number of false positives and

rue positives would have passed the initial round of antiviral drug
creening. However, this is of no concern because in the second
ound of antiviral drug testing, HPIV-3 WT virus would be used
ith results being measured by the NR uptake assay. In addition,

ctive compounds could also be further evaluated and validated
y virus yield reduction assay or modified plaque reduction assay
Barnard et al., 2004; Matrosovich et al., 2006). Thus, the true, false
ositives would be detected and eliminated from the drug screen-

ng process. It would be more of a concern if the sensitivity were
arginal because that would mean that false negative compounds
ould be eliminated from further testing.

However, some of the differences seen between the SI values
etermined from the EGFP-based and NR-based assays were due to
ifferences in drug toxicity measured at 3 and 7 days, respectively.
he compounds in question seem to be less toxic on day 3 than on
ay 7, which implies that the toxicity effects accumulate over time.

n addition, cell growth may be slowed leading to apparent cell
rowth inhibition due to depletion of nutrients and acid build up in
he medium after 7 days of incubation. These two phenomena prob-
bly contributed to the apparent increase in toxicity as measured
y the IC50 values in the 7-day, NR assay. Furthermore, because of
he additional factors contributing to cell toxicity a more accurate
ssay for detecting cell toxicity is conducted in follow-up studies
or active compounds using rapidly-dividing MA-104 cells, which
re incubated for 3 days in the absence of virus and measured by
R uptake. In essence, the 3-day, EGFP assay may be more accurate
ompared to the 7-day, NR assay for measuring cell toxicity.

The development of the EGFP assay has increased the sensitivity
nd quality of the antiviral assay, while shortening the duration and
ignificantly decreasing, although not completely eliminating, the
ime consuming and labor intensive nature of the NR dye uptake
ssay. Overall, the use of the rHPIV3-EGFP virus in initial antiviral
rug testing reduces the amount of time needed to obtain results
nd may be beneficial when testing numerous compounds in a
igh-throughput format. These conclusions warrant the replace-
ent of the HPIV-3 WT virus with the rHPIV3-EGFP virus in initial

ntiviral testing. Finally, additional research to improve the 3-day,
GFP assay might include scaling-up to a 384-well plate format and
he development of a non-green fluorescent dye to replace NR in
ell toxicity measurements.
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