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Abstract
There are currently no antiviral drugs approved for the highly lethal Biosafety Level Four pathogens
Nipah and Hendra virus. A number of researchers are developing surrogate assays amenable to
Biosafety Level Two biocontainment but ultimately, the development of a High Throughput
Screening method for directly quantifying these viruses in a Biosafety Level Four environment will
be critical for final evaluation of antiviral drugs identified in surrogate assays, in addition to reducing
the time required for effective antiviral drug development. By adapting an existing immunoplaque
assay and using enzyme linked immunodetection in a microtitre plate format, the current experiments
describe a simple two step assay protocol involving an overnight virus inoculation of Vero cell
monolayers (with or without antiviral drug treatment) at Biosafety Level Four, followed by cell
fixation and virus inactivation enabling removal of plates from the Biosafety Level Four laboratory
and a subsequent immunodetection assay using a chemiluminescent Horse Radish Peroxidase
substrate to be performed at Biosafety Level Two. The analytical sensitivity (limit of detection) of
this assay is 100 Tissue Culture Infectious Dose50/ml of either Nipah or Hendra virus. In addition
this assay enables linear quantitation of virus over three orders of magnitude and is unaffected by
Dimethyl Sulfoxide concentrations of 1% or less. Intra-assay coefficients of variation are acceptable
(less than 20%) when detecting a minimum of 1,000 Tissue Culture Infectious Dose50/ml of either
virus although inter-assay variation is considerably greater. By an assessment of efficacies of the
broad spectrum antiviral Ribavirin and an experimental fusion inhibitory peptide, this assay reveals
a good correlation with previously published fluorescent immunodetection assays. The current
experiments describe for the first time, a High Throughput Screening method amenable for direct
assessment of live henipavirus antiviral drug activity.
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1. Introduction
The Paramyxoviridae include some of the historically important and ubiquitous disease
causing viruses of humans and animals, including one of the most infectious viruses known
(measles virus) (Fields et al., 2007). The Paramyxoviridae are enveloped viruses with a linear
non-segmented, negative sense RNA genome of approximately 15.5kb (Nagai, 1999). They
are grouped taxonomically in the order Mononegavirales, in which genes are arranged in a
highly conserved order (Takeda et al., 2006; Wang et al., 2001). The family
Paramyxoviridae is further classified into two subfamilies Paramyxovirinae and
Pneumovirinae (Fields et al., 2007) which includes a number of thoroughly studied human and
animal pathogens in addition to recently emerged agents (Nagai, 1999). Two of the recently
emerged paramyxoviruses are Hendra (HeV) and Nipah (NiV) virus (Wang et al., 2001).

Overall, many of the features of the genomes of HeV and NiV are related most closely to those
of the Respirovirus and Morbillivirus genera, such as gene order, conserved intergenic,
transcriptional initiation and transcriptional termination sequences (Harcourt et al., 2000).
However, there are several features that make HeV and NiV unique in the subfamily
Paramyxovirinae (Wang et al., 2001), such as extremely large genomes (>18,200 nt) (Bellini
et al., 2005; Harcourt et al., 2000), an unusually broad host range (Harcourt et al., 2000; Murray
et al., 1995) and being serologically distinct from all other Paramyxoviruses (Chua et al.,
1999). Thus, NiV and HeV are classified into a new genus of the Paramyxovirinae called
Henipavirus (Wang et al., 2001).

In contrast to other Paramyxoviruses studied thus far, the Henipaviruses are capable of zoonotic
infections in a broad number of species resulting in fatalities in a variety of animal species
including humans (Eaton et al., 2006). HeV first emerged in Australia in September 1994
resulting in the deaths of 14 horses and 2 humans in close contact with the infected horses
(Murray et al., 1995). NiV was isolated in March 1999 and subsequently identified as the
etiological agent responsible for an outbreak of fatal viral encephalitis in Malaysia and
Singapore resulting in 109 human fatalities and the slaughter of more than a million pigs
(Chua, 2003; Harcourt et al., 2000).

There are currently no therapeutics or vaccines available to treat or prevent NiV and HeV
infections (Halpin and Mungall, 2007). A limited non-randomised trial of ribavarin during the
initial NiV outbreak in Malaysia showed ribavarin therapy was able to reduce mortality of
acute NiV encephalitis (Chong et al., 2001). While this study reported no serious side effects,
ribavarin has been associated with a range of side effects primarily related to hemolytic anemia
(De Franceschi et al., 2000). This may result in worsening of cardiac disease that has led to
fatal and nonfatal myocardial infarctions (Shakil et al., 2002) while significant teratogenic and/
or embryocidal effects have also been indicated for ribavirin (Chutaputti, 2000). However, a
recent study showed that the 5 ethyl analogue of ribavarin but not ribavarin was able to prevent
mortality in five of six animals in a hamster model of NiV infection (Georges-Courbot et al.,
2006) suggesting that other replication inhibitors may be effective against Henipaviruses. The
lack of effective therapeutic modalities for Henipaviruses, their classification as biological
safety level-4 (BSL4) pathogens, and their inclusion as National Institute of Allergy and
Infectious Diseases (NIAID) Category C priority pathogens make novel antiviral drug
development a high priority.

The current tests available commercially to detect Nipah and Hendra virus infections include
virus isolation, immunohistochemistry (performed on formalin fixed tissues), electron
microscopy, polymerase chain reaction and sequencing, serum neutralization tests and ELISA
(Crameri et al., 2002; Daniels et al., 2001). Recently, a multicycle pseudotyped virus replication
assay was described that detects Hendra virus antibodies, as well as other antiviral compounds
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that target the viral entry steps, and is amenable to High Throughput Screening (HTS) (Porotto
et al., 2007). This assay can be carried out entirely in BSL2 conditions, however it targets only
entry inhibitors and requires validation using live viruses.

While many of these techniques are important for specific identification and characterization
of virus infections, and for antiviral drug development, they have not yet been applied to High
Throughput Screening (HTS), essential for the rapid identification of novel antiviral drugs.
The current data details a new HTS method, utilising a modification of a previously reported
cell monolayer based immune-plaque assay (Crameri et al., 2002) enabling rapid quantitation
of Nipah and Hendra virus infection and the semi-automated evaluation of large libraries of
antiviral compounds.

2. Materials and Methods
2.1 Virus and cells

African Green monkey (Vero) cells were grown in Eagle’s Minimal Essential Medium
containing Earle's salts (EMEM), antibiotics (100 U/ml Penicillin, 100 µg/ml Streptomycin
and 500 µg/ml Fungizone) and 10% fetal calf serum, designated EMEM-10. HeV was isolated
in Vero cells from the lung of a horse infected in the Brisbane outbreak in October 1994 (9)
and was passaged five times in Vero cells followed by triple plaque purification and a further
five passages in Vero cells as described previously (Hyatt and Selleck, 1996). NiV was isolated
in Vero cells from the brain of a human fatally infected in the 1998–99 Malaysian outbreak
and was passaged three times in Vero cells then double plaque purified and passaged a further
three times in Vero cells as described previously (Shiell et al., 2003). HeV and NiV stock titers
were adjusted to 1×106 TCID50/ml.

2.2 Hendra and Nipah viral infection of cells
Vero cells were seeded at a density of 2×104 into individual wells of 96-well microtitre plates
and incubated at 37 °C and 5% CO2 overnight in 100 µl EMEM-10. Under BSL4 conditions,
medium was removed from the plates and half-log dilutions (105-101 TCID50/ml) of virus in
EMEM-10 were added to replicate wells of Vero cells in volumes of 100 µl and incubated
overnight at 37 °C and 5% CO2. The culture medium was then discarded, plates were immersed
in ice-cold absolute methanol, enclosed in heat sealed plastic bags and the bag surface sterilized
with lysol during removal from the BSL4 laboratory. The Australian Animal Health Laboratory
has rigorous microsecurity requirements ensuring all materials from BSL3 and BSL4
laboratories are thoroughly inactivated prior to removal. Previous experiments within this
laboratory have shown that submersion in ice-cold methanol for 10 minutes reduces the
infectious titer of NiV and HeV by more than six logs (data not shown). Methanol-fixed plates
were air dried at room temperature for a minimum of 30 minutes prior to immunolabeling. To
evaluate the effect of plate storage at 4°C on assay sensitivity and specificity, a number of
methanol fixed, air dried plates were sealed and stored at 4°C (for 7 days) prior to
immunolabeling. To evaluate the reproducibility of virus inhibition, the broad spectrum
antiviral Ribavirin and an experimental inhibitory peptide derived from the F protein of human
parainfluenza virus type 3 (HPIV-3) (Porotto et al., 2007; Porotto et al., 2006) were used as
positive controls for NiV and HeV inhibition, with the associated scrambled peptide acting as
a negative control.

2.3 Immunolabeling assays for viral antigen
Viral protein expressed by infected cells was quantified using a number of immunoassay
modifications all utilising a primary anti-NiV antibody (rabbit polyclonal anti-nucleoprotein
(N), complements of Brian Shiell). Three different secondary antibody assays were evaluated:
one using a direct fluorescent conjugate, the others standard horseradish peroxidase (HRP) and
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alkaline phosphatase (AP) conjugates with various substrate reactions (Table 1). A
chemiluminescent substrate system was compared for each of the latter conjugates in addition
to a standard ELISA substrate for HRP (Table 1). Briefly, all plates were washed 3 times with
Phosphate Buffered Saline containing 0.05% Tween-20 (PBS-T). All plates were protein
blocked with 100ul of 2% skim milk in PBS-T and incubated at 37°C for 30 minutes. After
protein blocking, plates were washed 3 times with PBS-T, followed by incubation with 100ul
anti-NiV antibody diluted 1:1000 in PBS-T containing 2% skim milk for 30 minutes at 37°C
and then washed 3 times with PBS-T. HRP plates were incubated with 1% H2O2 (Sigma) for
15 minutes at room temperature then washed with PBS-T a further 3 times.

The three secondary antibodies used were: i) anti-rabbit conjugated AP (Invitrogen, Carlsbad,
USA) diluted 1:1000, ii) anti-rabbit conjugated HRP (Sigma) diluted 1:2000, or iii) anti-rabbit
conjugated Alexa-fluor 488 (Invitrogen) diluted 1:1000 and containing a 1:500 dilution of 4',
6-diamidino-2-phenylindole (DAPI, ICN Biomedicals). All conjugates were diluted in PBS-
T containing 2% skim milk, 100ul added to each well and plates incubated at 37°C for 30
minutes then washed 3 times with PBS-T. For detection, 100ul of Chemiluminescent
Peroxidase Substrate-3 (CPS-3, Sigma) or 100ul of 3,3’,5,5’-Tetramethylbenzidine (TMB,
Sigma) was added to the HRP labeled plates while 100ul of CDP-Star (Applied Biosystems,
Foster City, USA) was added to AP labeled plates. Both of the chemiluminescent substrates
were diluted 1:10 in chemiluminescent assay buffer (20mM Tris-HCl, 1mM MgCl2, pH = 9)
prior to addition. 100ul of PBS-T was added to each well of the fluorescent assay (FL) plates
to prevent the monolayer drying out. TMB plates were developed at room temperature for 10
minutes then 100ul of 0.18M H2SO4 was added and the absorbance at 450nm (A450nm)was
read in a conventional microplate reader. Chemiluminescent plates were incubated at room
temperature for 15 minutes, then read using a Luminoskan Ascent luminometer (Thermo Fisher
Scientific, Waltham, USA) using 100mSec integration per well.

Immunofluorescence was visualized using an Olympus IX71 inverted microscope (Olympus
Australia, Mt. Waverley, Australia) coupled to an Olympus DP70 high resolution colour
camera. All images were obtained at an original magnification of x40 and images were
imported into Adobe Photoshop 7.0 for merging of Alexa-fluor 488 and Dapi images. Image
analysis was performed using AnalySIS® image analysis software (Soft Imaging System
GmbH, Munster, Germany) to determine the total number and area of each syncytium. To
ensure repeatability between images, all procedures were performed as a macro function with
fixed parameters. Images were captured using a 4x magnification objective equating to
approximately 60% of each well of a 96 well plate.

2.4 Statistical Analysis
All data are expressed as mean ± standard error of the mean (S.E.M.) unless otherwise stated.
Data was analysed using one way analysis of variance (ANOVA) and Student t-tests. Results
were considered statistically significant with p-values less than 0.05 (p<0.05).

3. Results
3.1 Comparison of immunolabeling assay formats to quantify NiV and HeV

Based on the assumption that assay systems for detecting in vitro viral infection, and
specifically, changes in infection due to antiviral drug activity, require excellent sensitivity
with minimal background activity, our initial comparisons focused on determining the limit of
detection for each assay format. Figure 1 shows the comparative detection of NiV (Fig. 1a)
and HeV (Fig. 1b) after 24 hour infection of Vero cells using AP, HRP or FL conjugated
immunolabeling and detection with either CDP-Star, TMB or CPS-3 substrates (Table 1). The
statistical difference from background (10 TCID50/ml) for each assay is represented in Table
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2 with the lowest virus concentration displaying a p value of 0.05 or less indicated in bold.
Interestingly, the chemiluminescent HRP substrate displayed signal:noise ratios 16–28 fold
greater than the equivalent AP substrate for the highest viral concentration of HeV (54.4 ± 8.73
vs 3.24 ± 0.11, Fig. 1b) and NiV (134 ± 27.86 vs 4.67 ± 0.34, Fig. 1a.), respectively. These
results indicate that under equivalent reaction conditions, the HRP conjugate appears to be far
more sensitive for chemiluminescent detection than the AP conjugate.

TMB substrate detection was significantly different from background when infecting with 316
TCID50/ml of HeV and 10,000 TCID50/ml of NiV but assay linearity was poor (Table 2, Fig.
1). In contrast, HRP chemiluminescent detection repeatedly (and significantly) detected
infections with 100 TCID50/ml of either virus (Fig. 1) and remained linear over three orders
of magnitude. Fluorescent immunodetection of both NiV and HeV infection provided the
largest signal:noise ratios and remained linear over four orders of magnitude but in its current
format (digital microscopy followed by image analysis) is extremely resource intensive,
precluding it from HTS applications. Nevertheless, there appeared to be a good correlation
between the fluorescent detection and HRP-CL substrate detection assays (Fig. 1). The
analytical sensitivity of each assay format (Fig. 1 and Fig. 2) was further characterised in terms
of the degree of statistical certainty with which each concentration of virus could be
distinguished from assay background (Table 2). Confirming the graphical representations of
this data, the chemiluminescent-AP substrate assay could only detect (with statistical
confidence) the presence of greater than 10,000 and 30,000 TCID50/ml of HeV and NiV,
respectively. The TMB-HRP substrate assay was similarly insensitive for NiV detection but
showed remarkable sensitivity for HeV detection (300 TCID50/ml) while in contrast, the
fluorescent immunodetection assay was ½ log less sensitive for HeV detection than NiV (1,000
TCID50/ml). The best analytical sensitivity was achieved with the chemiluminescent-HRP
assay detecting as little as 100 TCID50/ml of both NiV and HeV accurately, making it our
preferred assay format. Based on superior sensitivity and linearity of detection with the HRP-
CL assay, the HRP-TMB and the AP-CL assays were not evaluated further.

While increasing the time of infection to 48 hours further enhanced the sensitivity of detection
of both viruses (10 TCID50/ml of NiV and HeV, Fig. 1a and b, respectively) by HRP-CL, the
linearity of detection for both viruses was reduced to approximately two logs at very low virus
concentrations, rapidly reaching assay saturation (Fig. 1). Additionally, given the majority of
experimental library compounds to be tested are dissolved in DMSO, it is likely that the
increased cell toxicity of potential antiviral drugs over this period may complicate analyses.
To evaluate the potential toxicity effects of DMSO on assay sensitivity, 24 hour NiV infections
were also performed in the presence of 1, 2.5 and 5% DMSO (Fig. 2). While all DMSO
concentrations reduced the absolute HRP-CL assay signal, signal:noise ratios in the presence
of 1% DMSO were not markedly different from untreated controls. Additionally, virus
infections in the presence of both 1% and 2.5% DMSO maintained assay linearity over two
logs at the upper end of virus concentrations, suggesting assay performance could be
maintained with low concentrations of DMSO. In contrast, 5% DMSO drastically reduced
assay signal, largely due to direct cellular toxicity observed by nuclear staining (data not
shown).

3.2 Effect of microplate storage
To accommodate large numbers of assay plates in HTS applications with a multi-step assay
format involving a separate infection stage (at BSL4) and an immunoassay stage (at BSL2), it
will inevitably be more efficient to process batches of plates together rather than individually,
necessitating variable storage times following fixation and removal from the BSL4 facility. In
an effort to evaluate the effect of microplate storage on assay sensitivity, fixed and dried
microplates were stored for one week or more at 4°C and assayed in parallel with plates
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immunolabeled immediately after being air dried. There appeared to be no differences in assay
sensitivity for either virus as demonstrated by the high degree of correlation between plates
assayed immediately after fixation (Fig. 3, Fresh plates) and those assayed one week after
fixation (Fig. 3 Stored Plates).

3.3 Assay validation
In any biological assay system the inherent variability from well-to-well and plate-to-plate will
be considerably greater than in simple liquid assay formats such as ELISAs. The reproducibility
of the current assay was examined through serial testing of variation within a given plate (intra
plate, n=6) in addition to variation between plates assayed the same day (n=4) or on different
days (n=4). Figure 4 shows the coefficient of variation (CoV) calculated for each dilution of
virus within (intra) and between plates (inter). Using a maximum of 20% CoV as suggested
by Jacobson (Jacobsen, 1998) as adequate for assay development, the chemiluminescent-HRP
provides acceptable variation when detecting greater than 1,000 TCID50/ml of either HeV or
NiV (Fig. 4, intraplate variation) or greater than 10,000 TCID50/ml between plates.

The analytical precision of this assay was tested using known in vitro henipavirus antiviral
drugs. Based on previous studies in this laboratory (Porotto et al., 2007; Wright et al., 2005),
assay performance was assessed using two positive controls: (Ribavirin (1–100 uM) and a
fusion inhibitory peptide derived from the fusion protein of human parainfluenza virus-3
(HPIV-3; Wt, 10–1000 nM) in addition to the corresponding negative control scrambled
peptide (Sc, 10–1000nM). These previous studies utilised a CPE based titration readout
(Ribavirin, (Wright et al., 2005)) or fluorescent immunoassay format with inhibition endpoints
assessed by a reduction in the number of detectable syncytia, as well as a pseudotyped entry
assay with inhibition assessed by reduction in entry or multicycle replication of HeV
pseudotyped viruses (HPIV-3, (Porotto et al., 2007). When infecting with 10,000 TCID50/ml
NiV (m.o.i =0.25), the effect of the controls was clearly and repeatably detected using the
chemiluminescent-HRP immunodetection assay (Fig. 5a). The level of inhibition (defined as
the concentration of antiviral drug resulting in 50% inhibition, IC50) observed with this assay
was comparable to those previously reported in this laboratory (208 nM HPIV3-wt PN-IC50
(Porotto et al., 2007), 2 µM Ribavirin (Wright et al., 2005)) (Figs. 5a and b). Non-linear
regression analysis (GraphPad Prism) indicated the concentration of each positive control
resulting in 50% inhibition of NiV infection (IC50) was comparable in both fluorescent and
chemiluminescent assays and with that previously reported (Porotto et al., 2007).

4. Discussion
In addition to the human health costs, NiV and HeV outbreaks have resulted in a considerable
economical burden on affected countries with an estimated US$105 million lost from the pig
industry in Malaysia alone as a result of the initially detected outbreak of NiV (Fields, January
2002). The subsequent re-emergence of both HeV and NiV in Australia and Bangladesh,
respectively, suggests outbreaks cannot be predicted. Nor will either virus be eradicated based
solely on changes in farming practices. The initial drivers for the Malaysian outbreak have
been linked to a number of anthropogenic factors such as deforestation and weather related
limitations in food supply, forcing enhanced bat encroachment into human populated areas,
combined with the locations of fruit orchards and piggery designs (Chua, 2003; Field et al.,
2007). Addressing some or all of these issues appears to have been successful in preventing
further outbreaks in Malaysia but most of these indicators are not present in the Bangladesh or
Indian outbreaks, suggesting a more targeted approach may be required in these locations. NiV
has continued to cause fatal encephalitis in humans in Bangladesh and India, and for the first
time, person-to-person transmission appeared to have been a primary mode of spread (Gurley
et al., 2007; Icddr, 2004a; Icddr, 2004b). In addition, there appeared to be direct transmission
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of the virus from its natural host, the flying fox, to humans ( Luby et al., 2006) with a case
mortality greater than 90%, significantly higher than any other NiV outbreak to date.

These two viruses still pose a significant threat to many countries in the region and other parts
of the world. Henipaviruses possess several features that make them highly adaptable for use
as bio-warfare agents. These include their ability to be isolated from natural sources (Chua et
al., 2002; Reynes et al., 2005), they can be readily grown in cell culture to high titers (Crameri
et al., 2002), they are highly infectious and transmitted via the respiratory tract (Field et al.,
2001; Hooper et al., 2001) and they can be amplified and spread in livestock serving as a source
for transmission to humans. This laboratory has demonstrated recently that both viruses display
a broad tolerance to pH changes (e.g. in bat urine) and remain viable for considerable periods
in a range of fruit juices (Fogarty et al., 2008), supporting recent epidemiological evidence for
food-borne transmission (Luby et al., 2006). When combined with the recent evidence of
person to person transmission (Gurley et al., 2007; Icddr, 2004a; Icddr, 2004b) and the absence
of any vaccines or therapeutics to treat these viruses, there is an urgent need to develop effective
therapeutic intervention strategies for Henipaviruses.

While surrogate assays amenable to BSL2 biocontainment are being developed (Porotto et al.,
2007), the development of a HTS method for directly quantifying these viruses in a BSL4
environment will be critical both for final evaluation of antiviral drugs identified in surrogate
assays and for reducing the time required for effective antiviral drug development. A number
of important challenges exist for the development of a BSL4 HTS assay, not the least of which
is its cost effectiveness. Simple assays based on quantitation of cytopathic effect (CPE) are
often time consuming, may be confounded by compound toxicity effects and may not be
directly amenable to a HTS format. More sensitive assays such as indirect ELISAs typically
require dedicated plate washing and detection equipment within the BSL4 laboratory. By
adapting an existing immunoplaque assay (Crameri et al., 2002) and using ELISA style
immunodetection in a microtitre plate format, this assay addresses a number of problems
inherent in assay logistics at BSL4. While there is still a risk of cytotoxicity inherent in this
assay format, selecting lead compounds based initially on inhibition of virus production,
followed by specific toxicity assays, reduces significantly the number of false positives likely
to be produced by comparable surrogate assays. This assay reduces the time required for viral
detection from up to 3 days in the traditional microneutralisation assay to 1 day in our
monolayer immunodetection assay, and all immunodetection steps are performed on fixed cell
monolayers after removal from the BSL4 laboratory, ensuring comparable costs with
equivalent BSL2 assays. Importantly, this format provides all the benefits of BSL4 antiviral
drug screening while minimising the considerable costs and time requirements associated with
BSL4 experimentation.

Data from the present study indicate that the use of a chemiluminescent substrate with a
secondary antibody conjugated HRP displayed significantly greater (almost 30 fold) signal:
noise ratios compared to equivalent detection with an AP conjugate (Figure 1). This effect may
be due in part to an effective reduction of background signals in cell monolayers resulting from
endogenous peroxidase activity (Atamna and Boyle, 2006) by H2O2 treatment prior to addition
of substrate. This results in a more sensitive and repeatable detection of viral protein. However,
the more commonly used ELISA substrate for HRP conjugated antibodies (TMB) displayed
comparable S/N ratios to AP detection, despite the addition of peroxide blocking steps. While
fluorescent immunodetection was consistently the most sensitive and linear of all assay formats
compared here, the intensive microscopic analysis required would require a specific dedicated
microscopy facility for its adaptation to HTS assay format. The analytical sensitivity for HeV
and NiV infection in Vero cells was 100 TCID50/ml, respectively, using the chemiluminescent-
HRP immunodetection assay. However the intra and inter assay variation inherent in biological
assay systems suggests that while intraplate comparisons will be highly robust, interplate
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comparisons may only be possible when detecting greater than 10,000 TCID50/ml virus,
equivalent to an m.o.i of 0.25. This assay consistently evaluated a well characterised
experimental henipavirus inhibitor (Porotto et al., 2007) in addition to the broad spectrum
antiviral, Ribavirin, providing valuable internal controls for subsequent HTS applications.

The IC50 reported for Ribavirin in the current study (3–6µM) is comparable to that reported
previously for inhibition of HeV in this laboratory despite different methods of detection (2µM,
(Wright et al., 2005)). Additionally, these results are similar to those reported in investigations
of other RNA viruses (IC50s between 1.6 and 66.7 µg/ml) including orthomyxoviruses
(influenza virus) and paramyxoviruses (parainfluenza virus, mumps virus, measles virus, and
respiratory syncytial virus) in vitro (Huffman et al., 1973; Shigeta et al., 1992). However, a
direct comparison of results is difficult because a variety of methods have been used to assess
the effect of ribavirin. The methods include the reduction of CPE, virus titer, viral RNA, viral
antigen and viral protein synthesis, and virus-induced cell fusion. This report of a simple
immunodetection assay provides for the first time, a HTS method amenable for direct
assessment of live henipavirus antiviral drug activity.
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Figure 1. Detection of NiV (a) and HeV (b) via immunodetection assays
½ log dilutions of virus (100ul) were incubated with 40,000 Vero cells per well for 24 hours
at 37°C and 5% CO2. Monolayers were fixed with methanol, air dried and immunostained with
anti-NiV-nucleoprotein polyclonal antisera (1:1000) followed by conjugated secondary
antibodies (1:1000 – 1:2000). AP-CL, Alkaline Phosphatase conjugate with chemiluminescent
substrate detection (n=4 replicate wells). HRP-CL (n=10), Horse Radish Peroxidase conjugate
with chemiluminescent detection. HRP-TMB, Horse Radish Peroxidase conjugate with 3,3’,
5,5’-Tetramethylbenzidine detection (A450nm, n=5). FL, Alexa-Fluor 488 conjugate (n=3).
CL HRP (48h) as for HRP-CL after 48 hour virus infection (n=9). S/N, Signal:noise ratios
calculated as signal/background values. Values are expressed as the Mean +/− S.E.
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Figure 2. Effect of DMSO on NiV infection
½ log dilutions of virus were incubated as described in Figure 1 (24 hours) in the presence or
absence of 1%, 2.5% and 5% DMSO (n=12 replicate wells). Cell monolayers were fixed,
immunolabeled and detected using the HRP-CL assay. S/N, Signal:noise ratios. Values are
expressed as the Mean +/− S.E.

Aljofan et al. Page 13

J Virol Methods. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Effect of plate storage on assay detection
½ log dilutions of NiV and HeV were incubated, immunolabeled and detected as described in
Figure 1 (24 hours, HRP-CL). 4 plates containing 3 replicate wells were assayed immediately
and compared to 4 plates stored at 4°C for 1 week prior to assay. Corresponding raw signal
values (RLU, relative light units) for each virus dilution were plotted as Fresh (assayed
immediately) vs Stored (assayed after storage). Correlation coefficients for each virus are
indicated.
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Figure 4. Effect of virus concentration on assay coefficient of variation
½ log dilutions of NiV and HeV were incubated, immunolabeled and detected as described in
Figure 1 (24 hours, HRP-CL). Coefficient of variation is plotted against virus concentration.
Intra assay values are averages of 3 plates containing 6 replicates. Inter assay values are
averages of 6 replicates. Values are expressed as the Mean +/− S.E.
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Figure 5. Evaluation of Henipavirus inhibitors using HRP-chemiluminescent (a) and fluorescent
(b) detection
NiV (m.o.i.= 0.25) was inoculated onto Vero cells preincubated with log dilutions of HPIV3
F protein derived peptide (Wt), Scrambled HPIV3 F peptide (Sc) or Ribavirin (Rib), incubated
for 24 hours at 37°C and 5% CO2 then fixed, immunolabeled and detected as described in
Figure 1 (HRP-CL). % inhibition was determined compared to untreated, infected wells and
values are expressed as the Mean +/− S.E (n=8 replicate wells). Non-linear regression analysis
was performed (GraphPad Prism) to determine the 50% inhibitory concentration (IC50).
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Table 1
Summary of immunoassay combinations evaluated.

Assay Format

AP-CL HRP-CL HRP-TMB FL

Protein block 2% skim milk 2% skim milk 2% skim milk 2% skim milk

1° antisera α-NiV N α-NiV N α-NiV N α-NiV N

Enzyme block - 1% H2O2 1% H2O2 -

2° antisera conjugate alkaline phosphatase1 horse radish peroxidase3 horse radish peroxidase3 Alexa-fluor 4881

Substrate CDP-Star2 CPS-33 TMB3 -

1
Invitrogen,

2
Applied Biosystems,

3
Sigma.
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Table 2
Statistical analysis (T-test) of assay sensitivity for each virus concentration compared to background (10 TCID50 /ml)
wells.

Virus TCID50 /ml
NiV HeV

AP-CL HRP-CL HRP-TMB FL CL HRP (48h) AP-CL HRP-CL HRP-TMB FL CL HRP (48h)

100,000 <0.01 <0.001 <0.01 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.01

31,646 <0.05 <0.001 <0.01 <0.001 <0.001 <0.05 <0.001 <0.001 <0.001 <0.01

10,014 NS1 <0.001 <0.001 <0.01 <0.001 <0.05 <0.001 <0.01 <0.001 <0.01

3,169 NS <0.01 NS <0.001 <0.001 NS <0.001 <0.01 <0.01 <0.01

1,003 NS <0.01 NS <0.001 <0.001 NS <0.001 <0.05 NS <0.01

317 NS <0.01 NS NS <0.001 NS <0.01 <0.01 NS <0.05

100 NS <0.05 NS NS <0.01 NS <0.01 NS NS <0.05

32 NS NS NS NS <0.01 NS NS NS NS <0.05

n2 4 10 5 3 9 4 12 5 3 9

1
Not significant

2
Number of replicate wells.
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