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Abstract
A real-time cell analysis (RTCA) system based on cell-substrate electric impedance technology
was used to monitor cytopathic effects (CPE) in Vero cell cultures infected with West Nile virus
(WNV) and St. Louis encephalitis virus (SLEV) at infectious doses ranging from 101 to 106

plaque forming units (PFU) of virus. A kinetic parameter characterizing virus-induced CPE, CIT50
or the time to 50% decrease in cell impedance, was inversely proportional to virus infectious dose.
In WNV-infected cells, the onset and rate of CPE was earlier and faster than in SLEV-infected
cells, which was consistent with viral cytolytic activity. A mathematical model simulating
impedance-based CPE kinetic curves indicated that the replication rate of WNV was about 3 times
faster than SLEV. The RTCA system also was used for quantifying the level of cell protection by
specific neutralizing antibodies against WNV and SLEV. The onset of WNV or SLEV-induced
CPE was delayed in the presence of specific anti-sera, and this delay in the CIT50 was well
correlated with the titer of the neutralizing antibody as measured independently by plaque
reduction neutralization tests (PRNT). The RTCA system provided a high throughput and
quantitative method for real-time monitoring viral growth in cell culture and its inhibition by
neutralizing antibodies.
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1. Introduction
West Nile (WNV) and St. Louis encephalitis (SLEV) viruses are closely related
antigenically and classified within the Japanese encephalitis virus serocomplex within the
genus Flavivirus in the family Flaviviridae. Both viruses are maintained and amplified
within a Culex – passerine bird cycle that intermittently spills over to include equines and
humans that suffer variable symptoms and disease, but are dead-end hosts for these viruses
(Kramer et al. 2008; Reisen 2003). Although both viruses grow well on a variety of
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mosquito, avian and mammalian cell cultures, measurement of viral concentration is
quantified by counting plaques (cyptopathic effect) on monolayers of African green monkey
kidney or Vero cells. This method is slow, time consuming and difficult to measure in real-
time. In addition, the requirement for counting plaque forming units on cell monolayers
restricts the assay to mammalian Vero cell culture which forms suitable monolayers, but
may not be the best cell type for measuring growth by these mosquito-avian viruses. These
problems come to the forefront when the plaque-counting assay is used to compare multiple
viral strain growth kinetics.

Human disease caused by these two viruses varies clinically and is frequently confused with
influenza viruses. Disease onset typically occurs after peak viremia, making clinical
diagnosis difficult and requiring laboratory confirmation by serology. Laboratory diagnosis
requires demonstration of IgM in sera or cerebral-spinal fluid or a four-fold rise in IgG titer
between acute and convalescent sera. Enzyme immunoassays (EIA) provide rapid results,
but are often not sufficiently specific to allow identification of the infecting virus. Although
assays such as immunofluorescence or Western blot may be informative (Oceguera, III et al.
2007; Patiris et al. 2008), definitive diagnosis typically requires an end point plaque
reduction neutralization test (PRNT) and the demonstration of a four fold difference in titer
between competing and suspected viruses or between acute and convalescent sera. When
avian serology is used for large-scale enzootic monitoring as part of integrated surveillance
programs, confirmation of EIA results can be expensive and the results problematic due to
the unknown history of host infection (Kwan et al. 2010; Reisen et al. 2009).

A real-time cell analysis (RTCA) system (formerly RT-CES system from ACEA
Biosciences, Inc., San Diego, CA) was developed for monitoring cell growth and cell based
assays using electronic impedance technology (Solly et al. 2004). A dimensionless
parameter called the cell index (CI) (Xing et al. 2005) allows the RTCA system to detect
changes to the cell layers cultured on gold microelectrodes on glass substrate integrated into
the bottom of the microelectronic cell culture plates (Solly et al. 2004). This technology has
been applied in a number of cell-based assays, including cytotoxicity, cell adhesion and
spreading, functional monitoring of receptor mediated signaling, and cell invasion and
migration (Abassi et al. 2009; Atienza et al. 2005; Atienza et al. 2006; Xing et al. 2005; Yu
et al. 2006). The current study describes the unique adaptation of the RTCA system to
quantitatively monitor in real-time WNV or SLEV-induced cytopathic effects (CPE) in cell
culture and to measure inhibition of CPE by specific neutralizing antibodies. Previously, the
RTCA system was used to compare the growth dynamics of different strains of western
equine encephalomyelitis virus (WEEV) on Vero, duck embryo fibroblast and Aedes
albopictus cells (Zhang et al. 2010), and these results indicated that the system worked best
for cells such as Vero that form monolayers adhering to the E-plate sensors.

2. Materials and Methods
2.1. Cells, Virus and Reagents

African green monkey kidney or Vero cells (Yasumura and Kawakita 1963) were used
throughout and are the standard cell culture for measuring virus titers by counting plaque
forming units (PFU) or neutralizing antibody titers using a plaque reduction neutralization
test (PRNT). The New York 1999 strain of WNV isolated from a Flamingo that died in the
Bronx Zoo (strain 35211 AAF 9/23/99) and the Kern217 strain of SLEV isolated from Culex
tarsalis collected in Bakersfield in 1989 were used throughout. Both strains were passed
twice in Vero cells before experimentation and have been used extensively in recent vector
and host competence studies in our laboratory (Goddard et al. 2002; Reisen et al. 2003;
Reisen et al. 2005).
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2.2. Real-time RT-PCR
Virus cultures were mixed in diluent [phosphate-buffered saline (PBS), 15% fetal bovine
serum (FBS), antibiotics] and the RNA extracted using an ABI 6100 workstation (Applied
Biosystems, Foster City, CA) using manufacture’s protocols. Samples were tested for WNV
or SLEV RNA using a real-time RT-PCR with a ABI Prism 7900 TaqMan platform using
manufacturer’s protocols and chemistry, and published (Lanciotti and Kerst 2001) and
unpublished primers from the envelope portion of the genome.

2.3. RTCA system
The real-time cell analysis or RTCA system (xCELLigence, Roche Applied Sciences,
Indianapolis, IN) was based on previously described cell-electrode subtract impedance
detection technology (Solly et al. 2004). The sensor E-plate (Roche Applied Sciences) is a
regular 16- or 96-well microtiter plate with circle-on-line electrode arrays integrated onto
the bottom surface of the wells and optimized to cover about 80% of the bottom surface
area. In operation, the E-plate with infected or uninfected Vero cells were loaded onto the E-
plate station and placed within a standard CO2 incubator maintained at 37°C and 5% CO2.
For infection studies, we loaded Vero cells and infectious virus concurrently; however, it is
also possible to establish cells in the e-wells for a 24 h period and then add infectious virus,
but impedance should be measured from virus addition. Cell status within the wells was
monitored in real-time by an impedance analyzer and a computer placed outside the
incubator and connected to the station by an electric cable. A parameter termed the cell
index (CI) was derived to represent cell status based on the change of the electrode
impedance for the wells with the cells relative to that of control wells without the cells. The
frequency-dependent electrode impedance (resistance) without or with cells present in the
wells was represented as Rb(f) and Rcell(f), respectively, and the CI calculated as

where N is the number of the frequency points at which the impedance is measured. Several
features of the CI can be derived: (1) under the same physiological conditions, if more cells
attach to the electrodes, the impedance value will increase. If no cells are present on the
electrodes or if cells are detached from the electrodes, Rcell (f) will be the same as Rb(f),
leading to CI=0. Therefore, CI is a quantitative measure of the number of cells attached to
the sensors. (2) For the same number of cells attached to the sensors, changes in cell status
will lead to changes in CI. For example, an increase in cell adhesion or cell spread leading to
a large cell/electrode contact area will lead to an increase in Rcell(f) and therefore an increase
in CI. In contrast, cell death or virus-induced cell detachment or cell rounding will lead to a
smaller Rcell (f) and therefore a lower CI. In the current study, for display of RTCA response
curves, a normalized cell index generally was used, where the cell index is normalized at the
last time point before the treatment of Vero cells with virus particles.

2.4. Real-time CPE monitoring with the RTCA system
Vero cell suspensions at 1,000,000 cells/ml were prepared in growth media (10% FBS in
Dulbecco’s modified Eagle’s medium, DMEM). A 10-fold dilution series of WNV or SLEV
stock virus was prepared with titers ranging from 101 to 106 plaque forming units (PFU) per
50 μl. To infect cells, 50 μl of each log10-diluted WNV or SLEV solution were mixed with
50 μl of Vero cell suspension (50,000 cells) and incubated for 30 min at 37°C. After
incubation, the mixture was added to individual E-plate wells. Negative controls included 50
μl of Vero cells mixed with 50 μl of diluent without virus. The E-plate was loaded onto the
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RTCA station located in the cell culture incubator maintained at 5% CO2 and 37°C, and the
real-time measurement of the cell status initiated. System software acquired and recorded
the cell index (CI) for each well automatically every hour. After 24 h, growth media of the
E-plate (100 μl/well) was replaced with 200 μl/well of DMEM without FBS. After reloading
the E-plate onto the station, real-time monitoring was resumed and data recorded hourly for
the next 10 days.

2.5. Neutralizing antibody detection by RTCA system
50,000 Vero cells in growth media were added to each well of an E-plate and cell monolayer
formation was monitored overnight using the RTCA system in the cell culture incubator.
The next day, House finch (Carpodacus mexicanus) antisera with known neutralizing
antibody titer determined previously by standard beta plaque reduction neutralization tests
(PRNT80) (Fang and Reisen 2006) was serially 2-fold diluted with DMEM and 100 μl of the
serially diluted anti-sera mixed with 100 μl of WNV or SLEV containing 105.3 PFU of virus.
After 30 min incubation in standard 96 well plates at 37°C, 100 μl of the antibody/virus
mixtures were added to wells of the E-plate after the original growth media was removed.
The E-plates then were loaded onto the RTCA station in the CO2 incubator and real-time
monitoring continued hourly for the next 10 days.

To determine the neutralizing antibody titer of 40 blood samples from a variety of naturally
infected field-caught avian species, a 1:20 dilution of the sample was first made with with
saline and then mixed 1:1 by volume with 105.3 PFU of WNV (final sera dilution, 1:40).
After 30 min incubation at 37°C, each mixture was added to one well of a 96 well E-plate
onto which a Vero cell monolayer was formed (see above). To generate a standard
neutralizing titer curve, an avian serum sample of known WNV neutralizing antibody titer
was diluted 2-fold serially with serum free DMEM starting at 1:20 and added to Vero cell
monolayers in the E-plate wells. Real-time monitoring was initiated and data recorded
hourly for 10 days. The endpoint neutralizing antibody titer for each sample was then
determined from the standard curve generated from known samples.

The collection and bleeding of wild birds was conducted under Protocol 12880 approved by
the Animal Use and Care Administrative Advisory Committee [IACUC] of the University of
California, Davis, California Resident Scientific Collection Permit 801009-02 by the State
of California Department of Fish and Game, and Federal Fish and Master Station Federal
Bird Marking and Salvage Permit No. 22763 from the U.S. Geological Survey Bird Banding
Laboratory Collection. Experimental infection of wild birds was done under Federal Fish
and Wildlife collection permit No. MB082812-0 and UC Davis IACUC Protocol 12876.
Culture and testing for WNV and SLEV was done under BSL3 conditions approved by UC
Davis Environmental Health and Safety Biological Use Authorization 0554.

3. Results
3.1. Real-time monitoring of WNV and SLEV growth in cell culture

At 37°C WNV-induced cytolysis, the cause of CPE, was detected as early as 20 h post
infection at 106 PFU, with a rapid decline of the Cell Index (CI), and by 24 h post infection
the CI had decreased by ca. 50% (Fig. 1A). Each order of magnitude decrease in the
infectious dose of the WNV cell culture inoculum resulted in a delay of 15–22 h in the time-
dependent CI curves (Fig. 1A), with values ranging from 100% CI value for no cytolysis to
0% CI for complete cytolysis. To characterize further virus-induced CPE, the CIT50 or time
required for the CI to decrease 50% after virus infection, was regressed as a linear function
of the log10 of the tissue culture WNV virus inoculum concentration (Fig. 1). The resulting
regression indicated that for each order of magnitude decrease of the WNV concentration,
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the CIT50 was delayed by ~ 17.1 h. Therefore, analysis of CIT50 based on RTCA monitoring
of WNV-induced CPE could be used to estimate the WNV titer of the original infectious
dose. Time dependent CPE also was observed for SLEV-infected cells, although the
cytolytic effects were slower, with an increase in CIT50 of ~ 52.3 h for every order of
magnitude decrease in PFU (Fig. 1B).

Although both SLEV and WNV are closely related viruses within the same serocomplex,
SLEV typically grows slower on Vero cell culture and exhibits characteristically a smaller
diameter plaque size than WNV (Hayes 1989; Monath 1980). The replication dynamics of
WNV and SLEV were compared at the same 0.01 multiplicity of infection (MOI) in Vero
cell culture, and a growth plateau was reached at ~ 48 and ~ 84 hrs for WNV and SLEV,
respectively (Fig. 2A,B). This was in agreement with the RTCA-based CPE kinetics, where
SLEV infected cells demonstrated a delayed response curve compared with that for WNV at
same virus concentration (Fig. 2A). Indeed, for the virus dose of 105 PFU per well, CIT50 of
CPE for SLEV infected cells was about 55 h longer than that for WNV-infected cells. This
strongly indicated that the real-time monitoring of the virus-induced CPE not only provided
a quantitative measure of the original viral infectious dose, but also a quantitative indicator
of virus-mediated cytolysis. Such functional quantitation may provide a valuable in vitro
platform for assessing virulence resulting from either natural evolution or investigative
mutation studies.

3.2. Virus kinetic modeling
Although the CIT50 value decreased as a linear function of viral dose after CPE was trigged
by WNV or SLEV, the CI profiles were similar in rate of decline, especially at high viral
doses (106 to 104 PFU, Fig. 1). For low viral doses (103 to 101) and particularly for SLEV-
induced CPE, the rate of CI decline was reduced, indicating that it took a longer time for the
CI to reach the CIT50 or zero points. To define the cell response profiles for WNV and
SLEV, a mathematical model was developed to simulate time dependent CI curves for
different doses of virus (Fig. 3). Presumably, when a given number of virus particles (Nv)
are introduced into an E-plate well containing a fixed number of viable cells (Nc), virus
infection of the cells follows a Poisson distribution. Therefore, the number of cells that are
infected with k virus particles is given by

(1)

Where λ is the average number of virus particles per cell, given by . The viruses in
the cells replicate showing exponential growth with a doubling time (DTv) that varies
according to virus species or strains. Therefore, for a cell having an initial infected virus
number kv0, the virus number changes with time, following the equation,

(2)

When the number of intracellular virus particles attains a threshold value (NTv), infected
cells begin to die and release virus particles. Individual cells may take different times to die
and disintegrate. Assuming that the dead cell fraction increases with time following a
sigmoid- second-order time dependency, given by
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(3)

where Tc is the average time to cell death. According to equation (3), out of all the cells
having an intracellular virus load >NTv, 50% die at Tc and 100% die at 2*Tc.

Released virus particles then infect viable cells, resulting in secondary infection and viral
population growth. This is especially important in wells with a low initial number of virus
particles, because the majority of the cells die after the first round of infection. For a given
E-plate well, as more infected cells die with time leading to a reduced viable cell population,
there is a decline in the CI when the dead cells ‘round up’ and lose adhesion to the sensor
electrodes.

Using equations (1–3), the viable cell population in an E-plate well was calculated while
undergoing virus-induced CPE using 5 parameters: the initial cell number (Nc), the number
of virus particles (Nv), the virus doubling time (DTv), the intracellular virus number
threshold (NTv) for initiating cell death, and time to cell death (Tc). When the first two
parameters, Nc and Nv, were known for a given well during an experiment, the above model
simulated the viable cell population (CI) based on virus-specific values for the parameters
DTv, NTv and Tc. The simulated results were optimized by minimizing the difference
between the simulated data and experimentally observed CI curves to derive the best-fit
values for the parameters DTv, NTv and Tc, expressed as

(4)

As shown in Fig. 3, a good agreement was achieved between simulated data and
experimentally observed CI curves, indicating the possible validity of the model in
predicting the virus-mediated CPE process. Table 2 summarized the values for various
parameters for the WNV and SLEV-induced CPE processes derived from the models. The
doubling times for WNV and SLEV were estimated to be 4.0 hr and 13.5 hr, respectively,
indicating that WNV can proliferate at a rate nearly three-times faster than SLEV. For virus-
induced CPE, the intracellular virus number thresholds for initiating CPE were 370 and 35
PFU, and the cell death times were 9 hr and 25 hrs for WNV and SLEV, respectively.

3.3. Real-time detection of neutralizing antibody against WNV and SLEV
Because the cell response profile due to virus-induced CPE gradually was delayed with
decreasing infectious dose for a given cell number, virus-neutralizing activity mediated by
specific antibody should either block or delay the cell response, as measured by CI and
CIT50. To test this notion, Vero cell cultures on E-plates were inoculated with 105 PFU of
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WNV or SLEV which was pre-incubated with serially diluted sera containing a known
neutralizing antibody titer determined by PRNT80, and the WNV or SLEV-induced CPE
was monitored in real-time using the RTCA system. As shown in Fig. 4, a WNV
neutralizing antibody titer of ≥1:640 blocked 105 PFU WNV-induced CPE for >125 h.
However, at antibody titers between 1:40 and 1:320, the CIT50 increased as a significant
linear function of neutralizing antibody titer (R2= 0.983, Fig. 4).

To test the specificity of the neutralizing antibodies, a cross neutralization assay was done
using WNV and SLEV specific antibodies in House finch sera with previously determined
PRNT80 titers (Fig. 5). In cells infected with WNV, sera with WNV antibodies at a titer of
1:80, but not SLEV antibodies, significantly delayed the CIT50 compared to the WNV plus
negative sera control. Similarly, in the wells infected with SLEV, antibodies to SLEV at a
titer of 1:80, but not antibodies to WNV, significantly delayed the CIT50 compared to SLEV
plus negative control sera. These results indicated that there was no cross neutralization
detected between WNV and SLEV antibodies using the RTCA assay system. This finding
was unexpected, because of the heterologous animistic responses and cross protection
documented for House Finches infected with WNV or SLEV and then challenged a month
later with heterologous viruses (Fang and Reisen 2006), but agreed with the >4× difference
seen in PRNT80 end point titers for sera from birds with recent infections.

3.4. Single well detection of neutralizing antibody titer against WNV
Because the CIT50 increased as a linear function of neutralizing antibody titer (Fig. 4),
comparing CI curves for unknown sera concurrently with control sera of known PRNT titers
may allow the simultaneous determination of PRNT80 titers for multiple sera using a single
e-well protocol. To test this idea, 40 sera from field-collected birds whose sera were WNV
antibody positive by EIA and previously were confirmed by standard PRNT80 done in 6-
well plates were each tested by RTCA in single well of an E-plate. As shown in Fig. 6, time
dependent CI profiles for serum samples were compared with known standards with
neutralizing antibody titers ranging between 1:40 and 1:320 after challenge with 106 PFU
WNV. PRNT80 titer above 1:640 completely neutralized 106 PFU and the resulting curves
appeared similar to controls (data not shown). CI profiles varied markedly among unknown
samples. Complete neutralization was detected in sample 7 (i.e., titer ≥1:640), whereas
samples 1,3,4,9,19,22,23 and 35 were negative or had estimated titers <1:20 when compared
to the standards. The remaining samples showed widely-distributed CI profiles across the
time periods monitored (Fig. 6A). To estimate the PRNT80 titer of a given sample, a
standard regression curve was calculated using the CIT50 values from known samples (Fig.
6B) and the titers from unknown samples then were determined based on the standard
regression of the CIT50 value from cell response profiles. These calculated titers could attain
any value and therefore were different from the discrete dilution numbers of 20, 40, 80, 160,
320 or 1280 typically reported for PRNT titers. These values then were compared to and
found to be less than the corresponding titers obtained from the PRNT80 (Table 2). A highly
significant correlation (P<0.01) was found between conventional PRNT80 and single well
titration using the RTCA system, as shown in the log10 plots of RTCA titer vs PRNT80 titer
(R2=0.67, Fig. 6C). These results indicated that for the first time WNV neutralizing antibody
activity could be determined within a single well and without performing serial dilutions.
These results may make rapid antibody detection possible in population surveillance studies.

4. Discussion
A real-time monitoring method was described for measuring viral induced CPE in cell
culture and its inhibition by neutralizing antibody using electronic impedance biosensor-
based RTCA technology. RTCA has been used previously for cytotoxicity assays showing
time-dependent cell response profiles to the exposure of chemical compounds (Abassi et al.
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2009). In WNV or SLEV-infected Vero cells, viral replication led to cytolysis and by using
the RTCA system, infection kinetics was monitored by changes in the cell index. Notably,
virus-induced CPE kinetics appeared different from what has been reported for chemical-
induced cell death kinetics and exhibited a consistent and repeatable infectious dose-related
pattern (Fig. 1). Similar to different CI patterns seen for different cell types in standard cell
culture, the onset and timing of CPE kinetics were readily distinguishable between WNV
and SLEV, even though these viruses belong to the same serocomplex within the
Flaviviridae, indicating that CPE kinetics may be unique for a given virus species and
perhaps strain. Such features (or kinetic patterns) might be related to viral infectivity and
virulence, and therefore distinguishable between stains of same virus (Zhang et al. 2010).
Further investigation of virus-mediated CPE kinetics and viral virulence levels among WNV
strains would seem warranted and may help to develop a quantitative and functional assay to
identify genetic changes in virulence.

A mathematical model was developed to simulate the cell index response to different virus
infection doses for WNV and SLEV. Three parameters were included in the model: virus
replication doubling time DTv, virus number threshold for host cell death NTv, and average
cell death time Tc. The replication doubling time for WNV in Vero cell culture was about
three times faster than that for SLEV (4.0 vs 13.5 hrs). This finding is qualitatively in
agreement with previous reports that SLEV typically grows slower in Vero cell culture than
WNV (Hayes 1989; Monath 1980). In addition, the intracellular virus number thresholds for
initiating cytolysis were 370 and 35 PFU for WNV and SLEV, respectively, suggesting that
the triggering event for the cell death may be quite different between these two viruses. In
addition, the cell death time for WNV (9 hrs) was faster than for SLEV (25 hrs), indicating
that WNV may be more virulent in inducing CPE in Vero cells. These findings were in
general agreement with the observation that SLEV exhibits characteristically smaller
diameter plaque size (Hayes 1989; Monath 1980) and produces lower viremia and mortality
in the same avian hosts (Reisen et al. 2003; Reisen et al. 2005) than WNV.

The ‘gold standard’ for quantitative measurement of neutralizing antibody is the beta PRNT,
in which the end point neutralizing antibody titer is determined by the highest dilution which
neutralizes >80% of 75 to 100 PFU of conspecific virus. However, the standard PRNT is
labor intensive, expensive and not conducive for high throughput. The current study
demonstrated the possibility of using a single well to measure neutralizing antibody titer by
real-time monitoring of CPE kinetics in the presence of an unknown antibody sample. This
assay would seem to work well for free-ranging birds, where PRNT titers typically remain
<1:320. Therefore, specimen throughput could be markedly expanded. A given titer of either
anti-WNV or anti-SLEV antibody showed a similar neutralizing curve at the same titer,
indicating that with standard neutralizing curves, the neutralizing activity in a single well
may be quantitatively detected without serial dilution. Because the RTCA system seemed to
be specific, there would seem to be limited confoundment due to cross reactivity, but sera
still should be tested against cross reacting viruses as done here for SLEV and WNV.

6. Conclusions
The RTCA assay based on cell-substrate electric impedance technology was used
successfully for monitoring WNV and SLEV-induced CPE in Vero cell culture. In
comparison with existing methods, the RTCA assay offered the advantages of real-time,
quantitative measurement of the entire CPE process, and single well detection of
neutralizing antibody titer. With mathematical modeling, the assay allowed the derivation of
quantitative information about various CPE-related parameters, including virus replication
doubling time, intracellular virus number threshold for triggering cell death, and time to cell
death. Furthermore, the RTCA assay involved a single processing step for virus inoculation
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thereby reducing possible laboratory exposure to infectious virus and increasing safety.
Finally, the assay is amenable to high throughput and potentially could be applied to viral-
drug screening, viral diagnosis and virology-associated research applications.
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Figure 1.
Real-time monitoring of (A) WNV and (B) SLEV-induced CPE on Vero cells.
Normalized cell index plotted as a function of time in hours post infection for E-wells
inoculated with different plaque forming units (PFU) of virus and control (ctrl) wells
without virus addition. The curve is an average of two independent replicate wells. The
horizontal line depicts the 50% point in the decline of the CI value. The intersect of the
horizontal line and cell index response curve corresponds to the CIT50. CIT50 values were
regressed as a function infectious dose in log10 PFU. Goodness of regression fit to
experimental data is shown by R2.
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Figure 2.
(A) Difference in CPE kinetic patterns between WNV and SLEV with same infection
infectious dose of 105 PFU and non infected (ctrl) cells. The arrow indicates the time
difference for CIT50 between WNV and SLEV infected cells. The curves are the average of
two replicate wells per sample. (B) Standard growth curves for WNV and SLEV. Confluent
Vero cells in E-Plate wells were infected with WNV or SLEV at an MOI of 0.01, and
supernatant samples were taken from the wells for virus titration in Vero cells using
standard plaque assay. Viral titers at each-time point are shown as log10 PFU/100 μl.
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Figure 3.
Comparison between experimentally measured (symbols without lines) and simulated (solid
lines) cell response curves for (A) WNV and (B) SLEV-induced CPE. The y-axis is the
viable cell population, where the initial viable cell number is assumed to be 50,000 cells
added to a given E-well with the WNV or SLEV particles per well at the numbers shown.
The simulation data is based on the set of values in Table 1 using the mathematical models
described in the text.
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Figure 4.
Quantitative detection of WNV neutralizing antibody titer using real-time monitoring of
virus-induced CPE. Virus-induced CPE kinetic pattern of Vero cells presented with 106 PFU
of WNV incubated with different titers of conspecific neutralizing antibody; control (ctrl),
no infection. The cross line indicates the 50% decline of CI value. Linear regression
between TCL50 value and the WNV PRNT antibody titer was significant between 1:20 and
1:320 with goodness of fit for the data expressed by R2. Antibody values are the reciprocal
of the endpoint PRNT titers.
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Figure 5.
Specificity of neutralizing activity (ab) measured by RTCA between sera with WNV and
SLEV specific neutralizing antibodies. The y-axis plots the CIT50 values in hours of Vero
cells infected with either 106 PFU of WNV or SLEV in the presence of either WNV specific
neutralizing antibody (1:80) or SLEV specific neutralizing antibody (1:80) or negative sera
as indicated. The bars show the standard deviation (* p<0.01, as determined by student t-test
between specific neutralizing antibody sample and corresponding negative control sample).
X-axis labels indicate the test virus + heterologous or homologous antibody at a PRNT80
titer of 1:80.
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Figure 6.
Neutralizing antibody titers estimated for 40 sera from field-collected birds measured in a
single well per sample. (A) WNV-induced CPE kinetic patterns of WNV-infected cells in
the presence of known titers of specific WNV neutralizing antibody (indicated) or unknown
individual samples with only one fixed dilution (1:40). Control (Ctrl), no antibody. (B)
Standard regression curve (CIT50=0.1448 * Ab Titer + 42.984) generated from CIT50 values
of known WNV neutralizing antibody with different titers (◇) and the distribution of CIT50
values (○) estimated from individual field samples. (C) Log plots of standard PRNT titers
versus single-well RTCA estimated titers. The slope of 1.1023 for the regression equation
indicated that the RTCA titer values were slightly lower than PRNT titers.

Fang et al. Page 17

J Virol Methods. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fang et al. Page 18

Table 1

Summary of parameter values derived from mathematical modeling for WNV- and SLEV-induced CPE.

DTv (hr) NTv (PFU) Tc (hr)

WNV 4 370 9

SLEV 13.5 35 25
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Table 2

Comparison of WNV antibody titers for 40 avian serum samples tested by enzyme immunoassay (EIA, ratio
of positive to negative well), standard plaque reduction neturalization test (PRNT, done in 6 well plates) and
RTCA assay.

Sample # EIA ratio PRNT Titer RTCA Titer

1 8.3 40 <20

2 19.4 1280 348 (320–640)

3 5.4 40 15 (<20)

4 2.7 80 <20

5 5.6 >80 49 (40–80)

6 3.9 >80 91 (80–160)

7 6.2 1280 674 (>640)

8 8.0 640 153 (80–160)

9 3.4 20 or <20 <20

10 8.0 320 153 (80–160)

11 8.3 640 167 (160–320)

12 8.5 40 105 (80–160)

13 2.7 640 404 (320–640)

14 6.9 >80 77 (40–80)

15 6.3 80 111 (80–160)

16 5.8 <20 35 (20–40)

17 8.3 >80 22 (20–40)

18 2.9 >80 70 (40–80)

19 5.3 80 8 (<20)

20 11.7 320 209 (160–320)

21 19.4 >1280 500 (320–640)

22 5.8 <20 <20

23 2.7 <20 8 (<20)

24 4.8 20 or 80 84 (80–160)

25 10.5 1280 340 (320–640)

26 2.3 80 90 (80–160)

27 6.9 160 174 (160–320)

28 14.4 160 333 (160–320)

29 13.8 1280 452 (320–640)

30 9.1 1280 222 (160–320)

31 5.3 20 or 80 63 (40–80)

32 9.8 640 390 (320–640)

33 7.7 40 35 (20–40)

34 8.9 640 174 (160–320)

35 4.1 <20 <20

36 7.9 640 181 (160–320)

37 7.2 40 56 (40–80)

38 2.4 80 84 (80–160)
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Sample # EIA ratio PRNT Titer RTCA Titer

39 4.9 >80 84 (80–160)

40 3.9 >80 70 (40–80)

Note: EIA ratio >2 consider positive for the EIA preliminary testing
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