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The front-line assay for the presumptive serodiagnosis of acute Japanese encephalitis virus (JEV) and West Nile virus (WNV)
infections is the premembrane/envelope (prM/E)-specific IgM antibody-capture enzyme-linked immunosorbent assay (MAC-
ELISA). Due to antibody cross-reactivity, MAC-ELISA-positive samples may be confirmed with a time-consuming plaque reduc-
tion neutralization test (PRNT). In the present study, we applied a previously developed anti-nonstructural protein 1 (NS1)-spe-
cific MAC-ELISA (NS1-MAC-ELISA) on archived acute-phase serum specimens from patients with confirmed JEV and WNV
infections and compared the results with prM/E containing virus-like particle-specific MAC-ELISA (VLP-MAC-ELISA). Paired-
receiver operating characteristic (ROC) curve analyses revealed no statistical differences in the overall assay performances of the
VLP- and NS1-MAC-ELISAs. The two methods had high sensitivities of 100% but slightly lower specificities that ranged between
80% and 100%. When the NS1-MAC-ELISA was used to confirm positive results in the VLP-MAC-ELISA, the specificity of sero-
diagnosis, especially for JEV infection, was increased to 90% when applied in areas where JEV cocirculates with WNV, or to
100% when applied in areas that were endemic for JEV. The results also showed that using multiple antigens could resolve the
cross-reactivity in the assays. Significantly higher positive-to-negative (P/N) values were consistently obtained with the homolo-
gous antigens than those with the heterologous antigens. JEV or WNV was reliably identified as the currently infecting flavivirus
by a higher ratio of JEV-to-WNV P/N values or vice versa. In summary of the above-described results, the diagnostic algorithm
combining the use of multiantigen VLP- and NS1-MAC-ELISAs was developed and can be practically applied to obtain a more
specific and reliable result for the serodiagnosis of JEV and WNV infections without the need for PRNT. The developed algo-
rithm should provide great utility in diagnostic and surveillance activities in which test accuracy is of utmost importance for
effective disease intervention.

Mosquito-borne flaviviruses in the family Flaviviridae are re-
sponsible for a number of globally significant diseases and

are serologically divided into several complexes, including the
Japanese encephalitis virus (JEV), dengue virus (DENV), and yel-
low fever virus (YFV) serocomplexes (1). JEV and West Nile virus
(WNV) are two of the most important members of the JEV sero-
complex that have emerged into new geographic ranges in the past
years (2, 3). JEV occurs in East, South, and Southeast Asia, where
DENV is also commonly distributed, but it has spread from the
Indonesian archipelago to Papua New Guinea and the Torres
Strait islands of northern Australia, and to new areas in western
India and Pakistan (4). WNV is originally endemic in parts of
Africa, Europe, the Middle East, West Asia, India, and Australia; it
then unexpectedly emerged in New York City in 1999 and rapidly
expanded over North America to Central America and finally to
South America (5, 6). It is believed that the introduction of these
flaviviruses into new areas is facilitated by mosquitoes blown by
strong winds, bird migration, the movement of infected people
and animals, and the increase in vector distribution and transmis-
sion dynamics brought about by climate change (7, 8). These fac-
tors raise a significant public health concern that these emerging
flaviviruses may continue to expand globally, thus underscoring
the need for the development of rapid and simple diagnostic tools

for early infection, which is crucial in the implementation of ef-
fective control and intervention programs to reduce human risk.

JEV and WNV can cause similar disease manifestations in hu-
mans, ranging from an asymptomatic infection or self-limiting
febrile illness to severe meningitis or encephalitis (9). Diagnosis
based on clinical manifestations is difficult and necessitates labo-
ratory methods to differentiate the diseases caused by these two
viruses. A specific diagnosis can be attained by virus isolation or
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viral RNA detection in serum samples, but the short duration of
viremia and low virus titers during JEV and WNV infections pre-
clude their use as screening methods (10, 11). Although the cross-
reactive nature of antibodies elicited during flavivirus infections
can complicate the interpretation of the results, serological testing
remains the primary method for the diagnosis of JEV and WNV
infections. Traditional approaches, which measure antibodies to
the viral surface premembrane (prM) and envelope (E) proteins,
include the gold standard plaque reduction neutralization test
(PRNT), hemagglutination inhibition (HI) test, indirect immu-
nofluorescence assay (IFA), and IgM and IgG antibody-capture
enzyme-linked immunosorbent assays (MAC- and GAC-ELISAs,
respectively) (12). Among these, the front-line screening assay
widely recommended by the World Health Organization (WHO)
and the U.S. Centers for Disease Control and Prevention (CDC)
for the serodiagnosis of acute JEV and WNV infections is the
MAC-ELISA (13, 14). An ELISA-positive sample may be con-
firmed with a 4-fold rise in PRNT titer against a battery of flavivi-
ruses endemic to a given area, in a comparison of paired acute-
and convalescent-phase serum specimens. However, PRNT is
labor-intensive, time-consuming, and requires skilled personnel
and the handling of live virus, which needs a biosafety level
(BSL)-3 facility that is not available in most clinical settings.

An alternative rapid method is to detect antibodies targeting
the nonstructural protein 1 (NS1), which is secreted extracellu-
larly as a soluble form during an active flavivirus infection (15).
NS1-based indirect and epitope-blocking ELISAs have success-
fully been used to detect anti-NS1 antibodies as surrogate serolog-
ical biomarkers of natural infection in populations vaccinated
with inactivated JEV or WNV vaccines (16–18). Previous reports
also described the application of these NS1 ELISAs in discriminat-
ing between infections caused by closely related flaviviruses (19–
22). However, these methods intrinsically do not have sufficient
sensitivity to detect low levels of anti-NS1 antibodies in human
serum, particularly in subclinical infections (17, 21, 23). Recently,
we developed modified IgM and IgG antibody-capture ELISAs
(MAC- and GAC-ELISAs, respectively) that were highly sensitive
for detecting anti-NS1 antibodies during the acute and convales-
cent phases of DENV infection (24). In the present study, we fur-
ther expanded the applicability of these novel NS1-specific ELISAs
to human serum specimens collected from JEV- and WNV-in-
fected patients and sought to demonstrate the mechanism behind
the enhanced detection of low-level anti-NS1 antibodies, compare
the performance and determine the agreement between the stan-
dard prM/E-specific MAC-ELISA and the newly developed NS1-
specific MAC-ELISA in the diagnosis of acute JEV and WNV in-
fections, and establish a diagnostic algorithm that employs the
tandem analyses of both prM/E- and NS1-specific MAC-ELISAs
for a highly specific and accurate serodiagnosis of current JEV and
WNV infections without resorting to PRNT.

MATERIALS AND METHODS
Recombinant plasmids and antigen production. Previously described
eukaryotic cell expression plasmids (25, 26) were used as vectors to ex-
press prM/E-containing virus-like particles (VLPs) or soluble NS1 pro-
teins of West Nile virus (WNV) strain NY99 and Japanese encephalitis
virus (JEV) strain SA14-14-2 for prM/E and strain CH1392 for NS1. The
VLP and NS1 protein antigens were transiently expressed in COS-1 cells
electroporated with recombinant expression plasmids carrying the prM/E
and NS1 genes, respectively, according to the protocol described previ-
ously (27, 28).

Antigen standardization and VLP- and NS1-MAC-ELISAs. Antigens
secreted from plasmid-transformed COS-1 cells were quantified by anti-
gen-capture ELISA (Ag-ELISA), as previously described (27, 28). VLP and
NS1 antigens were captured using rabbit anti-JEV or anti-WNV VLP and
NS1 polyclonal sera from rabbits immunized with VLPs or soluble NS1
proteins of JEV or WNV. Captured antigens were detected with anti-JEV
or anti-WNV murine hyperimmune ascitic fluid (MHIAF) from mice
immunized with live JEV or WNV virions. The antigens used for all down-
stream experiments were standardized at a single concentration, produc-
ing an optical density at 450 nm (OD450) of 1.4.

VLP- and NS1-MAC-ELISAs were performed to analyze the presence
of prM/E- and NS1-specific IgM antibodies in human serum, as previ-
ously described (24, 27). Briefly, 96-well plates were coated with goat
anti-human IgM (Kirkegaard & Perry Laboratories, Gaithersburg, MD)
diluted 1:2,000 in coating buffer (0.015 M NaCO3, 0.035 M NaHCO3 [pH
9.6]) and incubated overnight in a humidified chamber at 4°C. JEV- or
WNV-infected patient sera and positive- and naive human serum samples
diluted 1:2,000 in wash buffer (phosphate-buffered saline [PBS] with
0.05% Tween 20) were added to the wells and incubated for 2 h at 37°C.
JEV or WNV VLP and NS1 antigens were diluted appropriately in wash
buffer, tested in duplicate against each serum sample, and detected with
the homologous MHIAFs. The mock-transfected culture supernatant was
used as a negative antigen control. The positive-to-negative (P/N) ratios
were determined using the method used by the Diagnostic and Reference
Laboratory at the CDC to interpret the test results, as described previously
(29). Positive (P) values for each specimen were determined as the average
OD450 for the patient serum sample that reacted with positive viral anti-
gen. Negative (N) values were determined for individual 96-well plates as
the average OD450 for the normal human serum control that reacted with
the positive viral antigen. A P/N value of �3.0 or �3.0 for a given speci-
men was classified as negative or positive, respectively. For each test spec-
imen, the ratios of JEV-to-WNV P/N value (JEV/WNV IgM ratio) and
WNV-to-JEV P/N value (WNV/JEV IgM ratio) were calculated (30). A
value of zero was assigned for ratios in which the numerator of the P/N
value was �3.0 (and thus negative for JEV or WNV IgM). A JEV/WNV or
WNV/JEV IgM ratio of �1.0 indicated that a test specimen contained
JEV- or WNV-specific IgM antibodies.

All serum specimens were preabsorbed with VLP antigens to deplete
anti-prM/E antibodies before performing NS1-MAC-ELISAs, according
to the previously described procedure (24). Briefly, the patient or naive
serum was diluted 1:2,000 in phosphate-buffered saline (PBS) premixed
with VLP antigens, and 50 �l was added immediately to wells of the
Ag-ELISA plate precoated with rabbit anti-JEV or anti-WNV VLP poly-
clonal serum, as described above, and incubated for 1 h at 37°C. Next, all
sera after absorption were transferred to the plates precoated with anti-
human IgM for NS1-MAC-ELISAs, as described above.

Human sera. Human serum specimens, with the status of infection
confirmed by a 90% focus-reduction microneutralization test (FR�NT90),
were obtained from the archived 1999 to 2008 collections of the Arboviral
Diseases Branch, Division of Vector-Borne Infectious Diseases at the
CDC. Eighty serum specimens were assembled as the target disease panel,
including acute-phase patient sera from JEV (n � 16) and WNV (n � 64)
infections. Sixty-seven serum specimens were assembled as a control
panel, including yellow fever-17D (YF-17D) postvaccination sera (n �
10); acute-phase patient sera from Dengue virus (n � 5), Zika virus (n �
4), Chikungunya virus (n � 6), and Hantaan virus (n � 7) infections; and
normal human sera (n � 35) as a naive serum control.

Statistical analysis. Student’s t test was used for comparisons between
normally distributed continuous variables. Bland-Altman analysis was
used to determine the agreement between VLP- and NS1-MAC-ELISAs
by calculating the differences between the log-transformed values of the
two methods (log P/N ratio of NS1-MAC-ELISA minus the log P/N ratio
of VLP MAC-ELISA) against the averages of the two methods. It gener-
ated a plot showing horizontal lines drawn at the mean difference (bias),
the 95% confidence interval (CI) of the mean difference, and the 95%
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limits of agreement as the mean difference �1.96 its standard deviation
(SD). A significant systematic difference was established when the 95% CI
of the mean difference contained the line of equality (zero difference). The
comparative receiver operating characteristic (ROC) curve analysis was
used to compare the paired-assay performance, and the area under the
ROC curve (AUC) was used to quantify the accuracy of discrimination.
Two-by-two contingency tables were prepared to determine the sensitiv-
ities and specificities of the tests based on the positive-cutoff criterion
(P/N � 3.0) as the evidence of infection. All statistical analyses were per-
formed using GraphPad Prism version 6.0 (GraphPad Software, San Di-
ego, CA), and the significance level was set at a P value of �0.05.

RESULTS
Serum preabsorption with VLPs enhances detection of JEV and
WNV anti-NS1 IgM antibodies by MAC-ELISA. We previously
demonstrated (24) that preabsorption of sera from DENV-in-
fected individuals with DENV VLP antigens could improve the
sensitivity for detecting anti-NS1 antibodies. To rigorously test
this novel approach, we further applied this method to presump-
tive JEV and WNV infections. Due to a limited volume of available
specimens, one from each of the JEV- and WNV-infected serum
samples was first used to preliminarily compare the results of
NS1-MAC-ELISAs with and without preabsorption with JEV
and WNV VLPs, respectively.

For the JEV-infected serum (Fig. 1A), preabsorption with JEV
VLPs significantly increased the P/N value of IgM from 1.86 to
18.57 (P � 0.0057). For the WNV-infected serum (Fig. 1B), pre-
absorption with WNV VLPs also significantly increased the P/N
value of IgM from 0.80 to 12.25 (P � 0.0013). Taken together,
these results consistently support our recent finding that serum
preabsorption with VLP antigens enhances the detection of anti-
NS1 antibodies in flavivirus infections.

Serum preabsorption depletes prM/E antibodies. We hy-
pothesized that the enhanced sensitivity of our NS1-MAC-ELISA
after serum preabsorption with VLPs was due to the depletion of
the relatively abundant anti-prM/E antibodies that would out-
compete the anti-NS1 antibodies from being captured on the plate
coated with goat anti-human IgM antibodies. To confirm that the
increase in P/N ratio was due to the depletion of anti-prM/E an-
tibodies in the serum after the preabsorption step, the JEV VLP-
Ag-ELISA plate used in the preabsorption of the JEV-infected se-
rum and normal human serum (NHS) was further detected

separately with anti-JEV MHIAF and anti-human IgM antibody.
As detected by anti-JEV MHIAF, high OD readings in the JEV-
infected serum and NHS wells (OD, 3.48 and 3.43, respectively)
indicated that JEV VLP antigens were indeed captured on the wells
(Fig. 1C). As detected by anti-human IgM antibody, significantly
higher OD readings in the JEV-infected serum wells compared to
those in the NHS wells (OD, 1.30 versus 0.40, P � 0.0081) further
indicated that the serum prM/E antibodies against JEV remained
on the preabsorption plate after forming an immune complex
with the captured JEV VLP antigens; thus, the JEV-infected serum
was depleted of anti-prM/E antibodies before testing with NS1-
MAC-ELISA.

Diagnostic performances of VLP- and NS1-MAC-ELISAs.
VLP- and NS1-MAC-ELISAs were applied simultaneously to a
total of 147 human serum specimens, consisting of 16 JEV-in-
fected specimens, 64 WNV-infected specimens, and 67 control
specimens. The diagnostic accuracies of the two methods were
then determined using various combined serum specimens as the
control panel when applied in a geographic context wherein only
JEV or WNV is endemic or both cocirculate. In the setting of one
being endemic, either JEV or WNV sera were excluded from the
control panels, whereas in the setting of them cocirculating, either
JEV or WNV sera were included to take cross-reactivity into ac-
count. The results, expressed as P/N values, were analyzed on a
continuous rating scale by ROC curves for assay discriminatory
ability. For the JEV serum panel, paired-ROC curve analysis re-
vealed no significant differences between the performances of the
JEV VLP- and NS1-MAC-ELISAs (AUCs, 1.00; 95% CI, 1.00 to
1.00) when WNV sera were excluded from the controls (Table 1
and Fig. 2A). Comparable performances were also observed be-
tween the JEV VLP-MAC-ELISA (AUC, 0.99; 95% CI, 0.99 to
1.00) and NS1-MAC-ELISA (AUC, 0.99; 95% CI, 0.96 to 1.01)
when WNV sera were included in the controls. For the WNV
serum panel, paired-ROC curve analysis also revealed no statisti-
cal difference between the WNV VLP-MAC-ELISA (AUC, 1.00;
95% CI, 1.00 to 1.00) and NS1-MAC-ELISA (AUC, 0.99; 95% CI,
0.98 to 1.01) when the JEV sera were excluded from the controls
(Table 1 and Fig. 2B). However, significantly greater performance
(P � 0.05) was observed with the WNV VLP-MAC-ELISA (AUC,
0.99; 95% CI, 0.98 to 1.00) than that with the NS1-MAC-ELISA

FIG 1 Comparison of NS1-MAC-ELISAs with and without serum preabsorption with VLP antigens. (A) P/N values of anti-NS1 IgM on JEV-infected human
serum with (�) or without (�) preabsorption with JEV VLPs before JEV NS1-MAC-ELISA. (B) P/N values of anti-NS1 IgM on WNV-infected human serum
with (�) or without (�) preabsorption with WNV VLPs before WNV NS1-MAC-ELISA. (C) Detection of VLP antigens by anti-JEV mouse hyperimmune ascitic
fluid (MHIAF) and prM/E antibody-VLP antigen immune complexes by anti-human IgM on the Ag-ELISA plate used in the preabsorption of the JEV-infected
serum (JEV �ve) and normal human serum (NHS). The dotted lines indicate the P/N cutoff value of �3.0 for the positive detection of serum IgM. All data were
obtained from the results from two independent experiments, and the error bars represent the standard deviations. Statistical significance is indicated with two
asterisks (P � 0.01).
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(AUC, 0.89; 95% CI, 0.83 to 0.94) when JEV sera were included in
the controls.

Two-by-two contingency tables were prepared to analyze the
sensitivities and specificities of the VLP- and NS1-MAC-ELISAs
using the positive-cutoff criterion (P/N � 3.0) (Table 1). For the
JEV serum panel, the sensitivities of the JEV VLP- and NS1-MAC-

ELISAs were 100%, while the specificities were 92.54% and 100%,
respectively, when WNV sera were excluded from the controls.
However, the specificities of the JEV VLP- and NS1-MAC-ELISAs
were lower, at 82.44% and 68.70%, respectively, when WNV sera
were included in the controls. For the WNV serum panel, the
sensitivities of the WNV VLP- and NS1-MAC-ELISAs were also

TABLE 1 Test accuracy of MAC-ELISA using VLP and/or NS1 antigensa

Control panel by disease
panel Antigen

ELISA
result

True status

AUC (95% CI) % sensitivity (95% CI) % specificity (95% CI)Disease No disease

JEV
Other groupsb JEV VLP Positive 16 5 1.00 (1.00–1.00) 100.00 (79.41–100.00) 92.54 (83.44–97.53)

Negative 0 62
JEV NS1 Positive 16 0 1.00 (1.00–1.00) 100.00 (79.41–100.00) 100.00 (94.64–100.00)

Negative 0 67
JEV VLP and NS1 Positive 16 0 NAc 100.00 (79.41–100.00) 100.00 (94.64–100.00)

Negative 0 67
WNV and other groups JEV VLP Positive 16 23 0.99 (0.99–1.00) 100.00 (79.41–100.00) 82.44 (74.83–88.53)

Negative 0 108
JEV NS1 Positive 16 41 0.99 (0.96–1.01) 100.00 (79.41–100.00) 68.70 (60.02–76.52)

Negative 0 90
JEV VLP and NS1 Positive 16 13 NA 100.00 (79.41–100.00) 90.08 (83.63–94.61)

Negative 0 118

WNV
Other groups WNV VLP Positive 64 0 1.00 (1.00–1.00) 100.00 (94.40–100.00) 100.00 (94.64–100.00)

Negative 0 67
WNV NS1 Positive 64 2 0.99 (0.98–1.01) 100.00 (94.40–100.00) 97.01 (89.63–99.63)

Negative 0 65
WNV VLP and NS1 Positive 64 0 NA 100.00 (94.40–100.00) 100.00 (94.64–100.00)

Negative 0 67
JEV and other groups WNV VLP Positive 64 8 0.99 (0.98–1.00)d 100.00 (94.40–100.00) 90.36 (81.89–95.75)

Negative 0 75
WNV NS1 Positive 64 16 0.89 (0.83–0.94) 100.00 (94.40–100.00) 80.72 (70.59–88.56)

Negative 0 67
WNV VLP and NS1 Positive 64 8 NA 100.00 (94.40–100.00) 90.36 (81.89–95.75)

Negative 0 75
a Accuracy was defined as the ability to distinguish the disease panel (JEV or WNV serum panels) from the control panel using the positive-cutoff criterion (P/N � 3.0) as the
evidence of infection.
b Other groups include DENV, YFV, Zika, HTN, CHIKV, and negative serum panels.
c NA, not available.
d P � 0.05.

FIG 2 Fitted ROC curves of VLP- and NS1-MAC-ELISAs on JEV-infected (A) and WNV-infected (B) human sera. Assay performances between JEV VLP- and
NS1-MAC-ELISAs on the target JEV-infected serum panel (A) or between WNV VLP- and NS1-MAC-ELISAs on the target WNV-infected serum panel (B)
against the control panel, including DENV, YFV, Zika, HTN, CHIKV, and negative panels, were compared.
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100%, while the specificities were 100% and 97.01%, respectively,
when the JEV sera were excluded from the controls. In the same
manner, the specificities of WNV VLP- and NS1-MAC-ELISAs
were lower, at 90.36% and 80.72%, respectively, when JEV sera
were included in the controls.

Agreement between VLP- and NS1-MAC-ELISAs. Bland-Alt-
man plots were also constructed to analyze the agreement between
VLP- and NS1-MAC-ELISAs in the diagnosis of JEV and WNV
infections. In the JEV MAC-ELISAs, the mean bias on the log scale
was 0.06 (95% CI, �0.06 to 0.17), with the limits of agreement
ranging from �0.37 to 0.48 (Fig. 3A). The line of equality (zero
difference) fell within the 95% CI of the mean bias; hence, there
was no statistical evidence of bias (P � 0.3126) between the JEV
VLP- and NS1-MAC-ELISAs. In the WNV MAC-ELISAs, the
mean bias on the log scale was �0.49 (95% CI, �0.60 to �0.38),
with the limits of agreement ranging from �1.36 to 0.38) (Fig.
3B). The negative mean bias between the WNV VLP- and NS1-
MAC-ELISAs indicated that the WNV NS1-MAC-ELISA gener-
ated a lower measurement than that with the WNV VLP-MAC-
ELISA, which was statistically significant (P � 0.001), as depicted
by the 95% CI of the mean bias that did not contain zero. How-
ever, the systematic differences between the two methods were
only about 1-fold different or smaller, and the limits of agree-
ment were also small. Taken together, the Bland-Altman anal-
yses showed good agreement between the VLP- and NS1-
MAC-ELISAs.

Comparison between VLP- and NS1-MAC-ELISAs using dif-
ferent antigens. The clinical signs and symptoms caused by en-
cephalitic flaviviruses closely resemble each other. To facilitate a
differential diagnosis of JEV and WNV infections, without prior
knowledge of the type of infection, the results from the VLP- and
NS1-MAC-ELISAs using homologous and heterologous antigens
were compared.

For the JEV serum panel, the VLP-MAC-ELISA results (Fig.
4A, upper panel) showed that the P/N values were higher with the
use of homologous JEV VLP antigens (average P/N, 15.04; range,
5.57 to 25.25) than those with the use of heterologous WNV VLP
antigens (average P/N, 3.85; range, 1.96 to 7.59). The NS1-MAC-
ELISA results (Fig. 4B, upper panel) also showed that the P/N

values were similarly higher with the use of homologous JEV NS1
antigens (average P/N, 16.62; range, 4.07 to 23.53) than those with
the use of heterologous WNV NS1 antigens (average P/N, 7.78;
range, 1.27 to 12.34). Of the 16 JEV-infected serum samples, 8
(50%) and 15 (94%) samples were cross-reactive to the heterolo-
gous WNV antigens in the VLP- and NS1-MAC-ELISAs, respec-
tively (Fig. 4A and B, upper panels). Further calculation of the IgM
ratios in the VLP-MAC-ELISA, determined by dividing the P/N
values from the JEV VLP-MAC-ELISA with those from the WNV
VLP-MAC-ELISA and vice versa, showed that the JEV/WNV IgM
ratios of all JEV serum specimens were �1.0 (range, 1.89 to 9.01)
(Fig. 4A, lower panel). Similar results were found when calculat-
ing the JEV/WNV IgM ratios in the NS1-MAC-ELISA (range, 1.79
to 5.72) (Fig. 4B, lower panel).

For the WNV serum panel, the VLP-MAC-ELISA results (Fig.
4C, upper panel) demonstrated that the P/N values were higher
with the use of homologous WNV VLP antigens (average P/N,
32.24; range, 3.33 to 75.47) than those with the use of heterolo-
gous JEV VLP antigens (average P/N, 2.75; range, 0.97 to 9.00).
The NS1-MAC-ELISA results (Fig. 4D, upper panel) also demon-
strated that the P/N values were similarly higher with the use of
homologous WNV NS1 antigens (average P/N, 8.16; range, 3.18 to
18.92) than those with the use of heterologous JEV NS1 antigens
(average P/N, 4.06; range, 1.30 to 8.80). Of the 64 WNV-infected
serum specimens, 18 (28%) and 41 (64%) specimens were cross-
reactive to the heterologous JEV antigens in the VLP- and NS1-
MAC-ELISAs, respectively (Fig. 4C and D, upper panels). Further
calculation of the IgM ratios in the VLP-MAC-ELISA, determined
by dividing the P/N values from the WNV VLP-MAC-ELISA with
those from the JEV VLP-MAC-ELISA and vice versa, likewise
demonstrated that the WNV/JEV IgM ratios of all WNV serum
specimens were �1.0 (range, 1.78 to 35.97) (Fig. 4C, lower panel).
Similar results were found when calculating the WNV/JEV IgM
ratios in the NS1-MAC-ELISA (range, 1.10 to 4.16) (Fig. 4D,
lower panel). However, the WNV NS1-MAC-ELISA demon-
strated a borderline discriminatory capacity (WNV/JEV IgM ra-
tios between 1.10 and 1.33) in 16/64 (25%) of the WNV-infected
serum specimens due to high cross-reactivity in these speci-
mens.

FIG 3 Bland-Altman analyses between VLP- and NS1-MAC-ELISAs on JEV- and WNV-infected human sera. (A and B) Bland-Altman plots showing the
differences in the average log-transformed P/N values of VLP- and NS1-MAC-ELISAs on JEV-infected (A) and WNV-infected (B) human serum specimens. The
solid horizontal lines indicate the mean bias of the systematic difference between the two methods. The dashed horizontal lines indicate the 95% limits of
agreement as the mean bias �1.96 its standard deviation (SD). The dotted lines indicate the line of equality or zero difference between the two methods. The
dashed and dotted horizontal lines indicate the 95% CI of the mean bias.
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FIG 4 P/N values of VLP- and NS1-MAC-ELISAs and the ratios of JEV-to-WNV P/N value (JEV/WNV IgM ratio) and WNV-to-JEV P/N value (WNV/JEV IgM
ratio). (A and B) P/N values (upper panel) and JEV/WNV IgM ratios (lower panel) of VLP- (A) and NS1-MAC-ELISAs (B) using JEV and WNV antigens on
JEV-infected human sera. (C and D) P/N values (upper panel) and WNV/JEV IgM ratios (lower panel) of VLP-MAC-ELISA (C) and NS1-MAC-ELISA (D) using
JEV and WNV antigens on WNV-infected human sera. The open circles indicate the P/N values obtained by using JEV antigens, and the closed circles indicate
the P/N values obtained by using WNV antigens. The JEV/WNV and WNV/JEV IgM ratios are indicated with open and closed diamonds, respectively. All data
points were obtained from the results from two independent experiments in duplicates. The dotted lines denote the cutoff values of �3.0 for P/N and �1.0 for
JEV/WNV and WNV/JEV IgM ratios.

February 2016 Volume 54 Number 2 jcm.asm.org 417Journal of Clinical Microbiology

http://jcm.asm.org


Sequential MAC-ELISAs increase the specificity of serodiag-
nosis. Although both VLP- and NS1-MAC-ELISAs were highly
sensitive for diagnosing WNV and JEV infections, false positivity
was also inevitable among the control panels due to the nonspe-
cific binding of IgM antibodies to the antigens. To increase the
assay specificity, we further analyzed the sensitivities and specific-
ities when VLP- and NS1-MAC-ELISAs were applied simultane-
ously and with both having satisfied the positive-cutoff criterion
(P/N � 3.0). For the JEV serum panel, the sensitivity and speci-
ficity were both 100% when WNV sera were excluded from the
control panel, whereas the sensitivity and specificity were 100%
and 90%, respectively, when WNV sera were included in the con-
trols (Table 1). Similarly, the sensitivity and specificity for the
WNV serum panel were 100% when JEV sera were excluded from
the control panel, and the sensitivity and specificity were 100%
and 90%, respectively, when JEV sera were included in the con-
trols.

An algorithm using a sequential multiantigen MAC-ELISA was
established to make an accurate and economical differential diag-
nosis and to confirm an infection without the need for a neutral-
ization test (Fig. 5). Initially, a suspected JEV- or WNV-infected
serum specimen was tested for the presence of anti-prM/E IgM
antibodies with VLP-MAC-ELISA using JEV and WNV VLPs. If
the P/N value was �3.0 in the JEV and/or WNV VLP-MAC-
ELISAs, the sample was considered positive; if not, the sample was
considered negative for JEV or WNV. To confirm unequivocally
the presence of virus-specific antibodies, a positive sample was
tested further for the presence of anti-NS1 IgM antibodies, which
are present only during an active flavivirus infection, using the
NS1-MAC-ELISA with JEV and WNV NS1 antigens. If the P/N
value was �3.0 in the JEV and/or WNV NS1-MAC-ELISAs, the
sample was confirmed to be from JEV or WNV acute infection; if
not, the reactivity in the VLP-MAC-ELISA was false positive due
to nonspecific binding of heterophile antibodies to the VLP anti-
gens. Finally, by utilizing the IgM cross-reactivity, the ratios of the
JEV-to-WNV P/N value and vice versa in VLP- or NS1-MAC-
ELISAs were calculated to discriminate the type of flavivirus in-

fection. The results indicated that JEV could be sufficiently deter-
mined as the currently infecting virus with a JEV/WNV IgM ratio
of �1.0 in both the VLP- and NS1-MAC-ELISAs for all JEV serum
specimens (Fig. 4A and B, lower panels), whereas WNV could be
reliably identified with a WNV/JEV IgM ratio of �1.0 in the VLP-
MAC-ELISA only (Fig. 4C, lower panel) but not in NS1-MAC-
ELISA because of the lower discriminatory power of the assay, as
observed in 16 (25%) of the 64 WNV-infected serum specimens
(Fig. 4D, lower panel).

After confirmation and discrimination between JEV and WNV
infection, upon employing the sequential multiantigen approach
from the algorithm, the results of the homologous VLP- and NS1-
MAC-ELISAs were combined to give a final cumulative result that
might increase the specificity of serodiagnosis, particularly for JEV
infection, to 90% in a setting where both JEV and WNV geograph-
ically overlap or to 100% in areas where cross-reactivity to JEV or
WNV would not be an issue (Table 1).

DISCUSSION

In most peripheral health centers with resource-limited diagnostic
laboratory settings, a diagnostic test ideally should be affordable
for most of the population afflicted with infectious diseases, sen-
sitive, specific, user-friendly, rapid, robust, equipment-free, and
delivered to those who need it (31). Nearly all of these character-
istics can be satisfied by VLP-MAC-ELISA for diagnosing flavivi-
ral encephalitis with high sensitivity and specificity. The assay can
also quickly be performed using little equipment and requires
only minimal training, especially when performed using commer-
cially available test kits that readily include all reagents and in-
structions that are simple and easy to follow but nevertheless are
not designed for the type of analysis recommended in the present
study. Although IgM is usually less cross-reactive than IgG to
other flaviviruses, and hence a higher specificity of the IgM ELISA
is found compared to that with the IgG ELISA, the routine PRNT
procedure is also required for confirmation at the CDC (32). In
the present study, we developed an NS1-MAC-ELISA with sensi-
tivity and specificity comparable to those of the VLP-MAC-

FIG 5 Diagnostic algorithm for confirmation of acute JEV or WNV infection in human serum using multiantigen VLP- and NS1-MAC-ELISAs.
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ELISA. By combining the two assays, 100% sensitivity and speci-
ficity can be reached without the need for PRNT. Therefore, a
diagnostic algorithm has been developed for the confirmation and
differentiation of positive JEV or WNV infection. This algorithm
will be useful not only in countries that are endemic for JEV or
WNV but also in the Indian subcontinent, Indonesian archipel-
ago, and northern Australia, where the two encephalitic flavivi-
ruses cocirculate.

The immunodominant flavivirus E structural protein, which is
highly conserved among members of the same serocomplex, is the
major target of the antibody response in humans and animals.
Hence, serological diagnosis in flaviviral infections relies primar-
ily on the detection of antibodies to this antigen. However, inter-
pretation of the results can be confounded by the presence of a
large proportion of cross-reactive antibodies developed from re-
peated exposures to flaviviruses, sequential infection with related
flaviviruses, or vaccination. The gold standard used for a definitive
diagnosis of flavivirus infections is the PRNT (12). However, be-
cause PRNT is laborious and requires expertise and a high-bio-
safety-level facility for manipulation of infectious viruses, it is not
a routine test and is performed only to confirm ELISA-positive
samples. Moreover, PRNT requires testing of paired acute- and
convalescent-phase serum samples against a battery of flaviviruses
cocirculating in a certain area to distinguish between previous and
recent infections, and it takes several days to obtain a diagnosis.
The protocol currently used by the CDC for serological testing of
acute JEV and WNV infections involves the screening of serum or
cerebrospinal fluid specimens, if the central nervous system is in-
volved in the infectious process, by a prM/E-specific MAC-ELISA,
which is followed by PRNT if enough sample remains (32).

The soluble NS1 protein is also known to be actively secreted at
high levels during flavivirus infection and as immunogenic as the
viral prM/E surface proteins. An indirect monoclonal antibody
capture and epitope-blocking ELISAs have been developed to de-
tect and differentiate anti-NS1 antibodies in flavivirus-infected
human sera, but these approaches inherently possess lower sensi-
tivity (17, 21), like with the ordinary indirect ELISA. In the present
study, we evaluated the applicability of our novel NS1-specific
MAC-ELISA as an alternative rapid method for the clinical detec-
tion of IgM antibodies to acute JEV and WNV infections in hu-
mans by using a panel of well-characterized arbovirus-infected
serum specimens. Here, we show that the newly developed JEV
and WNV NS1-MAC-ELISAs displayed 100% sensitivity. The
novelty in our NS1-MAC-ELISA is the preabsorption of the pa-
tient serum with VLP antigens to deplete the anti-prM/E antibod-
ies. This is based on the rationale that the binding of a low level of
anti-NS1 antibodies, which are captured on the MAC-ELISA plate
coated with goat anti-human IgM antibodies, to the NS1 antigens
would be dramatically hampered by the presence of relatively
abundant anti-prM/E IgM antibodies; hence, we see its poor de-
tectability, particularly in asymptomatic cases (16, 33, 34). Fur-
thermore, detection of the formed prM/E antibody-VLP antigen
immune complexes in the preabsorption plate demonstrated that
a single preabsorption step sufficiently depleted the serum anti-
prM/E antibodies and consequently allowed for the optimal
detection of anti-NS1 antibodies. The performance of the NS1-
MAC-ELISA was also evaluated in parallel with that of the VLP-
MAC-ELISA. The overall diagnostic accuracies of the anti-prM/E
and anti-NS1 antibody detections were comparably robust, as il-
lustrated by the large AUCs for both VLP and NS1 antigens in the

JEV and WNV MAC-ELISAs (Fig. 2A and B). By Bland-Altman
comparison, the negligible systematic biases of the VLP- and NS1-
MAC-ELISAs depicted a high degree of agreement between the
two methods (Fig. 3A and B). Thus, the two methods can be used
interchangeably for the diagnosis of acute JEV and WNV infec-
tions.

In the present study, it should be noted that the antibody re-
sponse against the secreted NS1 protein is relatively weaker than
that against the prM/E protein after WNV infection, as evident by
the lower P/N values of the WNV NS1-MAC-ELISA (average P/N,
8.16) (Fig. 4D, upper panel) than those of WNV VLP-MAC-
ELISA (average P/N, 32.24) (Fig. 4C, upper panel) on the WNV
serum panel, making the utility of NS1-MAC-ELISA for the diag-
nosis of WNV infection extremely limited. However, a similar
situation was not observed with JEV VLP- and NS1-MAC-ELISAs
(average P/N, 15.04 and 16.62, respectively) (Fig. 4A and B, upper
panels) on the JEV serum panel. The relatively weak reactivity of
the WNV-infected sera in the WNV NS1-MAC-ELISA might be
attributed to an insufficient anti-NS1 antibody response due to
the characteristic delayed secretion of WNV NS1 protein. Previ-
ous studies have demonstrated that WNV NS1 can be detected in
the supernatant of mammalian cells beginning at 12 to 16 h
postinfection and in the sera of animals at 3 days postinfection (35,
36). This is in contrast to the secretion kinetics of JEV NS1, which
is efficient and takes only 2 h before it can be detected in the
culture fluid of infected mammalian cells (37). Indeed, a recent
study has identified two critical amino acids (residues 10 and 11)
of a short peptide motif at the N terminus of WNV NS1 that direct
its greater retention time in the endoplasmic reticulum (ER) and
preferential plasma membrane expression, resulting in the accu-
mulation of more NS1 on the surface of the infected cell with
decreased levels of secretion (38). Also, a unique feature of flavi-
viruses in the JEV serocomplex is the presence of an additional
form of NS1 with a carboxy-terminal extension, termed NS1=, as a
product of a programmed �1 ribosomal frameshift (PRF) at the
start of the NS2A gene (37, 39). In WNV, PRF occurs in 30 to 50%
of translation events in vitro (39) and affects the synthesis of NS1
protein, since translatable molecules producing NS1= do not pro-
duce NS1 due to the deficiency in NS1/NS2A cleavage (40). Al-
though it could not be ruled out, there is the possibility that a
substantial proportion of the antibodies produced against the se-
creted nonstructural protein after WNV infection are anti-NS1=
antibodies. If such a phenomenon is true, these anti-NS1= anti-
bodies also could not possibly bind to NS1 protein, which might
have a conformational structure different from that of the NS1=
protein. Therefore, the utility of our developed WNV NS1-MAC-
ELISA for detecting an already inherent small proportion of anti-
NS1 IgM antibodies in WNV-infected serum specimens would be
extremely limited and thus result in a weak-positive reactivity in
the assay. Additionally, the results demonstrated that the NS1-
MAC-ELISA had lower discriminatory power for WNV-infected
sera, as observed in the marginal WNV/JEV IgM ratios between
1.10 and 1.33 in 16/64 (25%) of the WNV serum samples (Fig. 4D,
lower panel; see also Table S1 in the supplemental material), sug-
gesting that the cross-reactivity of WNV anti-NS1 antibodies is
unexpectedly higher than that of anti-E antibodies. Since the
amino acid sequence similarity between JEV and WNV in the NS1
gene (	65%) is lower than that in the E gene (	78%), the high
cross-reactivity of the anti-NS1 antibodies among these WNV sera
could not be explained by the sequence similarity between the
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genes, but it might be due to the immunodominance that was
directed against the highly conserved JEV serocomplex cross-re-
active NS1 epitopes after WNV infection. In contrast, the discrim-
inatory power of the NS1-MAC-ELISA was as good as that of the
VLP-MAC-ELISA for all JEV serum samples (JEV/WNV IgM ra-
tios of �1.5 in both assays) (Fig. 4A and B, lower panels; see also
Table S1 in the supplemental material).

In the present study, the use of the novel NS1-MAC-ELISA in
tandem with VLP-MAC-ELISA strongly increased the specificity
of our assay, particularly for JEV infection, to 90% when applied
in areas where JEV cocirculates with WNV, or to 100% when
applied in areas that are endemic for JEV (Table 1); it was incor-
porated into the first part of our diagnostic algorithm to confirm
JEV or WNV infection (Fig. 5). A similar diagnostic algorithm has
been described (30, 41); however, the present study demonstrates
that sequential use of the NS1-MAC-ELISA, as per command of
the initial condition we set in our algorithm, has effectively served
as a confirmatory assay. Because NS1 proteins are secreted from
the host’s infected cells only during an active viral replication, the
detection of NS1-specific IgM antibodies in acute-phase serum
samples might help confirm a current infection in lieu of PRNT.
Also, as an apparent beneficial result, the NS1-MAC-ELISAs
might complement serodiagnosis in ruling out false positives in
the VLP-MAC-ELISA that might occur in instances of nonspecific
binding of heterophile antibodies, like in some of the sera we
tested (1 YFV-infected serum sample, 2 Chikungunya virus
[CHIKV]-infected serum samples and 2 negative-control serum
samples) (see Table S1 in the supplemental material). Moreover,
this sequential screening will be more cost-effective than the si-
multaneous application of VLP- and NS1-MAC-ELISAs. Assay
specificity is of utmost significance in the diagnosis and surveil-
lance of infectious diseases, since some encephalitides can be
treated with drugs or prevented with vaccines (42). The wrong
identification of a case as JEV infection may come up when diag-
nosis is made using a laboratory test with low specificity, especially
when further confirmatory testing is not performed (32, 42, 43).
As a result, patients with treatable infections (such as bacterial,
fungal, and parasitic encephalitides) would be deprived of imme-
diate and necessary treatment. Overestimation of the true disease
burden in a population may also happen as an outcome of a mis-
diagnosis of JEV, leading to perhaps futile vaccination policies,
which can impose unwarranted efforts and costs on already weak
public health programs (32, 42). The algorithm developed in the
present study fills this gap and might enhance diagnostic accuracy
in the event of the emergence of encephalitic flaviviruses.

The results of the present study also show that our VLP- and
NS1-MAC-ELISAs have acceptable specificities, at �80%, al-
though varied cross-reactivities were observed in the JEV- and
WNV-infected sera that we tested with both JEV and WNV anti-
gens (Fig. 4A to D). In the same manner, limited cross-reactivity to
the JEV and WNV antigens was observed in few YF-17D-vacci-
nated human serum specimens (see Table S1 in the supplemental
material). These observations are consistent with previous reports
that antibodies to prM/E and NS1 proteins cross-react highly to
flaviviruses within the same serocomplex, and poorly to those
from different serocomplexes (24, 27, 29, 44). In the United States,
the recommended test protocol to distinguish WNV infections
from St. Louis encephalitis virus (SLEV) infections involves the
initial screening of specimens by MAC-ELISA, and sometimes in
tandem with IgG ELISA, followed by PRNT to confirm positive

MAC-ELISA results (45); this might have a turnaround time of
about 2 weeks. This testing regimen has been simplified by using
WNV/SLEV IgM ratios to differentiate the two flaviviruses during
outbreak situations (30). In the present study, the simultaneous
testing of multiple antigens has permitted easier analysis of MAC-
ELISA results, in accordance with a clearly outlined diagnostic
algorithm (Fig. 5). We propose that the NS1-MAC-ELISA can be
used to increase the specificity of diagnosis, especially with its
application to JEV infection, but for discriminating JEV or WNV,
the VLP-MAC-ELISA would be a better choice. Based on our re-
sults, differential diagnosis has fairly been resolved upon compar-
ison of the IgM ratios of P/N values derived from cross-reactions
to both JEV and WNV antigens in the VLP-MAC-ELISAs. Thus,
the higher JEV/WNV or WNV/JEV IgM ratio would reliably indi-
cate either JEV or WNV, respectively, as being the virus responsi-
ble for the current infection.

In addition, the algorithm established in this study would have
good geographical application. For areas that are endemic for JEV,
the specificity of the JEV VLP-MAC-ELISA would already be
good, at 92%; however, combining it with the JEV NS1-MAC-
ELISA might further increase the specificity for diagnosis to 100%.
For areas that are endemic for WNV, the WNV VLP-MAC-ELISA
alone already achieved 100% sensitivity and specificity; adding the
WNV NS1-MAC-ELISA would not confer any advantages. In a
setting where there is a geographic overlap between JEV and
WNV, the algorithm might also provide the capacity to increase
the accuracy of serodiagnosis and surveillance as well, particularly
in areas where JEV and WNV are newly emerging. For these areas,
the JEV VLP-MAC-ELISA would have a lower specificity, at 82%,
but it could still be sufficiently increased to 90% with the com-
bined use of the NS1-MAC-ELISA. Similarly, the specificity of the
WNV VLP-MAC-ELISA would be lower, at 90%, and adding the
WNV NS1-MAC-ELISA would offer no beneficial use. Although
there are only very small differences in surveillance, vector con-
trol, and patient treatment concerning JEV and WNV, the dis-
crimination of these two flaviviruses is important for defining its
clinical and epidemiological characteristics in areas where the two
cocirculate, and for tracing its spread (30).

The present study has several main limitations. First, archived
clinical specimens with limited information on the patients’ clin-
ical and demographic information were used. Second, the algo-
rithm developed in this study required the uniform standardiza-
tion of all reagents used and was established using a panel of
well-characterized serum specimens containing JEV- or WNV-
specific IgM antibodies, as confirmed by PRNT. Third, indetermi-
nate or unconfirmed samples were not included in the analysis,
which might lower the positive predictive value (PPV) of the al-
gorithm, as was previously suggested (30). The proportion of in-
determinate or unconfirmed samples is affected by factors that
change the pretest likelihood of flavivirus infection, like time of
year or the manifestation of clinically similar symptoms and pre-
vious flavivirus exposure. Fourth, an appropriate cutoff of the
JEV/WNV or WNV/JEV IgM ratio would need to be determined
in the future. Normally, the PPV of the JEV/WNV or WNV/JEV
IgM ratio is calculated by the underlying proportion of infections
due to JEV against WNV, or vice versa, in the population and the
chosen cutoff. To determine the optimal cutoff in the algorithm,
an adequate number of samples must be tested by PRNT to con-
firm that infections are due to JEV or WNV. Thus, a comprehen-
sive validation experiment is recommended.
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Overall, we evidently demonstrated here that the practical use
of our novel NS1-specific MAC-ELISA as a complement to the
prM/E-specific MAC-ELISA might provide a more specific and
reliable result in the serodiagnosis of current JEV and WNV infec-
tions in humans. Furthermore, the algorithm we developed might
enhance test accuracy in diagnostic and surveillance activities,
wherein assay specificity is of utmost significance, as some caus-
ative agents of encephalitides can be treated with drugs and pre-
vented with vaccines.
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