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Abstract
Infection with West Nile virus (WNV) causes a febrile illness that can progress to meningitis or
encephalitis, primarily in humans that are immunocompromised or elderly. For successful treatment
of WNV infection, accurate and timely diagnosis is essential. Previous studies have suggested that
the flavivirus non-structural protein NS1, a highly conserved and secreted glycoprotein, is a candidate
protein for rapid diagnosis. Herein, we developed a capture enzyme-linked immunosorbent assay
(ELISA) to detect WNV NS1 using two anti-NS1 monoclonal antibodies (mAbs) that map to distinct
sites on the protein. The capture ELISA efficiently detected as little as 0.5 ng/ml of soluble NS1 and
exhibited no cross-reactivity for yellow fever, Dengue, and St. Louis encephalitis virus NS1. The
capture ELISA reliably detected NS1 in plasma at day 3 after WNV infection, prior to the
development of clinical signs of disease. As the time course of infection continued, the levels of
detectable NS1 diminished, presumably because of interference by newly generated anti-NS1
antibodies. Indeed, treatment of plasma with a solution that dissociated NS1 immune complexes
extended the window of detection. Overall, the NS1-based capture ELISA is a sensitive readout of
infection and could be an important tool for diagnosis or screening small molecule inhibitors of WNV
infection.
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INTRODUCTION
West Nile virus (WNV) is a single stranded, positive sense enveloped RNA virus that is
maintained in nature through a mosquito–bird–mosquito transmission cycle. A member of the
Flaviviridae family, WNV is closely related to other significant human pathogens including
yellow fever (YFV), dengue (DENV), tick-borne encephalitis (TBEV), Japanese encephalitis
(JEV), Murray Valley encephalitis (MVEV), and St. Louis encephalitis (SLEV) viruses. WNV
has been endemic in parts of Africa, Europe, the Middle East, Asia, and in Australia, where
the more benign Kunjin virus (KUNV) variant circulates [Hall et al., 2003]. However, since
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1999, WNV infections occur annually in North America. Humans, which are dead-end hosts
for transmission, develop a febrile illness that progresses to meningitis, encephalitis or acute
flaccid paralysis in a subset of individuals [Hubalek and Halouzka, 1999; Petersen et al.,
2003; Sejvar et al., 2003]. Although treatment is supportive and no vaccine exists for humans,
recent studies suggest that passive transfer of antibodies against WNV could have therapeutic
potential [Ben-Nathan et al., 2003; Engle and Diamond, 2003; Gould et al., 2005; Julander et
al., 2005; Oliphant et al., 2005; Chung et al., 2006; Morrey et al., 2006; Throsby et al., 2006].
As there appears to be a narrow treatment window for therapeutic efficacy, rapid diagnosis of
WNV infection will be essential [Agrawal and Petersen, 2003].

Classically, flavivirus infection has been diagnosed by indirect immunofluorescence staining
of infected cells, a plaque reduction neutralization assay, or virus isolation from patient serum
samples [Yamada et al., 2002; Martin et al., 2004; Oceguera et al., 2007]. However, these
assays are labor-intensive, require a biosafety level (BSL)-3 facility, and do not provide
diagnostic information rapidly. Antibody-based serological assays are useful but may be
limited because of a several day lag between infection and seroconversion [Tardei et al.,
2000; Petersen et al., 2003; Ratterree et al., 2004]. Moreover, because of cross-reactivity of
anti-flavivirus antibodies, prior exposure to related viruses or vaccines could limit the utility
of antibody-based diagnostic tests [Koraka et al., 2001]. Although detection of viral RNA in
blood samples by reverse transcriptase-PCR (RT-PCR) or nucleic acid amplification
techniques provides a specific diagnosis at early time points, they are relatively expensive and
require trained personnel and equipment. In addition, the amplitude and duration of viremia
during human WNV infection are relatively low and short [Busch et al., 2005 a, b] compared
to other flaviviruses, such as DENV, [Vaughn et al., 2000], resulting in a smaller window of
detection of WNV nucleic acid in serum or plasma samples.

An alternative diagnostic approach is to measure antigenemia, which can only occur during an
active infection. Previous studies have suggested that the secreted glycoprotein NS1, may be
a useful diagnostic marker [Young et al., 2000; Alcon et al., 2002; Macdonald et al., 2005].
NS1 is a conserved 48-kilodalton (kDa) non-structural glycoprotein. Within infected cells, NS1
is believed to function as a co-factor in viral RNA replication [Mackenzie et al., 1996; Muylaert
et al., 1996; Lindenbach and Rice, 1997; Khromykh et al., 1999]. Unlike the other non-
structural proteins, NS1 is secreted [Winkler et al., 1988, 1989; Mason, 1989; Macdonald et
al., 2005] and high levels are detected in the serum of flavivirus-infected patients [Young et
al., 2000; Alcon et al., 2002; Libraty et al., 2002], and correlate with the development of severe
disease in DENV infection. In this study, we used two mAbs to NS1 to develop a highly
sensitive and specific diagnostic capture ELISA for WNV infection.

MATERIALS AND METHODS
Cells and Viruses

BHK21-15 cells were cultured as previously described [Diamond et al., 2000b]. The majority
of experiments were performed with the WNV strain (3000.0259, passage 2) that was isolated
in New York in 2000 [Ebel et al., 2001]. Some experiments were also performed with a lineage
II WNV (strain 956 [Wengler and Gross, 1978]), DENV-2 (strain 16681 [Russell and Nisalak,
1967]), YFV (17D vaccine strain), or SLEV (strain GHA3 [Kramer and Chandler, 2001],
Tampa Bay, FL, 1962) and were obtained from colleagues (E. Harris (Berkeley, CA), T.
Chambers (St. Louis, MO), and A. Barrett (Galveston, TX)). For mouse experiments, viruses
were diluted in Hank’s Balanced Salt Solution with 1% heat-inactivated serum and injected as
described [Diamond et al., 2003a].
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WNV NS1 Protein
Expression and purification of recombinant WNV NS1 from insect cells was described
previously [Chung et al., 2006]. Briefly, the complete NS1 gene with an initiator methionine
and 72 last nucleotides of WNV E (endogenous signal sequence) was cloned into pFastBac1
(Invitrogen, Carlsbad, CA), and expressed in baculovirus-infected SF9 insect cells under serum
free conditions. Soluble NS1 was purified to homogeneity after sequential nickel affinity, size
exclusion, and Mono Q ion-exchange chromatography. Protein concentration was determined
by measuring the optical density at 280 nm wavelength using an MBA 2000 spectrometer
(Perkin Elmer, Waltham, MA) with a coefficient of extinction of 2.026.

For NS1 protein quantitation of cell culture supernatants, BHK cells were plated into 6-well
plates at a cell density of 6 × 105 cells per well with 1.5 ml of Dulbecco’s Modified Eagle
Medium (DMEM) media with 10% FBS. Subsequently, cells were infected with lineage I or
II WNV strains at a given multiplicity of infection (MOI). Cell supernatants from infected or
uninfected cells were collected at 6, 12, 24, and 48 hr, centrifuged, and stored at 4°C prior to
analysis. The amount of NS1 was calculated after subtracting the amount of NS1 in the original
infective viral stock.

Flow Cytometry
After infection (MOI of 0.2) with YFV, SLEV, DENV-2 or WNV, immunoreactivity against
intracellular NS1 levels was analyzed by flow cytometry of permeabilized cells as described
previously [Diamond et al., 2000a]. Two or three days after infection, infected BHK cells were
washed three times in PBS, fixed in PBS with 4% paraformaldehyde for 10 min at room
temperature, washed twice in PBS, and permeabilized in Hank’s balanced salt solution (Sigma
Chemical Co., St. Louis, MO) containing 10 mM HEPES (pH 7.3), 0.1% saponin (Sigma
Chemical Co.), and 0.02% NaN3 (HHSN). For indirect immunofluorescence experiments, cells
were resuspended in HHSN and individual mAbs, incubated for 1 hr at 4°C, washed three times
in HHSN (4°C), resuspended in a 1/500 dilution of Alexa-Fluor 647-labeled goat anti-mouse
IgG (Invitrogen), and incubated for 1 hr on ice in the dark. Cells were subsequently washed
three times in HHSN (4°C), fixed in 1% paraformaldehyde in PBS, and stored prior to analysis
on a Becton Dickinson FACSCaliber flow cytometer.

Primary Cell Cultures and Virus Infection
Bone marrow-derived macrophages (BM-Mφ) and dendritic cells (BM-DC) were generated
as described previously [Samuel et al., 2006]. Briefly, bone marrow cells from C57BL/6 wild-
type mice were cultured in 12-well plates at a density of 1.5 × 105 cells per well. BM-Mφ were
differentiated in DMEM containing 40 ng/ml macrophage colony-stimulating factor (M-CSF;
PeproTech, Inc., Rocky Hill, NJ), and BM-DCs were cultured in RPMI medium supplemented
with 20 ng/ml of granulocyte-M-CSF and 20 ng/ml of interleukin-4 (PeproTech, Inc.).
Following 7–8 days of differentiation, cell purity was determined by flow cytometry after
staining with an anti-F4/80 antibody for BM-Mφ (Serotec, Inc., Raleigh, NC) or an anti-CD11c
antibody for BM-DC (BD Pharmingen, San Diego, CA). Primary cortical neurons were
prepared from day 15 C57BL/6 mouse embryos essentially as described [Klein et al., 2005],
and experiments were performed using neurons cultured for 3–4 days. The purity (~98–99%)
of cortical neuron cultures was determined via staining with anti-MAP2 (Chemicon, Temecula,
CA). To determine the level of viral infection in primary cells, BM-Mφ, BM-DC, and primary
cortical neurons were infected at an MOI of 0.01 for 1 hr and then washed extensively.
Supernatants were harvested at 72 hr postinfection, and infectious virus was measured by
plaque assay on BHK21-15 cells.
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Monoclonal and Polyclonal Antibodies Against NS1
MAbs against WNV NS1 were generated, purified, and biotinylated as described previously
[Chung et al., 2006]. Polyclonal antibody to WNV NS1 was produced in BALB/c mice after
five injections (3–4-week intervals) with insect cell-generated, purified WNV NS1 protein
complexed with adjuvant (RIBI Immunochemical, Hamilton, MI). The titer of pooled
polyclonal antisera was greater than 1/400,000.

Mouse Experiments and Sampling of Plasma
Wild-type C57BL/6 mice were purchased from a commercial source (Jackson Laboratories,
Bar Harbor, ME). Mice were inoculated subcutaneously with a given plaque forming unit
(PFU) dose of WNV by footpad injection after anesthetization with xylazine and ketamine.
Mouse experiments were approved and performed according to the guidelines of the
Washington University School of Medicine Animal Safety Committee.

To harvest plasma, whole blood (300–500 μl) was collected by phlebotomy of the axillary vein
immediately prior to euthanasia into tubes containing 45 μl of heparin (103 units/ml; Elkins-
Sinn Inc., Cherry Hill, NJ) and 5 μl of 100 mM EDTA. After centrifugation, plasma samples
were aliquotted and stored at −80°C.

Quantitation of Antibodies and Viral RNA
The levels of WNV-specific IgM and IgG in plasma were determined using an ELISA as
previously described [Diamond et al., 2003b]. In brief, purified WNV NS1 protein was
adsorbed overnight at 4°C to microtiter plates (Maxi-Sorp; Nunc, Rochester, NY). Non-
specific binding was blocked after incubation with Blocking buffer (25 mM Tris-base (pH 7.5),
150 mM NaCl, 1.5% BSA, 3% heat-inactivated horse serum, 0.025% NaN3, and 0.025%
NP-40) for 1 hr at 37°C. Plates were incubated with serial dilutions of heat-inactivated plasma
from infected mice for 1 hr at 4°C. After extensive washing, plates were incubated serially
with biotin-conjugated goat anti-mouse IgM (5 μg/ml) or anti-mouse IgG (2 μg/ml; Sigma
Chemical Co.) and horse-radish peroxidase-conjugated streptavidin (2 μg/ml; Sigma Chemical
Co.) for 1.5 hr. Enzyme activity was detected using the substrate 3, 3′,5, 5′-tetramethyl-
benzidine (DakoCytomation, Carpinteria, CA), and 1 M H2SO4 was added to stop the
enzymatic reaction. Optical densities were determined with an ELISA plate reader at 450 nm
(Molecular Devices, Sunnyvale, CA).

For quantitation of viral RNA, serum samples were obtained from whole blood by phlebotomy
of the axillary vein immediately prior to sacrifice. Viral RNA was harvested from aliquots (50
μl) of serum using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA). Viral RNA was
quantitated by real-time fluorogenic reverse transcriptase PCR (RT-PCR) using an ABI 7000
sequence detection system (Applied Biosystems, Foster City, CA) according to a published
protocol [Lanciotti et al., 2000].

Generation of NS1-Antibody Complexes
To determine the effect of NS1-antibody immune-complex on the performance of the capture
ELISA, we generated NS1-antibody complexes in vitro using purified NS1 from baculovirus-
infected SF9 cells and mouse polyclonal antibody against WNV NS1. Purified NS1 (10 ng/
ml) was incubated with serially diluted polyclonal antibody for 3 hr at room temperature.

NS1 Capture ELISA
Purified 10NS1 capture mAb was adsorbed overnight at 4°C to Maxi-Sorp microtiter plates
(Nalge Nunc International, Rochester, NY) in coating buffer (100 mM NaHCO3, 100 mM
Na2CO3, pH 9.3) at 50 μg/ml and 55 μl/well. Non-specific binding was blocked after incubation
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with Blocking buffer for 1 hr at 37°C and rinsing with Washing buffer (25 mM Tris-base (pH
7.5), 150 mM NaCl, 0.5% BSA, 0.025% Sodium NaN3, and 0.025% NP-40). Samples or serial
dilutions of purified WNV NS1 for the standard curve were added to plates coated with 10NS1
and incubated for 2 hr at room temperature. Plates were washed, and incubated serially with
55 μl of biotinylated 3NS1 (5 μg/ml, for 1.5 hr) and streptavidin-conjugated horseradish
peroxidase (2 μg/ml, Invitrogen) for 1.5 hr, and developed as described above. In the assay,
the net value of optical density reading at 450 nm (OD450) was defined after subtracting
OD450 value for negative control. The concentration of NS1 was calculated after comparison
with a standard curve, which was performed on each ELISA plate.

NS1-Antbody Immune Complex Dissociated Capture ELISA
To release NS1 from immune complexes, plasma samples were incubated with an alkaline
solution. A plasma sample (55 μl) or soluble WNV NS1 (for the standard curve) was mixed
with 6 μl of virus-inactivating solution (0.25% NP-40 and 150 mM NaCl). After a 30 min
incubation at room temperature, the samples were mixed with 61 μl of dissociation solution (1
M Tris-base (pH10.5),2% TritonX-100, and 150 mMNaCl), incubated for 1.5 hr at 37°C, and
then neutralized with 20 μl of 2N HCl. After an additional 1 hr incubation at 37°C and addition
of 100 μl of 150 mM NaCl, the mixture (~240 μl) was added to microtiter wells containing the
10NS1 capture antibody. After an overnight incubation at 4°C, the plate was washed, incubated
with 55μl ofbiotinylated 3NS1 (5 μg/ml) and processed as described above.

Statistical Analysis
All data were analyzed with Prism software (Graph-Pad Software). Statistical significance was
determined using a two-tailed paired or unpaired Student’s t-test.

RESULTS
Development of the NS1 Capture ELISA

To create a specific and sensitive antigen capture ELISA that measured levels of soluble NS1
of WNV, we screened a panel of 22 previously generated mAbs against WNV NS1 [Chung et
al., 2006]. The criteria for selecting two mAbs in the capture ELISA included strength of
binding to NS1, lack of competitive binding, and an absence of cross-reactivity with other
flavivirus NS1 proteins. After iterative testing, 10NS1 and 3NS1 were selected as the capture
and detection antibodies, respectively. These two mAbs bound with high avidity to soluble
NS1 (data not shown), and did not cross-react with DENV-2 NS1 or interfere with each other
in competitive binding assays [Chung et al., 2006]. In addition, both mAbs bound to
conformationally sensitive epitopes (data not shown).

To determine the limit of detection of the capture ELISA, we serially diluted recombinant NS1
that was generated in insect cells. Purified NS1 was diluted in 10% FBS or mouse plasma to
determine the sensitivity of the assay. We observed little inhibitory effect of mouse plasma up
through the maximum concentration (22%) tested, results that agree with that seen with human
serum and a DENV NS1 capture ELISA [Young et al., 2000]. The limit of detection of WNV
NS1 capture ELISA was 0.5 ng/ml and a dose-dependent linear response was observed in the
range of 0.5–16 ng/ml (Fig. 1); higher concentrations resulted in a plateau in the signal,
although dilution of these samples increased the assay dynamic range (data not shown). Similar
results were observed with NS1 generated from BHK21 hamster cells that stably propagate a
WNV replicon (data not shown). Thus, the two mAb ELISA using 10NS1 and 3NS1 show
~20-fold greater sensitivity than previously developed capture ELISA against DENV [Young
et al., 2000] or WNV NS1 [Macdonald et al., 2005].
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NS1 Capture ELISA Performance
To test whether the NS1 capture ELISA reliably detected secreted NS1 from WNV-infected
mammalian cells, we assayed BHK cell supernatants after infection. Supernatants were
harvested at 6, 12, 24, and 48 hr after infection at different doses (MOI of 0.1, 0.5, 2.5, or 12.5)
with a lineage I (New York 2000) virulent WNV isolate. Supernatants were clarified by low-
speed centrifugation and NS1 was measured by capture ELISA after serial dilution. At 6 hr,
which corresponds to a time when the viral RNA is transitioning from translation to replication
[Lindenbach and Rice, 2001], we could not detect secreted NS1 in any of the samples (Fig.
2A). By 12 hr, ~2–100 ng/ml of NS1 was detected in supernatants of cells infected at MOI of
0.5–12.5; as expected, the levels of soluble NS1 directly correlated with the inoculating MOI.
At 48 hr after infection, high levels of NS1 were detected in all samples, ranging from 5,000
to 8,000 ng/ml. Although lower levels were measured, the capture ELISA also detected NS1
from a genetically divergent lineage II WNV strain (Fig. 2A). The lower amounts of NS1
observed in supernatants from cells infected with the lineage II WNV strain may reflect a
slightly decreased avidity of the detection mAb, 3NS1, for lineage II NS1 [Chung et al.,
2006] or an inherently reduced replication rate of this attenuated strain [Pierson et al., 2005].

To test whether the NS1 capture ELISA could readily detect secreted NS1 from primary cells,
we generated and infected mouse primary cortical neurons, BM-Mφ, and dendritic cells (BM-
DC) at an MOI of 0.01. At 72 hr after infection, the levels of NS1 reached ~40 and 110 ng/ml
in supernatants from cortical neurons and BM-DC, respectively. In contrast, the BM-Mφ which
are less permissive as evidenced by the lower viral yield, did not secrete NS1 or secreted NS1
at levels below the sensitivity of detection of our assay (Fig. 2B). Thus, the level of NS1 in the
supernatant of infected primary cells was directly related to virus production.

NS1 is a conserved glycoprotein among flaviviruses (44% amino acid identity and 65% amino
acid homology). Not surprisingly, some anti-NS1 antibodies have exhibited cross-reactivity
with other flaviviruses [Falconar and Young, 1991; Puttikhunt et al., 2003; Chung et al.,
2006; Clark et al., 2007]. To establish the specificity of the NS1 capture ELISA, we tested the
cross-reactivity of 3NS1 and 10NS1 with clinically relevant flaviviruses that co-circulate in
Western Hemisphere: YFV, SLEV and DENV. Notably, 3NS1 and 10NS1, showed no
immunoreactivity with cells infected with YFV, SLE, or DENV-2 (Fig. 3), and did not detect
secreted forms of NS1 from these viruses (data not shown). In addition, 10NS1 did not
recognize insect cells infected with the closely related JEV and MVEV (R. Hall, personal
communication). Against the clinically relevant flaviviruses that we examined, the two mAb
capture ELISA appears specific for WNV NS1.

Detection of NS1 in Plasma Samples
To begin to examine the applicability of the NS1 capture ELISA as a diagnostic tool, plasma
was collected from mice (days 0, 2, 3, 4, 6, and 7) after infection with 2 × 105 PFU of WNV.
Although viral RNA was detected in plasma by fluorogenic quantitative RT-PCR at day 2 after
infection, it rapidly decreased to levels of below detection by day 6 (Fig. 4A). By day 6, viral
RNA in all mice (5 of 5) was undetectable. Soluble NS1 was reliably detected beginning at
day 3 after infection, with peak NS1 concentrations at day 4 after infection (Fig. 4B). At day
3, NS1 was detected in 89% (8 of 9) of plasma samples but by day 6, only 38% (3 of 8) of
plasma samples were positive for NS1 antigen. By day 6 after infection, mice showed evidence
of systemic infection as judged by a 16% reduction in body weight (data not shown).
Unfortunately, the capture ELISA did not detect NS1 at day 7 after infection on untreated
plasma. The decrease of detectable NS1 in plasma was coincident with the production of IgM
against WNV NS1 (Fig. 4C). Based on this, we speculated that the development specific anti-
NS1 antibody decreased the levels of free NS1 and reduced the sensitivity of capture ELISA.
To test this, we initially evaluated the effect of NS1-immune complex formation on the
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sensitivity of the assay using a polyclonal anti-NS1 antibody and purified NS1. NS1-antibody
immune complexes markedly reduced the sensitivity of the capture ELISA (Fig. 5). Thus, to
improve the capture ELISA, we attempted to dissociate antibody-NS1 antigen immune
complexes using acid treatment (0.2N HCl) and heat-exposure (37°C for 90 min), as has been
described for HIV and DENV [Miles et al., 1993;Koraka et al., 2003]. Unfortunately, this
treatment did not increase the sensitivity of the assay at these late time points, possibly because
of the acid liability of flavivirus NS1 [Crooks et al., 1994].

We developed an alternate strategy to dissociate NS1-Ab immune complex using an alkaline
solution. NS1 immune complex dissociation and capture ELISA sensitivity was noticeably
increased after incubation in a solution of 0.5 M Tris-base pH 10.5 and 1% Triton X-100 with
mild heat treatment (37°C for 1.5 hr), with subsequent neutralization with 2N HCl (Fig. 5).
Alkaline treatment of purified NS1 did not significantly affect the limit of detection, the
linearity, or the sensitivity of the assay (Fig. 1). Titration experiments with known
concentrations of soluble NS1 indicated that ~30% of the NS1 originally bound in immune
complexes was dissociated in a form that maintained epitope integrity (Fig. 5, and data not
shown). Thus, dissociation of NS1-antibody immune complexes increased the sensitivity of
NS1 capture ELISA.

Enhanced Detection of Soluble NS1 in Plasma After Disruption of Immune Complexes
Using our alkaline treatment to dissociate NS1-antibody immune complexes, we re-tested
plasma samples for NS1 levels. After dissociating immune complexes, 90% (9 of 10) and 38%
(3 of 8) of samples at days 6 and 7, respectively, showed positive signal in our assay compared
to 38% and 0% of samples in the absence of treatment. Moreover, the levels of secreted NS1
in plasma after immune complex dissociation were significantly increased (Fig. 6). Overall,
dissociation of antibody–antigen complexes augmented the sensitivity of our NS1 capture
ELISA at late time points.

DISCUSSION
Many flaviviruses cause human disease with extensive morbidity and mortality. Recent studies
have shown that antibody-based therapeutics may be useful treatments for flavivirus infections,
such as WNV [Roehrig et al., 2001; Diamond, 2005]. Because therapeutic intervention is
expected to have a relatively narrow window for benefit, we set out to develop a rapid, sensitive,
and specific ELISA-based tool that could be used early during the course of WNV infection,
prior to the development of a serological response. We generated a dual mAb capture ELISA
for detection and quantitation of secreted WNV NS1 protein. This assay was highly sensitive
and detected as little as 0.5 ng/ml of soluble WNV in the native form. By developing a simple
protocol to release NS1 from antibody immune complexes, we extended the utility of the
capture ELISA to later time points, after the induction of a specific antibody response. Overall,
an NS1 capture ELISA could be useful for rapidly and specifically identifying individuals
infected with WNV infection early during the course of infection.

The testing of several combinations of capture and detection mAbs from a large panel produced
a highly sensitive assay. 3NS1 recognizes a determinant in the N-terminal region of NS1
whereas 10NS1 binds a distinct, non-overlapping epitope in the middle of the protein [Chung
et al., 2006]. For reasons that remain unclear, a parallel NS1 capture ELISA comprised of 3NS1
or 10NS1 and a polyclonal anti-NS1 antibody showed less sensitivity (data not shown). An
NS1 antibody-based capture ELISA comprised of polyclonal and a monoclonal or a single
monoclonal antibody also showed less sensitivity [Young et al., 2000; Macdonald et al.,
2005]. Although further biophysical analysis is warranted, we speculate that polyclonal
antibodies may contain moderate and lower avidity antibodies with higher off-rates that
decrease the sensitivity of the assay.
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NS1 is a conserved glycoprotein and serological studies have shown significant cross-reactivity
of anti-NS1 antibodies between flaviviruses. Indeed, in a previously published WNV NS1
ELISA, the capture mAb recognized a highly conserved epitope, and thus could be used more
broadly to diagnose flavivirus infection [Macdonald et al., 2005]. Nonetheless, because specific
and accurate diagnosis of WNV infection may prompt a decision to initiate expensive therapies
against WNV early during the course of infection, in regions where multiple flaviviruses co-
circulate, it will be important to have a rapid, WNV-specific diagnostic assay. The 3NS1 and
10NS1 mAbs used in the NS1 capture ELISA showed no appreciable cross-reactivity against
YFV, SLEV, and DENV, and also did not bind to NS1 of the closely related JEV and MVEV
(R. Hall, personal communication).

The capture ELISA reliably measured WNV NS1 in plasma at day 3 after infection prior to
the development of an IgM response. Under standard analysis conditions, NS1 antigenemia
peaked at day 4 and then declined by day 6, coincident with production of anti-NS1 IgM. The
sensitivity of the capture ELISA under standard conditions was reduced by the formation of
NS1-immune complexes, which prevented the detection of free, soluble NS1. Historically,
treatment of serum or plasma with an acidic solution has been described for dissociating viral
antigen–antibody immune complexes for early diagnosis of HIV, DENV, and hepatitis B and
C viruses [Miles et al., 1993; Panakitsuwan et al., 1997; Troisi and Hollinger, 1997; Weber et
al., 2001; Koraka et al., 2003]. Although previous studies with DENV demonstrated that NS1
immune-complex dissociation under acid conditions augmented the sensitivity of detection by
immunoblot assay, this protocol did not work well for WNV NS1 (data not shown), likely
because of its acid lability [Crooks et al., 1994] and our selection of mAbs that recognized
conformationally sensitive epitopes. As such, treatment of plasma with an alkaline solution
and a non-ionic detergent partially dissociated NS1 immune complexes and improved the
sensitivity of the capture ELISA. Disruption of immune complexes in plasma samples extended
the time window for measurement of antigenemia, to a point that exceeded detection of viral
RNA by quantitative RT-PCR.

The NS1 capture ELISA can be used to accurately measure the kinetics and amplitude of WNV
infection in primary and transformed cells. We reproducibly detected significant levels of NS1
within 12 hr of infection, which corresponds to the completion of the first replication cycle
[Lindenbach and Rice, 2001; Brinton, 2002]. High (~5 μg/ml) and significant (~100 ng/ml)
levels of NS1 were detected in supernatants from BHK and primary neuron or DC, respectively.
Interestingly, we did not detect soluble NS1 in the supernatant of macrophages infected with
WNV; although further metabolic labeling studies are necessary, these cells may inefficiently
secrete NS1 or secrete NS1 at levels that are below detection by our assay. Regardless, the
capture ELISA can be used to screen cell types and conditions that optimize production of NS1
for biochemical and biophysical studies. Alternatively, comparison of the levels of NS1 in
supernatants of cells treated with candidate small molecule inhibitors can be used for
inexpensive, high-throughput 96-well plate screening of chemical antagonists of WNV
infection [Nouiery et al., 2007].

An expanding WNV epidemic necessitates the development of new diagnostics that are rapid
and simple for detection of early WNV infection. An NS1 capture ELISA that uses mAbs
specific to WNV NS1 may allow rapid distinction of WNV infections from other endemic
flaviviruses; this may be especially important in parts of the world (e.g., Asia and South
America) where DENV infections occur with high (>90%) prevalence or populations have
been vaccinated against other flaviviruses (JEV, YFV, and TBEV), making serological tests
difficult to interpret [Mackenzie et al., 2004]. Although more testing is necessary, the NS1
capture ELISA, when combined with immune complex dissociation, shows promise for rapid
and specific diagnosis of early WNV infection.
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Fig. 1.
WNV NS1 capture ELISA. NS1 capture ELISA dose–response curve with different
concentrations of untreated (N-ELISA; solid line) or alkaline-treated (D-ELISA; dashed lines)
purified NS1. Untreated or alkaline-treated NS1 was diluted serially and added to 10NS1-
coated plates, washed, and detected with biotinylated 3NS1. The graph represents the average
results of four independent experiments performed in duplicate. Error bars indicate standard
deviations. The R2 values of the linear regressions are indicated.

Chung and Diamond Page 13

J Med Virol. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Detection of NS1 from WNV-infected BHK and primary cells. A: Quantitation of NS1 from
WNV-infected BHK cells. BHK cells were infected with lineage I (Lin I, New York 1999) or
lineage II (Lin II, 956) WNV strains at an MOI of 0.1, 0.5, 1, 2.5, or 12.5. The culture media
were collected at 6, 12, 24, and 48 hr after infection and measured by NS1 capture ELISA. The
graph shows the average results of two independent experiments performed in duplicate. Note
the break in the y-axis. B: Detection of secreted NS1 from WNV-infected mouse primary cells.
Primary cortical neurons (neuron), BM-DC (DC), and BM-Mφ (Mφ) were infected with WNV
(Lin I) at an MOI of 0.01 and extensively washed. At 72 hr after infection, NS1 was quantitated
by capture ELISA. In parallel, infectious virus in culture fluid was measured by plaque assay
on BHK cells. Each dot and black bar represents viral titers and NS1 concentrations at each
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point. The graph shows the average results of two independent experiments. Error bars indicate
standard deviations. The concentration of NS1 was calculated after comparison with a standard
curve, which was performed on each ELISA plate.
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Fig. 3.
Flow cytometry analysis of cross-reactivity of 3NS1 and 10NS1 mAb against flaviviruses.
BHK cells were infected with DENV, YFV, SLEV, and WNV at an MOI of 0.2.
Immunoreactivity of 3NS1 and 10NS1 mAb was analyzed in saponin-permeablized cells. The
cross-reactive 4G2 mAb against flavivirus E was used as a positive control and uninfected
BHK cells were used as negative control. Arrows indicate that the binding of mAbs to NS1.
The data is representative of two independent experiments.
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Fig. 4.
Viremia, quantitation of NS1 in plasma, and titers of IgM and IgG against WNV NS1. Five-
week-old wild type mice were infected with 2 × 105 PFU of WNV, and serum or plasma was
collected at the indicated days. A: WNV RNA levels in the serum were determined by
quantitative RT-PCR. The data reflects 5 mice per time point. B: After infection with 2 ×
105 PFU of WNV, plasma samples were collected at days 2, 3, 4, 6, and 7. The level of NS1
in plasma was analyzed by capture ELISA without dissociation of immune complexes. Each
circle represents a sample from an individual mouse. Solid dashes denote the average NS1
concentration at each time point. The concentration of NS1 was calculated after comparison
with a standard curve, which was performed on each ELISA plate. C: Titers of anti-NS1
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specific IgM and IgG were determined after incubation of plasma with purified WNV NS1
adsorbed to microtiter plates. In a subset of samples, low levels of anti-NS1 IgM were detected
at day 3 after infection (data not shown). The data reflects at least 4 mice per time point. The
dotted line represents the limit of sensitivity of the assay. Error bars indicate standard
deviations.
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Fig. 5.
Release of NS1 from NS1-antibody immune complexes. After preparation of NS1-antibody
immune complexes, soluble NS1 was detected by capture ELISA with (D-ELISA; filled bar)
or without (N-ELISA; open bar) dissociation of immune complexes. The difference in the level
of NS1 between the D-ELISA and N-ELISA was statistically significant (asterisks) at two
different serum dilutions (1:2,000, P = 0.0002; 1:100, P = 0.002). Error bars indicate standard
deviations. The dashed line indicates the limit of sensitivity.

Chung and Diamond Page 19

J Med Virol. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Comparison of detection of WNV NS1 levels in plasma samples with or without dissociation
of immune complexes. Wild type mice were infected with 2 × 105 PFU of WNV and plasma
samples were collected at days 3, 4, 6, and 7. The level of NS1 in plasma was measured by
capture ELISA with (D-ELISA; filled circle) or without (N-ELISA; open circle) dissociation
of immune complexes. The increase in the level of NS1 after dissociation of immune complex
was significant at the following days: day 4, P < 0.0001; day 6, P = 0.02; and day 7, P = 0.03.
Each circle and line represents one pair of samples from an individual mouse with or without
immune complex dissociation. The solid dashed line indicates the limit of sensitivity. Asterisks
indicate time points at which difference are statistically significant. The number of mice for
each time point ranged from 6 to 10 from 2 to 3 independent experiments. The concentration
of NS1 was calculated after comparison with a standard curve, which was performed on each
ELISA plate.
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