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Recent epidemics of West Nile virus (WNV) around the world have been associated with significant rates
of mortality and morbidity in humans. To develop standard WNV diagnostic tools that can differentiate
WNV from Japanese encephalitis virus (JEV), four monoclonal antibodies (MAbs) specific to WNV envelope
(E) protein were produced and characterized by isotyping, reactivity with denatured and native antigens,
affinity assay, immunofluorescence assay (IFA), and epitope competition, as well as cross-reactivity with
JEV. Two of the MAbs (6A11 and 4B3) showed stronger reactivity with E protein than the others (2F5 and
6H7) in Western blot analysis. 4B3 could bind with denatured antigen, as well as native antigens in indirect
ELISA, flow cytometry analysis, and IFA; whereas 2F5 showed highest affinity with native antigen. 4B3 and
2F5 were therefore used to establish an antigen capture-ELISA (AC-ELISA) detection system. The sensitivity
of this AC-ELISA was 3.95 TCIDs(/0.1 ml for WNV-infected cell culture supernatant. Notably, these MAbs
showed no cross-reactivity with JEV, which suggests that they are useful for further development of highly
sensitive, easy handling, and less time-consuming detection Kits/tools in WNV surveillance in areas where
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JEV is epidemic.
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1. Introduction

West Nile virus (WNV) is a member of the Japanese encephalitis
virus (JEV) serocomplex of the genus Flavivirus, family Flaviviridae.
Recent epidemics of WNV around the world have been associ-
ated with significant rates of mortality and morbidity in humans
(Lanciotti et al., 1999; Gea-Banacloche et al., 2004; Gubler, 2007;
Murgue et al.,2002). However, neither a specific treatment for WNV
infection nor a preventive vaccine is available at present. In nature,
WNV exists in an enzootic cycle between mosquitoes and birds,
with birds being the principal amplifying host (Glaser, 2004). The
rapid spread of WNV is most likely caused by the migration of
infected wild birds after contact with pools of Culex mosquitoes
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(Malkinson et al., 2002; Rappole et al., 2000). As the clinical symp-
toms of WNV infection are non-specific compared to those of other
encephalitis viruses, diagnosis relies mainly on laboratory tests.

Serological testing is the primary method of diagnosing WNV
infection. The plaque reduction neutralization tests for type-
specific diagnosis are laborious, expensive, and require live virus,
which limits their application in large-scale surveillance. ELISA-
based detection for IgM, IgG or IgA has been developed, and some of
these assays are commercially available (Hogrefe et al., 2004; Levett
et al., 2005; Martin et al., 2000; Prince and Lape-Nixon, 2005).
However, the serological cross-reactions and cross-neutralizations
found in the JEV serocomplex viruses limit the specificity of sero-
logical tests (Hogrefe et al., 2004; Martin et al., 2000; Niedrig et al.,
2007).

WNV viremia can serve as a clear indicator of recent infection
and is suitable for early detection because it begins within a few
days after infection and is short-lived. WNV-infected mosquitoes
can be easily detected by various virus-detection methods (Hunt
et al., 2002; Marfin and Gubler, 2001). Viral isolation depends
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heavily on the quality of samples and requires the use of cell cul-
ture and a BSL-3 laboratory, with 6-day delay. Reverse-transcriptase
polymerase chain reaction (RT-PCR) is expensive and prone to
contamination. Indirectimmunofluorescence assay (IFA) with well-
identified specific monoclonal antibodies (MAbs) can confirm virus
infection. WNV antigen detection tests with specific MAbs have
been used for dead birds and mosquito surveillance programs in
North America (Dauphin and Zientara, 2007). An MAb-based anti-
gen capture-ELISA (AC-ELISA) that can differentiate WNV from St
Louis encephalitis virus has also been developed (Hunt et al., 2002).

As a result of the antigenic cross-reaction in the JEV serocom-
plex flaviviruses, it is critical to distinguish between WNV and JEV
in areas such as China and Japan where JEV is endemic. Molecu-
lar diagnostic methods that simultaneously discriminate between
WNV and JEV using RT-PCR analyses have previously been reported
(Shirato etal., 2003,2005). MADb is the most attractive option for the
development of standardized viral diagnostic assays. In this study,
four MAbs against WNV envelope protein domain III (EDIII) were
characterized by isotyping, affinity assay, reactivity with denatured
and native antigens, and epitope competition, as well as cross-
reactivity with JEV. The results suggest the applicability of the MAbs
to various analytical methods, such as immunoblotting, IFA, and
AC-ELISA, for detection and pathogenic study of WNV.

2. Materials and methods
2.1. Preparation of recombinant WNV EDIII protein

The EDIII (residues 298-415) of WNV bird 5810 strain was
expressed, purified and refolded as described previously (Yuan
et al., 2005). Briefly, the recombinant protein was expressed in
Escherichia coli as an inclusion body and refolded in an appro-
priate buffer. The refolded protein was purified by gel-filtration
chromatography.

2.2. Production and purification of MAbs

Six BALB/c mice (from National Institute for the Control of Phar-
maceutical and Biological Products, Beijing, China), aged 8 weeks,
were primed intraperitoneally with 50 p.g recombinant EDIII pro-
tein, mixed with complete Freund’s adjuvant (Sigma-Aldrich). Two
boosts were given at days 14 and 28 with 50 g EDIII mixed with
incomplete adjuvant (Sigma-Aldrich). Three days after the last
boost, the titer of polyclonal antiserum was assessed using indirect
ELISA (described below) with EDIII as antigen. The mouse with the
highest titer was chosen to harvest splenocytes. Separated spleno-
cytes were fused with SP2/0 myeloma cells at a ratio of 5:1 using
50% (w/v) polyethylene glycol, according to a previously described
protocol (Kohler and Milstein, 1975). The hybridoma cells were
obtained and subsequently cloned by limiting dilution. The cell
lines that produced specific antibodies were subcloned successively
3-5 times by limiting dilution to ensure monoclonality and stabil-
ity. Positive clones that secreted high-titer EDIII-specific antibodies
in indirect ELISA were further identified. The immunoglobulin
subclass was determined using SBA Clonotyping System/AP kit
(Southern Biotechnology Associates). Four positive cell lines (6A11,
4B3, 2F5 and 6H7) were used to generate ascites in BALB/c mice
and MAbs were purified by protein A or protein G chromatography,
according to manufacturer’s protocols (Pharmacia). The concentra-
tion of purified MAb was determined by bicinchoninic acid protein
assay (Pierce Biotechnology).

2.3. Western blot analysis

To examine whether the ascites MAbs recognized the linear epi-
tope of EDIII protein, Western blot analysis was performed under

denaturing conditions. EDIII protein was run on 12% SDS-PAGE,
then electrotransferred onto a nitrocellulose membrane (Amer-
sham Biosciences UK) and blocked with 5% non-fat dry milk in
Tris-buffered saline (TBS). Membranes were incubated for 2 h at
room temperature with four ascites MAbs (1:2000), respectively,
and then washed 3 times with 0.05% Tween-20 in TBS (TBST),
and incubated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (1:5000 dilution; Santa Cruz) for 1h at room
temperature, and detected by SuperSignal West Pico Chemilumi-
nescent substrate solution (Pierce Biotechnology). In the control
experiment, EDIII protein was incubated with an irrelevant MAb
H5, which is an anti-influenza antibody (1:2000).

The specificity of purified MAbs for WNV E protein was also
evaluated by Western blot analysis. The recombinant E proteins
of WNV (bird 5810 strain) and JEV (Beijing-1 strain) with a His
tag were expressed on the membrane of 293T cells, by transiently
transfecting pcDNA4-WNV E or pcDNA4-JEV E plasmids into 293T
cells. The cell lysate and inactivated WNV (ChinO1 strain) or JEV
(Beijing-1 strain) were separated by 10% SDS-PAGE, and were then
electrotransferred onto a nitrocellulose membrane and blocked.
Membrane was incubated for 2 h with purified MAb (1 g/ml) or
anti-His MADb (0.5 pg/ml; Santa Cruz), as a positive control for the
expression of JEV E protein. The membrane was washed 3 times
with TBST, and incubated with HRP-conjugated goat anti-mouse
IgG secondary antibody (1:5000) for 1 h, and detected by substrate
solution.

2.4. Indirect ELISA

All ELISAs were carried out in 96-well microtiter ELISA Plates
(Greiner Bio-One). Titers of hybridoma-cell-secreted MAbs were
detected by indirect ELISA. Briefly, the wells were coated overnight
at 4°C with 20 ng/well of purified EDIII, or an equal amount of
bovine serum albumin (BSA; Sigma-Aldrich), as a negative con-
trol, and diluted in 50 mM carbonate saline (pH 9.6). After blocked
for 1h at 37 °C with PBS containing 3% BSA (PBSA), the wells were
washed 4 times with PBS containing 0.05% Tween-20 (PBST). Seri-
ally diluted MAbs in PBSA (100 p.l) were added to each well in
triplicate and incubated for 1h at 37 °C. After wells were washed
4 times with PBST, HRP-conjugated anti-mouse IgG (1:2000) was
added to each well and incubated at 37 °C for 40 min, then washed
again. Antibody binding was visualized by addition of the mix-
ture of H,0, and 3,3’,5,5'-tetramethyl-benzidene substrate (TMB;
Sigma-Aldrich). After incubation for 15 min at 37 °C, the reaction
was stopped by addition of 0.1 M H,SO4, and absorbance was read
at 450 nm with a reference wavelength of 595 nm on a model Sun-
rise plate reader (Tecan). The endpoint titers of purified MAbs were
also determined by 10-fold serial dilution with indirect ELISA. In
all ELISAs, the irrelevant MAb H5 was used as an antibody control.
The positive cutoff ratio was set at 2 (ratio of OD value coated with
EDIII/OD value coated with BSA). This value is comparable to “pos-
itive to negative” cutoff ratios used in other WNV diagnostic assays
(Davidson et al., 2005; Estrada-Franco et al., 2003).

2.5. Cell surface staining detection by flow cytometry analysis

The percentage of 293T cells expressing WNV E protein was
determined by cell surface staining with MAbs. A FACSCalibur flow
cytometer (BD Biosciences) was used for flow cytometry analysis.
WNV E protein was expressed on the membrane of 293T cells by
transfection of pcDNA4-WNV E plasmids into 293T cells and cul-
tured for 48 h. Single-cell suspensions were prepared and incubated
with ascites (1:2000) at 4°C for 1h in 100 pl PBSA buffer, then
washed 3 times with PBS buffer. Cells were adsorbed with FITC-
conjugated anti-mouse IgG (1:500; Santa Cruz) at 4°C for 1 h, and
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washed again. Fluorescent signals on the cell surface were detected
and the percentage of positive cells was counted among 3 x 104
cells. Controls included cells without addition of primary MADb, cells
with H5 MAb and normal mouse IgG.

2.6. Affinity analysis by surface plasmon resonance (SPR)

The affinity between MAb and purified EDIII was determined by
SPR on a Biacore 3000 (Biacore, Inc). Firstly, EDIIl was immobilized
on the surface of a CM5 chip by amine coupling and then used to
capture purified MAb. Analysis was performed at 25°C at a con-
stant flow rate of 30 pl/min, using HBS-EP buffer [10 mM HEPES
(pH 7.4), 150 mM NacCl, 3.4 mM EDTA, 0.005% surfactant P20] as a
running buffer. To determine the association rate, dissociation rate
and affinity constant (Kp ), a concentration series from 0.4 to 400 nM
of purified MAb was injected (240 ul, associated for 8 min and
then dissociated over 10 min). The EDIII surface was regenerated
by injection of 50 mM NaOH before each EDIII injection. Binding
curves and kinetic parameters were analyzed with a global fit 1:1
binding algorithm with drifting baseline by BIAevaluation software
version 3.2 (Biacore). The affinity constant Kp was determined as
koe/Kon, using data from three independent experiments.

2.7. Immunofluorescence assay

Binding of mouse ascites MAbs with WNV- or JEV-infected
cells was determined by IFA. Sub-confluent BHK-21 cells, which
were grown in 24-well microplates with slides, were infected with
WNV (Chin-01 strain) or JEV (Beijing-1 strain) at a multiplicity
of infection of 0.1. After incubation for 3 days, serially diluted
MAbs were added to virus-infected BHK-21 cells. After incuba-
tion at room temperature for 2 h, slides were washed 3 times with
PBST, and FITC-labeled anti-mouse IgG was added at dilution of
1:1000. Slides were washed again after 1h incubation, stained
with Evans blue, and observed under fluorescence microscope at
200x magnification. Cells showing strong green fluorescence were
recorded as positive. The highest dilution of mouse ascites MAb
that showed a strong positive fluorescence signal was recorded as
the IFA titer. The uninfected cells were used as a negative con-
trol at each dilution, and JEV-infected BHK-21 cells were used
to evaluate the cross-reactivity of MAbs with JEV. The experi-
ments that involved the use of WNV were performed in a BSL-3
laboratory.

2.8. Competitive-binding ELISA and AC-ELISA

The detector MAb was labeled with biotin using an EZ-link
Sulfo-NHS-LC- Biotinylation kit (Pierce Biotechnology) according to
the manufacturer’s instructions. Experiments on epitope competi-
tion of the three purified MAbs (6A11, 4B3 and 2F5) were carried
out using competitive-binding ELISA. The wells were coated and
blocked as described in Section 2.4. After 100 wl unlabeled MAbs
(5 ng/ml) were added and incubated for 1h at 37°C, wells were
washed 3 times, followed by incubation with an equal amount of
another biotin-labeled MAb for 1h at 37°C. Plates were washed
again and incubated with HRP-conjugated streptavidin (diluted
1:2000 in PBS; Zhongshan Goldenbridge Biotechnology). After
washing, the color was developed with the addition of 100 .l
freshly prepared substrate solution (1:1 mixture of TMB and H,0,
solution) for 15min at 37°C. The color reaction was stopped by
100 w1 0.1 M H,S0Oy4, and absorbance was read at 450 nm, with a
reference wavelength of 595 nm. Wells with addition of the irrele-
vantly unlabeled MADb (H5) were used as a negative control, and
wells with addition of unlabeled MAb (the same as the biotin-
labeled MAb) were a positive control. Each pair of MAbs was

assayed in triplicate. Results were expressed as a percentage of
inhibition and derived by the following formula: percentage of inhi-
bition (PI) = [(negative control OD — test MAb OD)/(negative control
OD — positive control OD)] x 100%.

For the AC-ELISA, the purified MAb (1 pg/well), diluted in 50 mM
carbonate saline (pH 9.6), was coated on wells overnight at 4°C.
After blocking for 3 h at 37 °C with PBS containing 5% non-fat dry
milk, wells were washed 3 times with PBST. All the following wash-
ing procedures were the same as described above. Virus culture
supernatant (103-5 TCIDs5o/ml) or recombinant EDIII protein, seri-
ally diluted in PBS containing 1% non-fat dry milk (PBSM) was
added to the wells (100 wl/well) and incubated for 3 h. Cell cul-
ture supernatant or BSA was used as a negative control. After
washing, 100 .l per well biotin-labeled detector MAb (2 g/well,
diluted in PBSM) was added and incubated for 1h at 37°C. After
washing, the wells were incubated for 30 min at 37 °C with 100 pl
per well HRP-conjugated streptavidin and detected as above. In
this ELISA test, the positive cutoff was also set at 2 (ratio of
positive/negative).

3. Results

3.1. Generation and purification of MAbs against WNV EDIII
protein

The positive-fused cell clones were screened using indirect
ELISA with recombinant EDIII as antigen. The hybridomas with
higher ELISA titers were selected for screening, and four MAbs
(6A11, 4B3, 2F5 and 6H7) were finally isolated and cloned. Ascites
was produced in BALB/c mouse by hybridomas. The heavy chain
subclasses of MAbs were determined as IgG2a (6A11)and IgG1 (4B3,
2F5 and 6H7), and the light chains of all of these were kappa isotype.
6A11 was efficiently purified by protein A chromatography, and 4B3,
2F5 and 6H7 by protein G chromatography. The concentrations of
purified MAbs were determined as 10-18 mg/ml.

3.2. Western blot analysis

The binding specificity and cross-reactivity of the MAbs against
denatured EDIII protein and E protein were determined by West-
ern blot analysis. Four MADbs reacted with both EDIII and E proteins.
Two of the ascites MAbs (6A11 and 4B3) showed stronger reactiv-
ity with recombinant EDIII protein (12.5 kDa) than the others (2F5
and 6H7), and the irrelevant MAb (H5) against influenza virus did
not bind to EDIII (Fig. 1A). WNV E protein, which was expressed
on the surface of 293T cells, as well as that from inactivated WNV,
showed specific binding to 2F5, and there was no cross-reactivity
with recombinant E protein or inactivated JEV (Fig. 1B). MADb 2F5

kD
6A11 4B3 2F5 6H7  H5 M(zo.oa)
(A)
6.5
1 2 3 4 5 6 7 8 M(kDa)

(B) 62.0
47.5
Fig. 1. Western blot analysis of anti-EDIIl MAbs with denatured antigen. (A) Reac-
tivity of four MAbs with recombinant EDIII protein, using irrelevant MAb against
influenza virus (H5) as a negative control. (B) Reactivity of MAb 2F5 with E pro-
teins from WNV and JEV. Lanes 1-3: lysates of 293T cells transfected with pcDNA4,
pcDNA4-WNV E and pcDNA4-JEV E plasmids, respectively; lane 4: inactivated WNV;
lane 5: inactivated JEV; lane 6: cell culture supernatant of BHK-21 cells; lanes 7 and
8: the same as lanes 3 and 1, respectively. M: protein molecular weight markers. Left
panel (lanes 1-6) was detected with MADb 2F5 and right panel (lanes 7 and 8) was
detected with anti-His antibody.
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Fig. 2. Absorbance ratio of MAbs binding to EDIIl and BSA. The broken line indicates
the absorbance ratio cutoff value, which was set at 2.

did not show any non-specific binding to negative controls, which
were 293T cells transfected with pcDNA4 vector and cultured
BHK-21 cells. The binding analysis with other MAbs (6A11, 4B3 and
6H7) yielded similar results (data not shown). The JEV E protein
was fused with a His tag at its C terminus, and expression of JEV
E on 293T cells was confirmed by anti-His antibody (Fig. 1B). This
indicated that the four MAbs recognized denatured WNV EDIII and
E protein with different binding affinity and did not show cross-
reactivity with E protein from JEV.

3.3. Reactivity of MAbs with WNV EDIII protein in indirect ELISA

To examine the reactivity of the MAbs with EDIII protein under
non-denaturing conditions, the indirect ELISA was performed with
folded EDIII protein. The titers of four unpurified ascites MAbs were
higher than 107 in indirect ELISA (data not shown). The reactivity
of purified MAbs with EDIII is shown in Fig. 2. Three MAbs (6A11,
4B3 and 2F5) showed strong positive binding with EDIII at concen-
trations of 0.02-20 pg/ml (absorbance ratio >10), compared with
BSA-coated wells. Meanwhile, they showed obvious positive signals
at the concentration of 0.002 pg/ml (absorbance ratio >2). Among
these, MAb 2F5 showed highest sensitivity. The low absorbance
ratios at the highest concentration tested (200 pg/ml) were due to
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the high non-specific binding of MAbs with BSA at this concen-
tration. The irrelevant MAb H5 did not show specific binding to
EDIIL It was surprising that MAb 6H7 showed no specific reactivity
with EDIII after purification, so it was excluded from the following
ELISAs.

3.4. Flow cytometry analysis of MAbs

Cell surface expression of WNV E protein was detected by MAb
staining and determined by flow cytometry. When stained with
different MAbs, the percentage of fluorescent cells varied greatly.
Representative profiles are shown in Fig. 3. The percentage of flu-
orescent positive cells was 4.5 + 2.6%, 26.9 + 8.6%, 44.6 & 8.0%, and
8.9 +1.2%, when stained with MAb 6A11, 4B3, 2F5 and 6H7, respec-
tively. Controls, which included cells without MADb, and cells stained
with the normal mouse serum or H5, were all negative. Among the
four MADbs against EDIII, 2F5 showed the strongest binding to native
E protein.

3.5. Binding affinity between purified MAbs and recombinant
EDIII protein

The binding affinity between recombinant EDIII protein and
purified MAbs (6A11, 4B3 and 2F5) was analyzed by SPR in the solid
phase. MAb 6H7 did not bind to immobilized EDIII protein under
experimental conditions, so the binding affinity between 6H7 and
EDIIl was undetectable. MAb 2F5 bound to EDIII with an affin-
ity of 1.8 0.3 nM, which was the highest among the three MAbs.
The affinity of 4B3 and 6A11 was similar, with a Kp range from
407.1 £96.3 to 692.5 4+ 112.1 nM (Fig. 4).

3.6. IFA

IFA was performed to further analyze whether the MAbs rec-
ognized the endogenously produced E protein in WNV-infected
BHK-21 cells. Both normal mouse serum and three MAbs did not
show non-specific binding to uninfected cells (data not shown).
6A11, 4B3 and 2F5 showed strong reactivity with WNV-infected
cells, whereas normal mouse serum did not bind to infected
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Fig. 3. Flow cytometry analysis of cells that expressed WNV E proteins. The profile of transfected 293T cells without antibody staining was used to define the background
of fluorescent intensity (A-H, red). The white profiles in (B-H) were compared with reference to the red profile. (B) Stained directly with FITC-conjugated anti-mouse IgG,
without addition of primary antibody; (C) stained with normal mouse serum; (D-H) stained with H5, 6A11, 4B3, 2F5 and 6H7, respectively. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Biacore binding curves of purified MAbs 4B3 with immobilized EDIII protein.
A concentration series from 0.4 to 400 nM of purified 4B3 was injected (240 ul,
associated for 8 min and then dissociated over 10 min). The affinity constant Kp was
determined as Kot/Kon-

(A) (B)

Fig. 5. Detection of WNV-infected BHK-21 cells by immunofluorescence assay. The
slides were stained with Evans blue and then observed by fluorescence microscopy.
Scale bar: 20 wm. (A) WNV-infected cells stained with normal mouse serum. (B)
JEV-infected cells stained with MAb 2F5. (C) WNV-infected cells stained with MAb
4B3. (D) WNV-infected cells stained with MAb 2F5.

cells (Fig. 5). The IFA titer of each MAb was determined, based
on the highest dilution of ascites that gave a strong signal on
WNV-infected BHK-21 cells. When BHK-21 cells were infected with
WNV Chin-01 strain, the IFA titers of 6A11, 4B3, 2F5 and 6H7 were
2560, 7680, 5120 and 40, respectively. Notably, these MAbs showed
no cross-reactivity with cells infected with JEV (Fig. 5). Validity of
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Concentration of recombinant EDIII
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Table 1
Properties of MAbs against WNV EDIII protein in different assays.
Assay MAbs

6A11 4B3 2F5 6H7
Indirect ELISA ++2 4+ o+ _b
Western blot +++ ++++ + T+
Flow cytometry + ++ e +
Binding affinity ++ ++ I _
Immunofluorescence + +H+ ++ _
Antigen capture-ELISA + 4+ it _

a +: Weak positive; ++++: strong positive.
b _: Not detectable.

the MADbs used in IFA was confirmed in an independent labora-
tory using BHK-21 cells infected with WNV strain NY99 (data not
shown).

3.7. Epitope competitions of purified MAbs and AC-ELISA

After biotinylation, the epitope competitions of three MAbs
(6A11, 4B3 and 2F5) were assayed by competitive-binding indirect
ELISA. The biotin-labeled 6A11 inhibited the binding of 4B3 to EDIII
(57.2 £6.1%) and vice versa, which indicated that 6A11 and 4B3 rec-
ognized overlapping epitopes. 2F5 showed no competitive binding
with 6A11 or 4B3, which meant that 2F5 recognized a different
epitope from 6A11 or 4B3.

In order to establish a sensitive AC-ELISA for WNV detec-
tion, each pair of the three MAbs was evaluated. The highest
sensitivity was obtained by using 2F5 as capture antibody, and
biotin-conjugated 4B3 as detector antibody. To determine the
detection limit of AC-ELISA, a serial dilution of EDIII protein and
WNV culture supernatant (103~ TCIDso/ml) were used to construct
the binding curve (Fig. 6). Cell culture supernatant without WNV
infection was used as a negative control. According to the cutoff
threshold (2, which is the ratio of positive/negative), it was deduced
that as little as 10 ng/0.1 ml of recombinant EDIII protein and 3.95
TCID50/0.1 ml of virus culture supernatant could be detected (Fig. 6).
This result revealed that MAbs 4B3 and 2F5 could be used to detect
WNV in cell culture supernatant.

3.8. Properties of MAbs against WNV EDIII protein

Four MAbs against WNV EDIII protein were identified by isotyp-
ing, reactivity with denatured and native antigens, affinity assay
and epitope competition ELISA, and IFA, and the results of these
analyses were used to design the AC-ELISA. The properties of these
MADs are summarized in Table 1.

Absorbance ratio

10X 20X 40X 80X

100X 160X

Dilution factor

Fig. 6. Sensitivity of AC-ELISA using MAbs. (A) Quantitative analysis using recombinant EDIII protein. 10 ng/0.1 ml was the detection limit. (B) Quantitative analysis using
WNV cell culture supernatant. 80-fold dilution of cell culture supernatant was the detection limit, which was 3.95 TCIDs/0.1 ml. The broken line indicates the absorbance

ratio cutoff value, which was set at 2.
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4. Discussion

WNV with greater epidemic potential and virulence emerged
in the early 1990s and has spread rapidly across many countries
(Lanciotti et al., 1999; Gea-Banacloche et al., 2004; Gubler, 2007,
Murgue et al., 2002). Many methods have been developed for
WNYV diagnosis, in which serological testing is the primary method
(Dauphin and Zientara, 2007). However, the cross-reactivity of the
antibody response against flaviviruses limits the specificity of these
tests (Calisher et al., 1989; Niedrig et al., 2007). As JEV is endemic in
Southeast Asia, the cross-reactivity between WNV and JEV should
be considered in WNV surveillance. MAbs with strong and specific
reactivity to WNV antigens are the most attractive option for the
development of standardized diagnostic tools. WNV EDIII-reactive
MAbs have been reported by several groups (Beasley and Barrett,
2002; Oliphant et al., 2005; Sanchez et al., 2005; Throsby et al.,
2006). Beasley and Barrett (2002) have described four MAbs that
reacted with recombinant EDIII protein in a non-reducing West-
ern blot assay and one of them bound to JEV. However, there is no
further investigation of these MAbs expect for the neutralization
activity. Furthermore, a panel of EDIII-specific MAbs has been iden-
tified by ELISA and neutralization assay, but the cross-reactivity of
these MAbs with JEV has not been examined (Throsby et al., 2006).

Immunization with different forms of flavivirus antigens can
produce antibodies with different properties (Aberle et al., 1999;
Raviprakash et al., 2000; Sanchez et al., 2005). WNV-specific and
neutralizing Abs have been mapped to EDIII (Oliphant et al.,
2005; Throsby et al., 2006), and EDIII can induce specific immune
responses and protection against WNV infection (Chu et al., 2007).
To increase the possibility of obtaining EDIII-specific antibodies in
the present study, mice were immunized with refolded EDIII pro-
tein, which was shown to be in native conformation by crystal
structure analysis (PDB:2P5P).

Mouse ascites or purified MAbs were used in different assays in
this study. The results of 6A11, 4B3 and 2F5 were similar in indi-
rect ELISA for ascites or purified MAbs. The reason that 6H7 lost its
specific reactivity with EDIII protein in indirect ELISA after purifi-
cation may have been caused by the low pH of the elution buffer
during purification, which probable destroyed the antigen binding
site of this antibody. The binding affinity of MAb 2F5 (1.8 + 0.3 nM)
was comparable to that of MAb E16 (3.4 nM) (Oliphant et al., 2005)
and CR4353 (6.5nM) (Throsby et al., 2006), however, 4B3 and
6A11 showed a much lower Kp (407.1 nM for 4B3 and 692.5 nM
for 6A11). One reason is that the SPR analysis was performed by
using refolded EDIII protein. The binding activity of 2F5 to refolded
EDIII was higher than 4B3 and 6A11 in other assays, so the lower
Kp of 4B3 and 6A11 is reasonable. 4B3 and 6A11 seemed to bind
with overlapping epitopes in competitive ELISA, but they showed
different binding ability with the same antigen for denatured EDIII
or E protein, as well as for native E protein or intact WNV particles.
This may be explained by the different binding affinity constants
of 4B3 and 6A11 with EDIIL It is interesting that 4B3 could bind
to both denatured and native antigens. Crystal structural analy-
sis of EDIII protein (Mukhopadhyay et al., 2003; Nybakken et al.,
2005; Volk et al., 2004) has shown that EDIII is an Ig-like domain
with seven [B-strands, which constitute its main structure. Single
[-strand is linear in native as well as in denatured protein. If 4B3
happens to recognize one of the seven [3-strands, it is highly likely
that 4B3 shows reactivity with both denatured and native antigens.
This needs further investigation. In the present study, none of the
MAbs showed protective activity in microtiter-based neutraliza-
tion assays (data not shown). One possible reason is the natural
scarcity of EDIII-specific neutralization antibodies. This is compa-
rable with other study. In the 119 WNV-specific MAbs that have
been cloned from three WNV-infected patients, only 10 exhibited

neutralizing activity, and as few as two targeted domain Il (Throsby
et al., 2006).

Notably, none of the four MAbs showed cross-reactivity with JEV
in any of our assays. WNV and JEV are genetically closely related,
and the serological cross-reactions are usually found with these
viruses (Martin et al., 2000). Considering that WNV and JEV are
maintained in similar transmission cycles, and have overlapping
geographic distributions in Southeast Asia, MAbs which can differ-
entiate WNV from JEV are very useful for the surveillance system
in these areas.

Of the many techniques developed for the rapid diagnosis of
viral infections, the AC-ELISA is a sensitive and specific method that
is capable of large-scale screening in surveillance programs. It also
offers advantages over more traditional antigen detection methods,
such as isolation in cell culture and plaque titration, which rely on
the inoculation of samples into cells, or RT-PCR, which is expensive
and prone to contamination. The availability of MAbs with strong
reactivity to the target antigen is a crucial component for AC-ELISA
development. Because of the possible presence of both conforma-
tional and linear antigens from live viruses or denatured samples,
the recognition of the two forms of antigens by MAbs is extremely
important for successful detection (He et al., 2007). To obtain the
strongest signal for WNV detection by the AC-ELISA, different com-
bination of MAbs were evaluated. It was found that a combination
of MAbs 4B3 and 2F5 gave the highest signal. This is reasonable
because, among the four MAbs, 4B3 showed the strongest reactiv-
ity with denatured antigen, and 2F5 had the highest affinity with
native antigen. Therefore, the combination of MAbs 4B3 and 2F5
might contribute greatly to the sensitivity of the AC-ELISA. The
detection limit was 3.95 TCID5q/0.1 ml for WNV-infected cell cul-
ture supernatantin the present study. This sensitivity is comparable
with that for severe acute respiratory syndrome coronavirus (Che
et al,, 2004; Shin et al., 2006), and higher than some AC-ELISAs
for other arboviruses (Hall et al., 1987; Hildreth and Beaty, 1984).
Sensitivity comparisons with other previously published AC-ELISAs
for flaviviruses are difficult to make, because previous studies have
used plaque forming units as endpoints to assess infectivity level
(Hunt et al., 2002; Tsai et al., 1987).

In conclusion, four MAbs specific to WNV EDIII protein were pro-
duced and characterized. These MAbs could be used in immunoblot
assay, flow cytometry analysis, IFA, and studies in WNV pathology.
As they showed no cross-reactivity with JEV, these MAbs could be
used to discriminate WNV from JEV in areas where JEV is epidemic.
The detection limit of the established AC-ELISA re-emphasizes the
sensitivity of specific MAbs for viral antigen detection, which sug-
gests that these MAbs will be useful for further development of
highly sensitive, easy handling, and less time-consuming detection
kits/tools in WNV surveillance.
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