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a b s t r a c t

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 TCID /0.1 ml for WNV-infected cell culture supernatant. Notably, these MAbs
Antigen capture-ELISA 50

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.

. Introduction

West Nile virus (WNV) is a member of the Japanese encephalitis
irus (JEV) serocomplex of the genus Flavivirus, family Flaviviridae.
ecent epidemics of WNV around the world have been associ-
ted with significant rates of mortality and morbidity in humans
Lanciotti et al., 1999; Gea-Banacloche et al., 2004; Gubler, 2007;

urgue et al., 2002). However, neither a specific treatment for WNV
nfection nor a preventive vaccine is available at present. In nature,
NV exists in an enzootic cycle between mosquitoes and birds,
ith birds being the principal amplifying host (Glaser, 2004). The

apid spread of WNV is most likely caused by the migration of
nfected 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-
oms of WNV infection are non-specific compared to those of other
ncephalitis viruses, diagnosis relies mainly on laboratory tests.

Serological testing is the primary method of diagnosing WNV
nfection. The plaque reduction neutralization tests for type-
pecific diagnosis are laborious, expensive, and require live virus,
hich limits their application in large-scale surveillance. ELISA-

ased detection for IgM, IgG or IgA has been developed, and some of
hese assays are commercially available (Hogrefe et al., 2004; Levett
t al., 2005; Martin et al., 2000; Prince and Lape-Nixon, 2005).
owever, the serological cross-reactions and cross-neutralizations

ound in the JEV serocomplex viruses limit the specificity of sero-
ogical tests (Hogrefe et al., 2004; Martin et al., 2000; Niedrig et al.,
007).
WNV viremia can serve as a clear indicator of recent infection
nd is suitable for early detection because it begins within a few
ays after infection and is short-lived. WNV-infected mosquitoes
an be easily detected by various virus-detection methods (Hunt
t al., 2002; Marfin and Gubler, 2001). Viral isolation depends

http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
mailto:gaof@im.ac.cn
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eavily on the quality of samples and requires the use of cell cul-
ure and a BSL-3 laboratory, with 6-day delay. Reverse-transcriptase
olymerase chain reaction (RT-PCR) is expensive and prone to
ontamination. Indirect immunofluorescence assay (IFA) with well-
dentified specific monoclonal antibodies (MAbs) can confirm virus
nfection. WNV antigen detection tests with specific MAbs have
een used for dead birds and mosquito surveillance programs in
orth America (Dauphin and Zientara, 2007). An MAb-based anti-
en capture-ELISA (AC-ELISA) that can differentiate WNV from St
ouis encephalitis virus has also been developed (Hunt et al., 2002).

As a result of the antigenic cross-reaction in the JEV serocom-
lex flaviviruses, it is critical to distinguish between WNV and JEV

n areas such as China and Japan where JEV is endemic. Molecu-
ar diagnostic methods that simultaneously discriminate between

NV and JEV using RT-PCR analyses have previously been reported
Shirato et al., 2003, 2005). MAb is the most attractive option for the
evelopment of standardized viral diagnostic assays. In this study,
our MAbs against WNV envelope protein domain III (EDIII) were
haracterized by isotyping, affinity assay, reactivity with denatured
nd native antigens, and epitope competition, as well as cross-
eactivity with JEV. The results suggest the applicability of the MAbs
o various analytical methods, such as immunoblotting, IFA, and
C-ELISA, for detection and pathogenic study of WNV.

. Materials and methods

.1. Preparation of recombinant WNV EDIII protein

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

.2. Production and purification of MAbs

Six BALB/c mice (from National Institute for the Control of Phar-
aceutical and Biological Products, Beijing, China), aged 8 weeks,
ere primed intraperitoneally with 50 �g recombinant EDIII pro-

ein, mixed with complete Freund’s adjuvant (Sigma–Aldrich). Two
oosts were given at days 14 and 28 with 50 �g EDIII mixed with

ncomplete adjuvant (Sigma–Aldrich). Three days after the last
oost, the titer of polyclonal antiserum was assessed using indirect
LISA (described below) with EDIII as antigen. The mouse with the
ighest titer was chosen to harvest splenocytes. Separated spleno-
ytes were fused with SP2/0 myeloma cells at a ratio of 5:1 using
0% (w/v) polyethylene glycol, according to a previously described
rotocol (Kohler and Milstein, 1975). The hybridoma cells were
btained and subsequently cloned by limiting dilution. The cell
ines that produced specific antibodies were subcloned successively
–5 times by limiting dilution to ensure monoclonality and stabil-

ty. Positive clones that secreted high-titer EDIII-specific antibodies
n indirect ELISA were further identified. The immunoglobulin
ubclass was determined using SBA Clonotyping System/AP kit
Southern Biotechnology Associates). Four positive cell lines (6A11,
B3, 2F5 and 6H7) were used to generate ascites in BALB/c mice
nd MAbs were purified by protein A or protein G chromatography,
ccording to manufacturer’s protocols (Pharmacia). The concentra-
ion of purified MAb was determined by bicinchoninic acid protein
ssay (Pierce Biotechnology).
.3. Western blot analysis

To examine whether the ascites MAbs recognized the linear epi-
ope of EDIII protein, Western blot analysis was performed under
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enaturing conditions. EDIII protein was run on 12% SDS-PAGE,
hen electrotransferred onto a nitrocellulose membrane (Amer-
ham Biosciences UK) and blocked with 5% non-fat dry milk in
ris-buffered saline (TBS). Membranes were incubated for 2 h at
oom temperature with four ascites MAbs (1:2000), respectively,
nd then washed 3 times with 0.05% Tween-20 in TBS (TBST),
nd incubated with horseradish peroxidase (HRP)-conjugated goat
nti-mouse IgG (1:5000 dilution; Santa Cruz) for 1 h at room
emperature, and detected by SuperSignal West Pico Chemilumi-
escent substrate solution (Pierce Biotechnology). In the control
xperiment, EDIII protein was incubated with an irrelevant MAb
5, which is an anti-influenza antibody (1:2000).

The specificity of purified MAbs for WNV E protein was also
valuated by Western blot analysis. The recombinant E proteins
f WNV (bird 5810 strain) and JEV (Beijing-1 strain) with a His
ag were expressed on the membrane of 293T cells, by transiently
ransfecting pcDNA4-WNV E or pcDNA4-JEV E plasmids into 293T
ells. The cell lysate and inactivated WNV (Chin01 strain) or JEV
Beijing-1 strain) were separated by 10% SDS-PAGE, and were then
lectrotransferred onto a nitrocellulose membrane and blocked.
embrane was incubated for 2 h with purified MAb (1 �g/ml) or

nti-His MAb (0.5 �g/ml; Santa Cruz), as a positive control for the
xpression of JEV E protein. The membrane was washed 3 times
ith TBST, and incubated with HRP-conjugated goat anti-mouse

gG secondary antibody (1:5000) for 1 h, and detected by substrate
olution.

.4. Indirect ELISA

All ELISAs were carried out in 96-well microtiter ELISA Plates
Greiner Bio-One). Titers of hybridoma-cell-secreted MAbs were
etected by indirect ELISA. Briefly, the wells were coated overnight
t 4 ◦C with 20 ng/well of purified EDIII, or an equal amount of
ovine serum albumin (BSA; Sigma–Aldrich), as a negative con-
rol, and diluted in 50 mM carbonate saline (pH 9.6). After blocked
or 1 h at 37 ◦C with PBS containing 3% BSA (PBSA), the wells were
ashed 4 times with PBS containing 0.05% Tween-20 (PBST). Seri-

lly diluted MAbs in PBSA (100 �l) were added to each well in
riplicate and incubated for 1 h at 37 ◦C. After wells were washed
times with PBST, HRP-conjugated anti-mouse IgG (1:2000) was

dded to each well and incubated at 37 ◦C for 40 min, then washed
gain. Antibody binding was visualized by addition of the mix-
ure of H2O2 and 3,3′,5,5′-tetramethyl-benzidene substrate (TMB;
igma–Aldrich). After incubation for 15 min at 37 ◦C, the reaction
as stopped by addition of 0.1 M H2SO4, and absorbance was read

t 450 nm with a reference wavelength of 595 nm on a model Sun-
ise plate reader (Tecan). The endpoint titers of purified MAbs were
lso determined by 10-fold serial dilution with indirect ELISA. In
ll ELISAs, the irrelevant MAb H5 was used as an antibody control.
he positive cutoff ratio was set at 2 (ratio of OD value coated with
DIII/OD value coated with BSA). This value is comparable to “pos-
tive to negative” cutoff ratios used in other WNV diagnostic assays
Davidson et al., 2005; Estrada-Franco et al., 2003).

.5. Cell surface staining detection by flow cytometry analysis

The percentage of 293T cells expressing WNV E protein was
etermined by cell surface staining with MAbs. A FACSCalibur flow
ytometer (BD Biosciences) was used for flow cytometry analysis.

NV E protein was expressed on the membrane of 293T cells by

ransfection of pcDNA4-WNV E plasmids into 293T cells and cul-
ured for 48 h. Single-cell suspensions were prepared and incubated
ith ascites (1:2000) at 4 ◦C for 1 h in 100 �l PBSA buffer, then
ashed 3 times with PBS buffer. Cells were adsorbed with FITC-

onjugated anti-mouse IgG (1:500; Santa Cruz) at 4 ◦C for 1 h, and
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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). MAb 2F5

Fig. 1. Western blot analysis of anti-EDIII 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-
2 J. Liu et al. / Journal of Virolo

ashed again. Fluorescent signals on the cell surface were detected
nd the percentage of positive cells was counted among 3 × 104

ells. Controls included cells without addition of primary MAb, cells
ith H5 MAb and normal mouse IgG.

.6. Affinity analysis by surface plasmon resonance (SPR)

The affinity between MAb and purified EDIII was determined by
PR on a Biacore 3000 (Biacore, Inc). Firstly, EDIII was immobilized
n the surface of a CM5 chip by amine coupling and then used to
apture purified MAb. Analysis was performed at 25 ◦C at a con-
tant flow rate of 30 �l/min, using HBS-EP buffer [10 mM HEPES
pH 7.4), 150 mM NaCl, 3.4 mM EDTA, 0.005% surfactant P20] as a
unning buffer. To determine the association rate, dissociation rate
nd affinity constant (KD), a concentration series from 0.4 to 400 nM
f purified MAb was injected (240 �l, associated for 8 min and
hen dissociated over 10 min). The EDIII surface was regenerated
y injection of 50 mM NaOH before each EDIII injection. Binding
urves and kinetic parameters were analyzed with a global fit 1:1
inding algorithm with drifting baseline by BIAevaluation software
ersion 3.2 (Biacore). The affinity constant KD was determined as
off/kon, using data from three independent experiments.

.7. Immunofluorescence assay

Binding of mouse ascites MAbs with WNV- or JEV-infected
ells was determined by IFA. Sub-confluent BHK-21 cells, which
ere grown in 24-well microplates with slides, were infected with
NV (Chin-01 strain) or JEV (Beijing-1 strain) at a multiplicity

f infection of 0.1. After incubation for 3 days, serially diluted
Abs were added to virus-infected BHK-21 cells. After incuba-

ion at room temperature for 2 h, slides were washed 3 times with
BST, and FITC-labeled anti-mouse IgG was added at dilution of
:1000. Slides were washed again after 1 h incubation, stained
ith Evans blue, and observed under fluorescence microscope at

00× magnification. Cells showing strong green fluorescence were
ecorded as positive. The highest dilution of mouse ascites MAb
hat showed a strong positive fluorescence signal was recorded as
he IFA titer. The uninfected cells were used as a negative con-
rol at each dilution, and JEV-infected BHK-21 cells were used
o evaluate the cross-reactivity of MAbs with JEV. The experi-

ents that involved the use of WNV were performed in a BSL-3
aboratory.

.8. Competitive-binding ELISA and AC-ELISA

The detector MAb was labeled with biotin using an EZ-link
ulfo-NHS-LC- Biotinylation kit (Pierce Biotechnology) according to
he manufacturer’s instructions. Experiments on epitope competi-
ion of the three purified MAbs (6A11, 4B3 and 2F5) were carried
ut using competitive-binding ELISA. The wells were coated and
locked as described in Section 2.4. After 100 �l unlabeled MAbs
5 �g/ml) were added and incubated for 1 h at 37 ◦C, wells were
ashed 3 times, followed by incubation with an equal amount of

nother biotin-labeled MAb for 1 h at 37 ◦C. Plates were washed
gain and incubated with HRP-conjugated streptavidin (diluted
:2000 in PBS; Zhongshan Goldenbridge Biotechnology). After
ashing, the color was developed with the addition of 100 �l

reshly prepared substrate solution (1:1 mixture of TMB and H2O2
olution) for 15 min at 37 ◦C. The color reaction was stopped by

00 �l 0.1 M H2SO4, and absorbance was read at 450 nm, with a
eference wavelength of 595 nm. Wells with addition of the irrele-
antly unlabeled MAb (H5) were used as a negative control, and
ells with addition of unlabeled MAb (the same as the biotin-

abeled MAb) were a positive control. Each pair of MAbs was

t
p
l
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p
d
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ssayed in triplicate. Results were expressed as a percentage of
nhibition and derived by the following formula: percentage of inhi-
ition (PI) = [(negative control OD − test MAb OD)/(negative control
D − positive control OD)] × 100%.

For the AC-ELISA, the purified MAb (1 �g/well), diluted in 50 mM
arbonate saline (pH 9.6), was coated on wells overnight at 4 ◦C.
fter blocking for 3 h at 37 ◦C with PBS containing 5% non-fat dry
ilk, wells were washed 3 times with PBST. All the following wash-

ng procedures were the same as described above. Virus culture
upernatant (103.5 TCID50/ml) or recombinant EDIII protein, seri-
lly diluted in PBS containing 1% non-fat dry milk (PBSM) was
dded to the wells (100 �l/well) and incubated for 3 h. Cell cul-
ure supernatant or BSA was used as a negative control. After
ashing, 100 �l per well biotin-labeled detector MAb (2 �g/well,
iluted in PBSM) was added and incubated for 1 h at 37 ◦C. After
ashing, the wells were incubated for 30 min at 37 ◦C with 100 �l
er well HRP-conjugated streptavidin and detected as above. In
his ELISA test, the positive cutoff was also set at 2 (ratio of
ositive/negative).

. Results

.1. Generation and purification of MAbs against WNV EDIII
rotein

The positive-fused cell clones were screened using indirect
LISA with recombinant EDIII as antigen. The hybridomas with
igher ELISA titers were selected for screening, and four MAbs
6A11, 4B3, 2F5 and 6H7) were finally isolated and cloned. Ascites
as produced in BALB/c mouse by hybridomas. The heavy chain

ubclasses of MAbs were determined as IgG2a (6A11) and IgG1 (4B3,
F5 and 6H7), and the light chains of all of these were kappa isotype.
A11 was efficiently purified by protein A chromatography, and 4B3,
F5 and 6H7 by protein G chromatography. The concentrations of
urified MAbs were determined as 10–18 mg/ml.

.2. Western blot analysis

The binding specificity and cross-reactivity of the MAbs against
enatured EDIII protein and E protein were determined by West-
rn blot analysis. Four MAbs reacted with both EDIII and E proteins.
wo of the ascites MAbs (6A11 and 4B3) showed stronger reactiv-
ty with recombinant EDIII protein (12.5 kDa) than the others (2F5
eins from WNV and JEV. Lanes 1–3: lysates of 293T cells transfected with pcDNA4,
cDNA4-WNV E and pcDNA4-JEV E plasmids, respectively; lane 4: inactivated WNV;

ane 5: inactivated JEV; lane 6: cell culture supernatant of BHK-21 cells; lanes 7 and
: the same as lanes 3 and 1, respectively. M: protein molecular weight markers. Left
anel (lanes 1–6) was detected with MAb 2F5 and right panel (lanes 7 and 8) was
etected with anti-His antibody.
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ig. 2. Absorbance ratio of MAbs binding to EDIII and BSA. The broken line indicates
he absorbance ratio cutoff value, which was set at 2.

id not show any non-specific binding to negative controls, which
ere 293T cells transfected with pcDNA4 vector and cultured
HK-21 cells. The binding analysis with other MAbs (6A11, 4B3 and
H7) yielded similar results (data not shown). The JEV E protein
as fused with a His tag at its C terminus, and expression of JEV
on 293T cells was confirmed by anti-His antibody (Fig. 1B). This

ndicated that the four MAbs recognized denatured WNV EDIII and
protein with different binding affinity and did not show cross-

eactivity with E protein from JEV.

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

To examine the reactivity of the MAbs with EDIII protein under
on-denaturing conditions, the indirect ELISA was performed with

olded EDIII protein. The titers of four unpurified ascites MAbs were
igher than 107 in indirect ELISA (data not shown). The reactivity
f purified MAbs with EDIII is shown in Fig. 2. Three MAbs (6A11,
B3 and 2F5) showed strong positive binding with EDIII at concen-

rations of 0.02–20 �g/ml (absorbance ratio >10), compared with
SA-coated wells. Meanwhile, they showed obvious positive signals
t the concentration of 0.002 �g/ml (absorbance ratio >2). Among
hese, MAb 2F5 showed highest sensitivity. The low absorbance
atios at the highest concentration tested (200 �g/ml) were due to

o
B
s
6
c

ig. 3. Flow cytometry analysis of cells that expressed WNV E proteins. The profile of tra
f fluorescent intensity (A–H, red). The white profiles in (B–H) were compared with refe
ithout addition of primary antibody; (C) stained with normal mouse serum; (D–H) staine

o color in this figure legend, the reader is referred to the web version of the article.)
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he high non-specific binding of MAbs with BSA at this concen-
ration. The irrelevant MAb H5 did not show specific binding to
DIII. It was surprising that MAb 6H7 showed no specific reactivity
ith EDIII after purification, so it was excluded from the following

LISAs.

.4. Flow cytometry analysis of MAbs

Cell surface expression of WNV E protein was detected by MAb
taining and determined by flow cytometry. When stained with
ifferent MAbs, the percentage of fluorescent cells varied greatly.
epresentative profiles are shown in Fig. 3. The percentage of flu-
rescent positive cells was 4.5 ± 2.6%, 26.9 ± 8.6%, 44.6 ± 8.0%, and
.9 ± 1.2%, when stained with MAb 6A11, 4B3, 2F5 and 6H7, respec-
ively. Controls, which included cells without MAb, and cells stained
ith the normal mouse serum or H5, were all negative. Among the

our MAbs against EDIII, 2F5 showed the strongest binding to native
protein.

.5. Binding affinity between purified MAbs and recombinant
DIII protein

The binding affinity between recombinant EDIII protein and
urified MAbs (6A11, 4B3 and 2F5) was analyzed by SPR in the solid
hase. MAb 6H7 did not bind to immobilized EDIII protein under
xperimental conditions, so the binding affinity between 6H7 and
DIII was undetectable. MAb 2F5 bound to EDIII with an affin-
ty of 1.8 ± 0.3 nM, which was the highest among the three MAbs.
he affinity of 4B3 and 6A11 was similar, with a KD range from
07.1 ± 96.3 to 692.5 ± 112.1 nM (Fig. 4).

.6. IFA

IFA was performed to further analyze whether the MAbs rec-

gnized the endogenously produced E protein in WNV-infected
HK-21 cells. Both normal mouse serum and three MAbs did not
how non-specific binding to uninfected cells (data not shown).
A11, 4B3 and 2F5 showed strong reactivity with WNV-infected
ells, whereas normal mouse serum did not bind to infected

nsfected 293T cells without antibody staining was used to define the background
rence to the red profile. (B) Stained directly with FITC-conjugated anti-mouse IgG,
d with H5, 6A11, 4B3, 2F5 and 6H7, respectively. (For interpretation of the references
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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 �l,
associated for 8 min and then dissociated over 10 min). The affinity constant KD was
determined as koff/kon.

Fig. 5. Detection of WNV-infected BHK-21 cells by immunofluorescence assay. The
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Table 1
Properties of MAbs against WNV EDIII protein in different assays.

Assay MAbs

6A11 4B3 2F5 6H7

Indirect ELISA ++a +++ ++++ –b

Western blot +++ ++++ + ++
Flow cytometry + ++ ++++ +
Binding affinity ++ ++ ++++ –
Immunofluorescence + +++ ++ –
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lides were stained with Evans blue and then observed by fluorescence microscopy.
cale bar: 20 �m. (A) WNV-infected cells stained with normal mouse serum. (B)
EV-infected cells stained with MAb 2F5. (C) WNV-infected cells stained with MAb
B3. (D) WNV-infected cells stained with MAb 2F5.

ells (Fig. 5). The IFA titer of each MAb was determined, based
n the highest dilution of ascites that gave a strong signal on

NV-infected BHK-21 cells. When BHK-21 cells were infected with
NV Chin-01 strain, the IFA titers of 6A11, 4B3, 2F5 and 6H7 were

560, 7680, 5120 and 40, respectively. Notably, these MAbs showed
o cross-reactivity with cells infected with JEV (Fig. 5). Validity of

i
a
a
M

ig. 6. Sensitivity of AC-ELISA using MAbs. (A) Quantitative analysis using recombinant
NV cell culture supernatant. 80-fold dilution of cell culture supernatant was the detec

atio cutoff value, which was set at 2.
ntigen capture-ELISA + +++ +++ –

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

he MAbs used in IFA was confirmed in an independent labora-
ory using BHK-21 cells infected with WNV strain NY99 (data not
hown).

.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
LISA. 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-
gnized overlapping epitopes. 2F5 showed no competitive binding
ith 6A11 or 4B3, which meant that 2F5 recognized a different

pitope from 6A11 or 4B3.
In order to establish a sensitive AC-ELISA for WNV detec-

ion, each pair of the three MAbs was evaluated. The highest
ensitivity was obtained by using 2F5 as capture antibody, and
iotin-conjugated 4B3 as detector antibody. To determine the
etection limit of AC-ELISA, a serial dilution of EDIII protein and
NV culture supernatant (103.5 TCID50/ml) were used to construct

he binding curve (Fig. 6). Cell culture supernatant without WNV
nfection was used as a negative control. According to the cutoff
hreshold (2, which is the ratio of positive/negative), it was deduced
hat as little as 10 ng/0.1 ml of recombinant EDIII protein and 3.95
CID50/0.1 ml of virus culture supernatant could be detected (Fig. 6).
his result revealed that MAbs 4B3 and 2F5 could be used to detect
NV in cell culture supernatant.

.8. Properties of MAbs against WNV EDIII protein

Four MAbs against WNV EDIII protein were identified by isotyp-

ng, reactivity with denatured and native antigens, affinity assay
nd epitope competition ELISA, and IFA, and the results of these
nalyses were used to design the AC-ELISA. The properties of these
Abs are summarized in Table 1.

EDIII protein. 10 ng/0.1 ml was the detection limit. (B) Quantitative analysis using
tion limit, which was 3.95 TCID50/0.1 ml. The broken line indicates the absorbance
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. Discussion

WNV with greater epidemic potential and virulence emerged
n the early 1990s and has spread rapidly across many countries
Lanciotti et al., 1999; Gea-Banacloche et al., 2004; Gubler, 2007;

urgue et al., 2002). Many methods have been developed for
NV diagnosis, in which serological testing is the primary method

Dauphin and Zientara, 2007). However, the cross-reactivity of the
ntibody response against flaviviruses limits the specificity of these
ests (Calisher et al., 1989; Niedrig et al., 2007). As JEV is endemic in
outheast Asia, the cross-reactivity between WNV and JEV should
e considered in WNV surveillance. MAbs with strong and specific
eactivity to WNV antigens are the most attractive option for the
evelopment of standardized diagnostic tools. WNV EDIII-reactive
Abs have been reported by several groups (Beasley and Barrett,

002; Oliphant et al., 2005; Sanchez et al., 2005; Throsby et al.,
006). Beasley and Barrett (2002) have described four MAbs that
eacted with recombinant EDIII protein in a non-reducing West-
rn blot assay and one of them bound to JEV. However, there is no
urther investigation of these MAbs expect for the neutralization
ctivity. Furthermore, a panel of EDIII-specific MAbs has been iden-
ified by ELISA and neutralization assay, but the cross-reactivity of
hese MAbs with JEV has not been examined (Throsby et al., 2006).

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

Mouse ascites or purified MAbs were used in different assays in
his study. The results of 6A11, 4B3 and 2F5 were similar in indi-
ect ELISA for ascites or purified MAbs. The reason that 6H7 lost its
pecific reactivity with EDIII protein in indirect ELISA after purifi-
ation may have been caused by the low pH of the elution buffer
uring purification, which probable destroyed the antigen binding
ite of this antibody. The binding affinity of MAb 2F5 (1.8 ± 0.3 nM)
as comparable to that of MAb E16 (3.4 nM) (Oliphant et al., 2005)

nd CR4353 (6.5 nM) (Throsby et al., 2006), however, 4B3 and
A11 showed a much lower KD (407.1 nM for 4B3 and 692.5 nM
or 6A11). One reason is that the SPR analysis was performed by
sing refolded EDIII protein. The binding activity of 2F5 to refolded
DIII was higher than 4B3 and 6A11 in other assays, so the lower
D of 4B3 and 6A11 is reasonable. 4B3 and 6A11 seemed to bind
ith overlapping epitopes in competitive ELISA, but they showed
ifferent binding ability with the same antigen for denatured EDIII
r E protein, as well as for native E protein or intact WNV particles.
his may be explained by the different binding affinity constants
f 4B3 and 6A11 with EDIII. It is interesting that 4B3 could bind
o both denatured and native antigens. Crystal structural analy-
is of EDIII protein (Mukhopadhyay et al., 2003; Nybakken et al.,
005; Volk et al., 2004) has shown that EDIII is an Ig-like domain
ith seven �-strands, which constitute its main structure. Single
-strand is linear in native as well as in denatured protein. If 4B3
appens to recognize one of the seven �-strands, it is highly likely
hat 4B3 shows reactivity with both denatured and native antigens.
his needs further investigation. In the present study, none of the

Abs showed protective activity in microtiter-based neutraliza-

ion assays (data not shown). One possible reason is the natural
carcity of EDIII-specific neutralization antibodies. This is compa-
able with other study. In the 119 WNV-specific MAbs that have
een cloned from three WNV-infected patients, only 10 exhibited

R
e
C
u
o
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eutralizing activity, and as few as two targeted domain III (Throsby
t al., 2006).

Notably, none of the four MAbs showed cross-reactivity with JEV
n any of our assays. WNV and JEV are genetically closely related,
nd the serological cross-reactions are usually found with these
iruses (Martin et al., 2000). Considering that WNV and JEV are
aintained in similar transmission cycles, and have overlapping

eographic distributions in Southeast Asia, MAbs which can differ-
ntiate WNV from JEV are very useful for the surveillance system
n these areas.

Of the many techniques developed for the rapid diagnosis of
iral infections, the AC-ELISA is a sensitive and specific method that
s capable of large-scale screening in surveillance programs. It also
ffers advantages over more traditional antigen detection methods,
uch as isolation in cell culture and plaque titration, which rely on
he inoculation of samples into cells, or RT-PCR, which is expensive
nd prone to contamination. The availability of MAbs with strong
eactivity to the target antigen is a crucial component for AC-ELISA
evelopment. Because of the possible presence of both conforma-
ional and linear antigens from live viruses or denatured samples,
he recognition of the two forms of antigens by MAbs is extremely
mportant for successful detection (He et al., 2007). To obtain the
trongest signal for WNV detection by the AC-ELISA, different com-
ination of MAbs were evaluated. It was found that a combination
f MAbs 4B3 and 2F5 gave the highest signal. This is reasonable
ecause, among the four MAbs, 4B3 showed the strongest reactiv-

ty with denatured antigen, and 2F5 had the highest affinity with
ative antigen. Therefore, the combination of MAbs 4B3 and 2F5
ight contribute greatly to the sensitivity of the AC-ELISA. The

etection limit was 3.95 TCID50/0.1 ml for WNV-infected cell cul-
ure supernatant in the present study. This sensitivity is comparable
ith that for severe acute respiratory syndrome coronavirus (Che

t al., 2004; Shin et al., 2006), and higher than some AC-ELISAs
or other arboviruses (Hall et al., 1987; Hildreth and Beaty, 1984).
ensitivity comparisons with other previously published AC-ELISAs
or flaviviruses are difficult to make, because previous studies have
sed 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-
uced and characterized. These MAbs could be used in immunoblot
ssay, flow cytometry analysis, IFA, and studies in WNV pathology.
s they showed no cross-reactivity with JEV, these MAbs could be
sed to discriminate WNV from JEV in areas where JEV is epidemic.
he detection limit of the established AC-ELISA re-emphasizes the
ensitivity of specific MAbs for viral antigen detection, which sug-
ests that these MAbs will be useful for further development of
ighly sensitive, easy handling, and less time-consuming detection
its/tools in WNV surveillance.
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