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Abstract. Dengue virus (DENV) circulates in tropical and subtropical areas around the world, where it causes high
morbidity and mortality. There is no effective treatment of infection, with supportive care being the only option. Fur-
thermore, early detection and diagnosis are important to facilitate clinical decisions. In this study, seven monoclonal
antibodies (mAbs) recognizing nonstructural protein 1 (NS1) of DENV were generated by hybridoma techniques. These
antibodies can be divided into two groups: serotype-specific (DB6-1, DB12-3, and DB38-1) and nonspecific (consisting
of antibodies DB16-1, DB20-6, DB29-1, and DB41-2). The B-cell epitopes of DB20-6 and DB29-1 were identified by
phage display and site-directedmutagenesis, and its bindingmotif,WXXWGK,was revealed to correspond to amino acid
residues 115–120 of the DENV-2 NS1 protein. A diagnostic platform, consisting of a serotype-specific capture antibody
and a complex detection antibody, exhibited a detection limit of about 1 ng/mL,which is sufficient to detect NS1 in clinical
serum samples from dengue patients. This diagnostic platform displayed better specificity and sensitivity than two
examined commercial NS1 diagnostic platforms. In summary, our results indicate that these newly generated mAbs are
suitable for detection of NS1 protein of DENV-2 in clinical samples.

INTRODUCTION

Dengue fever (DF) and its more severe manifestations,
denguehemorrhagic fever (DHF) anddengueshocksyndrome
(DSS), are the most critical arboviral diseases in tropical and
subtropical areas. Up to 390 million infections are reported
each year, including 500,000 cases of life-threatening DHF
and DSS, which cause 25,000 deaths annually.1–3 These
diseases are classified into mild febrile illness, classical DF,
and severe or fatal hemorrhagic disease, according to the
severity of the clinical manifestations. Symptoms include fever,
frontal headache, stomachache, and myalgias, and frequently
arthralgias, joint pain, retro-orbital eye pain, nausea, vomiting,
rash, taste aberrations, and lymphadenopathy. In severe states,
that is, DHF and/or DSS, patients present with thrombocytope-
nia, coagulopathy, vascular leakage, and hypotension.1,4 At the
time of writing, there is no antiviral drug or suitably well-
developed vaccine (although the first licensed dengue vaccine,
Dengvaxia® [CYD-TDV] developed by Sanofi Pasteur [Lyon,
France],wasapproved inMexico inDecember 2015, theefficacy
of the vaccine varies based on different serotypes and the age of
the patient at the timeof vaccination) that can treat or prevent the
disease, leaving supportive interventions as the only clinical
option.1,5 Moreover, our understanding of the disease mecha-
nisms is limited due to the lack of appropriate animalmodels.1,6,7

The causative agent of this global issue is the dengue virus
(DENV). The spread of this pathogen is through its primary
vector, the Aedes aegypti mosquito, and secondary vectors,
Aedes albopictus and Aedes polynesiensis.5,8 DENV belongs
to the genus Flavivirus of the family flaviviridae, which is com-
posed of several other important viruses, such as Japanese
encephalitis virus (JEV),WestNilevirus (WNV), yellow fever virus

(YFV), St. Louis encephalitis (SLE), tick-borne encephalitis virus,
andZika virus,whichwas recently circulating inBrazil.9,10 There
are four closely linked, but serologically distinct, serotypes of
DENV: DENV-1, DENV-2, DENV-3, and DENV-4. Infection with
any single serotype will provide lifelong immunity against the
same serotype.
Nonstructural protein 1 (NS1) is a highly conserved glyco-

protein expressed in all DENVs, with a molecular weight of
about 46- to 50-kilodaltons.11,12 During the viral life cycle, NS1
is translated in the endoplasmic reticulum, and then trans-
ported through the Golgi apparatus, where it is glycosylated.
Finally, the modified NS1 protein inserts into the cell mem-
brane, or is secreted from the cell.13 NS1 is displayed as
monomer, dimer, or hexamer, and the hexamer is the major
form secreted into the blood stream.11,14 Although the role
of NS1 protein is not clear, it is known to be important in
DENV replication and assembly.13,15,16 Some experimental
data suggest that the NS1 protein is modified by glyco-
sylphosphatidylinositol, and associates with lipid rafts at the
plasma membrane, where it mediates signaling.11,17 Other
data suggest that the hexamer may play a role in DHF path-
ogenesis.11 Since NS1 is secreted into the blood stream of
infected individuals, the presence of NS1 in sera may serve as
a useful diagnostic marker, especially during acute phase.18

Current methods used to detect DENV infection include
virus isolation, RNA detection, antigen detection, and sero-
logical tests. For virus isolation or RNA detection, the duration
of virus persistence in theblood stream is important. However,
viral isolation and RNA detection both have short windows for
detecting the disease due to their short half-life in blood cir-
culation and unstable molecular structure, which means they
peak between day 1 and 3 (days postonset of symptoms), and
decline thereafter. For developing countries where dengue
is endemic, this is a heavy burden. Alternatively, IgM antibody
capture enzyme-linked immunosorbent assay (ELISA) is com-
monly used for serological diagnosis; however, IgM appears

* Address correspondence to Han-ChungWu, Institute of Cellular and
Organismic Biology, Academia Sinica, 128 Academia Road, Section 2,
Nankang, Taipei 11529, Taiwan. E-mail: hcw0928@gate.sinica.edu.tw

1049

mailto:hcw0928@gate.sinica.edu.tw


later than viral RNAgenomeorNS1protein in theblood stream
of infected patients. Moreover, dengue antibodies may cross-
react with other flaviviruses, such as YFV, WNV, JEV, SLE, or
Zika, which may lead to misdiagnosis by clinicians.10

At present, there are various diagnostic platforms for DENV
NS1 detection such as Platelia dengue NS1 Ag test (Bio-Rad
Laboratories, Marnes La Coquette, France),15,16,19,20 Platelia
dengue IgA capture assay (Bio-Rad Laboratories).21 Pan-E
dengue early ELISA test (Panbio Diagnostics, Brisbane, Aus-
tralia),19 dot blot immunoassay,22 DEN antigen detection kit
(denKEY Blue kit; Globio Co., Beverly, MA),22 InBios DENV
Detect NS1 ELISA kit23 Dengue early ELISA (MyBioSource,
Vancouver,Canada), DENVNS1ELISA test kit (EUROIMMUN,
Luebeck, Germany),15,19,24–26 dengue NS1 Ag STRIP (Bio-Rad
Laboratories),27 andNS1 lateral flow rapid test (LFRT).15,28Most
of these platforms are based on the NS1 capture ELISA; other
platforms, such as paper-based ELISA29 for NS1 detection,
apply the LFRT concept, enabling rapid detection of the NS1
antigen. Compared with the NS1 protein assay, detection of
dengue infection through isolation of virus particles in sera,
through reverse transcription polymerase chain reaction (PCR)
or other serological approaches, is time consuming and re-
quires well-trained personnel and expensive equipment. Hence,
there is anurgent requirement for thedevelopmentof inexpensive,
convenient, sensitive, and specific diagnostic platforms for path-
ogen detection, especially in the developing countries.
In this study, we generated and characterized monoclonal

antibodies (mAbs) against the NS1 protein of DENV-2. We then
proceeded to test various combinations ofmAbs for detection of
NS1, to develop a diagnostic platform based on conventional
capture ELISA principles. The resulting platform was used to
examine immunoaffinity-purified DENV-2 NS1 protein and clini-
cal sera, establishing the diagnostic potential of this system.
Furthermore, the B-cell epitopes of mAbs were further identified
fromarandomphage-displayedpeptide library.ThesemAbsand
epitope-based peptides can be used to develop a convenient,
efficient serologic test that identifies DENV serotypes.

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney (BHK)-21 cells were
grownat 37�Cwith 5%CO2 inminimal essentialmedium (Gibco,
Grand Island,NY) supplementedwith 10%heat-inactivated fetal
bovine serum (FBS, Gibco) and 100 U/mL penicillin, 100 μg/mL
streptomycin, and 0.25 μg/mL amphotericin B (Antibiotic-
antimycotic, Gibco). Aedes albopictus C6/36 cells were grown
at 28�C in 1:1 Mitsuhashi and Maramorosch insect medium
(Sigma-Aldrich, St. Louis, MO)/Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) containing 10% FBS and 100 U/mL
penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphoter-
icin B (Antibiotic-Antimycotic, Gibco). Human umbilical vein en-
dothelial cells (HUVECs) were grown in endothelial cell basal
medium-2 (Lonza, Basel, Switzerland) containing essential sup-
plements (FBS, hydrocortisone, human fibroblast growth factor-
basic, vascular endothelial growth factor,R3-IGF-1, ascorbicacid,
human epidermal growth factor, GA-1000, heparin) at 37�C with
5% CO2. The four DENVs (DENV-1 Hawaii, DENV-2 16681,
DENV-3H87, DENV-4H241)were provided byDuaneJ.Gubler
of the Centers for Disease Control and Prevention (CDC), Fort
Collins, CO. These viruses were passaged in C6/36 cells.
Human serum samples. Sera from patients infected

with DENV serotype 2 were provided by Chwan-Chuen King,

Day-YuChao, andYen-HsuChen (12serumsamples).Control
serum samples were provided by healthy donors (10 serum
samples). Two types of “fever control” sampleswere provided
by Chwan-Chuen King: 1) 20 serum samples from patients
who visited Emergency Department at the National Taiwan
University Hospital which is located in Taipei, northern
Taiwan; and 2) 30 serum samples from the measles outbreak
studies in Taipei County (renamed as New Taipei City since
2010, also located in northern Taiwan). The influenza virus-
infected patients’ samples were provided by Yen-Hsu Chen
(10 serum samples); the JEV-infected patients’ samples were
provided by Day-Yu Chao (seven serum samples); the
malaria-infected patients’ samples (Plasmodium falciparum
and Plasmodium vivax) were provided by Ming-Chu Kuo
(Taiwan CDC; 10 serum samples). The study protocols were
approved by the National Taiwan University Institutional Re-
view Board (NTUH-REC No. 200903086R) and Kaohsiung
Medical University Hospital Institutional Review Board
(KMUHIRB-2011-04-02(I)). DENV2-infected patients’ sera
were confirmedbyPCRwithDENV2-specificprimers andNS1
Ag rapid test (Bio-Rad or Standard Diagnostic, Inc.) by CDC,
Taiwan. For the determination of primary/secondary infection,
two different kits, anti- DENV ELISA (IgG) and anti-DENV
ELISA (IgM) (EUROIMMUN), were used. All experimental
procedures were performed in accordance with the instruc-
tions provided by the kits (Supplemental Table 1).
Virus infection. C6/36 cells were seeded in T75 flasks at a

density of 1 × 107 cells/flask. The culture media contained
10%FBS, and the cells were cultured at 28�Covernight. Once
the cell density reached 80–90% confluence, the culture
media was replaced with 3-mL fresh media/flask, containing
2% FBS. Titrated DENV-2 virus was added to flasks at a
multiplicity of infection (MOI) of 0.1, and the flasks were then
cultured at 28�C for 2 hours, with shaking once every 30
minutes. After 2 hours, fresh culturemedia containing 2%FBS
was added to the flasks to a final volume of 8 mL/flask. To
monitor the cytopathic effect of infection, cellswere harvested
at various time points. Media were centrifuged (800 × g, 5
minutes, 4�C), and the supernatant was stored at −80�C for
future use.
DENV antigen preparation.C6/36 cells were infected with

one of the four serotypes of DENV. Infected cells were lysed in
lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1%
Nonidet P-40) in the presence of protease inhibitors (Roche,
Basel, Switzerland). Cell debris was removed by centrifuga-
tion at 3,000 × g for 10 minutes at 4�C, and protein concen-
tration was determined by measuring absorbance at 280 nm
using a ultraviolet (UV) spectrophotometer.
PurificationofDENV-2NS1protein.Normal humanserum

(NHS)-activated Sepharose 4 Fast Flow beads (Amersham
Bioscience Cat no. 17-0906-01) were loaded onto a column,
and washed with ddH2O. Freshly prepared 1mMHCl solution
was chilled to 4�C, and then used to activate the beads. The
beads were subsequently washed with phosphate-buffered
saline (PBS), and the PBS was removed. Anti-NS1 mAb
(DB16-1)was added to the beads (the volume ratio of antibody
solution to beads was between 0.5 and 1.0), and the column
top and bottomwere sealed. The columnwas inverted several
times, and then placed on a shaker at room temperature for
2–4 hours or 4�C overnight. After the coupling reaction, the
antibody solution was drained, and the beads were washed
several times with PBS. Subsequently, a volume of 0.5 M Tris
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buffer (pH 8) equal to 2× bead volume was added to block the
unreacted sites on beads, and the column was left to stand at
room temperature for 1–2 hours or 4�C overnight. The beads
were cleaned by washing in three different buffers, in the fol-
lowing order: PBS, 0.1 M Tris (pH 9)/0.5 M NaCl, PBS, 0.1 M
glycine (pH2.3)/1MNaCl. The cyclewas repeated three times,
and then the beads were equilibrated in PBS prior to use.
Harvested DENV-2-infected C6/36 cell supernatant was
added into the prepared column; after collecting the flow
through, the column was washed with PBS. Captured NS1
protein was eluted with 0.1 M glycine (pH 2.3), and the frac-
tionswere harvested. Next, each fractionwas neutralizedwith
1 M Tris (pH 9), and a UV spectrophotometer was used to
measure protein concentration as described earlier. DENV-1
NS1 protein was purified by following the same procedures.
Generation of mAbs against DENV-2 NS1 protein. The

procedure for producing anti-NS1 protein was modified from
an earlier method.30 Briefly, female BALB/c mice were intra-
peritoneally immunized with immunoaffinity-purified DENV-2
NS1 protein (described earlier under “Purification of DENV-2
NS1 protein”) four times at 3-week intervals. On day 4 after the
final boost, lymphocytes were harvested from the spleen of
the immunized mouse, and then fused with NSI/1-Ag4-1
myeloma cells using 50% polyethylene glycol (PEG) (In-
vitrogen, Carlsbad, CA). The fused cells were resuspended in
DMEM containing 20% FBS, hypoxanthine–aminopterin–
thymidine, and hybridoma cloning factor (ICN Biomedicals,
Aurora, OH). All animal experiments were performed in ac-
cordance with the guidelines of the National Laboratory Ani-
mal Center. The protocol was approved by the Committee on
the Ethics of Animal Experiments of Academia Sinica. To
confirm the specificity of antibodies, cultured hybridoma su-
pernatant was incubated with DENV-2-infected C6/36 cells
(as described under “Cellular ELISA”). Hybridoma cell lines
were grown in DMEMwith 10% FBS. Ascites were generated
in pristine-primed BALB/c mice, and mAbs purified with pro-
tein G-Sepharose 4 Fast Flow gel.
Immunofluorescence assay. BHK21 cells were seeded on

coverslips (Deckglaser Cover Glasses, 12mm in diameter) in 24-
well plates, 1 × 105 cells/well, and then incubated at 37�C over-
night. Cells were infected with DENV-2 virus (strain 16681) at a
MOI of 0.5; the plateswere subsequently incubated at 37�C for 2
hours, with shaking once every 30 minutes. Fresh 2% FBS-
containingmediumwas added to eachwell, and the plates were
cultured at 37�C for 2 days. After the infection period, cells were
washed twice with PBS. Methanol/acetone (1:1) was used to fix
and permeabilize the cells, and the plates were then incubated
at −20�C for 20 minutes. Methanol/acetone solution was re-
moved,and thecellswerewashedwithPBS.Blockingbuffer (1%
bovine serum albumin (BSA)/PBS) was added to the cells, which
were then incubated at room temperature for 30 minutes. Each
mAb (DB6-1, DB12-3, DB16-1, DB20-6, DB29-1, DB38-1, and
DB41-2) was separately diluted in blocking buffer (5 μg/mL), and
the dilutions were incubated with infected cells at room tem-
perature for 1 hour. After treatment, cellswerewashedwith PBS.
Secondary antibody (fluorescein isothiocyanate-conjugated
goat antimouse immunoglobulin G (IgG); Jackson Immuno-
Research Laboratories, West Grove, PA) was diluted in blocking
buffer (1:250) and supplemented with 4’,6-diamidino-2-phenyl-
indole (Invitrogen) at a 1 to 2,000 ratio (DAPI: antibody). The
secondary antibody and DAPI mixtures were incubated with
the cells at room temperature for 1 hour. After the incubation

period, cellswerewashed three timeswithPBS,5minutes/wash.
Finally, cells were mounted on glass slides, covered with cover-
slips, and fixed using polish oil. A Zeiss microscope imaging sys-
tem was used to visualize the cells. For HUVEC cells, the
permeabilizedcellswere incubatedwithDB16-1,DB20-6,DB29-1,
or control antibody (normal mouse [NM] IgG). The bound anti-
bodies were detected by fluorochrome (Hylite-488)-conjugated
secondary antibodies and the images were visualized and recor-
dedbyZeissmicroscope imagingsystem(Oberkochen,Germany).
CellularELISA.C6/36cellswere seeded in96-well plates at

2 × 104 cells/well, and incubated at 37�Covernight. Cells were
infected with each DENV serotype 1–4 at an MOI of 0.1, and
further incubated at 28�C for 5–7 days. Following the infection
period, cells were washed twice with PBS, fixed and per-
meabilized with methanol/acetone (1:1), and incubated
at −20�C for 20 minutes. Next, the cells were washed three
times with PBS, blocked with 5% skimmed milk, and in-
cubated at 4�C overnight. The cells were given a final wash
with PBS prior to ELISA. Individual mAbs (DB6-1, DB12-3,
DB16-1, DB20-6, DB29-1, DB38-1, DB41-2, or NM IgG) were
added to each well, and the plates were then incubated at
room temperature for 1 hour. Thecellswere thenwashed three
times with PBS. The secondary antibody, horseradish peroxi-
dase (HRP)-conjugated goat antimouse IgG (Jackson Immuno-
ResearchLaboratories),wasadded to thewells (1:2,000dilution),
and the plates were incubated at room temperature for a further
1 hour. Cells were washed four times with PBS containing 0.1%
Tween 20. Signals were developed using the peroxidase sub-
strate, o-phenylenediamine dihydrochloride (OPD; Sigma,
St. Louis, MO). The reaction was stopped with 3 N HCl, and the
plates were read using the Spectra MaxM5 (Molecular Devices,
Sunnyvale, CA) microplate reader at an absorbance of 490 nm.
Western blot analysis. DENV-infected C6/36 cells lysates

were added to the wells of a reducing gel. After electropho-
resis, proteins within the gel were transferred to nitrocellulose
(NC) paper. TheNCpaperwas blockedwith 5%skimmedmilk
at 4�C overnight, washed three times with PBS containing
0.1% Tween 20 (PBST0.1), and hybridized with the specified
mAb (DB6-1, DB12-3, DB16-1, DB20-6, DB29-1, DB38-1, or
DB41-2) at room temperature for 1 hour. The NC paper was
thenwashed three timeswith PBST0.1, andhybridizedwith the
secondary antibody, HRP-conjugated goat antimouse IgG, at
room temperature for 1 hour. After washing three times with
PBST0.1, the NC paper was incubated with enhanced chem-
iluminescence substrate (Millipore, Billerica, MA). Signals
were recorded using a BioSpectra 600 Imaging System (UVP,
Upland, CA).
Phage display biopanning. Biopanning was performed as

described previously.30 Briefly, an 8-well module was coated
with 100 μg/mL of DB20-6 or DB29-1, and blocked at 4�C
overnight. A phage displayed peptide library (New England
Biolabs, Inc., Ipswich,MA)was diluted to 4 × 1010 phages, and
incubated with the DB20-6- or DB29-1-coated wells for 50
minutes at room temperature. After washing with PBS con-
taining 0.5% Tween 20 (PBST0.5), the bound phages were
elutedwith 0.2Mglycine, pH2.2. The eluateswere neutralized
with 1 M Tris-HCl, pH 9.1. Next, the eluted phages were am-
plified in an ER2738 (New England Biolabs, Inc., Ipswich, MA)
overnight culture, which was vigorously shaken for 4.5 hours
at 37�C. The amplified phages were precipitated with 20%
PEG8000 in 2.5MNaCl (PEG/NaCl) at 4�Covernight, and then
centrifuged (8,000 × g, 20 minutes, 4�C), before being
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suspended in PBS. The phages were subsequently repreci-
pitated with PEG/NaCl, centrifuged at 4�C for 10minutes, and
resuspended in PBS. The amplified phages were titered on
LB/isopropyl-β-D-thiogalactoside (IPTG)/X-gal plates. The
second round was identical to the first, except for the addition
of 2 × 1011 plaque-forming units (pfu) of the previously am-
plified phages. The third round of biopanning was performed
with 2 × 1011 pfu of phages amplified from the second round.
Phages generated from the third round were titered on LB/
IPTG/X-gal plates, and selected for ELISA.
Identification and sequencing of immunopositive

phage clones. Immunopositive phage clones were identified
and sequenced as previously described.30 Briefly, the ELISA
plate was coated with 50 μg/mL of DB20-6, DB29-1, or NM
IgG in coating buffer for 2 hours at room temperature, and then
blocked with blocking buffer at 4�C overnight. The diluted
phages were incubated with coated plates for 1 hour at room
temperature. After washing, the bound phages were probed
with HRP-conjugated mouse anti-M13 mAb (GE Healthcare
Biosciences, Little Chalfont, England) following the same
procedures described under “Cellular ELISA.” The immuno-
positive phage clones were further sequenced with the −96
primer 59-CCCTCATAGTTAGCGTAACG-39, which corre-
sponds to the pIII gene sequence of the M13 phage. The
phage-displayed peptide sequences were translated with
the ExPASy Proteomics Server.
Phage binding assay. ELISA plates were coated with

DB20-6 or DB29-1 at a concentration of 10 μg/mL, and then
blockedwith blocking buffer at 4�Covernight. The plateswere
incubatedwithPC20-3orPC29-2 andcontrol phage, Ab4-C4,
which were serially diluted from 109 to 104 pfu and 0 pfu. After
washing with PBST0.5, the plate was incubated with HRP-
conjugated anti-M13 mAb (GE Healthcare) for 1 hour at room
temperature, and subjected to the procedures described un-
der “Cellular ELISA.”
Peptide binding assay.P29Mand arbitrary control peptide

P7M (this control peptide binds to serotype-specific epitope
of DENV-2 and does not interact with dengue viral antigen)31

were coated onto a 96-well plate at a concentration of
5 μg/mL. DB20-6 and DB29-1 were serially diluted (2-fold)
from20–0μg/mL, and the variousdilutions (20, 10, 5, 2.5, 1.25,
0.625, 0.31, and 0 μg/mL) were added to the plate. After in-
cubation for 1 hour at room temperature, the plate was
washed three times with PBS. Next, HRP-conjugated goat
antimouse IgG (1:2000) was added to the plates, and in-
cubated at room temperature for 1 hour. The plates were
washed four times with PBST0.1, and signals were developed
with the peroxidase substrate, OPD (Sigma). The reactionwas
stopped by the addition of 3 N HCl, and the plates were read
using the Spectra Max M5 (Molecular Devices) microplate
reader at an absorbance of 490 nm.
Peptide competitive inhibition assay. DENV-2-infected

C6/36 cell lysate was separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred toNCpaper. After blockingwith 5%skimmedmilk,
the NC paper was probedwith amixture of DB20-6 or DB29-1
(1 μg/mL) with or without P29M and P7M (100 μg/mL). The
NC paper was then washed, before being hybridized with
HRP-conjugated goat antimouse IgG. Following a final wash,
the NC paper was incubated with enhanced chemilumines-
cent substrate. Signals were recorded using a BioSpectra
600 Imaging System (UVP, Upland, CA).

Immunohistochemical staining.HUVEC cells were grown
on coverslips at 37�C overnight. The cells were then washed
with PBS and fixed with 2% paraformaldehyde. Individual
antibodies (DB16-1, DB20-6, DB29-1, CD31, or 4G2) at a
concentration of 10 μg/mL were incubated with HUVEC cells
for 1 hour at room temperature. Next, the HUVEC cells were
washed with PBS containing 0.1% Tween 20 (PBS0.1), before
being analyzed with the polymer-based Super Sensitive IHC
detection system (Biogenex, San Ramon, CA). Briefly, the
coverslips were treated with super enhancer reagent for 20
minutes at room temperature, and then washed with PBS0.1.
Following the addition of Poly HRP, the plates were incubated
at room temperature for 30 minutes, and then washed with
PBS0.1. Signals were developed with diaminobenzidine hy-
drochloride (0.02%) containing 0.03% H2O2, and cells were
counterstained with hematoxylin. The coverslips were coated
on the glass slides and fixed with polish oil. The images were
examined under light microscopy.
Screening of binding activities of anti-NS1 mAbs by

directELISA.Serial dilutions (1,000, 333, 111, 37, 12, 4, 1, and
0.4 ng/mL) of immunoaffinity-purified DENV-2 NS1 protein
weremade in coating buffer (0.1MNaHCO3), and used to coat
96-well plates (50 μL/well). The coated plate was incubated
at room temperature for 2 hours. After incubation, the plate
was washed with PBS, and blocked by incubation with 1%
BSA/PBS at 4�C overnight. On the second day, the plate
was washed three times with PBS. Individual mAbs (DB6-1,
DB16-1, DB20-6, DB29-1, or NM IgG) were added to the wells
(1 μg/mL and 50 μL/well), and incubated at room temperature
for 1 hour. After washing with PBS, HRP-conjugated goat
antimouse IgG was added to the wells, and the plate was
incubated at room temperature for a further 1 hour before
being washed four times with PBS containing 0.1% (v/v)
Tween 20 (PBST0.1). Signals were developed by addition of
the peroxidase substrate, OPD (Sigma), to each well, and the
signalswere readusing aSpectraMaxM5 (MolecularDevices)
microplate reader at an absorbance of 490 nm.
Biotinylation of mAb. Biotinylation of DB20-6 was per-

formed according to the instructions provided with EZ-Link
NHS-Biotin Reagents (ThermoFisher Scientific, Waltham,
MA). Briefly, the biotin powder was dissolved in dimethyl
sulfoxide solution to a final concentration of 10 mM, and then
the appropriate volume (calculated using the formula provided
by the manufacturer) was added to 1 mg DB20-6 dissolved in
200μLof PBS. Themixturewas incubated on ice for 2 hours or
at room temperature for 30 minutes. The mixture was resus-
pended in PBS following Amicon (Millipore) centrifugation,
and protein concentration was measured using a UV spec-
trophotometer as described earlier.
Establishment of NS1 standard curves. A 96-well plate

was coated with 50 μg/mL of capture antibody (DB6-1), and
incubated at 4�C overnight. Next, the plate was washed with
PBSandblockedwith 1%BSA/PBSat room temperature for 2
hours. Immunoaffinity-purified DENV-2 NS1 protein was se-
rially diluted using different buffer systems: PBS, 1% BSA/
PBS, 1% NHS, or 10% NHS. After removal of the blocking
buffer and threewasheswith PBS, serially diluted NS1 protein
was added to thewells and incubated at room temperature for
1 hour. Following three washes with PBS, biotin-labeled
DB20-6 (2 μg/mL) was added to the wells (50 μL/well) and
incubated at room temperature for 1 hour. After a further three
washeswith PBS, HRP-conjugated streptavidin (1:1,000) was
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added to the wells and incubated at room temperature for
1 hour. Finally, the plateswerewashed four timeswith PBST0.1,
and signals were developed with the peroxidase substrate,
OPD (Sigma). The reaction was stopped by the addition of 3 N
HCl, and the plates were read using the Spectra Max M5
(Molecular Devices) microplate reader at an absorbance of
490 nm.
Detection of NS1 protein in clinical samples. An ELISA

plate was coated with 50 μg/mL of DB6-1 in 0.1 M sodium
bicarbonate buffer (NaHCO3, pH 8.6) at room temperature for
2 hour. After washing with PBS, the plate was blocked with
blocking buffer (1% BSA in PBS) at 4�C overnight. Clinical
samples were diluted with Thermo IgG elution buffer (pH 2.8,
Product No. 21009) for 20 minutes, and then neutralized with
1 M Tris (pH 9.0) at a final ratio of 1 to 100. The plate was
washed with PBS, and then incubated with diluted clinical
samples (50μL/well) at room temperature for 1hour. Following
another wash with PBS, the plate was incubated with biotin-
labeled DB20-6 (2 μg/mL) at room temperature for 1 hour. The
plate was then washed with PBS, and hybridized with HRP-
conjugated streptavidin (1:1,000) at room temperature for 1
hour. After a further four washes with PBST0.1, signals were
developed by the addition of the peroxidase substrate, OPD
(Sigma). The reaction was stopped by the addition of 3 N HCl,
and the plates were read using a Spectra Max M5 (Molecular
Devices) microplate reader at an absorbance of 490 nm.
Detection of NS1 protein in clinical samples by com-

mercial kits. Two commercial kits, dengue early ELISA
(MyBioSource) and DENV NS1 ELISA (EUROIMMUN), were

purchased for comparison. All experimental procedures were
performed in accordance with the instructions provided with
the kits.

RESULTS

Generation and identification of mAbs against DENV-2
NS1 protein. In this study, we generated a series of mAbs
against immunoaffinity-purified DENV-2 NS1 protein. We
characterized and analyzed the specificity of these mAbs to
develop diagnostic tools for the clinical detection of NS1
protein. To acquire basic information regarding these mAbs,
we performed immunofluorescence assay (IFA) (Figure 1A),
cellular ELISA (Figure 1B), and Western blot analysis
(Figure 1C). We report that these mAbs exhibit specific (DB6-
1, DB12-3, and DB38-1), and nonspecific (DB16-1, DB20-6,
DB29-1, and DB41-2) recognition of NS1 proteins (Figure 1B
andC, Table 1).Of the fourmAbs that recognizemore thanone
serotype, DB16-1, DB20-6, and DB29-1 recognize NS1 pro-
tein from all serotypes, whereas DB41-2 recognizes the NS1
protein from DENV serotypes 2 and 4 (Figure 1B and C). All of
the integrated information is shown in Table 1.
Identification of epitopes recognized by anti-NS1mAbs.

Weproceeded to determinewhich epitopes are recognizedby
these mAbs. DB16-1, DB20-6, and DB29-1, recognize the
NS1 proteins from all serotypes of DENV (Figure 1B and C),
suggesting that there may be a common epitope on the NS1
protein recognized by these three mAbs. We previously used
a phage-displayed random peptide library to identify the

FIGURE 1. Identification of monoclonal antibodies (mAbs) against nonstructural protein 1 (NS1) by immunofluorescence assay, cellular enzyme-
linked immunosorbent assay (ELISA), andWestern blot analysis. (A) The indicatedmAbs (DB6-1, DB12-3, DB16-1, DB20-6, DB29-1, DB38-1, and
DB41-2) were individually incubated with BHK21 cells infected by dengue virus type 2 (DENV-2) (strain 16681). After secondary antibody and DAPI
staining, the signals were detected by immunofluorescence microscopy. (B) C6/36 cells infected with the indicated serotype were incubated with
the indicated mAbs for analysis by cellular ELISA. (C) Lysates from C6/36 cells infected with the indicated serotypes of DENV were separated on a
reducing gel. Antigens of four DENV serotypeswere recognized by DB16-1, DB20-6, and DB29-1. DENV2-specific NS1 protein was recognized by
DB6-1, DB12-3, and DB38-1. DB41-2 can recognize NS1 proteins of DENV-2 and DENV-4. This figure appears in color at www.ajtmh.org.
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epitope recognized by DB16-1.30 Here, we used phage dis-
play and site-directed mutagenesis to identify the epitopes
recognized by DB20-6 and DB29-1. These two mAbs were
used as bait to capture candidate phage clones from the
phage-displayed randompeptide library. After three rounds of
biopanning, the binding specificity and avidity of the bound
phage cloneswere confirmed by ELISA (Figure 2A andB). The
immunopositive phage clones selected fromDB20-6 (prefixed
with PC20 and numbered from 1 to 20) or DB29-1 (prefixed
with PC29 and numbered from 1 to 20) all exhibited high
binding activities to the respective mAbs, whereas exhibiting
little or no binding ability to the negative control, NM IgG.
Phage clones PC20-3 and PC29-2, which exhibited high af-
finity to their respective mAbs, were used to examine the
dose-dependent effects. PC20-3 and PC29-2 bound to
DB20-6 and DB29-1 mAbs in a dose-dependent manner.
However, the control peptide, Ab4-C4,31 did not bind to either
mAb (Figure 2C and D).
To identify the binding motif of DB20-6 and DB29-1, 20

immunopositive phage clones (PC20-1 to PC-10 for DB20-6;
PC29-1 to PC-10 for DB29-1) were amplified, and phage
DNAs were extracted and sequenced. These 20 immuno-
positive phage clones possessed different amino acid se-
quences (Table 2A and B); however, alignment of the
sequences revealed thepresenceof conservedmotifs. For the
DB20-6 epitope, a conserved tryptophan (W)-glycine (G)-
lysine (K) motif was observed, which corresponds to amino
acid residues 118–120 of DENVNS1. For the DB29-1 epitope,
a tryptophan (W)-X-X-tryptophan (W)-glycine (G) motif was
identified, which corresponds to amino acid residues 115-119
of DENV NS1 (Supplemental Figure 2 and Table 2).
Epitope validation by binding and competition assays.

To validate the epitopes of these mAbs, we synthesized the
P29M peptide (LKYSWKTWGKAK), which corresponds to
amino acids 111 to 122 of DENV-4NS1. The synthetic peptide
P29M was used as bait for serial dilutions of DB20-6 and
DB29-1. We observed that both mAbs bound to the synthetic
peptide in a dose-dependent manner (Figure 3A and B); the
P7M control peptide,31 however, did not bind. Peptide com-
petitive inhibition assays were performed to confirm the
specificity of binding; synthetic peptide P29M, but not control
peptide P7M, inhibited the binding of DB20-6 and DB29-1 to
NS1 (Figure 3C and D).
Epitope validation on endothelial cells. As mentioned

earlier, the epitopes of DB20-6 and DB29-1 possess similar
amino acid sequences to the epitope of DB16-1.30 As DB16-1
recognizes both NS1 and the LYRIC protein on endothelial

cells through themolecularmimicry effect,30wecompared the
binding abilities of DB16-1, DB20-6, and DB29-1 to endo-
thelial cells through immunohistochemistry and IFA.We report
that both DB20-6 and DB29-1 could recognize endothelial
cells, but their binding activities are not as strong as that of
DB16-1 (Figure 4A and B).
Establishment of a standard curve for detection of

NS1 protein. Based on the information obtained from the
above experiments, we established a platform for detection
of NS1 protein. DENV-2 (strain 16681)-infected C6/36 cell
supernatant was collected, and NS1 protein was purified
using anti-NS1 antibody (DB16-1)-conjugated Sepharose 4
Fast Flow beads (Supplemental Figure1). The presence of
purified NS1 protein was confirmed by SDS-PAGE (Supple-
mental Figure 1B) and Western blot analysis (Supplemental
Figure 1C). The purified NS1 protein was used as an antigen
to test the binding abilities and sensitivities of different mAbs.
Of the four screened mAbs (DB6-1, DB16-1, DB20-6, and
DB29-1), DB20-6 showed the strongest binding to NS1, and
this mAb was therefore used for further experiments (Figure 5A).
As the platform needs to be used for serotyping, we used a

serotype-specificmAb (DB6-1) as the capture antibody. In the
platform, captured NS1 is detected by biotinylated DB20-6,
and the signal is detectedusingHRP-streptavidin, as shown in
Figure 5B. ELISA was used to demonstrate that the detection

TABLE 1
Characterization of DENV-2 mAbs by IFA, ELISA, WB

mAbs

Isotype

Specificity

IFA ELISA WB

Light chain D2 D1 D2 D3 D4 D1 D2 D3 D4

DB6-1 IgG2a, κ NS1 + − + − − − + − −

DB12-3 IgG1, κ NS1 + − + − − − + − −

DB16-1 IgG2a, κ NS1 + + + + + + + + +
DB20-6 IgG1, κ NS1 + + + + + + + + +
DB29-1 IgG1, κ NS1 + + + + + + + + +
DB38-1 IgG1, κ NS1 + − + − − − − − −

DB41-2 IgG1, κ NS1 + − + + + − + − +
DENV = dengue virus; ELISA = enzyme-linked immunosorbent assay; IFA = immunoflu-

orescence assay; mAbs = monoclonal antibodies; NS1 = nonstructural protein 1; WB =
Western blot analysis; D1, D2, D3, and D4, DENV-1 to -4; Ig, immunoglobulin;. (+) positive
result to DENV, A490 > 0.2; (−) negative result to DENV, A490 < 0.2.

FIGURE 2. Identification of DB20-6- or DB29-1-selected phage
clones by enzyme-linked immunosorbent assay (ELISA) and charac-
terization of the specificity of ELISA-positive phage clones. ELISAwas
performed to screen for phage clones with high binding affinity to
DB20-6andDB29-1. After three roundsof biopanning, all (A) 20phage
clones from DB20-6 and (B) 20 phage clones from DB29-1 showed
high reactivity toDB20-6 or DB29-1, but not to normalmouse IgG (NM
IgG). (C) The DB20-6-selected positive phage clone (PC20-3) bound
to DB20-6 in a dose-dependent manner with high specificity, but
control phage clone (Ab4-C4) did not. (D) The DB29-1-selected pos-
itive phage clone (PC29-2) bound to DB29-1 in a dose-dependent
manner with high specificity, whereas Ab4-C4 did not.
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limit for DENV-2 NS1 protein in our platform is about 1 ng/mL
(Figure 5C).
We dissolved immunoaffinity-purified NS1 protein in PBS,

1% BSA/PBS, or NHS at different dilutions (1:10 or 1:100) to
compare the resulting standard curves (Supplemental
Figure 4B) and found that the platform can detect NS1 protein
in different buffer systemswith high sensitivity and specificity.

Detection of NS1 protein in sera from patients infected
with DENV-2. A literature review revealed that NS1 protein is
present during the early stage of dengue infection, especially
the acute phase.10,18,32 This phenomenon is related to the
underlying pathogenesis of severe dengue diseases, such as
DHF. We proceeded to use serum samples from dengue pa-
tients to evaluate the reliability of our platform. Sera were

TABLE 2
Alignment of phage-displayed peptide sequences selected by DB20-6 and DB29-1

Clone Insert*

DB20-6

PC20-1 G W S Y T F A P W G W G
PC20-2 L E H Q W S T G W R H P
PC20-3 S S H R I W T E L W G K
PC20-4 E V S P H E W R K W G K
PC20-5 D H N M W G K R L P P S
PC20-6 T G P T M H W R Q W G K
PC20-7 A P G L W Q T W G W S P
PC20-8 I P S W S S W G K N G A
PC20-9 D V K H Q T W Y N W G K
PC20-10 N D L E K L K Y W G K Q

DEN-2† E L R Y S W K T W G K A K
DEN-1† E H K Y S W K T W G K A K
DEN-3† E L K Y S W K T W G L A K
DEN-4† D L K Y S W K T W G K A K

DB29-1

PC29-1 M P S Y S D S S W L M W
PC29-2 W Q K P W N S W G V S G
PC29-3 E R S L S T P S W R H W
PC29-4 Y V G R A Y A P W L E W
PC29-5 Q P A I P L G H W S N W
PC29-6 A P Y H T W G W P S L Q
PC29-7 V V W D S W G S L M T A
PC29-8 L N T D W Y Q W G L E P
PC29-9 K T Q P N I H S W V L W
PC29-10 Q Y P Q W D Y W G H S H

DEN-2† E L R Y S W K T W G K A K
DEN-1† E H K Y S W K T W G K A K
DEN-3† E L K Y S W K T W G L A K
DEN-4† D L K Y S W K T W G K A K
*Phage-displayed consensus amino acids are shown in boldface.
†Amino acid sequence of residues 110-122 of the NS1 protein of dengue virus.

FIGURE 3. Characterization of the synthetic peptide, P29M, which corresponds to amino acid residues 111-122 of dengue virus type 2 (DENV2-)
nonstructural protein 1 (NS1). (A) and (B) Synthetic peptideP29Mwasusedas an antigen for the detection ofDB20-6andDB29-1.BothDB20-6and
DB29-1 bound to P29M in a dose-dependent manner, but not to control peptide P7M. (C) and (D) Synthetic peptide P29M, but not control peptide
P7M, inhibited the binding of DB20-6 and DB29-1 to DENV2- NS1 protein.
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diluted in Thermo IgG elution buffer (pH 2.8, Product No.
21009) at a ratio of 1 to 100, asdescribed in the section entitled
“Detection ofNS1protein in clinical samples”of the “Materials
andmethods.”Asshown inFigure 6A, our platformwasable to
detect various levels of NS1 protein concentrations in the
serumsamplesobtained from12denguepatients,whereasno
NS1proteinwas detected in the sera obtained from12healthy
volunteers. Two other commercial NS1 diagnostic platforms
(MyBioSource and EUROIMMUN) were used to detect the
target protein in thesameserumsamples,with their respective
data shown in Figure 6B and C. As the data suggested, our
platform displayed better performance than the commercial
kits (Table 3).
Serotyping specificity of the NS1 diagnostic platform.

To confirm the serotyping specificity of our platform, we used
it to detect NS1 protein in human serum. We found that our
platform could detect the NS1 protein of DENV-2 with high
specificity, but not the NS1 protein of DENV-1 (Figure 7A).
Furthermore, we used purified NS1 proteins from four sero-
types of DENV and from Zika virus as the antigens and per-
formed the ELISA using our platform. The result indicated
that only DENV-2 NS1 protein could be detected by DB6-1
(Supplemental Figure 4A). We further demonstrated that our
platform can detect the NS1 protein in DENV-2-infected pa-
tient sera, but not in DENV-1-infected patient sera (Figure 7B).
Our results demonstrate that our platform can detect the
NS1 protein of DENV-2 with high specificity, without showing
any cross-reactivity to the NS1 protein of DENV-1. To further
confirm the specificity of the platform, we used the sera from
other patients who displayed the symptom of fever from other
infectious diseases, including measles, fever with unknown
causes, influenza virus, JEV, andmalaria. The data implicated
that our platform could specifically bind to the NS1 protein
from DENV-2-infected patient serum samples without show-
ing any false positive bindings (Figure 7C).

DISCUSSION

The goal of this study was to establish a diagnostic kit for
early detection of the DENV using our newly generated mAbs
for providing an alternative in clinical diagnosis. The target
antigen in this platform is the secreted form of NS1, which is

present during the early acute phase of DENV infection. The
lack of effective antiviral drugs and vaccines for DENV has
necessitated the development of diagnostic tools for early
detection. Such tools could enable clinical physicians tomake
more accurate diagnoses for this prevalent arboviral disease
that causes almost 390 million infections annually.
In this study, we newly generated mAbs against the NS1

protein of DENV serotype 2 (strain 16681). Through our pilot
experiments, we characterized the binding specificity and
affinity of these mAbs (Figure 1, Table 1). To fully characterize
mAbs for the subsequent development of epitope-based di-
agnosis and elucidation of viral antigen–antibody interactions,
it is important to first identify the epitope recognized by
the mAbs. To identify the epitope, we used a phage dis-
played randompeptide library composed of 12-mer peptide-
displayed M13 phage clones. These 12-mer peptides were
fused with the structural protein of M13 phage, pIII, and ex-
posed to the surface of the phage. This enabled the exposed
peptides tomimic linear or conformational epitopes, including
tertiary or quaternary structure, and fit into the pockets of the
antigen binding sites. Subsequent sequencing and alignment
of the bound phage clones revealed the presence of possible
epitopes.
From thephagedisplay study,we found theWXXWGKmotif

to be a common motif among the four serotypes of DENV
(corresponding to amino acid residues 115-120 of NS1 pro-
tein) (Table 2A and B, Figure 4A). This motif is similar to that of
DB16-1, KXWG (detected in our previous study), emphasizing
the importance of this motif.30 NS1 protein was previously
reported to play a role in inducing autoimmunity and en-
hancing the severity of disease, through leakage of the
plasma.30,33,34 In this study, we found that the B-cell epitopes
of DB20-6 and DB29-1 are very similar to that of DB16-1, and
these three epitopes exhibit certain overlaps in their motifs. As
previously reported, DB16-1 is an autoantibody that can
cross-react with endothelial cells (Liu and others).30 Much like
DB16-1, DB20-6, and DB29-1 can also cross-react with en-
dothelial cells, but their binding activities were not as great as
that of DB16-1 (Figure 4B). B-cell epitope mapping of these
three different mAbs revealed that autoantibodies may be in-
duced by this epitope. After peptide sequences alignment, we
found there are the similar epitopes in different flavivirus

FIGURE 4. DB20-6 and DB29-1 cross-reacts with endothelial cells. (A) Human umbilical vein endothelial cells (HUVECs) were incubated with
DB16-1, DB20-6, DB29-1, CD31, or 4G2, and the bound antibodies were visualized by light microscopy. CD31 antibody was used as the positive
control and4G2antibodywasusedas thenegative control. (B) HUVECcellswere incubatedwithDB16-1,DB20-6,DB29-1, or control antibody, and
the image were visualized by fluorescence microscopy. This figure appears in color at www.ajtmh.org.
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strains, including JEV, WNV, and SLE (data not shown). Re-
cently, a paper revealed the structure of flavivirus NS1, which
showed that the epitope recognized by our mAbs is located in
the “wing domain” of NS1 protein.35 The epitope is a linear
epitope and is exposed on the outer most surface of the NS1
protein. As such, this epitope can be readily detected by our
mAbs in different conformations (monomer, dimer, and hex-
amer). TheDB16-1, DB20-6, andDB29-1 have the potential to
cross react the closely related flavivirus, nevertheless, the
specificity of capture antibody (DB6-1) should avoid the cross
reactivity in the detection.
ELISA was used to compare the binding abilities of mAbs

that could recognize NS1. The antibody with the strongest

binding activity was combined with a serotype-specific anti-
body to form the basis of the diagnostic platform. The de-
tection limit of our platform is about 1 ng/mL, which is more
sensitive than earlier systems.12,29 Using our platform, we can
detect purified NS1 protein dissolved in various buffer sys-
tems, including PBS, 1% BSA/PBS, and NHS at different di-
lutions (1:10 and 1:100). Of particular note, NHS mimics the
condition of clinical samples, suggesting our platform is
suitable for use in a clinical setting.
We confirmed the platform’s clinical suitability by using it to

detect NS1 protein in the sera of patients infected with DENV.
NS1 protein was previously reported to be present from the
onset of disease to about 2 weeks later.10 However, NS1

FIGURE 5. Development of a diagnostic platform for dengue virus type 2 (DENV-2). (A) Direct enzyme-linked immunosorbent assay (ELISA) was
used to compare a panel of monoclonal antibodies (mAbs) against serial dilutions of immunoaffinity-purified DENV-2 nonstructural protein 1 (NS1)
protein. The ELISA platewas coatedwith a 3-fold dilution of purifiedDENV-2NS1protein. After washing, the coatedNS1 proteinwas detectedwith
cross-reactivemAbs (DB16-1,DB20-6, andDB29-1) or type-specificmAb (DB6-1) at a concentration of 1μg/mL.Normalmouse immunoglobulinG
wasusedas thenegative control. (B) Schematic describing thediagnostic platform. (C) Standard curveofDENV-2NS1.DENV-2NS1-specificmAb,
DB6-1, was used to coat an ELISA plate at a concentration of 50 μg/mL. Immunoaffinity-purified DENV-2 NS1 protein was diluted 3-fold in 1%
bovine serum albumin/phosphate-buffered saline solution and incubated with the capture mAb. NS1 protein was detected through the scheme
shown in panel (B). Data points represent the mean ± standard deviation (SD) for three replicates. The dashed line represents the cutoff value. (D)
Effect of human serum constituents on the detection of NS1. Immunoaffinity-purified DENV-2 NS1 protein was dissolved in the indicated buffers,
andsubsequently incubatedwith the capturemAb,DB6-1.Afterwashing, the boundNS1proteinwasprobedwith biotin-labeledmAb,DB20-6, and
detected as shown in panel (B). Data points represent the mean ±SD for three replicates. The dashed line represents the cutoff value. This figure
appears in color at www.ajtmh.org.
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usually peaks from day 1 to 3.Moreover, NS1 protein is more
abundant in the sera of patients with DHF than that in sera of
patients with DF.18 The data generated using our platform
are consistent with earlier reports that sera from DHF pa-
tients contain more NS1 protein, but more clinical samples
are needed to confirm this finding. In the present study, we
found that not every serum sample contained high levels of
NS1, even for samples from the acute phase, possibly due to
the formation of an immune complex: when anti-NS1 anti-
bodies bind to NS1, these antibodies may shield or obstruct

access to the epitope, preventing detection using our plat-
form. Such a phenomenon may depend on the immune
conditions of the patient.
False negatives or reductions in target protein readout due

to immune complexes have also been observed in other
cases, such as detection of the HIV p24 antigen.36 It has been
reported that such immune complexes can be dissociated by
variousmethods, including treatment with acid, alkali, or heat.
Although acidification or alkali treatment may cause the im-
mune complex to dissociate, the release of p24 protein was
reported to be limited, causing false-negative readouts; this
was particularly true when the antibody against p24 protein
was used at very high titers. Alternatively, boiling diluted
samples may be a possible solution for detecting linear epi-
topes, as immune complexes are unlikely to reform after heat
treatment. It was previously reported that heat-mediated im-
mune complex dissociation could enhance theELISAsignal of
HIV p24 protein.37,38 The serum samples used in this study
were treatedwith Thermo IgG elution buffer (pH 2.8); however,
the untreated samples could still be detected by our platform
(Supplemental Figure 3).
In this study, we demonstrated the high sensitivity (100%)

and specificity (100%) of our platform. In the future, we intend
to examinemore clinical patients’ sera samples including both
DENV-2-infected serum and sera from other febrile illnesses
to further demonstrate the clinical benefits of our diagnostic
platform. Serum samples from non-DENV infected patients
may lead to false-positive results, which need to be resolved
to ensure the accuracy of the diagnostic outcome of the
platform developed.We expect this platform could be another
choice or improve the detection limit of some commercially
available diagnostic platforms on DENV-2 NS1 detection. At
present, the threat from arboviral diseases is increasing, a
problem compounded by the lack of effective therapies and
preventive measures against DENV infection. A rapid, spe-
cific, and sensitive detection system is urgently needed, es-
pecially in developing countries where health-care resources
are limited. The current treatment of dengue infection focuses
primarily on solution infusions, which is only prophylactic, and
does not require the physicians to know the specific serotype
of dengue infection.However, the clinical benefit of serotyping
NS1 ELISA is that, by providing more precise information
on the serotype of dengue infection, it will help physicians
to provide more accurate diagnosis, and hence lead to
more appropriate treatment. So far, there is no drug or vaccine
for DENV infection. We expect that serotype-specific
therapeutic antibodies will be able to neutralize the virus af-
ter early serotyping diagnosis, thereby eliminating possible
antibody-dependent enhancement effects in the future. For
epidemiological analyses, information on the serotype(s) in-
volved in a given outbreak of DENV infection is important,
especially in areas in which four serotypes circulated. The

FIGURE 6. Detection of nonstructural protein 1 (NS1) in sera from
patients infectedwith dengue virus type 2. (A) Serawere collected and
analyzed with the capture enzyme-linked immunosorbent assay
platform. All analyzed sera were treated by Thermo IgG elution buffer
(pH 2.8) at room temperature for 20minutes, and then neutralizedwith
1 M Tris (pH 9) at a final dilution of 1–100. Acid-treated sera were
incubated with the capture mAb, DB6-1. After sequential recognition
by biotin-DB20-6 and horseradish peroxidase-streptavidin, signals
were developed, and the optical density at 490 nm was read. The
dashed line represents the cutoff value, which is the mean plus three
times the standard derivation from 12 normal human serum samples.
(B) The same batch of serum samples was analyzed using a com-
mercial NS1 diagnostic kit (MyBioSource); PC =positive control; NC=
negative control. (C) The same batch of serum samples was analyzed
using a commercial NS1 diagnostic kit (EUROIMMUN). The y axis is
the ratio of each sample or controls (ratio = extinction of the control or
patient sample/extinction of calibrator 2). Ratio ³ 1.1: positive; ratio ³
0.8 to < 1.1: borderline; ratio < 0.8: negative.This figure appears in
color at www.ajtmh.org.

TABLE 3
Sensitivity and specificity of three different NS1 ELISA platforms

DENV-2 NS1 ELISA kit

Prototype platform MvBioSource (dengue early ELISA) EUROIMMUN (dengue virus NS1 ELISA)

Sensitivity 100% (12/12) 8.3% (1/12) 91.6% (11/12)
Specificity 100% (12/12) N/A N/A
DENV-2 = dengue virus type 2; ELISA = enzyme-linked immunosorbent assay; N/A = not assayed; NS1 = nonstructural protein 1.
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serotype-specific diagnostic platform may make up for the
shortcomings of current commercial platforms.
Here, we describe a possible platform for DENVdetection,

which may also serve as a basis for the development of
detection platforms for other infectious diseases. Based on
the model, we also need to develop the same diagnostic
platforms to detect the other DENV NS1 proteins, such as
DENV-1, DENV-3, and DENV-4 for future clinical diagnosis.
On the other hand, the idea could also be applied to other
diagnostic platforms, such as strip, paper, or disk.28,29,39

The detection procedures using these materials are similar
to those of our platform in terms of detection mechanism;
however, these diagnostic platforms require less time due to
the properties of the different materials used. The low cost

and ease of use make the device well-suited as a point-of-
care diagnostic system. A complete network combining
basic point of care and medical supportive systems should
aid in the successful containment of the disease. All these
efforts are made to provide an alternative choice for the
monitoring, control, or prevention of dengue virus infection
worldwide.
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