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Abstract

Background Dengue virus (DENV) is the leading cause of arboviral diseases in humans worldwide. Currently
Dengvaxia, the first dengue vaccine licensed in 20 countries, was recommended for DENV seropositive individuals
aged 9-45 years. Studying dengue seroprevalence can improve our understanding of the epidemiology and
transmission dynamics of DENV, and facilitate future intervention strategies and assessment of vaccine efficacy.
Several DENV envelope protein-based serological tests including IgG and IgG-capture enzyme-linked immunosorbent
assays (ELISAs) have been employed in seroprevalence studies. Previously DENV IgG-capture ELISA was reported to
distinguish primary and secondary DENV infections during early convalescence, however, its performance over time
and in seroprevalence study remains understudied.

Methods In this study, we used well-documented neutralization test- or reverse-transcription-polymerase-chain
reaction-confirmed serum/plasma samples including DENV-naive, primary and secondary DENV, primary West Nile
virus, primary Zika virus, and Zika with previous DENV infection panels to compare the performance of three ELISAs.

Results The sensitivity of the InBios IgG ELISA was higher than that of InBios IgG-capture and SD IgG-capture
ELISAs. The sensitivity of IgG-capture ELISAs was higher for secondary than primary DENV infection panel. Within the
secondary DENV infection panel, the sensitivity of InBios IgG-capture ELISA decreased from 77.8% at <6 months to
41.7% at 1-1.5 years, 28.6% at 2-15 years and 0% at > 20 years (p <0.001, Cochran-Armitage test for trend), whereas
that of IgG ELISA remains 100%. A similar trend was observed for SD IgG-capture ELISA.

Conclusions Our findings demonstrate higher sensitivity of DENV IgG ELISA than IgG-capture ELISA in

seroprevalence study and interpretation of DENV IgG-capture ELISA should take sampling time and primary or
secondary DENV infection into consideration.
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Background

Dengue, an increasing global public health threat, is
caused by the four serotypes of dengue virus (DENV,
DENV1-DENV4) co-circulating in the tropical and sub-
tropical regions [1, 2]. While most DENV infections
are inapparent or subclinical, about 25% of infection
lead to clinical disease, ranging from a self-limited ill-
ness, so-called dengue fever, to severe and potentially
life-threatening disease, known as dengue hemorrhagic
fever and dengue shock syndrome [1-4]. According to
the 2009 World Health Organization revised case defi-
nition, the disease was classified as dengue, dengue with
warning signs, and severe dengue [3]. Currently, there
is no licensed antivirals against DENV available. While
several DENV vaccine candidates have completed dif-
ferent phases of clinical trials, Dengvaxia, a chimeric yel-
low fever-dengue tetravalent vaccine, was the first DENV
vaccine licensed in 20 countries. Since DENV seronega-
tive children receiving Dengvaxia were reported to have
a higher risk for hospitalization and severe dengue dur-
ing subsequent DENV infection, Dengvaxia was recom-
mended for DENV-seropositive individuals aged 9-45
years [5-8].

It has been estimated that ~4 billion people liv-
ing in over 120 countries are at risk of DENV infection
and approximately 390 million DENV infections occur
annually worldwide [2, 7]. The number of dengue cases
reported to WHO increased more than 8-fold in the past
two decades, from ~half million in 2000 to 2.4 million
in 2010 and 5.2 million in 2019, which was the largest
number of dengue cases reported globally [2, 7]. Despite
COVID-19-related restrictions have been reported
to lead to a historically low dengue incidence in 2020,
relaxed human movement and gathering are likely to
increase the transmission of DENV and other arbovi-
ruses to pre-pandemic levels or even higher throughout
endemic regions [9, 10]. Studies and updates of DENV
seroprevalence could improve our understanding of the
epidemiology and transmission dynamics in individuals
and in different locations, and facilitate the development
of intervention strategies. Moreover, information on
DENV seroprevalence can be used to assess the potential
efficacy of DENV vaccine candidates and to identify indi-
viduals who might benefit from Dengvaxia and/or other
vaccine candidates.

DENV belongs to the genus Flavivirus of the family
Flaviviridae. in which there are several medically impor-
tant mosquito- or tick-borne viruses, including DENV1
to DENV4, Zika virus (ZIKV), West Nile virus (WNYV),
Japanese encephalitis virus (JEV), yellow fever virus
(YFV) and tick-borne encephalitis virus (TBEV) [11].
Present on the surface of virion, the envelope (E) protein
of DENV is the major target of antibody response follow-
ing DENV infection and the main antigen for serological
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tests; these include the use of recombinant E protein,
inactivated virions or virus-like particles [11-13]. Due
to the cross-reactivity of anti-E antibodies to different
DENV serotypes and other flaviviruses, neutralization
test (NT) is considered as the gold standard serological
test, which shows a monotypic neutralizing antibody pro-
file against the exposed DENV serotype for individuals
with primary DENV (pDENYV) infection and multitypic
neutralizing antibodies against multiple DENV serotypes
and other flaviviruses for individuals with secondary
DENYV (sDENV) or multiple flavivirus infections [11-18].
However, the time-consuming steps and its availability
only in reference laboratory make it difficult to perform
NT in seroprevalence studies.

Several DENV E-protein-based serological tests includ-
ing IgG and IgG-capture enzyme-linked immunosorbent
assays (ELISAs) have been employed in seroprevalence
studies [19-27]. DENV IgG ELISA can be performed
by direct coating of purified DENV antigen on the wells
known as indirect ELISA or coating of a monoclonal anti-
body (mAb) to bind DENV antigen, so-called mAb-based
antigen-capture ELISA, which has been reported to be
sensitive and convenient, and were optimized for several
inactivated arboviral antigens; DENV IgG-capture ELISA
involves the coating of anti-human IgG on wells, which
was developed in parallel with the DENV IgM-capture
(MAC) ELISA [28-30]. Previously, it was reported that
DENV IgG-capture ELISA can distinguish pDENV and
sDENV infections based on early convalescent-phase
samples [31, 32]. Using the Panbio IgM- and IgG-cap-
ture ELISA in samples up to 8 days post symptom onset
(PSO), Vaughn reported that 100% and 95% of pDENV
and sDENV infections can be classified, respectively,
based on an IgM/cut-off (CO)=1 and IgG/CO<3 for
pDENYV infection, and an IgG/CO=>3 for sDENV infec-
tion [31]. Testing samples up to 5 to 7 days PSO, Vazquez
reported a high concordance (95.5%) of Panbio IgM- and
IgG-capture ELISAs in classifying pDENV or sDENV
infection compared with their reference method [32].
However, the performance of DENV IgG-capture ELISA
in comparison with DENV IgG ELISA during pDENV
and sDENV infection, at different time-points PSO and
in seroprevalence study remains incompletely under-
stood. In this study, we used panels of serum or plasma
samples including DENV-naive, pDENV, sDENV, pri-
mary WNV (pWNV), primary ZIKV (pZIKV), and ZIKV
with previous DENV (ZIKVwprDENYV) infections, all
confirmed by NT or reverse-transcription-polymerase-
chain reaction (RT-PCR), to compare the performance
of DENV IgG ELISA (InBios) and IgG-capture ELISAs
(InBios and SD).
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Methods

Human samples

The study of coded serum or plasma samples was
approved by the Institutional Review Boards of the Uni-
versity of Hawaii (CHS #17,568) and the Kaohsiung
Medical University Hospital (KMUHIRB-E(I)-20170185
and KMUHIRB-960195). The numbers, sources and

Table 1 Numbers, source and confirmation methods of serum/
plasma panels

Panel’ No. of Source Confirmation Coun-
samples  of study try and
(No.) year
pDENV 42 serop- Neutralization Taiwan,
revalence test? 2015-
study [20] 16 [33]
Neutralization Brazil,
test’ 2016-
17 [37]
DENV RT-PCR Taiwan,
study [7] 2001-9
[35]
DENV RT-PCR Hawaii,
study [11] 2015
[35]
sDENV 88 serop- Neutralization Taiwan,
revalence test’ 2015-
study [39] 16 [33]
ZIKV Neutralization Brazil,
study [21]  test? 2016-
17 [37]
DENV RT-PCR Taiwan,
study [26] 2001-9
[35]
DENV RT-PCR Hawaii,
study [2] 2015
[35]
DENV-naive 49 serop- Neutralization Taiwan,
revalence test’ 2015-
study (49) or multiple 16 [33]
ELISAs
pZIKV 12 ZIKV Neutralization Brazil,
study [11]  test® RT-PCR 2016-
ZIKV case 17 [37]
M Taiwan,
2016
ZIKVwWprDENV 23 ZIKV Neutralization Brazil,
study [22] test® RT-PCR 2016~
ZIKV case 17 [37]
[1] Taiwan,
2016
pWNV 18 WNV RT-PCR® us.
study [18] ARC,
2006-
15 [35]

“pDENV, primary DENV infection; sDENV, secondary DENV infection; pWNV,
primary WNV infection; pZIKV, primary ZIKV infection; ZIKVwprDENV, ZIKV
infection with previous DENV infection

Microneutralization test as described previously [34]

‘Index samples tested positive for WNV transcription-mediated amplification,
IgM and IgG from blood donors at the American Red Cross (ARC) [35]
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confirmation methods of different panels of control
serum or samples are summarized in Table 1. DENV
and DENV-naive samples from a seroprevalence study in
Kaohsiung, Taiwan in 2015-2016 were tested by a pre-
viously described microneutralization test; the presence
of neutralizing antibodies against one DENV serotype
(or 4-fold higher than other serotypes, so-called mono-
typic profile), multiple DENV serotypes (not monotypic
profile), or none was defined as pDENV (n=20), sDENV
(n=39), or DENV-naive (n=49), respectively [33, 34].
Based on the history of dengue in the questionnaire, the
sampling time was available in a subset of the pDENV
and sDENV infection panels (Additional file 1: Table
S1). Late convalescent-phase samples from RT-PCR-
confirmed DENYV cases from Taiwan (n=33) and Hawaii
(n=13) prior to the 2015-2016 Zika outbreak were
described previously [35, 36]. Late convalescent-phase
samples from a ZIKV study in Salvador, Brazil in 2016—
2017 were confirmed by the microneutralization test
as pDENV (n=4), sDENV (n=21), pZIKV (n=11) and
ZIKVwprDENV (n=22) [34, 37] (Table 1 and Additional
file 1: Table S1). Two RT-PCR-confirmed and imported
ZIKV cases from the Kaohsiung Medical University in
2016, were determined as pZIKV and ZIKVwprDENYV by
a previously described ZIKV and DENV NS1 IgG ELISAs
[35]. Eighteen plasma samples from blood donors, who
were tested positive for WNV transcription-mediated
amplification, IgM and IgG antibodies between 2006 and
2015, designated as pWNV infection, were provided by
the American Red Cross at Gaithersburg, Maryland as
described previously [35]. Another panel of 745 serum
samples from the seroprevalence study in Kaohsiung,
Taiwan in 2015-2016 were further tested with the DENV
IgG ELISA (InBios) and IgG-capture ELISAs (InBios and
SD) as a validation panel [33].

ELISAs

The DENV IgG ELISA used in this study was the InBios
DENV detect™ IgG ELISA (InBios International, Inc.),
which utilizes recombinant DENV antigens. The two
DENV IgG-capture ELISAs were the InBios DENV
detect™ IgG-capture ELISA (InBios International, Inc.),
which utilized recombinant DENV antigens, and the SD
Dengue IgG-capture ELISA (Standard Diagnostics, Inc.),
which utilized a pool of DENV1-4 antigens. All serum or
plasma samples (at 1:100 dilution) were tested accord-
ing to the manufacturers’ instructions. For InBios IgG
ELISA, the ratio of optical density (OD) to recombinant
DENYV antigens and OD to negative control antigen was
calculated as the immune status ratio (ISR). ISR of <1.65,
1.65—2.84 and >2.84 were interpreted as negative, equiv-
ocal and positive, respectively. For InBios IgG-capture
ELISA, ISR of <2.35, 2.35—-3.50 and >=3.50 were inter-
preted as negative, equivocal and positive, respectively.
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Equivocal samples were repeated in duplicate to deter-
mine the immune status according to the manufacture’s
instructions. For SD IgG-capture ELISA, OD<and >the
cutoff (average OD of negatives+0.3) were interpreted as
negative and positive, respectively.

Microneutralization test

Flat-bottom 96-well plates were seeded with Vero cells
(3x10* cells per well) (American Type Culture Col-
lection, USA) 24 h prior to infection. Four-fold serial
dilutions of serum or plasma (starting from1:10) were
mixed with 50 focus-forming units of DENV1 (Hawaii
strain), DENV2 (NGC strain), DENV3 (CH53489 strain),
DENV4 (H241 strain), or ZIKV (PRVABC59 strain) at
37 °C for 1 h. The mixtures were added to each well fol-
lowed by incubation for 48—70 h, removal of medium,
and fixation as described previously [34, 37]. After add-
ing the mouse mAb 4G2 and secondary antibody mix-
ture (IRDye® 800CW-conjugated goat anti-mouse IgG at
1:10000 and DRAQ5™ Fluorescent Probe at 1:10000), the
signal (800 nm/700 nm fluorescence) was detected by Li
Cor Odyssey classic (LiCor Biosciences) and analyzed by
Image Studio software to determine percent neutraliza-
tion at different concentrations and N'T, [34].

Statistical analysis

The two-tailed Fisher’s exact test and two-tailed Mann-
Whitney test were used to compare qualitative and
quantitative variables, respectively, between two groups
(GraphPad Prism 6). The two-tailed Spearman correla-
tion test was used to compare the relationship between
NT titers and ELISAs (GraphPad Prism 6). The McNe-
mar’s test was used to compare detection rate of two tests
within the same group. The chi-square test and Cochran-
Armitage test for trend were used to compare propor-
tions of four groups (SPSS 20). The 95% confidence
interval (CI) was calculated by Excel. The positive, nega-
tive and overall agreements and kappa assessment were
calculated by the SPSS 20.

Results

Higher sensitivity of DENV IgG ELISA than IgG-capture
ELISA

We first employed NT-confirmed pDENYV, sDENV and
DENV-naive panels to test with the InBios IgG, InBios
IgG-capture and SD IgG-capture ELISAs (Table 1). While
none of the DENV-naive samples (0/49) was detected by
the three ELISAs, the InBios IgG ELISA detected DENV
antibody in sDENV panel at a higher rate than pDENV
panel (39/39 vs. 17/20, p=0.04, two-tailed Fisher exact
test) (Fig. 1A). A similar trend was observed for InBios
and SD IgG-capture ELISAs (11/39 vs. 0/20 and 17/33 vs.
3/20, p=0.01, two-tailed Fisher exact test) (Fig. 1B, 1C).
Compared with the InBios and SD IgG-capture ELISAs,
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InBios IgG ELISA had a higher detection rate for both
pDENYV (17/20 vs. 0/20 and 3/20, p<0.0001 and =0.002,
respectively, two-tailed McNemar’s test) and sDENV
(39/39 vs. 11/39 and 17/33, p<0.0001, two-tailed McNe-
mar’s test) panels (Fig. 1A1C). We further examined the
correlation between NT titers and ELISAs and found a
positive correlation between NTy, titers to DENV2, but
not to DENVI, and the ISR of InBios IgG ELISA, ISR
of InBios IgG-capture ELISA, and OD of SD IgG-cap-
ture ELISA (Spearman correlation coefficient r=0.5089,
0.4149, and 0.6424, respectively, p<0.0001) (Additional
file 2 (Fig. S1). Subtle difference in NT,, titers to DENV2
or DENV1 within the pDENV panel may account for the
difference in correlation.

Using the NT-confirmed panels as the gold standard,
the positive, negative and overall agreements for the
InBio IgG ELISA were 0.949, 1.0 and 0.972, respectively,
with a kappa assessment of 0.946, whereas the positive/
negative/overall agreements/kappa assessment were
0.186/1.0/0.556/0.191 and 0.377/1.0/0.676/0.368 for the
InBios IgG-capture and SD IgG-capture ELISAs, respec-
tively (Fig. 1D). The overall sensitivity/specificity were
94.9%/100%, 18.6%/100% and 37.7%/100% for the InBios
IgG, InBios IgG-capture and SD IgG-capture ELISAs,
respectively (Table 2). Using the InBios IgG ELISA as the
gold standard, the overall agreement/kappa assessment
were 0.571/0.194 and 0.697/0.375 for the InBios IgG-cap-
ture and SD IgG-capture ELISAs, respectively (Fig. 1E).

Compare DENV IgG and IgG-capture ELISAs using samples
from seroprevalence study

We further tested the three ELISAs with another panel of
745 serum samples collected from a previously reported
seroprevalence study in Kaohsiung, Taiwan, and found
the InBios IgG ELISA had a higher detection rate (7.0%)
compared with the InBios IgG-capture (0.7%) or SD
IgG-capture (3%) ELISA (p<0.0001 and =0.002, respec-
tively, two-tailed McNemar’s test) (Fig. 1F) [32]. Using
the InBios IgG ELISA as the gold standard, the over-
all agreement/kappa assessment were 0.936/0.246 and
0.958/0.468 for the InBios IgG-capture and SD IgG-cap-
ture ELISAs, respectively, which were generally in agree-
ment with the observations based on 3 NT-confirmed
panels except that both values were higher (Fig. 1E and
Q).

Sensitivity and specificity of InBios IgG and IgG-capture
ELISAs

We further compared the InBios IgG and IgG-capture
ELISAs using larger panels of pDENV and sDENV infec-
tions plus pZIKV, ZIKVwprDENV and pWNYV panels,
of which all were confirmed by either NT or RT-PCR
(Table 1). In agreement with the results in Fig. 1A and
1B, a higher detection rate for sDENV than pDENV
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NC pDENV sDENV NC pDENV sDENV ' NC pDENV sDENV
positive: 0/49 17/20 39/39 positive: 0/49 0/20 11/39 positive: 0/49 3/20 17/33
NT InBios IgG ELISA
pos neg equ total InBios pos neg equ total
InBios pos 56 0 0 56 lgG-captur pos 11 0 0 11
19G ELISA| neg 0 49 0 49 9 ELISA neg 42 49 3 94
equ 3 0 0 3 equ 3 0 0 3
total 59 49 0 108 total 56 49 3 108
positive agreement=0.949 overall agreement=0.972 positive agreement=0.196 overall agreement=0.571
negative agreement=1.0 kappa assessment=0.946 negative agreement=1.0 kappa assessment=0.194
NT InBios IgG ELISA
. pos neg equ total pos neg equ total
| éi‘i\"’fm pos | 11 | 0 0o [ 11 | G_faD el Bos | 20 [0 0 | 20
9 ELISpA neg | 45 | 49 0 94 g EUS‘;’A neg | 30 | 49 3 82
equ 3 0 0 3 equ 0 0 0 0
total 59 49 0 108 total 50 49 3 102
positive agreement=0.186 overall agreement=0.556 positive agreement=0.400 overall agreement=0.697
negative agreement=1.0 kappa assessment=0.191 negative agreement=1.0 kappa assessment=0.375
NT G
pos neg equ total -
| G_S;D wrd 205 |20 0 0 20 InBios IgG ELISA |
g-capture™ o9 | 33 | 49 0 82 InBios pos | neg | equ | toa
ELISA pos 5 0 0 5
equ 0 0 0 0 lgG-captur 35 679 14 798
total | 53 49 0 102 ELISA 1&g
positive agreement=0.377 overall agreement=0.676 equ 12 0 0 12
negative agreement=1.0 kappa assessment=0.368 — total 52 679 14 745
positive agreement=0.096 overall agreement=0.936
F negative agreement=1.0 kappa assessment=0.246
pos neg equ total InBios 19G ELISA
(%) (%) (%) (%) sD pos neg equ total
. 52 679 14 745 pos 21 0 1 22
InBios IgG ELISA -
10 19 @.0) | 1.1 ] (.9 | (100) 'QGEET‘S";W neg | 31 | 679 | 13 | 723
InBios IgG-capture 5 728 12 745 equ 0 0 0 0
ELISA (07 [ (97.7) | (1.6) | (100) total 52 679 14 745
SD IgG-capture 22 723 0 745 positive agreement=0.404 overall agreement=0.958
ELISA (3.0) | (97.0) (0) (100) negative agreement=1.0 kappa assessment=0.468

Fig. 1 Comparison of the performance of three DENV ELISAs. A-C Results of InBios IgG (A), InBios IgG-capture (B) and SD IgG-capture (C) ELISAs tested
with three NT-confirmed serum/plasma panels: DENV-naive (presented as negative control [NC] panel), pDENV and sDENV panels. Dash lines indicate
cutoff ISR or OD. Data are mean of one experiment (in duplicate). The two-tailed Fisher's exact test was used to compare detection rate between two
groups. *p<0.05 and >0.01. D,E The positive, negative, and overall agreements and kappa assessment of three ELISAs based on NT as the gold standard
(D), and those of two ELISAs based on InBios IgG ELISA as the gold standard (E). F Results of the three ELISAs tested with another panel of 745 serum
samples from a seroprevalence study in Kaohsiung, Taiwan [33]

G The positive, negative, and overall agreements and kappa assessment of two ELISAs based on InBios IgG ELISA as the gold standard. pos: positive, neg:
negative and equ: equivocal
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Table 2 Sensitivity and specificity of three ELISAs based on DENV and naive panels?
InBios InBios SD
IgG ELISA IgG-capture ELISA IgG-capture ELISA
Panels’ % Sens % Spec % Sens % Spec % Sens % Spec
(95% Cl) (95% CI) (95% Cl) (95% CI) (95% CI) (95% Cl)
overall 949 100 186 100 377 100
(89.3-97.8) (100-100) (8.7-23.7) (100-100) (24.7-44.4) (100-100)
pDENV 85.0 NA 0 NA 15.0 NA
(69.4-93.0) (0-0) (0-23.0)
sDENV 100 NA 282 NA 515 NA
(100-100) (14.1-354) (34.5-60.2)
DENV- naive NA 100 NA 100 NA 100
(100-100) (100-100) (100-100)

?ELISA, enzyme-linked immunosorbent assay; Sens, sensitivity; Spec, specificity;
Cl, confidence interval
®pDENV, primary DENV infection; sDENV, secondary DENV infection

panel was found for both InBios IgG and IgG-capture
ELISAs (p=0.03 and 0.002, respectively, two-tailed
Fisher exact test) (Fig. 2A and B). Moreover, the InBios
IgG ELISA had a higher detecting rate (39/42 and 88/88
for pDENV and sDENV panels, respectively) than
InBios IgG-capture ELISA (8/42 and 42/88 for pDENV
and sDENV panels, respectively; p<0.0001, two-tailed
McNemar’s test) (Fig. 2A and B). Notably, the InBios IgG
ELISA had higher cross-reactivities from pZIKV and
PWNYV panels compared with InBios IgG-capture ELISA
(8/12 vs. 0/12 for pZIKV panel and 18/18 vs. 16/18 for
pWNV panel). The overall sensitivity/specificity were
98.0/67.1% and 46.4/79.8% for the InBios IgG and IgG-
capture ELISAs, respectively (Table 3). Using the NT- or
RT-PCR-confirmed panels as the gold standard, the over-
all agreement/kappa assessment were 0.871/0.695 and
0.569/0.245 for the InBios IgG and IgG-capture ELISAs,
respectively (Additional file 3: Fig. S2A). Using the InBios
IgG ELISA as the gold standard, the overall agreement/
kappa assessment were 0.610/0.325 for InBios IgG-cap-
ture ELISA (Additional file 3: Fig. S2B).

Decrease in detection rate of DENV IgG-capture ELISAs
over time

Consistent with the overall higher sensitivity of IgG
ELISA than IgG-capture ELISA, the sensitivity of InBios
IgG ELISA was higher than that of InBios IgG-capture
ELISAs for both pDENV (92.9% vs. 19.1%) and sDENV
(100% vs. 47.7%) panels (Table 3). Since the sampling
time of a subset of the pDENV and sDENV panels was
available (Additional file 1: Table S1), we further exam-
ined the relationship between detection rates and sam-
pling time. For the pDENYV panel, while the detection rate
of the InBios IgG ELISA was 100% for samples collected
upto 6 years PSO and decreased to 57.1% for samples col-
lected>20 years, that of the InBios IgG-capture ELISA
was much lower: 45% (5/11), 28.6% (2/7) and 0% (0/12)
for samples collected<6 months, 6—12 months and >1

year PSO, respectively (Fig. 2 C—2E). For the sDENV
panel, the detection rate of the InBios IgG ELISA remains
100% for samples collected from <6 months to >20 years,
whereas that of the InBios IgG-capture ELISA decreased
over time (77.8%, 41.7%, 28.6% and 0% for samples col-
lected<6 months, 1 to 1.5 years, 2 to 15 years and >20
years, respectively; p<0.001, Chi-square test, p<0.001,
Cochran-Amitage test for trend) (Fig. 2 C—2E). Of note,
repeated flavivirus infection such as the ZIKVwprDENV
panel can be detected by InBios IgG-capture ELISA at a
rate (91.3%) comparable to that of SDENV panel (Fig. 2F).
We have also compared the detection rates of three ELI-
SAs over time using a small subset of samples and found
a similar trend of decrease in the detection rate of IgG-
capture ELISAs over time (p=0.01 and 0.02, Chi-square
test; p=0.001, and 0.002, Cochran-Amitage test for
trend; for InBios and SD IgG-capture ELISAs, respec-
tively) (Additional file 4: Fig. S3).

We further assessed the performance of the two ELI-
SAs for pDENV and sDENV panels at two timepoints
PSO. Using the NT-confirmed panels as the gold stan-
dard, the overall agreement/kappa assessment for the
InBio IgG and IgG-capture ELISAs were 1.0/1.0, and
0.836/0.545, respectively, for pDENV panel<1 year, and
0.951/0.849, and 0.803/0.118, respectively, for pDENV
panel>1 year (Additional file 5: Fig. S4). A similar trend
was observed for sSDENV panel; the overall agreement/
kappa assessment for the InBio IgG and IgG-capture
ELISAs were 1.0/1.0, and 0.861/0.698, respectively, for
sDENV panel<1.5 year, and 1.0/1.0, and 0.726/0.304,
respectively, for pPDENV panel =2 year.

Discussion

In this study, we employed different serum/plasma pan-
els with NT- or RT-PCR-confirmed flavivirus infec-
tions to compare the performance of DENV IgG and
IgG-capture ELISAs. The sensitivity of IgG ELISA was
higher compared with that of IgG-capture ELISAs; for
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Fig.2 Comparison of the performance of InBios IgG and InBios IgG-capture ELISAs with six panels. A,B Results of InBios IgG (A) and InBios IgG-capture (B)
ELISAs tested with NT -or RT-PCR-confirmed serum/plasma panels: DENV-naive (presented as negative control [NC] panel), pDENV, sDENV, pWNV, pZIKV
and ZIKVwprDENV panels. The two-tailed Fisher's exact test was used to compare detection rate between two groups. *p <0.05 and >0.01, **p<0.01 and
>0.001. C,D Relationship between detection rates and sampling time. Results of InBios IgG (C) and InBios IgG-capture (D) ELISAs tested with NT- or RT-
PCR-confirmed pDENV and sDENV panels with known sampling time. Dash lines indicate cutoff ISR. Data are mean of one experiment (in duplicate). The
two-tailed Mann-Whitney test was used to compare IRS between two subgroups. *p <0.05 and >0.01, **p <0.01 and >0.001, ***p <0.001. E,F Detection
rates of the two ELISAs at different sampling time for pDENV and sDENV panels (E), and pWNV, pZIKV and ZIKVwprDENV panels (F). Number above each
bar represents detection rate (%). The two-tailed Fisher's exact test was used to compare detection rate between two subgroups. “p=0.06, **p <0.01 and

>0.001, **p <0.001
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Table 3 Sensitivity and specificity of two ELISAs based on six

panels?
InBios InBios
IgG ELISA lgG-capture ELISA
Panels® % Sens % % Sens % Spec
(95%Cl)  Spec  (95% Cl) (95%
(95% @)}
Cl)
overall 98.0 67.1 46.4 79.8
(958-99.2) (56.7- (385-504) (70.9-
724) 84.3)
pDENV 929 NA 19.1 NA
(85.1-96.8) (7.2-25.1)
SDENV 100 NA 47.7 NA
(100-100) (37.3-53.1)
ZIKVwprDENV 100 NA 913 NA
(100-100) (79.8-97.2)
DDENV- NA 100 NA 100
naive (100~ (100-
100) 100)
pZIKV NA 333 NA 100
(6.7- (100—
46.9) 100)
pWNV NA 0 NA 11.1
(0-0) (0-185)

“ELISA, enzyme-linked immunosorbent assay; Sens, sensitivity; Spec, specificity;
Cl, confidence interval

®pDENV, primary DENV infection; sDENV, secondary DENV infection; pWNV,
primary WNV infection; pZIKV, primary ZIKV infection; ZIKVwprDENV, ZIKV
infection with previous DENV infection

IgG-capture ELISA the sensitivity of detecting sDENV
panel was higher than that of detecting pDENV panel.
Within the sDENV panel, the sensitivity of InBios IgG-
capture ELISA decreased significantly over time, whereas
that of IgG ELISA remains the same (100%). Our study
demonstrates higher sensitivity of DENV IgG ELISA
than IgG-capture ELISA in seroprevalence study and
underscores the limitations in interpreting the results of
IgG-capture ELISA. While information of DENV sero-
prevalence would facilitate research on dengue trans-
mission dynamic and vaccine development, DENV
serostatus at the individual level would be useful for pre-
vaccination screening of Dengvaxia or future dengue vac-
cines. A recent report recommended using assays with
high sensitivity (=95%) to detect individuals with a sin-
gle prior DENV infection and high specificity (=98%) to
avoid erroneously vaccinating individuals without prior
DENV infection, highlighting the critical need of a sen-
sitive and specific serological test to determine DENV
serostatus in the pre-vaccination strategy [38].

After pDENV infection, individuals develop an IgM
response starting~5 days PSO, followed by IgG response
a few days later and reaching level higher than IgM. After
sDENYV infection, individuals develop a faster and higher
magnitude of anamnestic IgG response~3 to 4 days PSO
but a lower magnitude of IgM response compared with
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those with pDENYV infection [28, 31, 39]. The higher level
of anti-DENV IgG compared with anti-DENV IgM anti-
bodies, in particular following sSDENV infection, poses a
challenge for detecting DENV IgM antibody in serodiag-
nosis. When DENV MAC-ELISA (IgM-capture ELISA)
was first reported, it showed several advantages includ-
ing good sensitivity with properly timed blood sample,
convenience for a single sample in DENV serodiagno-
sis, and the capture format that can eliminate potential
background, remove false positive by rheumatoid factor
and minimize competition by anti-DENV IgG for anti-
gen binding [30]. The development of DENV IgG-capture
ELISA in parallel was interesting, however, the possibility
of competition by large amount of archived IgG antibod-
ies from previous exposure to different immunogens and
thus affecting its sensitivity remains understudied [29].

To our knowledge, this study is the first that utilized
samples covering a wide range of collection time (from
<6 months to >20 years) to assess the performance of
DENV IgG ELISAs. The overall sensitivity of the InBios
IgG ELISA was 98.0%, whereas that of the InBios IgG-
capture ELISA was 46.4%. Similarly, the sensitivity of
SD IgG-capture ELISA was 37.7% in our study, which
was lower than that of 98.7% using samples at hospi-
tal discharge as described in the SD instruction manual.
These observations suggest that the sensitivity of DENV
IgG-capture ELISA might be affected by the sampling
time. To further exploit this possibility, we tested well-
documented pDENV and sDENV samples with known
sampling time PSO, and found that the sensitivity of
InBios IgG-capture ELISA for the pDENV panel was
45% (<6 months) and decreased to 28.6% (6—12 months)
and 0% (>1 year), suggesting its limitation in detecting
pDENYV infection. For the sDENV panel, the sensitiv-
ity decreased from 77.8% (<6 months) to 41.5% (1-1.5
years), 28.6% (2—15 years) and 0% (>20 years), suggesting
that interpretation of DENV IgG-capture ELISA results
should take the sampling time into consideration. More-
over, these findings underscore the importance of using
samples with known and a wide range of sampling time
to fully evaluate the performance of DENV ELISAs and
other serological tests used in seroprevalence study.

Since the reports that DENV IgG-capture ELISA can
distinguish pDENV and sDENYV infections based on early
convalescent-phase samples [31, 32], several groups have
employed both DENV IgG and IgG-capture ELISAs in
seroprevalence studies. DENV seroprevalence in South-
ern Malaysia was reported to be 86.6% based on Panbio
IgG indirect ELISA with a positive rate of 11.2% based
on Panbio IgG-capture ELISA [23]. Similarly, DENV
seroprevalence was reported to be 85-90% and 81.4%
based on Panbio indirect IgG ELISA in Columbia and
India, respectively, with positive rates of 16% and 8.1%
based on Panbio IgG-capture ELISA [24-26]. Another
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study reported DENV seroprevalence of 8.9% based
on Panbio indirect IgG ELISA with a 1.4% positive rate
based on Panbio IgG-capture ELISA in Madeira Island
[27]. Together, the detection rates of Panbio IgG-capture
ELISA were 5- to 10-fold lower compared with those of
Panbio IgG indirect ELISA. In agreement with this, the
InBios IgG ELISA had a detection rate of 7% among 745
samples from our previous seroprevalence study and
InBios IgG-capture ELISA had that of 0.7% (Fig. 1E).
The detection of anti-DENV antibody by IgG-capture
ELISA was interpreted as high titer or high affinity anti-
body during acute or recent sSDENV infection, however,
the time frame of detecting these antibodies remains
unclear. In this regard, our findings of decline in sensitiv-
ity from 77.8% (<6 months) to 41.5% (1-1.5 years) sug-
gest that IgG-capture ELISA can detect recent sSDENV
infections probably up to 6 months PSO. This was further
supported by a previous report that DENV IgG avidity
peaked at the convalescent-phase and declined at 3 and
6 months PSO based on the analysis of sequential sam-
ples following sDENV infection [40]. Of note, our find-
ings also suggest that using DENV IgG-capture ELISA to
estimate DENV seroprevalence could be misleading [20].
Moreover, some pDENYV infections can be detected by
IgG-capture ELISA.

There are several limitations. First, the sample size in
each panel with well-documented infection is small;
future studies involving larger sample size in each group
as well as sequential samples are needed to validate these
observations. Second, although the collection time of our
samples ranged from <6 months to >20 years, which is
relevant and informative for seroprevalence study, the
sample size from early convalescent-phase to late con-
valescent-phase, which is critical for serodiagnosis, was
small. This should be increased to improve the assess-
ment for serodiagnostic assays in future study. Third, we
used the InBios IgG ELISA, which is an antigen-capture
IgG ELISA with high sensitivity for detecting anti-DENV
antibody [33], and InBios IgG-capture ELISA, which uti-
lizes the same recombinant DENV antigens, to compare
the performance of DENV IgG and IgG-capture ELISAs.
Due to the lack of SD DENV IgG ELISA, a side-by-side
comparison with the SD DENV IgG-capture ELISA was
not possible. Fourth, other commonly used DENV IgG
and IgG-capture ELISAs such as the PanBio indirect IgG
and Panbio IgG-capture ELISAs were not examined in
this study; future studies to compare the performance of
these two ELISAs and validate the observations in this
study are needed. In addition, despite higher sensitivity of
DENV IgG ELISA than IgG-capture ELISA, the issue of
cross-reactivity due to other flavivirus infections, which
is inherent to all DENV E protein-based serological tests,
remains. Careful evaluation of the prevalence and expo-
sure history of other flaviviruses in the study population
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or combination with confirmatory NT or using NT as a
simple one-dilution test are recommended when employ-
ing E protein-based DENV IgG ELISAs in seroprevalence
study [41, 42].

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512879-023-08307-8.

Supplementary Material 1: The online version contains supplementary
material available.

Acknowledgements

We thank Drs. S. Raychaudhuri and D. Reyes at InBios International, Inc.
Seattle for kindly providing the InBios DENV detect™ IgG ELISA and DENV
detect™ IgG-capture ELISA, and Dr. S. L. Stramer at the American Red Cross at
Gaithersburg, Maryland for kindly providing samples from blood donors.

Author Contribution

JJT and WKW contributed to study design and supervision; CYT, PCL, WYT,
YCD and YCL performed the experiments, data analysis and methodology

; JJT, CHC, CP and CB contributed to sample collection, resources and
administration; WKW and JJT contributed to funding acquisition; WKW and JJT
contributed to manuscript writing. All authors reviewed the manuscript.

Funding

This work was supported by grants TROTAI149502-01 (WKW) from the
National Institute of Allergy and Infectious Diseases, NIH, P30GM114737

from the National Institute of General Medical Sciences, NIH, MOHW109-
TDU-B-212-114006 (JJT) and MOHW110-TDU-B-212-124006 (JJT) from the
Ministry of Health and Welfare, Taiwan, NHRI-110A1-MRCO-03212101 (JJT)
from the National Health Research Institute, Taiwan. The funders had no role in
study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Data Availability
The datasets used and/or analyzed during the current study are available from
the corresponding author upon request.

Declarations

Ethics approval and consent to participate

The design and procedures of this study followed the guidelines of the
Helsinki Declaration on human experimentation. And the study of coded
serum or plasma samples was approved by the Institutional Review Boards of
the University of Hawaii (CHS #17568) and the Kaohsiung Medical University
Hospital (KMUHIRB-E(I)-20170185 and KMUHIRB-960195). Informed consent
forms had been obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

Tropical Medicine Center, Kaohsiung Medical University Hospital,
Kaohsiung, Taiwan

“Division of Infectious Diseases, Department of Internal Medicine,
Kaohsiung Medical University Hospital, Kaohsiung, Taiwan

3School of Medicine, College of Medicine, Kaohsiung Medical University,
Kaohsiung, Taiwan

“National Mosquito-Borne Diseases Control Research Center, Zhunan,
Taiwan

>National Institute of Infectious Diseases and Vaccinology, National Health
Research Institutes, Zhunan, Taiwan


http://dx.doi.org/10.1186/s12879-023-08307-8
http://dx.doi.org/10.1186/s12879-023-08307-8

Tsai et al. BMC Infectious Diseases

(2023) 23:301

Department of Tropical Medicine, Medical Microbiology and
Pharmacology, John A. Burns School of Medicine, University of Hawaii at
Manoa, Honolulu, HI, USA

’LAPI-Laboratorio de Pesquisa em Infectologia-School of Medicine,
Federal University of Bahia, Salvador, Brazil

Received: 5 December 2022 / Accepted: 5 May 2023
Published online: 08 May 2023

References

1.
2.

3.

20.

21,

22.

Guzman MG, Harris E, Dengue. 2015;385:453-65.

Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The
global distribution and burden of dengue. Nature. 2013;496:504-7.

World Health Organization. 2009. Dengue hemorrhagic fever: Diagnosis,
treatment, prevention and control. 3rd ed, Geneva, Switzerland.

Halstead SB. Pathogenesis of dengue: challenges to molecular biology. Sci-
ence. 1988;239:476-81.

Halstead SB, Dans LF. Dengue infection and advances in dengue vaccines for
children. Lancet Child Adolesc Health. 2019;3:734-41.

lacobucci G. WHO recommends additional tests for Sanofi's dengue vaccine
after safety concerns. BMJ. 2018;20:361.

World Health Organization. Dengue and severe dengue. https://www.who.
int/news-room/fact-sheets/detail/dengue-and-severe-dengue.

Sridhar S, Luedtke A, Langevin E, Zhu M, Bonaparte M, Machabert T, et al.
Effect of dengue serostatus on dengue vaccine safety and efficacy. N Engl J
Med. 2018;379:327-40.

ChenY, Li N, Lourengo J, Wang L, Cazelles B, Dong L, et al. Measuring the
effects of COVID-19-related disruption on dengue transmission in southeast
Asia and Latin America: a statistical modelling study. Lancet Infect Dis.
2022;22:657-67.

Sasmono RT, Santoso MS. Movement dynamics: reduced dengue cases dur-
ing the COVID-19 pandemic. Lancet Infect Dis. 2022,22:570-1.

Pierson TC, Diamond MS. 2013. Flaviviruses. Knipe DM, Howley PM, eds. Fields
virology, 6th ed, Philadelphia: Lippincott William & Wilkins. pp 747-794.

Tsai WY, Lin HE, Wang WK. Complexity of human antibody response to den-
gue virus: implication for vaccine development. Front Microbiol. 2017,8:1372.
Lai CY, Tsai WY, Lin SR, Kao CL, Hu SP, King CC, et al. Antibodies to envelope
glycoprotein of dengue virus during the natural course of infection are
predominantly cross-reactive and recognize epitopes containing highly
conserved residues at the fusion loop of domain II. J Virol. 2008,82:6631-43.
Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ, et al.
Genetic and serologic properties of Zika virus associated with an epidemic,
Yap State, Micronesia, 2007. Emerg Infect Dis. 2008;14:1232-9.

Johnson BW, Kosoy O, Martin DA, Noga AJ, Russell BJ, Johnson AA, et al. West
Nile virus infection and serologic response among persons previously vac-
cinated against yellow fever and japanese encephalitis viruses. Vector Borne
Zoonotic Dis. 2005;5:137-45.

Felix AC, Souza NCS, Figueiredo WM, Costa AA, Inenami M, da Silva RMG, et
al. Cross reactivity of commercial anti-dengue immunoassays in patients with
acute Zika virus infection. J Med Virol. 2017,89:1477-9.

van Meer MPA, Mégling R, Klaasse J, Chandler FD, Pas SD, van der Eijk AA, et
al. Re-evaluation of routine dengue virus serology in travelers in the era of
Zika virus emergence. J Clin Virol. 2017,92:25-31.

Guidance for U.S. Laboratories Testing for Zika Virus Infection. From CDC's
website: http://www.cdc.gov/zika/laboratories/lab-guidance.html.
Proesmans S, Katshongo F, Milambu J, Fungula B, Muhindo Mavoko H,
Ahuka-Mundeke S, et al. Dengue and chikungunya among outpatients with
acute undifferentiated fever in Kinshasa, Democratic Republic of Congo: a
cross-sectional study. PLoS Negl Trop Dis. 2019;13:€0007047.

Elaagip A, Alsedig K, Altahir O, Ageep T, Ahmed A, Siam HA, et al. Seropreva-
lence and associated risk factors of dengue fever in Kassala state, eastern
Sudan. PLoS Negl Trop Dis. 2020;14:e0008918.

Selvarajoo S, Liew JWK, Tan W, Lim XY, Refai WF, Zaki RA, et al. Knowledge,
attitude and practice on dengue prevention and dengue seroprevalence in a
dengue hotspot in Malaysia: a cross-sectional study. Sci Rep. 2020;10:9534.
Shah PS, Alagarasu K, Karad S, Deoshatwar A, Jadhav SM, Raut T, et al. Serop-
revalence and incidence of primary dengue infections among children in a
rural region of Maharashtra, Western India. BMC Infect Dis. 2019;19:296.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 10 of 10

Dhanoa A, Hassan SS, Jahan NK, Reidpath DD, Fatt QK, Ahmad MP, et al.
Seroprevalence of dengue among healthy adults in a rural community in
Southern Malaysia: a pilot study. Infect Dis Poverty. 2018;7:1.
Velandia-Romero ML, Coronel-Ruiz C, Castro-Bonilla L, Camacho-Ortega S,
Calderon-Peldez MA, Castellanos A, et al. Prevalence of dengue antibodies in
healthy children and adults in different colombian endemic areas. Int J Infect
Dis. 2020,91:9-16.

Mishra AC, Arankalle VA, Gadhave SA, Mahadik PH, Shrivastava S, Bhutkar

M, et al. Stratified sero-prevalence revealed overall high disease burden of
dengue but suboptimal immunity in younger age groups in Pune, India.
PLoS Negl Trop Dis. 2018;12:e0006657.

Santhosh Kumar M, Kamaraj P, Khan SA, Allam RR, Barde PV, Dwibedi B, et

al. Seroprevalence of dengue infection using IgG capture ELISA in India,
2017-2018. Am J Trop Med Hyg. 2021;105:1277-80.

Auerswald H, de Jesus A, Seixas G, Nazareth T, In S, Mao S, et al. First dengue
virus seroprevalence study on Madeira Island after the 2012 outbreak indi-
cates unreported dengue circulation. Parasit Vectors. 2019;12:103.

Gubler DJ. Dengue and dengue hemorrhagic fever. Clin Microbiol Rev.
1998;11:480-96.

Johnson AJ, Martin DA, Karabatsos N, Roehrig JT. Detection of anti-arboviral
immunoglobulin G by using a monoclonal antibody-based capture enzyme-
linked immunosorbent assay. J Clin Microbiol. 2000;38:1827-31.

Martin DA, Muth DA, Brown T, Johnson AJ, Karabatsos N, Roehrig JT.
Standardization of immunoglobulin M capture enzyme-linked immuno-
sorbent assays for routine diagnosis of arboviral infections. J Clin Microbiol.
2000;38:1823-6.

Vaughn DW, Nisalak A, Solomon T, Kalayanarooj S, Nguyen MD, Kneen R, et
al. Rapid serologic diagnosis of dengue virus infection using a commercial
capture ELISA that distinguishes primary and secondary infections. Am J Trop
Med Hyg. 1999:60:693-8.

Vazquez S, Hafner G, Ruiz D, Calzada N, Guzman MG. Evaluation of immuno-
globulin M and G capture enzyme-linked immunosorbent assay Panbio kits
for diagnostic dengue infections. J Clin Virol. 2007;39:194-8.

Tsai JJ, Liu CK, Tsai WY, Liu LT, Tyson J, Tsai CY, et al. Seroprevalence of dengue
in two districts of Kaohsiung city after the largest dengue outbreak in Taiwan
since world war II. PLoS Negl Trop Dis. 2018;12:e0006879.

Tsai WY, Chen HL, Tsai JJ, Dejnirattisai W, Jumnainsong A, Mongkolsapaya J,
et al. Potent neutralizing human monoclonal antibodies preferentially target
mature dengue virus particles: implication for novel strategy of dengue vac-
cine. JVirol. 2018:92:¢00556~18.

Tyson J, Tsai WY, Tsai JJ, Brites C, Massgard L, Youn HH, et al. Combination of
non-structural protein 1-based enzyme-linked immunosorbent assays can
detect and distinguish various dengue virus and Zika virus infections. J Clin
Microbiol. 2019;57:¢01464-18.

Wang WK, Chen HL, Yang CF, Hsieh SC, Juan CC, Chang SM, et al. Slower rates
of clearance of viral load and virus-containing immune complexes in patients
with dengue hemorrhagic fever. Clin Infect Dis. 2006;243:1023-30.

Herrera BB, Tsai WY, Brites C, Luz E, Pedroso C, Drexler JF, et al. T cell responses
to nonstructural protein 3 distinguish infections by dengue and Zika viruses.
mBio. 2018;9:e00755-18.

Wilder-Smith A, Smith PG, Luo R, Kelly-Cirino C, Curry D, Larson H, et al. Pre-
vaccination screening strategies for the use of the CYD-TDV dengue vaccine:
a meeting report. Vaccine. 2019;37:5137-46.

Innis BL. Antibody responses to dengue virus infection. In: Gubler DJ, Kuno G,
editors. Dengue and dengue hemorrhagic fever. New York: CAB International;
1997. pp. 221-44.

Puschnik A, Lau L, Cromwell EA, Balmaseda A, Zompi S, Harris E. Correlation
between dengue-specific neutralizing antibodies and serum avidity in pri-
mary and secondary dengue virus 3 natural infections in humans. PLoS Neg|
Trop Dis. 2913,7:e2274.

Tissera H, Amarasinghe A, De Silva AD, Kariyawasam P, Corbett KS, Katzelnick
L, et al. Burden of dengue infection and disease in a pediatric cohort in urban
Sri Lanka. Am J Trop Med Hyg. 2014;91:132-7.

Lopez AL, Adams C, Ylade M, Jadi R, Daag JV, Molloy CT, et al. Determining
dengue virus serostatus by indirect IgG ELISA compared with focus reduction
neutralisation test in children in Cebu, Philippines: a prospective population-
based study. Lancet Glob Health. 2021;9:e44-€51.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
http://www.cdc.gov/zika/laboratories/lab-guidance.html

	﻿Comparing the performance of dengue virus IgG and IgG-capture enzyme-linked immunosorbent assays in seroprevalence study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Human samples
	﻿ELISAs
	﻿Microneutralization test
	﻿Statistical analysis

	﻿Results
	﻿Higher sensitivity of DENV IgG ELISA than IgG-capture ELISA
	﻿Compare DENV IgG and IgG-capture ELISAs using samples from seroprevalence study
	﻿Sensitivity and specificity of InBios IgG and IgG-capture ELISAs
	﻿Decrease in detection rate of DENV IgG-capture ELISAs over time

	﻿Discussion
	﻿References


