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ABSTRACT Several mosquito-borne arboviruses, including dengue (DENV), Zika (ZIKV), 
West Nile (WNV), yellow fever (YFV), and chikungunya (CHIKV) viruses, have caused 
disease outbreaks of public health concern in the tropics and subtropics. The overlap 
distribution of these arboviruses and cross-reactivities of antibodies to orthoflavivirus 
envelope protein underscore the need for a reliable and convenient serological test 
to distinguish these arboviruses in endemic countries. We developed a multiplex IgG 
microsphere immunoassay (MIA) using 13 antigens to test 8 panels of samples with 
well-documented arbovirus infections or vaccination (n = 374). We further employed this 
assay, combined with previously reported neutralization test and Western blot analysis to 
test serum samples (n = 300) collected from Saúde, a town in the Northeastern state of 
Bahia, Brazil. The sensitivity/specificity of mixed DENV1–4, ZIKV, WNV, and YFV nonstruc­
tural protein 1 (NS1), and CHIKV virus-like particles (VLP) IgG MIAs were 96.0%/98.3%, 
100%/79.9%, 94.4%/73.4%, 52.2%/94.4%, and 100%/99.7%, respectively. The overall low 
specificity of ZIKV and WNV NS1 was due to cross-reactivities from panels with repeated 
orthoflavivirus infections, including secondary DENV and DENV + ZIKV infections. In 
Saúde, we found seropositivity of 70.3%, 22.3%, 39.7%, and 5.7% to DENV, ZIKV, YFV, 
and CHIKV, respectively, and the majority with multiple arbovirus infections or exposure 
including DENV + CHIKV, DENV + ZIKV, DENV + YFV, DENV + ZIKV + YFV, and/or CHIKV. 
Our findings highlight the importance of confirmatory tests for the NS1-based multiplex 
IgG MIA. This high-throughput assay, combined with confirmatory tests, provides a 
labor-saving and validated tool for serodiagnosis and serosurveillance of pathogenic 
arbovirus infections/exposure in endemic regions.

IMPORTANCE Several multiplex microsphere immunoassays (MIA) have been reported 
to detect pathogenic arbovirus infections, including dengue (DENV), Zika (ZIKV), West 
Nile (WNV), yellow fever (YFV), and chikungunya (CHIKV) viruses. None of them included 
sufficient control panels to validate the sensitivity/specificity of each antigen, confir­
matory tests for equivocal samples, or comparison with available commercial kits to 
advance this technology from research to practical use. We employed eight panels 
of samples with known arbovirus infections or vaccination (n = 374) to evaluate the 
sensitivity/specificity of our multiplex IgG MIA. We reported high sensitivity of nonstruc­
tural protein 1 (NS1)-based IgG MIA (94.4%–100% except YFV NS1) and overall low 
specificity of ZIKV and WNV NS1 due to cross-reactivities from repeated orthoflavivirus 
infections, including secondary DENV and DENV + ZIKV infections. Using our algorithm 
and confirmatory tests, we reported multiple arbovirus infections or exposure (DENV + 
ZIKV, DENV + YFV, DENV + ZIKV + YFV, and/or CHIKV) in the majority of participants from 
a town in Northeastern Brazil.
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I n the past few decades, several mosquito-borne arboviruses have resulted in disease 
outbreaks of global health threats in the tropics and subtropics (1). Among these, the 

four serotypes of dengue virus (DENV1−4), Zika virus (ZIKV), West Nile virus (WNV), and 
yellow fever virus (YFV) are members of the Orthoflavivirus genus of the Flaviviridae 
family, whereas Chikungunya (CHIKV) virus belongs to the Alphavirus genus of the 
Togaviridae family (1, 2).

DENV continues to be the leading cause of arbovirus infection and disease in humans, 
with a historically high number, >14 million reported cases, in 2024 (3–5). Despite three 
tetravalent live-attenuated DENV vaccines having been tested in phase 3 clinical trials, 
developing a safe and effective DENV vaccine remains a challenge (6). YFV is endemic in 
sub-Saharan Africa and tropical America, with ~200,000 severe cases and ~60,000 deaths 
per year (7). The recent outbreaks in Angola, the Democratic Republic of Congo, Brazil, 
and Nigeria suggest that YFV has expanded and affected large populations in South 
America and Africa (7, 8). WNV has caused outbreaks in Africa and Europe and spread 
to the United States, Canada, and Mexico since 1999 (1, 9). The reports of increased 
geographic distribution of WNV and travel-related WNV cases highlighted the new 
challenge of serosurveillance for orthoflaviviruses (1, 9). Since its discovery in 1947, ZIKV 
was associated with relatively few human cases until the outbreaks on Yap Island in 2007 
and in French Polynesia in 2013−2014. This was followed by an explosive spread in the 
Americas (10); the association of ZIKV with microcephaly and other birth defects has 
raised global health concerns (11).

CHIKV includes three major lineages: East-Central-South African (ECSA), West African, 
and Asian lineages (12, 13). The spread of the ECSA lineage to the Indian Ocean, 
together with the expansion of the Asian lineage, led to its spread in the Americas 
with ~3.7 million suspected and confirmed cases during 2013–2023, with autochthonous 
transmission in 114 countries over the tropics and subtropics (12, 13).

Several arboviruses share the same mosquito vectors, such as Aedes aegypti and Aedes 
albopictus for DENV, ZIKV, YFV, and CHIKV, whereas WNV is transmitted by the Culex 
mosquito (1, 2). Due to the presence of these mosquitoes in the tropics and subtrop­
ics, there is considerable geographic overlap of different arboviruses, such as DENV, 
ZIKV, and CHIKV in Southeast Asia; DENV, ZIKV, YFV, and CHIKV in Central and South 
Americas; and DENV, ZIKV, YFV, WNV, and CHIKV in sub-Saharan Africa (1, 2). Clinically, 
they presented with acute febrile illness and similar symptoms, making them difficult to 
distinguish (3, 12). Thus, triplex reverse-transcription-polymerase-chain reaction (RT-PCR) 
tests for DENV, ZIKV, and CHIKV have been used in the endemic regions (14). Due to a 
short viremia during the acute stage and asymptomatic infection in most individuals, 
serological tests remain an important component in arbovirus diagnosis and surveillance 
(1, 14). However, serological cross-reactivities between orthoflaviviruses and between 
some alphaviruses pose a challenge (1, 14). For orthoflaviviruses, traditional envelope 
(E) protein-based assays cannot distinguish different orthoflavivirus infections due to 
the presence of highly conserved fusion loop (FL) residues of the E protein (15–17). 
According to the guidelines of the Centers for Disease Control and Prevention (CDC), 
positive or equivocal results of the E protein-based IgM tests require further testing 
with time-consuming plaque reduction neutralization tests (14). Several serological tests 
based on orthoflavivirus nonstructural protein 1 (NS1), recombinant E protein domain 
III, and FL-mutant E protein or virus-like particles (VLP) have shown improved specificity 
(18–23).

Given its high-throughput and multiplex capacity (up to 100-plex), microsphere 
immunoassay (MIA) has been employed to detect cytokines, transfusion and transplanta­
tion antigens, bacterial and viral infections (24–29). Developing high-throughput and 
multiplex serological tests of arboviruses is critical for serosurveillance and seropre­
valence. Despite several multiplex IgG MIA having been reported to detect patho­
genic arbovirus infections, none of them included well-documented control panels to 
address the sensitivity/specificity of each antigen, or confirmatory tests for equivocal 
samples from the field. Moreover, the performance of MIA in comparison with available 
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commercial kits remains unclear, making the transition of this technology to practical 
application challenging. We recently reported that anti-premembrane (prM) antibodies 
detected by Western blot (WB) analysis can distinguish four orthoflaviviruses (DENV, 
ZIKV, WNV, and YFV) infection/exposure with a sensitivity/specificity of 88.9%–91.7%/
92.5%–99.2%, providing a convenient tool to confirm specific orthoflavivirus infections 
(30). The objectives of this study were to develop a multiplex IgG MIA for five arboviruses 
(DENV, ZIKV, WNV, YFV, and CHIKV) based on recombinant proteins and VLP using 
samples with known arbovirus infections/exposures to determine the sensitivity/specific­
ity, explore its application to samples from endemic areas, and compare its performance 
with commercial kits.

MATERIALS AND METHODS

Human samples

Table S1 summarizes the numbers, sampling time, sources, and confirmation methods 
of different panels of serum or plasma samples with known arbovirus infections or 
vaccination. Samples from RT­PCR­confirmed DENV cases were collected between 2006 
and 2008 from the Pediatric Dengue Hospital-based Study in Managua, Nicaragua (20), 
which was approved by the IRBs of the University of California, Berkeley, and the 
Nicaraguan Ministry of Health. Samples from a ZIKV study in Salvador, Brazil, were 
confirmed by microneutralization test (NT) as primary ZIKV (pZIKV) (n = 13) and previous 
DENV and ZIKV (DENV + ZIKV) infection (n = 22) panels as described previously (31). A 
total of 300 participants were enrolled with informed consents from Saúde, a municipal­
ity with a population of ~11,000 in Bahia, a Northeastern state in Brazil, between June 
2021 and February 2022. All residents were invited by the local government to visit study 
sites at health centers or schools for DENV, ZIKV, and CHIKV serological testing. To ensure 
coverage of all six areas within Saúde, house-to-house visits were conducted to recruit 
additional participants in areas where less than 50 participants were enrolled initially. 
Questionnaires, including basic demographic information and blood sampling, were 
obtained. The study was approved by the Comitê de Ética em Pesquisa da Materni­
dade Climério de Oliveira/UFBA, Brazil (CAAE: 25336819.3. 0000.5543/4.691.233, 2019). 
Samples that tested positive for WNV transcription-mediated amplification (TMA), IgM 
and IgG antibodies, designated as the WNV infection panel (n = 18), were collected 
from blood donors at the American Red Cross in Gaithersburg, Maryland (20). Samples 
from a DENV seroprevalence study in Kaohsiung, Taiwan, were confirmed by NT as 
primary DENV (pDENV), secondary DENV (sDENV) infection, or DENV-negative panel 
(32, 33); the sampling time was based on questionnaires from study participants. Of 
the five arboviruses studied, DENV is the only one prevalent in Taiwan (32); thus, the 
DENV-negative panel from Taiwan is considered a negative serum control for arboviruses 
in this study. Samples of confirmed CHIKV cases (n = 22) were described previously (34). 
Samples of YFV-17D vaccinees were from the United States (n = 10) and Brazil (n = 9) 
based on a history of YF-17D vaccination (30, 31); samples from non-human primates 
(NHP) receiving YF-17D vaccine (n = 4) were from the BEI Resources (NIAID, NIH).

Recombinant proteins and VLP

The NS1 gene (amino acid residues 1–352) of ZIKV (HPF2013 strain) with a His-tag at the 
C-terminus and DENV1 (Hawaii strain) E gene (ectodomain: amino acid residues 1–400) 
were codon-optimized (Integrated DNA Technologies, Skokie, IL) and cloned into the 
pMT-Bip vector to establish Drosophila S2-cell stable clones (20). ZIKV-NS1 and DENV1 
E proteins from supernatants of the stable clones were purified by a fast purification 
chromatography system (AKTA Pure, GE Health Care Bio-Science, Pittsburg, PA) (20). NS1 
proteins of DENV1 (Nauru/Western Pacific/1974), DENV2 (Thailand/16,681/84), DENV3 
(Sri Lanka D3/H/IMTSSA-SRI/2000/1266), DENV4 (Dominica/814,669/1981), WNV (NY99), 
and YFV (17D) were purchased from The Native Antigen (Oxford, UK). CHIKV (H20235-St 
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Martin-2013 strain) VLP was generated by transfection of 293T cells with the CHIKV 
CE3E2E1 plasmid. DENV1 (Hawaii strain) and mock VLP were generated by transfection 
of 293T cells with DENV1 wild type (WT) or FL-mutant prME plasmid and mock plasmid, 
respectively, followed by purification through 20% sucrose cushion ultracentrifugation 
and quantification by Bradford reagent (MilliporeSigma, Burlington, MA) as described 
previously (23).

Coupling of microspheres

Twenty­five micrograms each of recombinant NS1 proteins (DENV1, 2, 3, and 4, mixed 
DENV1–4, WNV, YFV, and ZIKV) and E protein (DENV1), as well as bovine serum albumin 
(BSA) and PBS (both negative antigen controls) were coupled onto 5.0 × 106 mag­
netic carboxylated microspheres (MagPlexTM-C) (Luminex, TX, Austin) using a two-step 
carbodiimide process at room temperature (35). Mixed DENV1–4 NS1 refers to NS1 
proteins from DENV1–4 conjugated on the same bead, whereas individual DENV1, 2, 3, 
and 4 NS1 indicates NS1 protein from each serotype conjugated to a separate bead. 
Forty micrograms of WT VLP, FL-mutant VLP (designated as FL VLP), CHIKV VLP, and 
mock VLP (another negative antigen control) were coupled onto 5.0 × 106 magnetic 
carboxylated microspheres using the AMG Metallic Cage System (AnteoTech, Australia). 
The antigen-conjugated microspheres were stored in 400 µL PBN buffer (PBS with 1% 
BSA and 0.05% sodium azide, Sigma-Aldrich) at 4°C until use.

MIA

Twenty­five microliters of PBS-1% BSA containing ~1,250 antigen-conjugated micro­
spheres were added to a flat­bottom 96-well plate and incubated with 25 µL diluted 
serum or plasma (final 1:100 dilution in PBS-1% BSA) at 37°C for 30 min in the dark, 
followed by wash with 200 µL of PBS-1% BSA twice, incubation with 50 µL of red 
phycoerythrin-conjugated anti-human or anti-mouse IgG (Jackson Immune Research 
Laboratory, West Grove, PA) at 37°C for 45 min in the dark, and wash with 200 µL of 
PBS-1% BSA twice (35). Microspheres were then resuspended in 100 µL of PBS-1% BSA, 
incubated for 5 min, and read by Magpix (Austin, TX). All incubations were performed 
on a plate shaker at 700 rpm, and all wash steps used a 96-well magnetic plate 
separator (MilliporeSigma, Burlington, MA) (35). Each plate includes two positive sera 
controls (mixed sera from samples with confirmed DENV, ZIKV, YFV, WNV, and CHIKV 
infections/exposure), four negative sera controls (from the DENV-negative panel), and 
tested samples (all in duplicates). The MFI was determined for 50 microspheres for each 
well. The median fluorescence intensity (MFI) values for each antigen were divided by the 
mean MFI value of one positive serum control (MFI~104) and multiplied by 104 (except 
by 100 and 3,000 for negative antigen controls and CHIKV VLPs, respectively) to calculate 
the relative median fluorescence intensity (rMFI) for comparison between plates (Fig. S1). 
The cutoff rMFI for each antigen was defined as the mean rMFI value of 20 negative 
serum controls (from the DENV-negative panel) plus 5 standard deviations, which gave a 
confidence level greater than 99.0% from 4 negatives (36). Each cutoff rMFI was further 
tested by the receiver-operating characteristics (ROC) analysis and adjusted accordingly 
(GraphPad Prism 6).

Pseudovirus NT

Pseudoviruses of CHIKV and Mayaro virus (MAYV), another alphavirus of the same 
serocomplex as CHIKV, were generated as described previously (37, 38). Briefly, HEK-293T 
cells, seeded in a 10-cm dish 1 day earlier, were co-transfected with pNL4-3 R-E-miRFP (12 
µg) and plasmids CHIKV (12 µg) or MAYV (4 µg) using lipofectamine 2000 and incubated 
with DMEM media containing 10% FBS (38). The supernatants were collected at 72 h 
post-transfection, followed by low-speed centrifugation at 300 × g for 10 min, aliquoted, 
titrated, and stored at −80°C (38). For NT, Huh7 cells, seeded onto 96-well plates (2 × 104 

cells/well) one day earlier, were inoculated with mixtures containing pseudovirus (CHIKV 
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or MAYV) and fourfold serial dilutions of plasma (1:1) for spin infection (centrifuged at 
1,200 × g at 4°C for 1 h and followed by incubation at 37°C for 1 h); the plates were 
scanned at 72 h by Li-Cor Odyssey imager (Fig. S2A and B) (38). The % of infection at 
different plasma dilutions (from 1:10 to 1:10,240 dilutions) was calculated by the formula 
(intensity of serum + pseudovirus – intensity of media only)/(intensity of pseudovirus 
only – intensity of media only) × 100. The % neutralization = 100 – % of infection (38). 
NT50 titer was the plasma dilution that reached 50% neutralization using 4-parameter 
nonlinear regression analysis (GraphPad 6.0, Boston, MA). NT50 titer < 10 was arbitrarily 
assigned as 5.

Euroimmun ELISA kits

Euroimmun anti-DENV, ZIKV, and CHIKV IgG ELISA kits, which detect antibodies against 
DENV particles (mainly E protein), ZIKV NS1 protein, and recombinant CHIKV antigen, 
respectively, were used to test samples collected in Saúde, Bahia, Brazil.

Statistical analysis

Two-tailed Mann-Whitney test and Fisher’s exact test were used to compare quantitative 
and qualitative variables, respectively, between two groups (GraphPad Prism 6). The 95% 
confidence interval (CI) was calculated using Excel. The positive, negative, and overall 
agreements and kappa assessment were calculated using the SPSS 20.

RESULTS

Establishing an arbovirus multiplex IgG MIA

We first employed an IgG MIA containing 15 beads, including 12 antigens: NS1 proteins 
of DENV1, 2, 3, and 4, mixed DENV1–4, ZIKV, WNV, and YFV, E protein of DENV1, VLP 
of CHIKV, and DENV1 (WT and FL VLP), and three negative antigen controls (PBS, BSA, 
mock VLP) to test 374 serum or plasma samples from 8 panels with known arbovirus 
infections/vaccination (Table 1). For orthoflaviviruses, DENV NS1 proteins (either mixed 
DENV1−4 or each serotype) were recognized primarily by DENV panels (pDENV, sDENV, 
and DENV + ZIKV) rather than non-DENV panels, including negative sera, pZIKV, WNV, 
and YFV-17D panels (Table 1). ZIKV NS1 was recognized by ZIKV panels (pZIKV, DENV + 
ZIKV) and 54.1% (60/111) of the sDENV panel. WNV NS1 was recognized by the WNV 
panel as well as the sDENV and DENV + ZIKV panels, suggesting cross-reactivity to 
WNV NS1 after repeated orthoflavivirus infections, whereas YFV NS1 was recognized 
mainly by the YFV-17D panel. DENV1 VLP (WT or FL) was recognized by most orthofla­
vivirus samples tested except the negative sera panel, suggesting they can be used 
as a pan­orthoflavivirus marker specific to the current multiplex panel (DENV, ZIKV, 
WNV, and YFV). Further comparison revealed that DENV1 WT VLP had higher sensitivity 
for the current orthoflavivirus panel than FL VLP (94.5 vs 91.2%) (Table 1), suggesting 
that DENV1 WT VLP alone can serve as a representative pan­orthoflavivirus marker. For 
alphavirus, CHIKV VLPs were mainly recognized by the CHIKV panel. As expected, three 
negative antigen controls were not recognized by any panel (data not shown).

In agreement with previous reports that anti-DENV NS1 IgG antibodies following 
pDENV or sDENV infection recognized one to three or all four DENV serotypes, respec­
tively (16, 20), mixed DENV1−4 NS1 had higher sensitivity/specificity (96.0/98.3%) than 
individual DENV serotype NS1 (Table S2), and were thus chosen for further testing. 
Additionally, DENV1 WT and FL VLP had higher sensitivity (100%) than recombinant E 
protein (86.0%) (Table S3) and were chosen for further testing. Thus, we down-selected 
from 12 to 7 antigens and summarized the results in Fig. S3 and Fig. 1, which was a 
graphical presentation of the 7 down-selected antigens. To distinguish the sDENV and 
DENV + ZIKV panels, we found the ratio of rMFI of ZIKV to DENV1−4 NS1 was significantly 
different between them, with a cutoff ratio of 0.99 (Fig. 1E).
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The overall sensitivity/specificity of DENV1−4, ZIKV, WNV, and YFV NS1 IgG MIAs were 
96.0/98.3%, 100%/79.9%, 94.4%/73.4%, and 52.2%/94.4%, respectively (Table 2). For 
alphavirus, the overall sensitivity/specificity for CHIKV VLP was 100/99.7%.

Cross-reactivity to multiple NS1 proteins after sDENV infection

To investigate NS1 cross-reactivity following repeated orthoflavivirus infections, we 
analyzed the sDENV panel (Fig. 2A), which included 111 samples with known sampling 
time post-symptom onset (PSO). The detection rates for DENV1−4 NS1 were 100% up to 
1 year and 90%–100% after 1–20 years PSO (Fig. 2B and C). The cross-reactivity to ZIKV 
NS1 decreased from 71.6% (within 1 year) to 25.9% (1–15 years) (Fig. 2D and E). A similar 
trend was observed for the cross-reactivity to WNV NS1 (Fig. 2F and G). The cross-
reactivity to YFV NS1 was lower (11.7% up to 6 years PSO). As a comparison, we further 
analyzed anti-NS1 antibodies after pDENV infection; the detection rates for DENV1−4 
NS1 remained 100% up to 6 years and declined to 42.9% >20 years (Fig. S4A through C). 
The cross-reactivity to ZIKV and WNV NS1 was lower, 7.5% and 10%, respectively, mainly 
within 1 year (Fig. S4D through G); no cross-reactivity to YFV NS1 was observed.

Proposed algorithm for determining orthoflavivirus and alphavirus infec­
tions

As anti-NS1 antibodies are generally more specific to each orthoflavivirus than anti-E 
antibodies that are cross-reactive and recognize VLP (Table 2), we proposed to use 
positivity to DENV1 WT VLP to verify the four orthoflaviviruses (DENV, ZIKV, WNV, and 
YFV) first (Fig. 3A), followed by NS1 positivity to determine different orthoflavivirus 
infections/exposure. NS1 positivity to one of the four orthoflaviviruses tested indicates 
single orthoflavivirus infection/exposure (Fig. 3B); multiple NS1 positivities suggest 
multiple orthoflavivirus infections/exposure, such as sDENV or DENV + ZIKV infection. If 
these two are suspected, the rMFI ratio of ZIKV to DENV1−4 NS1 ≥ or <0.99 suggests 
DENV + ZIKV or sDENV infection/exposure, respectively (Fig. 3C). All equivocal samples 
will be confirmed by specific anti-prM antibodies to DENV, ZIKV, WNV, and YFV in WB 

TABLE 1 Results of multiplex IgG MIA with 12 antigens for 8 known serum/plasma panels.

No. of positive/total samples (%) in different serum/plasma panelsa

IgG MIAc DENV negatived pDENV sDENV pZIKV DENV+ZIKV WNVb YF-17D CHIKV

D1−4 NS1 1/135 (0.7%) 36/40 (90.0%) 108/111 (97.3%) 0/12 (0%) 22/22 (100%) 1/18 (5.6%) 1/14g (7.1%) NAh

D1 NS1 1/135 (0.7%) 33/40 (82.5%) 111/111 (100%) 2/12 (16.7%) 22/22 (100%) 1/18 (5.6%) 2/14g (14.3%) NAh

D2 NS1 1/135 (0.7%) 36/40 (90.0%) 108/111 (97.3%) 0/12 (0%) 22/22 (100%) 2/18 (11.1%) 2/14g (14.3%) NAh

D3 NS1 1/135 (0.7%) 33/40 (82.5%) 107/111 (96.4%) 2/12 (16.7%) 22/22 (100%) 2/18 (11.1%) 2/14g (14.3%) NAh

D4 NS1 3/135 (2.2%) 34/40 (85.0%) 105/111 (94.6%) 1/12 (8.3%) 22/22 (100%) 1/18 (5.6%) 1/14g (7.1%) NAh

ZIKV NS1 0/135 (0%) 3/40 (7.5%) 60/111 (54.1%) 12/12 (100%) 22/22 (100%) 0/18 (0%) 1/14g (7.1%) NAh

WNV NS1 0/135 (0%) 4/40 (10.0%) 62/111 (55.9%) 1/12 (8.3%) 20/22 (90.9%) 17/18 (94.4%) 2/14g (14.3%) NAh

YFV NS1 0/135 (0%) 0/40 (0%) 11/111 (9.9 %) NAe NAe NAe 12/23 (52.2%) NAh

D1 WT VLP 0/135 (0%) 40/40 (100%) 111/111 (100%) 10/12 (83.3%) 22//22 (100%) 18/18 (100%) 4/14g (28.6%) NAh

D1 FL VLP 0/135 (0%) 40/40 (100%) 111/111 (100%) 6/12 (50.0%) 22//22 (100%) 15/18 (83.3%) 4/14g (28.6%) NAh

D1 E 2/135 (1.5%) 38/40 (95.0%) 110/111 (99.1%) 8/12 (66.7%) 22/22 (100%) 18/18 (100%) 2/14g (14.3%) NAh

CHIKV VLP 0/135 (0%) 0/40 (0%) 0/111 (0%) NAf NAf 0/18 (0%) 1/23 (4.3%) 22/22 (100%)
apDENV, primary DENV infection; sDENV, secondary DENV infection; pZIKV, primary ZIKV infection; DENV + ZIKV, previous DENV and ZIKV infections; WNV, WNV infection; 
YF-17D, YF-17D vaccination; CHIKV, CHIKV infection.
bIndex samples tested positive for WNV transcription-mediated amplification, IgM, and IgG from blood donors at the American Red Cross (20).
cNS1, nonstructural protein 1; VLP, virus-like particles; E, envelope protein; WT, wild type; FL, fusion loop-mutated; D1, DENV1; D2, DENV2; D3, DENV3; D4, DENV4. No. (%) of 
homologous NS1, VLP, or E recognized by each panel are bolded.
dDENV-negative panel confirmed by microneutralization test is considered a negative sera control for the five arboviruses tested as described in Materials and Methods.
eNA, not applicable. Due to the lack of history of YFV vaccination or infection in these panels, the data were not included in the analysis of sensitivity/specificity.
fDue to the lack of history of CHIKV infection in these panels, the data were not included in the analysis of sensitivity/specificity.
gDue to the lack of history of DENV, ZIKV, or WNV infection from a subset of the YF-17D (n = 9) panel from Brazil, these samples were not included in the analysis of DENV, 
ZIKV, and WNV NS1 or VLP recognition.
hDue to the lack of history of DENV, ZIKV, or YFV vaccination or infection of the CHIKV (n = 22) panel from Brazil, these samples were not included in the analysis of DENV, 
ZIKV, WNV, and YFV NS1 or VLP recognition.
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analysis, or by NT (30, 31, 33). For alphavirus, positivity to CHIKV VLP suggests CHIKV 
infection. To rule out the possibility of MAYV infection, another alphavirus present in 
Central and South America with a similar clinical presentation (38–40), pseudovirus NT is 

FIG 1 Results of multiplex IgG, including seven down-selected antigens and one negative antigen control. (A–D and F–I) Results of IgG MIA, including eight 

antigens and one negative antigen control: DENV1−4 NS1 (A), ZIKV NS1 (B), WNV NS1 (C), YFV NS1 (D), DENV1 WT VLP (F) and FL VLP (G), mock VLP (H), and 

CHIKV VLP (I). The eight panels of serum/plasma samples with known arbovirus infection/exposure are pDENV, sDENV, pZIKV, DENV+ZIKV, and WNV, YFV-17D 

vaccination, and negative sera panels. The number of positive and total samples tested for each panel is shown below each graph. NA, not applicable due to the 

lack of history of DENV, ZIKV, CHIKV infection, or YFV infection or vaccination in some panels. (E) The ratio of rMFI of ZIKV to DENV1−4 NS1 comparing the sDENV 

and DENV + ZIKV panels. P = 0.0001, two-tailed Mann-Whitney test. Data are the means (each in duplicate), and dashed lines indicate cutoff rMFI.
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recommended for equivocal samples and confirmation of CHIKV infection (Fig. 3D, Fig. 
S2B).

Arbovirus seroprevalence in Saúde

We next tested serum samples collected from participants in Saúde. The age ranged 
from 11 to 91 years old (mean: 42.1) with the proportion of age groups comparable 
to that of the population in Saúde (Table S4); the male to female ratio was 1.24. For 
orthoflaviviruses, we found 193 had DENV infection, 66 ZIKV, 96 YFV, and 66 negative 
(Fig. S5A and B). Notably, 20 were interpreted as unspecified orthoflavivirus infection 
based on positivity to DENV1 WT VLP and negative to all NS1 tested (Fig. S5C); after 
verification by WB analysis, 7 had DENV infection, 12 DENV + YFV, and 1 YFV (Fig. S5D 
and E). Fifteen were possible WNV infections based on positivity to WNV NS1 (n = 131) 
and exclusion of sDENV (n = 57) and DENV + ZIKV (n = 59) infections, considering their 
high cross-reactivity to WNV NS1 (55.9% and 90.9%, respectively) (Table 1, Fig. S5F). After 
verification by WB analysis, 3 had DENV infection, 11 had DENV + YFV, 1 had YFV (Fig. 
S5G and H), and none had WNV infection. These findings highlight the importance of 
confirmatory tests for the NS1-based multiplex IgG MIA. Together, we found a seroposi­
tive rate of 70.1% to DENV, 22.3% to ZIKV, 39.7% to YFV, and 22% negative, including 
multiple orthoflavivirus infections (DENV + ZIKV, DENV + YFV, and DENV + ZIKV + YFV) 
(Fig. 4A, C, E and F).

TABLE 2 Sensitivity and specificity of different NS1 and VLP IgG MIA.

Viral antigenc Group % Sensitivity (95% CI)a,b % Specificity (95% CI)a,b

D1−4 NS1 Overall 96.0 (93.0–97.5) 98.3 (96.4–99.3)
Subgroup pDENV:90.0, sDENV:97.3, 

DENV + ZIKV:100
DENV-negative:99.3, pZIKV:100, 

WNV:94.4, YF-17D:92.9
ZIKV NS1 Overall 100 (100–100) 79.9 (75.5–82.1)

Subgroup pZIKV:100, DENV + 
ZIKV:100

DENV-negative:100, 
pDENV:92.5, sDENV:46.0, 
WNV:100, YF-17D:92.9

WNV NS1 Overall 94.4 (83.9–99.8) 73.4 (68.6–75.8)
Subgroup WNV:94.4 DENV-negative:100, pDENV:90, 

sDENV:44.1, pZIKV:91.7, DENV 
+ ZIKV:9.1, YF-17D:85.7

YFV NS1 Overall 52.2 (31.8–62.6) 94.4 (91.7–95.8)
Subgroup YF17D:52.2 DENV-negative:100, pDENV:100, 

sDENV:90.1, pZIKV:NAd, DENV 
+ ZIKV:NAd, WNV:NAd

D1 WT VLP Overall 100 (100–100) 82.1 (76.5–85.0)
Subgroup pDENV:100, sDENV:100, 

DENV+ZIKV:100
DENV-negative:100, pZIKV:16.7, 

WNV:0, YF-17D:71.4
D1 FL VLP Overall 100 (100–100) 86.0 (81.0–88.6)

Subgroup pDENV:100, sDENV:100, 
DENV+ZIKV:100

DENV-negative:100, pZIKV:50.0, 
WNV:16.7, YF-17D:71.4

CHIKV VLP Overall 100 (100–100) 99.7 (99.1–100)
Subgroup CHIKV:100 DENV-negative:100, pDENV:100, 

sDENV:100, pZIKV:NAe, DENV 
+ ZIKV:NAe, WNV:100, 
YF-17D:95.7

aCI, confidence interval. pDENV, primary DENV infection; sDENV, secondary DENV infection; pZIKV, primary ZIKV 
infection; DENV + ZIKV, previous DENV and ZIKV infections; WNV, WNV infection; YF-17D, YF-17D vaccination; 
CHIKV, CHIKV infection.
bFor simplicity, the 95% CIs in the subgroup are not shown.
cNS1, nonstructural protein 1; VLP, virus-like particles; WT, wild type; FL, fusion loop-mutated; D1, DENV1; D2, 
DENV2; D3, DENV3, D4, DENV4.
dNA, not applicable; the history of YFV vaccination or infection was not available in these panels.
eNA, not applicable; the history of CHIKV infection was not available in these panel.
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FIG 2 Results of NS1 IgG MIA and cross-reactivities over time after sDENV infection. Results of multiplex IgG MIA in sDENV panel (A), and NS1 IgG MIA and 

detection rate over time, including DENV1−4 (B and C), ZIKV (D and E), WNV (F and G), and YFV (H and I) NS1 proteins. Numbers of positive and total samples 

tested for each subgroup are shown below each graph with rMFI. Cross-reactivities (%) to ZIKV, WNV, and YFV NS1 within 1 or 6 years or between 1 and 15 years 

are shown above the lines in each graph (E, G, and I). Data are the means (each in duplicate), and dashed lines indicate cutoff rMFI.
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For alphavirus, 17 tested positive for the CHIKV VLP (Fig. S6A and B). Consistent with 
the CHIKV-positive control panel (Fig. S2B), the ratios of NT50 titers of CHIKV to MAYV 
were ≥2.5 for 16 samples tested, which had sufficient volume, confirming CHIKV infection 
(Fig. S6C). The results of alphavirus infection are summarized in Fig. 4B, D and G. Taken 
together, we found the majority (53.4%) of positive samples had multiple arbovirus 

FIG 3 Proposed algorithm of using multiplex IgG MIA to determine orthoflavivirus and alphavirus infections. (A) Samples that tested negative or positive 

to DENV1 WT VLP represent no or infections/exposure to orthoflaviviruses, respectively. (B) For orthoflaviviruses, based on positivity to NS1 antigens of four 

serocomplexes (DENV1−4, ZIKV, WNV, and YFV), samples that tested negative to all or positive for one of four NS1 antigens represent orthoflavivirus negative or 

single orthoflavivirus (DENV, pZIKV, WNV, or YFV) infection/exposure, respectively. Samples that tested positive for two or more NS1 antigens represent multiple 

orthoflavivirus infections/exposure. (C) To distinguish between DENV + ZIKV and sDENV infections, the rMFI ratio of ZIKV to DENV1−4 NS1 ≥ or < 0.99 suggests 

DENV + ZIKV or sDENV infection, respectively. All equivocal samples will be verified by previously reported WB analysis or NT. (D) For alphavirus, samples that 

tested negative or positive to the CHIKV VLP suggest negative or CHIKV infection, respectively. All equivocal samples will be verified by pseudovirus NT (to both 

CHIKV and MAYV).
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infections or exposure, including DENV + CHIKV, DENV + ZIKV, DENV + YFV, DENV + ZIKV 
+ YFV, and/or CHIKV (Fig. 4H). We further determined the age­stratified seroprevalence of 
DENV, ZIKV, YFV, and CHIKV and the relationship to sex (Fig. 4I, Table S4).

Comparison of multiplex IgG MIA and commercial DENV/ZIKV/CHIKV kits

We further tested samples with the Euroimmun IgG ELISA kits, which were commonly 
used in Brazil and other endemic countries. A seropositive rate of 71.3% to DENV, 38.0% 

FIG 4 Seroprevalence of orthoflaviviruses and alphavirus in Saúde. (A and B) Multiplex IgG MIA tested for 300 serum samples collected from Saúde, with results 

of four orthoflaviviruses (A) and one alphavirus (B) highlighted. Numbers of positive and total samples tested for each antigen are shown below. (C and D) The 

number of samples tested positive for one or multiple virus infections and the total number of samples tested for orthoflaviviruses (C) and alphavirus (D). 

(E–H) Seropositive rates of one or multiple virus infections for orthoflaviviruses (E and F), alphavirus (G), and combining orthoflaviviruses and alphavirus together 

(H). (I) Age­stratified seroprevalence of DENV, ZIKV, YFV, and CHIKV. *P < 0.01, comparing age groups ≤19 and 20–39 for DENV and ZIKV, Fisher’s exact test.
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to ZIKV, 6.7% to CHIKV, and 28.7% negative were found (Fig. 5A through D), with the 
age­stratified seroprevalence shown in Fig. 5E. The overall agreements between our 
multiplex IgG MIA and the Euroimmun ELISA kits for DENV, ZIKV, and CHIKV were 94.3%–
96.6%, 89.7%–97.1%, and 97.7%–99.0%, respectively, and the kappa assessments were 

FIG 5 Seroprevalence of DENV, ZIKV, and CHIKV in Saúde based on commercial ELISA kits and comparison with IgG MIA plus confirmatory tests. (A) The number 

of samples tested positive for DENV, ZIKV, DENV only, ZIKV only, DENV + ZIKV, CHIKV, and the total number of samples tested. (B−D) Seropositive rates of 

DENV and ZIKV (B), DENV only, ZIKV only, DENV + ZIKV (C), and CHIKV (D). (E) Age­stratified seroprevalence of DENV, ZIKV, and CHIKV. (F−H) Comparison of the 

performance of Euroimmun IgG kits and IgG MIA plus confirmatory tests for DENV (F), CHIKV (G), and ZIKV (H). The positive, negative, and overall agreements and 

kappa assessment of two assays based on either one as the gold standard. pos: positive, neg: negative, ind: indeterminate, and equ: equivocal. (I) Results of NT 

(NT50 titers) to CHIKV and MAYV pseudoviruses for samples tested positive or indeterminate for CHIKV by Euroimmun IgG kits only.
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high (0.914–0.941). (Fig. 5F through H). For the three samples that tested positive and 
the four intermediates using the Euroimmun CHIKV IgG kit, the NT50 titers to CHIKV were 
<10, excluding CHIKV infection (Fig. 5I).

DISCUSSION

Since the ZIKV outbreak in 2015−2017, two studies reported that prior DENV infection 
reduces the risk of symptomatic ZIKV infection, whereas others showed that previous 
ZIKV or DENV followed by ZIKV infection increased the risk of symptomatic DENV2 and 
severe disease, while two or more DENV infections with prior ZIKV were protective (41–
44). In addition, preexisting Japanese encephalitis virus (JEV) neutralizing antibodies 
were reported to increase the risk of symptomatic DENV infection, and preexisting DENV 
IgG was associated with improved JEV disease outcome (45, 46). Other studies reported 
the effect of YFV exposure on DENV disease outcome and vice versa (47). Together, these 
studies demonstrate the complexity of interactions between DENV, ZIKV, and/or other 
orthoflaviviruses, while highlighting the importance of orthoflavivirus infection/expo­
sure histories for understanding the epidemiology, pathogenesis, and vaccine strategies 
in regions where multiple members co-circulate. In this regard, our multiplex IgG MIA 
assay in combination with confirmatory tests provides a convenient and validated tool 
to explore DENV, ZIKV, WNV, CHIKV, and YFV infections/exposure in arbovirus-endemic 
countries.

The low sensitivity (52.2%) of anti-YFV NS1 IgG for detecting YFV infection/exposure 
was in agreement with previous reports (44.4%) for YF-17D vaccinees and natural 
infection (28, 48). It is worth noting that most samples in our YFV control panel were 
from YF-17D vaccinees without other orthoflavivirus infection, which may contribute 
to lower anti-YFV antibody titers and lower detection rate of anti-YFV NS1 than those 
with other orthoflavivirus infection. This was supported by a recent study showing lower 
neutralizing antibody titers against diverse YFV strains, such as South America genotype 
I, among YF-17D vaccinees without evidence of heterologous orthoflavivirus infection 
(49). As previous studies reported genotype­specific differences in anti-E neutralizing 
antibody titers against the YF-17D strain vs. the South America genotype I virus (50, 51), 
the possibility that genotype­specific differences in anti-YFV NS1 antibodies may affect 
the detection rate of anti-YFV NS1 based on the YF-17D vaccine strain should also be 
considered. Consistent with a recent report, the specificity of our DENV1-4, ZIKV, WNV, 
and YFV NS1 IgG MIA based on negative sera control was high (99.3%–100%) (Table 2) 
(29). To reflect the real-world situations, we calculated the overall specificity based on all 
tested panels that have known arbovirus infections/vaccination (Table 2). The low overall 
specificity of ZIKV and WNV NS1 proteins was mainly due to cross-reactivities among 
those with repeated orthoflavivirus infections, including sDENV and DENV + ZIKV panels. 
Using our sDENV panel with known sampling time, we showed the relationship between 
sampling time and cross-reactivities to ZIKV or WNV NS1, which were considerably high 
up to 15 years PSO, despite a declining trend from ~72% (within 1 year) to ~27% (up 
to 15 years). Notably, the low cross-reactivity observed in the sDENV and DENV + ZIKV 
panels against YFV NS1 relative to WNV NS1 could be due to lower amino sequence 
homology between DENV and YFV NS1 (~38.6%–40.9%) compared with that between 
DENV and WNV NS1 (~50.2%–54.8%) (52). Alternatively, the limited sensitivity of YFV NS1 
may account for the comparatively low cross-reactivity observed in the sDENV and DENV 
+ ZIKV panels against YFV NS1 relative to WNV NS1.

In Saúde, we found seropositivity of 70.3%, 22.3%, 39.7%, and 5.7% to DENV, ZIKV, 
YFV, and CHIKV, respectively. None was found to have WNV infection (Fig. S5F through 
H), which is consistent with the observation that no WNV infection in humans has been 
reported in South America, including Brazil (53). The seropositivity to ZIKV (22.3%) was 
much lower than previous reports (57%–63.3%) during the ZIKV outbreak (2015−2017) 
in Northeastern Brazil using the same Euroimmun kit (54, 55). It is worth noting that the 
samples in our study were collected between 2021 and 2022, ~6 years after the peak 
of ZIKV outbreak in the region; a previous study showed decline of ZIKV seroprevalence 
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over time, from 24% (2015) to 12% (2017), in French Polynesia and Fiji, including 23 
(12.2%) seroreversions among 189 paired sera (56). Similarly, a rapid decline of anti-ZIKV 
NS1 IgG was reported in Northeastern Brazil from 59.0% (2015) to 38.6% (1.5–2 years 
later), with a high (20.6%) seroreversion rate (57). The relatively weak anti-ZIKV NS1 
antibody response compared with the anti-E antibody response may account for such a 
decline, and this should be considered for future ZIKV seroprevalence studies (15, 16, 31). 
A recent systematic review revealed heterogeneity of global ZIKV seroprevalence with 
a seroprevalence rate of 39.9% (95% CI: 30.0%–49.9%) in the Americas (58). In line with 
this, ZIKV seroprevalence was reported to be 34.6% (range: 23.4%–47.4%) at Recife in 
Northeastern Brazil (2018−2019) using the Euroimmun kit (59)

The seropositive rates of DENV (70.3%) and CHIKV (5.7%) were comparable to those of 
DENV (75.7%; CI: 69.4%–81.1%) and CHIKV (7.4%; CI: 5.6%–9.8%) reported previously in 
Northeastern Brazil (54). Notably, the pattern of the age­stratified seropositivity of DENV, 
ZIKV, and CHIKV was generally in agreement with that based on the Euroimmun kits (Fig. 
4I and 5E). An abrupt increase in DENV seropositivity was observed between age group 
<19 and 20–39, followed by a peak in age groups 20–39 and 40–59, and slight decline 
in age groups 60–79 and ≥80, which was consistent with a recent report in Northeast 
Brazil (Table S4) (59). An increase in ZIKV seropositivity was also observed between age 
groups <19 and 20–39, followed by a gradual decline with age, raising the possibility of 
age-related decline of anti-ZIKV NS1 IgG over time. Consistent with previous reports, the 
seropositivity of DENV and CHIKV was higher in females than males, but not significant 
for CHIKV (Table S4) (59, 60). For CHIKV, a recent study reported a seroprevalence rate 
of 22.1% (range: 2.0%–70.5%) at Feira de Santana in Northeastern Brazil (60); our CHIKV 
seropositive rate is within the range. The high heterogeneity of CHIKV seropositivity 
in intra-urban space was in line with that of CHIKV seroprevalence from six studies in 
Brazil (7.4%–51%) and between countries and territories (13.1%–57.9%) as reported in 
a recent systematic review (13, 61). Given the low sensitivity (52.2%) of anti-YFV NS1 
in IgG MIA, further analysis of our YF-17D vaccinees panel revealed that the anti-YFV 
NS1 detection rate was higher among those with evidence of other orthoflavivirus 
infection/exposure (2/2 = 100%) based on history and WB analysis compared with those 
without (5/12 = 41.6%), albeit the small sample size. With a DENV seropositivity of 70.3% 
in Saúde, ~70% of YFV seropositive participants who had previous DENV infection will be 
detected by DENV WT VLP, and also detected by anti-YFV NS1 at a higher rate (close to 
100%) or interpreted as unspecified orthoflavivirus infection and verified by WB analysis, 
whereas ~30% of YFV seropositive participants who had no previous DENV infection 
will be detected by anti-YFV NS1 at a rate of 41.6%, suggesting approximately 17.5% 
YFV infection/exposure might be missed in Saúde. Future studies should include YFV 
VLP together with DENV1 WT VLP as the pan­orthoflavivirus marker to capture all YFV 
infections/exposure. Nonetheless, the seropositivity of YFV (39.7%) was within the range 
of the estimated coverage rate of YFV vaccination in Brazil (30%–70% for individuals 
aged 15–70 years) and suggested they had previous YFV vaccination or infection (62). 
As current serological tests cannot distinguish YFV vaccination and natural infection, the 
possibility of YFV infection during the recent or previous outbreaks in Brazil cannot be 
ruled out (8).

There are several limitations. First, the sample size in Saúde (n = 300) is small; 
nonetheless, the sampling rate (2.86%, 300/10,478 population of Saúde) is high 
compared with other seroprevalence studies (34, 54, 55, 59, 60). Second, future studies 
involving a sufficient number of sequential samples with different orthoflavivirus 
infections, especially those with repeated orthoflavivirus infections such as DENV + ZIKV, 
DENV + YFV, or DENV + ZIKV + YFV, are needed to better assess the performance of the 
IgG MIA over time. Third, although historically flaviviruses were separated into different 
serocomplexes using hyperimmune animal sera in NT (63), extensive cross-reactivity was 
observed in E-protein-based binding assays (14–17). We chose to employ eight panels of 
human serum samples with well-documented arbovirus infections or vaccination, which 
represent antibody profiles in humans, to evaluate the sensitivity/specificity of NS1 
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and E-protein-based antigens in our multiplex IgG MIA. Notably, while the magnitude 
of antibody responses to WNV is thought to be lower in asymptomatic blood donors 
compared with neuroinvasive WNV cases (64–66), the cutoff rMFI in our WNV-NS1 IgG 
MIA based on blood donors is likely to increase the sensitivity of detecting previous 
WNV infection. The possible decrease in specificity will be validated by WB or NT 
analysis as proposed in our algorithm. Fourth, due to the lack of serum samples from 
confirmed MAYV cases or MAYV­specific human monoclonal antibodies, MAYV antigen 
was not included in our IgG MIA for alphavirus detection and should be included in 
future studies. Nonetheless, pseudovirus NT to both CHIKV and MAYV is recommended 
for equivocal samples and confirmation of CHIKV infection in the proposed algorithm 
of this study (Fig. 3D, Fig. S2). Lastly, future studies to distinguish other pathogenic 
arboviruses such as JEV, tick-borne encephalitis virus (TBEV), Onyongnyong, Ross River, 
and Oropouche viruses, depending on the endemicity in different regions, remain to be 
exploited. In light of the successful implementation of several orthoflavivirus vaccines 
and ongoing vaccine trials in endemic regions, serological tests that can distinguish 
natural infection and vaccinations with DENV, JEV, YFV, and TBEV vaccines are warranted 
(2, 3, 6).

In summary, we reported a multiplex IgG MIA for five pathogenic arboviruses with 
validated sensitivity/specificity using eight panels of samples with well-documented 
arbovirus infection or vaccination and showed that the majority of study participants 
from a town in Northeastern Brazil had multiple arbovirus infections or exposure, 
including DENV + ZIKV, DENV + YFV, DENV + ZIKV + YFV, and/or CHIKV. This high-
throughput and multiplex assay, combined with confirmatory tests, provides a conven­
ient and reliable tool to explore serodiagnosis and serosurveillance of medically 
important arboviruses in endemic regions.

ACKNOWLEDGMENTS

We thank Kailee Naito-Keoho for technical assistance, Drs. E. Harris at the University of 
California, Berkeley, and A. Balmaseda at the Ministry of Health, Managua, Nicaragua, for 
providing samples from Nicaragua, and Dr. Susan L. Stramer at the American Red Cross in 
Gaithersburg, Maryland, for providing samples from blood donors.

This work was supported by grants R01AI149502 (W.-K.W.) and R01AI186073 (W.-K.W.) 
from the National Institute of Allergy and Infectious Diseases, NIH, and Conselho 
Nacional de Desenvolvimento Científico e Tecnológico, CNPq, 404193/2019-6. The 
funders had no role in study design, data collection and analysis, decision to publish, 
or preparation of the manuscript.

Wei-Kung Wang, Conceptualization, Formal analysis, Funding acquisition, Project 
administration, Resources, Supervision, Writing—original draft, Writing—review and 
editing | Eduardo Martins Netto, Conceptualization, Formal analysis, Funding acquisition, 
Project administration, Resources, Supervision, Writing—review and editing | Szu-Chia 
Hsieh, Conceptualization, Investigation, Methodology | Guan-Hua Chen, Investigation, 
Methodology | Melissa Barreto Falcão, Project administration, Resources | Celia Pedroso, 
Project administration | Rafaela Mayoral, Project administration | Roger Costa, Project 
administration | Yu-Ching Dai, Methodology | Rennsilve C. Salomon, Methodology | 
Jih-Jin Tsai, Resources | Laíse de Moraes, Resources | Viviane Sampaio Boaventura, 
Resources | Ricardo Khouri, Resources | Carlos Brites, Funding acquisition, Resources.

AUTHOR AFFILIATIONS

1Department of Tropical Medicine, Medical Microbiology and Pharmacology, John A. 
Burns School of Medicine, University of Hawaii at Manoa, Honolulu, Hawaii, USA
2Laboratório de Pesquisa em Infectologia (LAPI)-School of Medicine, Universidade 
Federal da Bahia, Salvador, Brazil
3Fundação José Silveira, Salvador, Bahia, Brazil
4Universidade Estadual de Feira de Santana, Feira de Santana, Bahia, Brazil

Full-Length Text Journal of Clinical Microbiology

Month XXXX  Volume 0  Issue 0 10.1128/jcm.00013-2615

https://doi.org/10.1128/jcm.00013-26


5Tropical Medicine Center, Kaohsiung Medical University Hospital, Kaohsiung, Taiwan
6Division of Infectious Diseases, Department of Internal Medicine, Kaohsiung Medical 
University Hospital, Kaohsiung, Taiwan
7School of Medicine, College of Medicine, Kaohsiung Medical University, Kaohsiung, 
Taiwan
8Instituto Gonçalo Moniz –Oswaldo Cruz Foundation (FIOCRUZ), Bahia, Brazil

AUTHOR ORCIDs

Wei-Kung Wang  http://orcid.org/0000-0002-6670-4663
Eduardo Martins Netto  http://orcid.org/0000-0003-1691-6761
Jih-Jin Tsai  http://orcid.org/0000-0003-2226-8916
Carlos Brites  http://orcid.org/0000-0002-4673-6991

FUNDING

Funder Grant(s) Author(s)

National Institute of Allergy and Infectious 
Diseases

R01AI149502 Wei-Kung Wang

National Institute of Allergy and Infectious 
Diseases

R01AI186073 Wei-Kung Wang

Conselho Nacional de Desenvolvimento 
Científico e Tecnológico

404193/2019-6 Eduardo Martins Netto

AUTHOR CONTRIBUTIONS

Wei-Kung Wang, Conceptualization, Formal analysis, Funding acquisition, Project 
administration, Resources, Supervision, Writing – original draft, Writing – review and 
editing | Eduardo Martins Netto, Conceptualization, Formal analysis, Funding acquisition, 
Project administration, Resources, Supervision, Writing – review and editing | Szu-Chia 
Hsieh, Conceptualization, Investigation, Methodology | Guan-Hua Chen, Investigation, 
Methodology | Melissa Barreto Falcão, Project administration, Resources | Celia Pedroso, 
Project administration | Rafaela Mayoral, Project administration | Roger Costa, Project 
administration | Yu-Ching Dai, Methodology | Rennsilve C. Salomon, Methodology | 
Jih-Jin Tsai, Resources | Laíse de Moraes, Resources | Viviane Sampaio Boaventura, 
Resources | Ricardo Khouri, Resources | Carlos Brites, Funding acquisition, Resources

DATA AVAILABILITY

The data presented in this study are available from the corresponding author upon 
request.

ETHICS APPROVAL

All included studies were conducted according to the guidelines of the Declaration of 
Helsinki and approved by Institutional Review Boards. Informed consent forms had been 
obtained from all participants.

This study was approved by the Institutional Review Board (IRB) of the University of 
Hawaii (CHS#17568, 2019-00910, and 2021-00947).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental tables and figures (JCM00013-26-s0001.pdf). Tables S1 to S4 and Figures 
S1 to S6.

Full-Length Text Journal of Clinical Microbiology

Month XXXX  Volume 0  Issue 0 10.1128/jcm.00013-2616

http://orcid.org/0000-0002-6670-4663
http://orcid.org/0000-0003-1691-6761
http://orcid.org/0000-0003-2226-8916
http://orcid.org/0000-0002-4673-6991
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/501100003593
https://doi.org/10.1128/jcm.00013-26
https://doi.org/10.1128/jcm.00013-26


REFERENCES

1. Girard M, Nelson CB, Picot V, Gubler DJ. 2020. Arboviruses: a global 
public health threat. Vaccine 38:3989–3994. https://doi.org/10.1016/j.va
ccine.2020.04.011

2. Pierson TC, Diamond MS. 2013. Flaviviruses, p 747–794. In Knipe DM, 
Howley PM, Griffin DE, Lamb RA, Martin MA, Roizman B, Straus SE (ed), 
Fields virology, 6th ed. Lippincott William & Wilkins, Philadelphia, PA.

3. Paz-Bailey G, Adams LE, Deen J, Anderson KB, Katzelnick LC. 2024. 
Dengue. Lancet 403:667–682. https://doi.org/10.1016/S0140-6736(23)02
576-X

4. World Health Organization. 2024. Global dengue surveillance. Available 
from: https://worldhealthorg.shinyapps.io/dengue_global/

5. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, Drake 
JM, Brownstein JS, Hoen AG, Sankoh O, Myers MF, George DB, Jaenisch 
T, Wint GR, Simmons CP, Scott TW, Farrar JJ, Hay SI. 2013. The global 
distribution and burden of dengue. Nature 496:504–507. https://doi.org/
10.1038/nature12060

6. Thomas SJ. 2023. Is new dengue vaccine efficacy data a relief or cause 
for concern? NPJ Vaccines 8:55. https://doi.org/10.1038/s41541-023-006
58-2

7. Chen LH, Wilson ME. 2020. Yellow fever control: current epidemiology 
and vaccination strategies. Trop Dis Travel Med Vaccines 6:1. https://doi.
org/10.1186/s40794-020-0101-0

8. de Oliveira Figueiredo P, Stoffella­Dutra AG, Barbosa Costa G, Silva de 
Oliveira J, Dourado Amaral C, Duarte Santos J, Soares Rocha KL, Araújo 
Júnior JP, Lacerda Nogueira M, Zazá Borges MA, Pereira Paglia A, Desiree 
LaBeaud A, Santos Abrahão J, Geessien Kroon E, Bretas de Oliveira D, 
Paiva Drumond B, de Souza Trindade G. 2020. Re-emergence of yellow 
fever in Brazil during 2016-2019: challenges, lessons learned, and 
perspectives. Viruses 12:1233. https://doi.org/10.3390/v12111233

9. Jani C, Kakoullis L, Abdallah N, Mouchati C, Page S, Colgrove R, Chen LH. 
2022. West Nile virus: another emerging arboviral risk for travelers?Curr 
Infect Dis Rep 24:117–128. https://doi.org/10.1007/s11908-022-00783-4

10. Lessler J, Chaisson LH, Kucirka LM, Bi Q, Grantz K, Salje H, Carcelen AC, 
Ott CT, Sheffield JS, Ferguson NM, Cummings DAT, Metcalf CJE, 
Rodriguez-Barraquer I. 2016. Assessing the global threat from Zika virus. 
Science 353:aaf8160. https://doi.org/10.1126/science.aaf8160

11. Musso D, Ko AI, Baud D. 2019. Zika virus infection - after the pandemic. N 
Engl J Med 381:1444–1457. https://doi.org/10.1056/NEJMra1808246

12. Bettis AA, L’Azou Jackson M, Yoon IK, Breugelmans JG, Goios A, Gubler 
DJ, Powers AM. 2022. The global epidemiology of chikungunya from 
1999 to 2020: a systematic literature review to inform the development 
and introduction of vaccines. PLoS Negl Trop Dis 16:e0010069. https://d
oi.org/10.1371/journal.pntd.0010069

13. de Souza WM, Ribeiro GS, de Lima STS, de Jesus R, Moreira FRR, 
Whittaker C, Sallum MAM, Carrington CVF, Sabino EC, Kitron U, Faria NR, 
Weaver SC. 2024. Chikungunya: a decade of burden in the Americas. 
Lancet Reg Health Am 30:100673. https://doi.org/10.1016/j.lana.2023.10
0673

14. Center for Disease Control and Prevention. 2016. Guidance for U.S. 
laboratories testing for Zika virus infection. Available from: http://www.c
dc.gov/zika/laboratories/lab-guidance.html

15. Tsai WY, Lin HE, Wang WK. 2017. Complexity of human antibody 
response to dengue virus: implication for vaccine development. Front 
Microbiol 8:1372. https://doi.org/10.3389/fmicb.2017.01372

16. Lai CY, Tsai WY, Lin SR, Kao CL, Hu HP, King CC, Wu HC, Chang GJ, Wang 
WK. 2008. 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 82:6631–6643. https://doi.org/10.1128/JVI.0031
6-08

17. Felix AC, Souza NCS, Figueiredo WM, Costa AA, Inenami M, da Silva RMG, 
Levi JE, Pannuti CS, Romano CM. 2017. Cross reactivity of commercial 
anti-dengue immunoassays in patients with acute Zika virus infection. J 
Med Virol 89:1477–1479. https://doi.org/10.1002/jmv.24789

18. Steinhagen K, Probst C, Radzimski C, Schmidt-Chanasit J, Emmerich P, 
van Esbroeck M, Schinkel J, Grobusch MP, Goorhuis A, Warnecke JM, 
Lattwein E, Komorowski L, Deerberg A, Saschenbrecker S, Stöcker W, 
Schlumberger W. 2016. Serodiagnosis of Zika virus (ZIKV) infections by a 
novel NS1-based ELISA devoid of cross-reactivity with dengue virus 
antibodies: a multicohort study of assay performance, 2015 to 2016. 
Euro Surveill 21:30426. https://doi.org/10.2807/1560-7917.ES.2016.21.50
.30426

19. Balmaseda A, Zambrana JV, Collado D, García N, Saborío S, Elizondo D, 
Mercado JC, Gonzalez K, Cerpas C, Nuñez A, Corti D, Waggoner JJ, Kuan 
G, Burger-Calderon R, Harris E. 2018. Comparison of four serological 
methods and two reverse transcription-PCR assays for diagnosis and 
surveillance of Zika virus infection. J Clin Microbiol 56:e01785-17. https:/
/doi.org/10.1128/JCM.01785-17

20. Tyson J, Tsai WY, Tsai JJ, Brites C, Mässgård L, Ha Youn H, Pedroso C, 
Drexler JF, Stramer SL, Balmaseda A, Harris E, Wang WK. 2019. 
Combination of nonstructural protein 1-based enzyme-linked 
immunosorbent assays can detect and distinguish various dengue virus 
and Zika virus infections. J Clin Microbiol 57:e01464-18. https://doi.org/1
0.1128/JCM.01464-18

21. Premkumar L, Collins M, Graham S, Liou G-JA, Lopez CA, Jadi R, 
Balmaseda A, Brackbill JA, Dietze R, Camacho E, De Silva AD, Giuberti C, 
Dos Reis HL, Singh T, Heimsath H, Weiskopf D, Sette A, Osorio JE, Permar 
SR, Miley MJ, Lazear HM, Harris E, de Silva AM. 2018. Development of 
envelope protein antigens to serologically differentiate Zika virus 
infection from dengue virus infection. J Clin Microbiol 56:e01504-17. htt
ps://doi.org/10.1128/JCM.01504-17

22. Rockstroh A, Barzon L, Pacenti M, Palù G, Niedrig M, Ulbert S. 2015. 
Recombinant envelope-proteins with mutations in the conserved fusion 
loop allow specific serological diagnosis of dengue-infections. PLoS Negl 
Trop Dis 9:e0004218. https://doi.org/10.1371/journal.pntd.0004218

23. Tsai WY, Driesse K, Tsai JJ, Granat RS, Jenkins O, Hsieh SC, Chang GJ, 
Wang WK. 2020. Enzyme-linked immunosorbent assays using virus-like 
particles containing mutations of conserved residues on envelope 
protein can distinguish three flavivirus infections. Emerg Microbes Infect 
9:1722–1732. https://doi.org/10.1080/22221751.2020.1797540

24. Lynch HE, Sanchez AM, D’Souza MP, Rountree W, Denny TN, Kalos M, 
Sempowski GD. 2014. Development and implementation of a 
proficiency testing program for Luminex bead-based cytokine assays. J 
Immunol Methods 409:62–71. https://doi.org/10.1016/j.jim.2014.04.011

25. Lachmann N, Todorova K, Schulze H, Schönemann C. 2013. Luminex(®) 
and its applications for solid organ transplantation, hematopoietic stem 
cell transplantation, and transfusion. Transfus Med Hemother 40:182–
189. https://doi.org/10.1159/000351459

26. Wong SJ, Furuya A, Zou J, Xie X, Dupuis AP 2nd, Kramer LD, Shi P-Y. 2017. 
A multiplex microsphere immunoassay for zika virus diagnosis. 
EBioMedicine 16:136–140. https://doi.org/10.1016/j.ebiom.2017.01.008

27. Merbah M, Wollen-Roberts S, Shubin Z, Li Y, Bai H, Dussupt V, Mendez-
Rivera L, Slike B, Krebs SJ, Modjarrad K, Michael NL, Rolland M. 2020. A 
high-throughput multiplex assay to characterize flavivirus­specific 
immunoglobulins. J Immunol Methods 487:112874. https://doi.org/10.1
016/j.jim.2020.112874

28. Raulino R, Thaurignac G, Butel C, Villabona-Arenas CJ, Foe T, Loul S, 
Ndimbo-Kumugo SP, Mbala-Kingebeni P, Makiala-Mandanda S, Ahuka-
Mundeke S, Kerkhof K, Delaporte E, Ariën KK, Foulongne V, Mpoudi 
Ngole E, Peeters M, Ayouba A. 2021. Multiplex detection of antibodies to 
Chikungunya, O'nyong-nyong, Zika, Dengue, West Nile and Usutu viruses 
in diverse non-human primate species from Cameroon and the 
Democratic Republic of Congo. PLoS Negl Trop Dis 15:e0009028. https://
doi.org/10.1371/journal.pntd.0009028

29. Rakotomalala FA, Bouillin J, Randriarimanana SD, Thaurignac G, 
Maharavo L, Raberahona M, Razafindrakoto L, Rasoanarivo J, Rakoto-
Andrianarivelo M, Rakoto DAD, Babin FX, Rasamoelina T, Delaporte E, 
Samison LH, Peeters M, Nerrienet E, Ayouba A. 2023. High seropreva­
lence of IgG antibodies to multiple arboviruses in people living with HIV 
(PLWHIV) in Madagascar. Viruses 15:2258. https://doi.org/10.3390/v1511
2258

30. Chen GH, Dai YC, Hsieh SC, Tsai JJ, Sy AK, Jiz M, Pedroso C, Brites C, Netto 
EM, Kanki PJ, Saunders DRD, Vanlandingham DL, Higgs S, Huang YS, 
Wang WK. 2024. Detection of anti-premembrane antibody as a specific 
marker of four flavivirus serocomplexes and its application to serosur­
veillance in endemic regions. Emerg Microbes Infect 13:2301666. https://
doi.org/10.1080/22221751.2023.2301666

31. Herrera BB, Tsai WY, Brites C, Luz E, Pedroso C, Drexler JF, Wang WK, 
Kanki PJ. 2018. T cell responses to nonstructural protein 3 distinguish 
infections by dengue and Zika viruses. mBio 9:e00755-18. https://doi.org
/10.1128/mBio.00755-18

32. Tsai JJ, Liu CK, Tsai WY, Liu LT, Tyson J, Tsai CY, Lin PC, Wang WK. 2018. 
Seroprevalence of dengue in two districts of Kaohsiung city after the 

Full-Length Text Journal of Clinical Microbiology

Month XXXX  Volume 0  Issue 0 10.1128/jcm.00013-2617

https://doi.org/10.1016/j.vaccine.2020.04.011
https://doi.org/10.1016/S0140-6736(23)02576-X
https://worldhealthorg.shinyapps.io/dengue_global/
https://doi.org/10.1038/nature12060
https://doi.org/10.1038/s41541-023-00658-2
https://doi.org/10.1186/s40794-020-0101-0
https://doi.org/10.3390/v12111233
https://doi.org/10.1007/s11908-022-00783-4
https://doi.org/10.1126/science.aaf8160
https://doi.org/10.1056/NEJMra1808246
https://doi.org/10.1371/journal.pntd.0010069
https://doi.org/10.1016/j.lana.2023.100673
http://www.cdc.gov/zika/laboratories/lab-guidance.html
https://doi.org/10.3389/fmicb.2017.01372
https://doi.org/10.1128/JVI.00316-08
https://doi.org/10.1002/jmv.24789
https://doi.org/10.2807/1560-7917.ES.2016.21.50.30426
https://doi.org/10.1128/JCM.01785-17
https://doi.org/10.1128/JCM.01464-18
https://doi.org/10.1128/JCM.01504-17
https://doi.org/10.1371/journal.pntd.0004218
https://doi.org/10.1080/22221751.2020.1797540
https://doi.org/10.1016/j.jim.2014.04.011
https://doi.org/10.1159/000351459
https://doi.org/10.1016/j.ebiom.2017.01.008
https://doi.org/10.1016/j.jim.2020.112874
https://doi.org/10.1371/journal.pntd.0009028
https://doi.org/10.3390/v15112258
https://doi.org/10.1080/22221751.2023.2301666
https://doi.org/10.1128/mBio.00755-18
https://doi.org/10.1128/jcm.00013-26


largest dengue outbreak in Taiwan since world war II. PLoS Negl Trop Dis 
12:e0006879. https://doi.org/10.1371/journal.pntd.0006879

33. Tsai WY, Chen HL, Tsai JJ, Dejnirattisai W, Jumnainsong A, Mongkolsa­
paya J, Screaton G, Crowe JE Jr, Wang WK. 2018. Potent neutralizing 
human monoclonal antibodies preferentially target mature dengue 
virus particles: implication for novel strategy of dengue vaccine. J Virol 
92:e00556-18. https://doi.org/10.1128/JVI.00556-18

34. de Moraes L, Cerqueira-Silva T, Nobrega V, Akrami K, Santos LA, Orge C, 
Casais P, Cambui L, Rampazzo RCP, Trinta KS, Montalbano CA, Teixeira 
MJ, Cavalcante LP, Andrade BB, Cunha RVD, Krieger MA, Barral-Netto M, 
Barral A, Khouri R, Boaventura VS. 2020. A clinical scoring system to 
predict long-term arthralgia in chikungunya disease: a cohort study. 
PLoS Negl Trop Dis 14:e0008467. https://doi.org/10.1371/journal.pntd.0
008467

35. Tyson J, Tsai WY, Tsai JJ, Mässgård L, Stramer SL, Lehrer AT, Nerurkar VR, 
Wang WK. 2019. A high-throughput and multiplex microsphere 
immunoassay based on non-structural protein 1 can discriminate three 
flavivirus infections. PLoS Negl Trop Dis 13:e0007649. https://doi.org/10.
1371/journal.pntd.0007649

36. Frey A, Di Canzio J, Zurakowski D. 1998. A statistically defined endpoint 
titer determination method for immunoassays. J Immunol Methods 
221:35–41. https://doi.org/10.1016/s0022-1759(98)00170-7

37. Caicedo EY, Charniga K, Rueda A, Dorigatti I, Mendez Y, Hamlet A, 
Carrera JP, Cucunubá ZM. 2021. The epidemiology of Mayaro virus in the 
Americas: a systematic review and key parameter estimates for outbreak 
modelling. PLoS Negl Trop Dis 15:e0009418. https://doi.org/10.1371/jour
nal.pntd.0009418

38. Sagay AS, Hsieh S-C, Dai Y-C, Chang CA, Ogwuche J, Ige OO, Kahansim 
ML, Chaplin B, Imade G, Elujoba M, Paul M, Hamel DJ, Furuya H, Khouri R, 
Boaventura VS, de Moraes L, Kanki PJ, Wang W-K. 2024. Chikungunya 
virus antepartum transmission and abnormal infant outcomes in a 
cohort of pregnant women in Nigeria. Int J Infect Dis 139:92–100. https:/
/doi.org/10.1016/j.ijid.2023.11.036

39. Martins KA, Gregory MK, Valdez SM, Sprague TR, Encinales L, Pacheco N, 
Cure C, Porras-Ramirez A, Rico-Mendoza A, Chang A, Pitt ML, Nasar F. 
2019. Neutralizing antibodies from convalescent Chikungunya virus 
patients can cross-neutralize Mayaro and Una viruses. Am J Trop Med 
Hyg 100:1541–1544. https://doi.org/10.4269/ajtmh.18-0756

40. Fischer C, Bozza F, Merino Merino XJ, Pedroso C, de Oliveira Filho EF, 
Moreira-Soto A, Schwalb A, de Lamballerie X, Netto EM, Bozza PT, Sarno 
M, Brites C, Gotuzzo E, Talledo M, Drexler JF. 2020. Robustness of 
serologic investigations for Chikungunya and Mayaro viruses following 
coemergence. mSphere 5:e00915-19. https://doi.org/10.1128/mSphere.0
0915-19

41. Rodriguez-Barraquer I, Costa F, Nascimento EJM, Nery N Júnior, 
Castanha PMS, Sacramento GA, Cruz J, Carvalho M, De Olivera D, Hagan 
JE, Adhikarla H, Wunder EA Jr, Coêlho DF, Azar SR, Rossi SL, Vasilakis N, 
Weaver SC, Ribeiro GS, Balmaseda A, Harris E, Nogueira ML, Reis MG, 
Marques ETA, Cummings DAT, Ko AI. 2019. Impact of preexisting dengue 
immunity on Zika virus emergence in a dengue endemic region. Science 
363:607–610. https://doi.org/10.1126/science.aav6618

42. Gordon A, Gresh L, Ojeda S, Katzelnick LC, Sanchez N, Mercado JC, 
Chowell G, Lopez B, Elizondo D, Coloma J, Burger-Calderon R, Kuan G, 
Balmaseda A, Harris E. 2019. Prior dengue virus infection and risk of Zika: 
a pediatric cohort in Nicaragua. PLoS Med 16:e1002726. https://doi.org/
10.1371/journal.pmed.1002726

43. Katzelnick LC, Narvaez C, Arguello S, Lopez Mercado B, Collado D, Ampie 
O, Elizondo D, Miranda T, Bustos Carillo F, Mercado JC, Latta K, Schiller A, 
Segovia-Chumbez B, Ojeda S, Sanchez N, Plazaola M, Coloma J, Halloran 
ME, Premkumar L, Gordon A, Narvaez F, de Silva AM, Kuan G, Balmaseda 
A, Harris E. 2020. Zika virus infection enhances future risk of severe 
dengue disease. Science 369:1123–1128. https://doi.org/10.1126/scienc
e.abb6143

44. Zambrana JV, Hasund CM, Aogo RA, Bos S, Arguello S, Gonzalez K, 
Collado D, Miranda T, Kuan G, Gordon A, Balmaseda A, Katzelnick LC, 
Harris E. 2024. Primary exposure to Zika virus is linked with increased risk 
of symptomatic dengue virus infection with serotypes 2, 3, and 4, but 
not 1. Sci Transl Med 16:eadn2199. https://doi.org/10.1126/scitranslmed.
adn2199

45. Anderson KB, Gibbons RV, Thomas SJ, Rothman AL, Nisalak A, Berkelman 
RL, Libraty DH, Endy TP. 2011. Preexisting Japanese encephalitis virus 
neutralizing antibodies and increased symptomatic dengue illness in a 
school-based cohort in Thailand. PLoS Negl Trop Dis 5:e1311. https://doi.
org/10.1371/journal.pntd.0001311

46. Verma A, Jain A, Kumar C, Agarwal M, Kumar R. 2018. Effect of prior 
dengue infection on severity and outcome of Japanese encephalitis. Eur 
J Clin Microbiol Infect Dis 37:519–525. https://doi.org/10.1007/s10096-0
18-3207-9

47. Luppe MJ, Verro AT, Barbosa AS, Nogueira ML, Undurraga EA, da Silva 
NS. 2019. Yellow fever (YF) vaccination does not increase dengue 
severity: a retrospective study based on 11,448 dengue notifications in a 
YF and dengue endemic region. Travel Med Infect Dis 30:25–31. https://
doi.org/10.1016/j.tmaid.2019.05.002

48. Dai YC, Sy AK, Jiz M, Tsai JJ, Bato J, Quinoñes MA, Reyes MAJ, Wang WK. 
2023. Identification of prior dengue-naïve Dengvaxia recipients with an 
increased risk for symptomatic dengue during fever surveillance in the 
Philippines. Front Immunol 14:1202055. https:​//doi.org/10.3389/fimmu.
2023.1202055

49. Coulter FJ, Micheletti CA, Estrada AE, Luo S, Osman SR, Nix CD, Hu SY, 
Sampouw SM, Kareko BW, Naleway AL, Messer WB. 2026. New insights 
into an old vaccine: potency and breadth of neutralizing antibodies 
elicited by the yellow fever vaccine 17D are boosted by heterologous 
Orthoflavivirus infection. J Infect Dis:41670061. https://doi.org/10.1093/i
nfdis/jiag077

50. Haslwanter D, Lasso G, Wec AZ, Furtado ND, Raphael LMS, Tse AL, Sun Y, 
Stransky S, Pedreño-Lopez N, Correia CA, Bornholdt ZA, Sakharkar M, 
Avelino-Silva VI, Moyer CL, Watkins DI, Kallas EG, Sidoli S, Walker LM, 
Bonaldo MC, Chandran K. 2022. Genotype­specific features reduce the 
susceptibility of South American yellow fever virus strains to vaccine-
induced antibodies. Cell Host Microbe 30:248–259. https://doi.org/10.10
16/j.chom.2021.12.009

51. Gonçalves AP, Almeida LT, Rezende IMd, Fradico JRB, Pereira LS, 
Ramalho DB, Pascoal Xavier MA, Calzavara Silva CE, Monath TP, LaBeaud 
AD, Drumond BP, Campi-Azevedo AC, Martins-Filho OA, Teixeira-
Carvalho A, Alves PA. 2024. Grupo de Estudos de Pesquisa e Resposta em 
Febre Amarela do Estado de Minas Gerais. Evaluation of humoral 
immune response after yellow fever infection: an observational study on 
patients from the 2017–2018 sylvatic outbreak in Brazil. Microbiol Spectr 
12:e0370323. https://doi.org/10.1128/spectrum.03703-23

52. Song H, Qi J, Haywood J, Shi Y, Gao GF. 2016. Zika virus NS1 structure 
reveals diversity of electrostatic surfaces among flaviviruses. Nat Struct 
Mol Biol 23:456–458. https://doi.org/10.1038/nsmb.3213

53. Lorenz C, Chiaravalloti-Neto F. 2022. Why are there no human West Nile 
virus outbreaks in South America?The Lancet Regional Health - Americas 
12:100276. https://doi.org/10.1016/j.lana.2022.100276

54. Netto EM, Moreira-Soto A, Pedroso C, Höser C, Funk S, Kucharski AJ, 
Rockstroh A, Kümmerer BM, Sampaio GS, Luz E, Vaz SN, Dias JP, Bastos 
FA, Cabral R, Kistemann T, Ulbert S, de Lamballerie X, Jaenisch T, Brady 
OJ, Drosten C, Sarno M, Brites C, Drexler JF. 2017. High Zika virus 
seroprevalence in Salvador, northeastern Brazil limits the potential for 
further outbreaks. mBio 8:e01390-17. https://doi.org/10.1128/mBio.0139
0-17

55. Bastos Filho PP, Francisco MVLO, Santos CS, de Almeida BL, Souza MSJ, 
Ribeiro DVB, de Araújo IMB, Lima BGC, Rajan J, de Siqueira IC. 2023. High 
seroprevalence of antibodies against arboviruses in postpartum women 
in Salvador, Brazil. IJID Reg 9:55–58. https://doi.org/10.1016/j.ijregi.2023.
09.004

56. Henderson AD, Aubry M, Kama M, Vanhomwegen J, Teissier A, 
Mariteragi-Helle T, Paoaafaite T, Teissier Y, Manuguerra JC, Edmunds J, 
Whitworth J, Watson CH, Lau CL, Cao-Lormeau VM, Kucharski AJ. 2020. 
Zika seroprevalence declines and neutralizing antibodies wane in adults 
following outbreaks in French Polynesia and Fiji. eLife 9:e48460. https://
doi.org/10.7554/eLife.48460

57. Moreira-Soto A, de Souza Sampaio G, Pedroso C, Postigo-Hidalgo I, 
Berneck BS, Ulbert S, Brites C, Netto EM, Drexler JF. 2020. Rapid decline 
of Zika virus NS1 antigen­specific antibody responses, northeastern 
Brazil. Virus Genes 56:632–637. https://doi.org/10.1007/s11262-020-017
72-2

58. Saba Villarroel PM, Hamel R, Gumpangseth N, Yainoy S, Koomhin P, 
Missé D, Wichit S. 2024. Global seroprevalence of Zika virus in 
asymptomatic individuals: a systematic review. PLoS Negl Trop Dis 
18:e0011842. https://doi.org/10.1371/journal.pntd.0011842

59. Braga C, Martelli CMT, Souza WV, Luna CF, Albuquerque MFPM, Mariz 
CA, Morais CNL, Brito CAA, Melo CFCA, Lins RD, Drexler JF, Jaenisch T, 
Marques ETA, Viana IFT. 2023. Seroprevalence of Dengue, Chikungunya 
and Zika at the epicenter of the congenital microcephaly epidemic in 
Northeast Brazil: a population-based survey. PLoS Negl Trop Dis 
17:e0011270. https://doi.org/10.1371/journal.pntd.0011270

Full-Length Text Journal of Clinical Microbiology

Month XXXX  Volume 0  Issue 0 10.1128/jcm.00013-2618

https://doi.org/10.1371/journal.pntd.0006879
https://doi.org/10.1128/JVI.00556-18
https://doi.org/10.1371/journal.pntd.0008467
https://doi.org/10.1371/journal.pntd.0007649
https://doi.org/10.1016/s0022-1759(98)00170-7
https://doi.org/10.1371/journal.pntd.0009418
https://doi.org/10.1016/j.ijid.2023.11.036
https://doi.org/10.4269/ajtmh.18-0756
https://doi.org/10.1128/mSphere.00915-19
https://doi.org/10.1126/science.aav6618
https://doi.org/10.1371/journal.pmed.1002726
https://doi.org/10.1126/science.abb6143
https://doi.org/10.1126/scitranslmed.adn2199
https://doi.org/10.1371/journal.pntd.0001311
https://doi.org/10.1007/s10096-018-3207-9
https://doi.org/10.1016/j.tmaid.2019.05.002
https://doi.org/10.3389/fimmu.2023.1202055
https://doi.org/10.1093/infdis/jiag077
https://doi.org/10.1016/j.chom.2021.12.009
https://doi.org/10.1128/spectrum.03703-23
https://doi.org/10.1038/nsmb.3213
https://doi.org/10.1016/j.lana.2022.100276
https://doi.org/10.1128/mBio.01390-17
https://doi.org/10.1016/j.ijregi.2023.09.004
https://doi.org/10.7554/eLife.48460
https://doi.org/10.1007/s11262-020-01772-2
https://doi.org/10.1371/journal.pntd.0011842
https://doi.org/10.1371/journal.pntd.0011270
https://doi.org/10.1128/jcm.00013-26


60. Teixeira MG, Skalinski LM, Paixão ES, Costa MDCN, Barreto FR, Campos 
GS, Sardi SI, Carvalho RH, Natividade M, Itaparica M, Dias JP, Trindade SC, 
Teixeira BP, Morato V, Santana EB, Goes CB, Silva NSJ, Santos CAST, 
Rodrigues LC, Whitworth J. 2021. Seroprevalence of Chikungunya virus 
and living conditions in Feira de Santana, Bahia-Brazil. PLoS Negl Trop 
Dis 15:e0009289. https://doi.org/10.1371/journal.pntd.0009289

61. Skalinski LM, Santos AES, Paixão E, Itaparica M, Barreto F, da Conceição 
Nascimento Costa M, Teixeira MG. 2023. Chikungunya seroprevalence in 
population-based studies: a systematic review and meta-analysis. Arch 
Public Health 81:80. https://doi.org/10.1186/s13690-023-01081-8

62. Shearer FM, Moyes CL, Pigott DM, Brady OJ, Marinho F, Deshpande A, 
Longbottom J, Browne AJ, Kraemer MUG, O’Reilly KM, Hombach J, 
Yactayo S, de Araújo VEM, da Nóbrega AA, Mosser JF, Stanaway JD, Lim 
SS, Hay SI, Golding N, Reiner RC Jr. 2017. Global yellow fever vaccination 
coverage from 1970 to 2016: an adjusted retrospective analysis. Lancet 
Infect Dis 17:1209–1217. https://doi.org/10.1016/S1473-3099(17)30419-
X

63. Calisher CH, Karabatsos N, Dalrymple JM, Shope RE, Porterfield JS, 
Westaway EG, Brandt WE. 1989. Antigenic relationships between 
flaviviruses as determined by cross-neutralization tests with polyclonal 
antisera. J Gen Virol 70:37–43. https://doi.org/10.1099/0022-1317-70-1-3
7

64. Papa A, Anastasiadou A, Delianidou M. 2015. West Nile virus IgM and IgG 
antibodies three years post- infection. Hippokratia 19:34–36.

65. Murray KO, Garcia MN, Yan C, Gorchakov R. 2013. Persistence of 
detectable immunoglobulin M antibodies up to 8 years after infection 
with West Nile virus. Am J Trop Med Hyg 89:996–1000. https://doi.org/10
.4269/ajtmh.13-0232

66. Prince HE, Tobler LH, Yeh C, Gefter N, Custer B, Busch MP. 2007. 
Persistence of West Nile virus­specific antibodies in viremic blood 
donors. Clin Vaccine Immunol 14:1228–1230. https://doi.org/10.1128/CV
I.00233-07

Full-Length Text Journal of Clinical Microbiology

Month XXXX  Volume 0  Issue 0 10.1128/jcm.00013-2619

https://doi.org/10.1371/journal.pntd.0009289
https://doi.org/10.1186/s13690-023-01081-8
https://doi.org/10.1016/S1473-3099(17)30419-X
https://doi.org/10.1099/0022-1317-70-1-37
https://doi.org/10.4269/ajtmh.13-0232
https://doi.org/10.1128/CVI.00233-07
https://doi.org/10.1128/jcm.00013-26

	Identification of multiple arbovirus infections/exposure in Northeastern Brazil using a multiplex microsphere immunoassay
	MATERIALS AND METHODS
	Human samples
	Recombinant proteins and VLP
	Coupling of microspheres
	MIA
	Pseudovirus NT
	Euroimmun ELISA kits
	Statistical analysis

	RESULTS
	Establishing an arbovirus multiplex IgG MIA
	Cross-reactivity to multiple NS1 proteins after sDENV infection
	Proposed algorithm for determining orthoflavivirus and alphavirus infections
	Arbovirus seroprevalence in Saúde
	Comparison of multiplex IgG MIA and commercial DENV/ZIKV/CHIKV kits

	DISCUSSION


