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Abstract. Antibody cross-reactivity confounds testing for dengue virus (DENV) and Zika virus (ZIKV). We evaluated
anti-DENV and anti-ZIKV IgGdetection using amultiplex serological platform (the pGOLDassay, Nirmidas, Palo Alto, CA)
in patients from theAsunciónmetropolitan area in Paraguay, which experiences annual DENVoutbreaks but has reported
few autochthonous ZIKV infections. Acute-phase sera were tested from 77 patients who presented with a suspected
arboviral illness from January to May 2018. Samples were tested for DENV and ZIKV RNA by real-time reverse
transcription-PCR, and for DENV nonstructural protein 1 with a lateral-flow immunochromatographic test. Forty-one
patients (51.2%) had acute dengue; no acute ZIKV infections were detected. Sixty-five patients (84.4%) had anti–DENV-
neutralizing antibodies by focus reduction neutralization testing (FRNT50). Qualitative detection with the pGOLD assay
demonstrated good agreement with FRNT50 (kappa = 0.74), and quantitative results were highly correlated between
methods (P < 0.001). Only three patients had anti–ZIKV-neutralizing antibodies at titers of 1:55–1:80, and all three had
corresponding DENV-neutralizing titers > 1:4,000. Hospitalized dengue cases had significantly higher anti-DENV IgG
levels (P < 0.001). Anti-DENV IgG results from the pGOLD assay correlate well with FRNT, and quantitative results may
inform patient risk stratification.

INTRODUCTION

During the 2015–2016 epidemic, Zika virus (ZIKV) co-
circulated with dengue virus (DENV) in many regions of the
Americas.1–3 This created difficulties in providing accurate
etiologic diagnoses for symptomatic patients. Serologic
methods are commonly used to detect a recent Flavivirus in-
fection or past exposure.4,5 In addition, serologic testing can
be used to quantify preinfection anti-DENV and anti-ZIKV
antibody titers, which correlate with the risk of developing
severe dengue during an acute infection.6–9 Differentiating anti-
body responses from individualFlavivirusspecies is complicated
by the cross-reactivity of antibodies that develop after infections
with these pathogens.5,10 For this reason, plaque reduction
neutralization testing is considered as the reference serological
method for human Flavivirus infections. However, neutralization
testing, including modified methods such as focus reduction
neutralization testing (FRNT), remains time- and resource-
intensive, and antibody cross-reactions still occur.4,10–12

Our group previously described the development and initial
evaluation of a duplex ZIKV–DENVELISA on a plasmonic gold
platform, the pGOLD assay (Nirmidas Biotech, Palo Alto, CA).13

This assay uses a microarray of viral antigens, spotted onto
individual wells of a gold-plated biochip, to detect antibody
isotypes in a secondary ELISA with fluorescently labeled anti-
human antibodies. The pGOLD assay demonstrated sensitive
detection of IgG against ZIKV andDENV, aswell as the ability to
accurately differentiate recent infections caused by these viru-
ses.13 Incontrast toFRNT,which requiresdays tocomplete, the

pGOLD protocol requires ∼2 hours, and the platform allows for
further multiplexing with additional viral antigens.
Paraguay experiences large annual DENV outbreaks with

rates of infection that are among the highest in South
America.14,15 Approximately 2/3 of confirmed DENV infec-
tions occur in Asunción and the surrounding Central De-
partment, although relatively little data on arboviral disease
have been published from the country.14,16–21 In 2016,more
than 200,000 suspected and probable dengue cases were
reported in Paraguay, with only 571 suspected Zika cases.22–24

However, most of these cases could not be laboratory-
confirmed. In 2018, Paraguay again experienced a large
dengue outbreak caused predominantly by DENV-1 without
detection of ZIKV infections.14 In the current study, we sought
to further evaluate the pGOLD assay in comparison with FRNT
and study the detection of anti-DENV and anti-ZIKV antibodies
inpatient samplescollected inAsunciónduring the2018DENV-
1 outbreak.

MATERIALS AND METHODS

Clinical samples and molecular testing. This protocol
was reviewed and approved by the Scientific and Ethical
Committees at the Instituto de Investigaciones enCiencias de
la Salud, Universidad Nacional de Asunción (IICS-UNA), and
EmoryUniversity.Written and informed consentwas obtained
for all patients. Children older than 6 years provided assent.
Acute-phase sera were collected as part of a prospective

study of arboviral infections in Asunción, which has been
previously described.14 Patients were enrolled from January
to May 2018. Nonstructural protein 1 (NS1) detection was
performed on fresh serum using the immunochromatographic
NS1 test in the Standard Q Dengue Duo kit, performed
according to the manufacturer recommendations (SD

*Address correspondence to Jesse J. Waggoner, Emory University
Department of Medicine, Division of Infectious Diseases, 1760
Haygood Dr. NE, Rm. E-132, Atlanta, GA 30322. E-mail: jjwaggo@
emory.edu

1729

mailto:jjwaggo@emory.edu
mailto:jjwaggo@emory.edu


Biosensor, Suwon-si, South Korea). Sera were aliquoted and
stored at −80�C until use. Molecular testing was performed at
IICS-UNA to 1) detect acute DENV, ZIKV, and chikungunya
virus (CHIKV) infections, and 2) determine DENV serotype and
quantify viral load using validated and published real-time
reverse transcription (rRT)-PCRs, as described.25–28 For the
current study, sera were selected from 77 individuals who
presented £ 8 days after symptom onset and tested positive
(n = 38) or negative (n = 39) for DENV by rRT-PCR.
Serological testing.Sampleswere testedwith the pGOLD-

Zika/dengue IgG/IgM assay (the pGOLD assay), which was
performed according to the manufacturer recommendations.
The pGOLDassay includes the following antigens: inactivated
viral lysate fromDENVserotype 2andZIKVNS1. Each antigen in
the pGOLD assay is spotted in triplicate. Results are expressed
as a ratio of the average fluorescence of those three points di-
videdby themeanfluorescenceof a calibrator that is includedon
each pGOLD slide. IgG results were interpreted according to the
manufacturer-recommended cutoff values. Anti-DENV IgG was
positive at a ratio ³ 0.076. Anti-ZIKV IgGwas positive at a ratio ³
0.28 in anti-DENV IgG–positive samples and³ 0.02 in anti-DENV
IgG–negative samples. Signal in the pGOLD assay was then
normalized to the ratio used todefineapositive result (e.g., 0.076
for anti-DENV IgG) such that a result ³ 1 was positive and a
result < 1 was negative for each antigen–IgG pair.
Sera were tested by FRNT for neutralizing antibodies

against ZIKV, DENV-1, and DENV-2, as described.29,30 Focus
reduction neutralization testing was interpreted as undetect-
able (titer £ 1:15) if < 50%neutralizing activity was observed in
the first dilution relative to the control, or positive if ³ 50%
neutralization was observed in the first dilution. Samples with
low-positive (titer £ 1:200) or negative FRNT50 results for
DENV-1 and DENV-2 (n = 48) were tested for neutralizing an-
tibodies against DENV-3 and DENV-4. This algorithm was
used to decrease the FRNT test volume yet maintain the de-
tection of DENV neutralizing antibodies. Viral strains used for
neutralization testing were the following: ZIKV (PRVABC59
[KU501215.1]), DENV-1 (Hawaii), DENV-2 (New Guinea C),
DENV-3 (Sleman/78), and DENV-4 (H241).29

Data from testing with in-house indirect ELISAs for anti-
DENV and anti-ZIKV IgG were available for 39/77 samples
(50.6%). ELISAs usedwhole viral antigen for both viruses, and
were performed as described.31

Statistical analysis. Acute DENV infections were consid-
ered confirmed if DENV RNA and/or NS1 was detected in the
acute-phase sample. Themaximumneutralizing antibody titer
for each patient was defined as the highest FRNT50 titer de-
tected against any of the tested serotypes. All statistical
analyseswere performed usingGraphPadPrism version 8.0.1
(GraphPad, San Diego, CA). Categorical variables were
compared by Fisher’s exact test; continuous variables were
compared by t-test or the Mann–Whitney test (viral load).
Agreement between serological methods was evaluated by
kappa statistic.Multivariate logistic regressionwasperformed
using the least-squares method, and model fits were com-
pared by Akaike’s information criterion corrected.

RESULTS

Clinical samples. Patients were enrolled in either an
emergency care setting (Hospital Villa Elisa, n = 64 [83.1%]) or
an outpatient setting (IICS-UNA, n = 13 [16.9%]), both located

in metro Asunción. Demographic information and test results
are shown in Table 1. Thirty-nine patients (50.6%) had con-
firmedacutedenguebasedon thedetectionofDENVRNAand
NS1 (n = 20), RNA alone (n= 18), or NS1 alone (n= 1). No acute
ZIKV or CHIKV infections were detected.
Neutralization testing. Sixty-five of 77 patients (84.4%)

had anti–DENV-neutralizing antibodies (Table 1). Only three
patients had detectable neutralizing antibodies against ZIKV
and all at low titers (1:55–1:80; Table 1). Patients with ZIKV-
neutralizing antibodies presented 7–8 days after symptom
onset and had anti–DENV-neutralizing titers of 1:4,000–1:
5,442. Two of the three individuals tested positive for DENV-1
by rRT-PCR.
IgG detection. Anti-DENV IgG was detected in 61/77 pa-

tients (79.2%) at presentation using the pGOLD assay, which
demonstrated good agreement with qualitative FRNT50 re-
sults for DENV (kappa statistic 0.74, 95% CI 0.54–0.94;
Supplemental Table S1). The five samples with a positive
FRNT50 and negative pGOLD had low neutralization titers (n =
4, maximum titer 1:42–1:80) or a monotypic neutralizing anti-
body response to one serotype (n = 1, anti–DENV-3 titer 1:385).
There was a single positive pGOLD result in a patient without
detectable neutralizing antibodies against DENV. Quantitative
results in the pGOLDassay showed a significant correlationwith
the maximum FRNT50 titer (Figure 1A, P < 0.001).
Thirteen samples tested positive for anti-ZIKV IgG in the

pGOLD assay in the absence of ZIKV-neutralizing antibodies,
yielding a specificity of 82.4% (61/74) compared with FRNT.
All samples with detectable anti-ZIKV IgG in the pGOLD
assay also had detectable anti-DENV IgG and anti–DENV-
neutralizing antibodies. For a given sample with detectable
anti-ZIKV IgG in the pGOLD assay, the anti-DENV IgG signal,
relative to the positive threshold, was always higher than the
signal for anti-ZIKV IgG (Figure 1B). Anti-ZIKV IgG signal was

TABLE 1
Distribution of patients in the study population according to de-
mographic data and the detection of DENV RNA, DENV NS1, and
neutralizing antibodies by focus reduction neutralization testing

DENV-neutralizing antibody

Factor* Detectable Undetectable

Patients, n 65 12
Gender, female 32 (49.2) 8 (66.7)
Mean age (sd) 35.0 (16.4) 29.7 (11.2)
Mean day of illness (sd) 3.8 (2.1) 3.0 (1.4)
Acute dengue 31 (47.7) 8 (66.7)
rRT-PCR positive 30 (96.8) 8 (100)
Mean viral load (sd)† 5.6 (1.9) 8.1 (0.9)‡
NS1 positive 15 (48.4) 6 (75.0)

DENV-neutralizing titer,
maximum

£ 1:15 – 12 (100)
1:16–1:100 16 (24.6) –

1:101–1:1,000 32 (49.2) –

> 1:1,000 17 (26.1) –

ZIKV-neutralizing antibody,
detectable

3 (18.5) 0 (0.0)

ZIKV-neutralizing titer,
mean (range)

1:65 (1:55–1:80) –

DENV-neutralizing titer,
maximum, mean
(range)

1:4,636 (1:4,000–1:5,167) –

DENV = dengue virus; NS1 = nonstructural protein 1; ZIKV = Zika virus.
* Displayed as n (%) unless otherwise noted.
† Log10 copies/mL of serum.
‡P = 0.001.
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only detected among samples with the highest titers of anti-
DENV IgG (Figure 1C and Supplemental Figure S1).
Finally, 39 samples were tested using in-house, indirect IgG

ELISAs for DENV and ZIKV (Supplemental Table S2). With
FRNT as the gold standard, the pGOLD assay was signifi-
cantly more sensitive for anti-DENV IgG detection (35 versus
25 positives of 37; P = 0.006) andmore specific with regard to
the detection of signal on the ZIKV antigen (seven versus 21
positives of 38 samples that were negative for ZIKV-
neutralizing antibody; P = 0.002).

Dengue virus viral load and hospitalization. There was a
negative, linear correlation between DENV viral load and anti-
DENV titers (Figure 1D), and this effect remained significant
after controlling for day of symptoms at presentation
(Supplemental Table S3). Nine patients were hospitalized for
dengue. Compared with outpatients, hospitalized cases had
significantly higher levels of anti-DENV antibodies measured
by either FRNT (Supplemental Figure S2) or the pGOLD assay
(P < 0.001 for both methods), and the odds ratio for hospital-
ization among patients with anti-DENV IgG signal/threshold

FIGURE 1. Anti-DENV IgG detection in the pGOLD assay is associated withmaximum anti-DENV titer by FRNT and serum viral load. Association
betweenanti-DENV IgG titer in thepGOLDand thecategorical,maximumanti-DENV titermeasuredbyFRNT (maximumNAb titer).Meanvalues and
95%CI are displayed (A). Signal observed on the DENV antigen comparedwith the ZIKV antigen for individual samples (whiskers 10–90 percentile)
(B). Comparison of anti-DENV IgG signal in samples that were positive and negative for anti-ZIKV IgG signal. Bars representmeans and 95%CI (C).
Linear correlationbetweenDENVserumviral loadand themaximumanti-DENV titer byFRNT (MaximumNAbTiter). Viral loadmeansand95%CI are
displayed (D);P-values are indicated on the graph: *P < 0.05; ***P < 0.001; ****P < 0.0001. FRNT= focus reduction neutralization testing; ZIKV =Zika
virus. This figure appears in color at www.ajtmh.org.
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values ³ 10 in the pGOLD assay was 14.0 (95% CI: 2.4–61.8;
P = 0.003). All six acute dengue cases (100%) with anti-ZIKV
IgG detected in the pGOLD assay had maximum DENV
FRNT50 titers > 1:1,000 and required hospitalization. Of the
five other dengue cases with neutralization titers in this range
but undetectable anti-ZIKV IgG, only one required hospitali-
zation (P = 0.015).

DISCUSSION

This report builds on our previous results by evaluating the
pGOLD assay against FRNT for anti-DENV and anti-ZIKV IgG
in patients with an acute suspected arboviral illness.13 Anti-
DENV IgG detection in the pGOLD assay demonstrated good
qualitative agreement with FRNT50. Quantitative results were
highly correlated between these two methods and demon-
strated a significant negative associationwith viral load,which
has also been observed among dengue cases in a pediatric
cohort study in Nicaragua.6 Using the pGOLD assay, we
obtained results for anti-DENV and anti-ZIKV IgG in ∼2 hours
for 40 samples, similar to performance times for a single
standard ELISA. However, the pGOLD assay proved signifi-
cantly more sensitive and specific than in-house IgG ELISAs
for DENV and ZIKV, demonstrating that this method warrants
further study to potentially improve on available serologic
methods.
Only three patients in our population had low-titer ZIKV-

neutralizing antibodies. Although potentially resulting from
prior ZIKV infections, these results most likely represent
cross-reactive binding antibodies that occurred in patients
with secondary dengue.32 These data are consistent with
the low numbers of Zika cases reported in Paraguay in
2015–2016.22–24 By contrast, 84.4% of our population had
DENV-neutralizing antibodies, demonstrating that high rates
of ZIKV transmission by Aedes mosquito vectors could
have occurred.23 The apparently low number of Zika cases in
Paraguay may result from the fact that vector-borne ZIKV
transmission is more temperature-dependent than DENV
transmission. As such, subtle climatic differences between
Asunción and neighboring regions may allow for high rates of
DENV transmission in all areas yet limit ZIKV transmission in
Paraguay.33

All six acute dengue cases with detectable anti-ZIKV IgG in
the pGOLDassay required hospitalization. These patients had
high levels of anti-DENV IgG, consistent with secondary
dengue,4,9,34 but the odds of hospitalization for these patients
remained significantly elevated compared with other dengue
cases with high levels of anti-DENV IgG. These anti-ZIKV
antibodies were likely cross-reactive antibodies to DENV, but
nonetheless, in the pGOLD assay, these antibodies target the
NS1 antigen. The role of anti-NS1 antibodies in DENV infections
remains unclear,35–37 but in a recent study, higher anti-NS1 an-
tibody titers were observed among patients with dengue hem-
orrhagic fever.38 Thedetectionof anti-NS1antibodies alongwith
quantitation of anti-DENV IgG may, therefore, provide data for
risk stratification of dengue cases in the acute setting.
One limitation to this study was the use of acute-phase

specimens. However, ZIKV-neutralizing antibodies from past
infections should have been detectable even if seropreva-
lence estimates could not be calculated. Given the low level of
anti-ZIKV antibodies in this population, the pGOLD assay
should be further evaluated in a population with ongoing

ZIKV and DENV transmission. Finally, a limited FRNT work-
flow was used that may have affected the maximum anti-
DENV FRNT titers for a subset of samples. This would not
have impacted the qualitative detection of anti-DENV or
anti–ZIKV-neutralizing antibodies, and the effect on quanti-
tative analysis is expected to be small, as only 7/48 samples
(14.6%) had maximum titers against DENV-3 or DENV-4
when such testing was performed.
In conclusion, this study demonstrated the performance of

the pGOLD assay for the detection and quantitation of anti-
DENV IgG and identified a potential role for its use in patient
risk stratification in the acute setting.
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