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ABSTRACT Dengue viruses (DENV) and Zika virus (ZIKV) are related mosquito-borne
flaviviruses with similar disease manifestations, vector ecologies, and geographic
ranges. The ability to differentiate these viruses serologically is vital due to the tera-
togenic nature of ZIKV and the potential confounding of preexisting cross-reactive
anti-DENV antibodies. Here, we illustrate the kinetics of the IgM neutralizing anti-
body (NAb) response using longitudinal samples ranging from acute ZIKV infection
to late convalescence from individuals with evidence of prior DENV infection. By seri-
ally depleting antibody isotypes prior to the neutralization assay, we determined
that IgM contributes predominantly to ZIKV neutralization and is less cross-reactive
than the IgG NAb. The IgM NAb peaked around 14 days (95% confidence interval
[95% CI], 13 to 15) and had a median duration of 257 days (95% CI, 133 to 427).
These results demonstrate the persistence of IgM NAb after ZIKV infection and imply
its potential role in diagnosis, vaccine evaluation, serosurveillance, and research on
flavivirus-host interactions.

KEYWORDS Zika virus, dengue virus, IgM neutralization, serology diagnostics

After the introduction of Zika virus (ZIKV) to the Western Hemisphere in 2015 and
the large epidemic throughout Central and South America, the virus was linked to

several thousand cases of birth defects, miscarriages, and stillbirths in several countries
(1–6). Given the potential severity of ZIKV infections in pregnant women, definitive dif-
ferentiation of ZIKV from closely related flaviviruses like dengue viruses (DENVs) is cru-
cial. However, this is difficult in individuals with previous DENV exposure, which indu-
ces long-lasting broadly cross-reactive antibodies (Abs) (7–10). Coupled with the
expansion of multiple vaccination trials for DENV and ZIKV, as well as a recently li-
censed tetravalent DENV vaccine (11), highly specific serodiagnostic assays are essen-
tial, particularly in regions where the viruses are known to cocirculate (12, 13).

Definitive diagnosis of ZIKV depends on the identification of either ZIKV RNA or
ZIKV-specific Abs. Virus-binding IgM in bodily fluids can indicate a recent infection, as
IgM usually develops quickly but with limited duration after infection, followed by
long-lasting IgG. However, IgM induced by some flaviviruses, including ZIKV, can also
be long lasting (.12months) (14–19). Previous studies in humans and nonhuman pri-
mates indicate similar kinetics of ZIKV-binding IgM following ZIKV infection with or
without prior DENV exposure (18, 20). IgM in primary DENV infection appears within
5 days of symptom onset and peaks at around 2 weeks before declining to undetect-
able levels approximately 6months later (21). In contrast, highly cross-reactive IgG
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makes up the bulk of the humoral immune response after secondary DENV (sequential
DENV/DENV) infections and can be detected within a few days of acute infection, with
a marked increase during early convalescence (22–24). Similarly to secondary DENV
infection, sequential DENV/ZIKV infections also resulted in significantly earlier and
higher IgG levels than did naive DENV and primary ZIKV infections (18, 19). This indi-
cated that the anamnestic cross-reactive DENV and ZIKV Abs may largely be IgG.

While previous studies focused on the kinetics and specificities of the virus-binding
IgM and IgG in ZIKV and DENV infections as determined by enzyme-linked immunosor-
bent assay (ELISA), this study reports our findings on the kinetics and specificities of vi-
rus-neutralizing Abs (NAbs), especially IgM NAb, in ZIKV infections. As NAbs are typi-
cally more specific than virus-binding Abs, virus neutralization assays have been used
for confirmatory diagnosis among flaviviruses. NAb measurement is also critical in eval-
uating flaviviral vaccines, as its level usually correlates with protection (25–28).
However, the NAbs arising from most sequential DENV/ZIKV infections tend to have
highly cross-reactive NAb to the prior infecting virus (DENV), compromising this assay’s
accuracy in confirmatory diagnosis when only one serum sample may be available for
testing. In sequential DENV/DENV or DENV/ZIKV infections, ELISA measurement of IgM
and IgG to both viruses from paired (acute and convalescent) samples are required for
more accurate diagnosis of the recent infection, but paired samples collected at the
correct times are rare, as most patients are likely to seek medical help after the acute
infection phase.

Previously, we studied the effect of IgG depletion from clinical samples prior to the
neutralization assay to aid in differential diagnosis of DENVs and ZIKV (29). Cross-reac-
tive NAb could be significantly reduced in 15% to 76% of samples, depending on the
timing of serum collection, simply by removing IgG. In several instances, cross-reactiv-
ity was completely ablated after IgG depletion. Several questions arose from that
study, including these: Is IgM the major isotype with neutralization activity after the re-
moval of IgG? How long does ZIKV-neutralizing IgM last after acute infection? When
does ZIKV-neutralizing IgM peak? What are the levels of cross-reactive neutralizing IgM
in individuals with previous DENV exposure? Here, we investigate the kinetics and spe-
cificities of NAbs from longitudinal plasma samples (n=118) from 17 sequential DENV/
ZIKV infection subjects using specific Ab isotype depletions prior to implementing a
chimeric reporter virus-based microfocus reduction neutralization test (R-mFRNT)
against ZIKV and two DENVs.

MATERIALS ANDMETHODS
Viruses and cells. Vero cells were grown and maintained in Dulbecco modified Eagle medium

(DMEM) supplemented with penicillin-streptomycin, L-glutamine, and fetal bovine serum (FBS). Live re-
porter chimeric viruses, R-WN/ZIKV, R-WN/DENV1, and R-WN/DENV2, expressing the premembrane
(prM) and envelope (E) proteins of ZIKV PRVABC59, DENV1 16007, or DENV2 16681 and a ZsGreen re-
porter in a West Nile virus (WNV) replication vector were generated at the Division of Vector-Borne
Diseases, Centers for Disease Control and Prevention (DVBD-CDC) (30, 31). Stocks of DENV1 strains
16007 and West Pac74 were obtained from the Reference Collection at DVBD-CDC and grown in Vero
cells.

Diagnostic specimens. We obtained ethics approval to use human specimens previously collected
in the Recipient Epidemiology and Donor Evaluation Study III (REDS-III) US Zika Natural History Study
(CDC IRB number 7088). Plasma samples from blood donors in Puerto Rico were screened with ZIKV
nucleic acid tests (NATs) and serology tests from April to December 2016, coinciding with the ZIKV epi-
demic in the region (18, 32). During that year, 39,717 cases of ZIKV infections were reported to the
Puerto Rico Department of Health. In contrast, only 198 cases of DENV infection were reported, 91 of
which were confirmed cases by reverse transcription (RT)-PCR, while 107 cases were suspected. Most of
these DENV cases were reported in the early part of 2016, and DENV cases were historically low com-
pared to data from previous years. No cases of DENV/ZIKV coinfections were identified in 2016. While
the existence of a DENV/ZIKV coinfection cannot be ruled out, the epidemiological data suggest that
DENV circulation was low and a coinfection was not likely during that time.

Selected individuals with previous DENV exposure were confirmed by positive DENV IgG ELISA at
index, and only individuals with an acute ZIKV infection at index confirmed by a positive ZIKV NAT were
included. To capture the initial time of ZIKV IgM seroconversion, only subjects that showed seroconver-
sion after index were selected for the study. Among the entire 53 subjects enrolled in the Zika Natural
History Study, 17 individuals who had had longitudinal samples collected (5 to 7 samples per individual;
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total of 118 samples), ranging from index to a median of 362 days (minimum of 163 to maximum of
399 days) postindex (PI), met our criteria to be included.

Specific Ab isotype depletion. IgG was depleted from plasma samples diluted 1:10 in BA1 buffer
(Hanks M-199 salts without glutamine, 0.05 M Tris, pH 7.6, 1% bovine serum albumin, 2 mM L-glutamine,
0.35 g/liter sodium bicarbonate, 100 U/ml penicillin, 100 mg/liter streptomycin, 1 mg/liter Fungizone) by
adsorption with protein G-Sepharose fast flow beads (GE Healthcare, Chicago, IL) overnight at 4°C (29).
One of every 12 sample pairs (before and after depletion) was randomly selected to confirm the effi-
ciency of IgG depletion by using a quantitative human IgG ELISA kit (Innovative Research, Inc., Novi, MI).
For dual IgG/IgM (IgG/M) or IgG/IgA (IgG/A) depletion, IgG-depleted samples were further adsorbed by
goat anti-human IgM or goat anti-human IgA conjugated to agarose (200 to 300mg/sample) (Millipore
Sigma, Burlington MA). The percentage of IgM or IgA depletion was determined using a quantitative
human IgM or IgA ELISA kit (Innovative Research, Inc., Novi, MI).

Live R-mFRNT. Live reporter chimeric viruses, described above, were used in the reporter virus-
based microneutralization test, R-mFRNT (25). These chimeric reporter viruses express strong reporter
signals in Vero cells quickly, permitting a fast and high-throughput assay for all three viruses for each
sample simultaneously. Briefly, nondepleted (diluted 1:20) and depleted (diluted 1:10) samples were
heat inactivated at 56°C for 30 min. Further 2-fold dilution series of the heat-inactivated specimens were
mixed with equal volumes of R-WN/DENV1, R-WN/DENV2, or R-WN/ZIKV diluted in medium containing
8% naive human serum (providing standardized labile serum factor) and incubated for 1 h at 37°C and
5% CO2. Plasma/virus mixtures (30ml/well containing 100 to 200 focus forming units [FFU] of reporter vi-
rus) were transferred in triplicate to confluent Vero cells in 96-well, black-wall plates with clear flat bot-
toms (Greiner). Virus was adsorbed for 90 min at 37°C and 5% CO2 before the addition of Gibco
FluorBrite DMEM (ThermoFisher, Franklin, MA) without FBS (150ml/well). After a 24- to 28-h incubation
at 37°C and 5% CO2, the plates were live imaged for automatic measurement of fluorescent FFU using a
Celigo image cytometer (Nexcelom, Lawrence, MA). The input reporter virus was back titrated by 2-fold
serial dilutions in six replicates for each experiment. The virus neutralization curves were generated by a
4-parameter nonlinear regression dose response to calculate the effective concentration for 90% neu-
tralization (EC90), using GraphPad Prism software version 6.

PRNT. A traditional plaque reduction neutralization test (PRNT) was performed using DENV1 strains
16007 and West Pac74 in 6-well Vero cell plates, as previously described (29). The PRNT results were also
determined by virus neutralization curve using GraphPad as described above to measure EC90 (PRNT90).

Statistical analysis. The NAb kinetic curves were modeled with a spline using a B-spline basis and
generalized estimating equations (GEE) to account for within-sample correlated data over time. The
peak titers and 95% confidence intervals (95% CIs) were calculated from the spline GEE model using
bootstrapping and estimating maximum fitted values from each iteration. The two-tailed paired t test or
two-way analysis of variance (ANOVA) with Tukey’s multiple comparison was used to compare the NAb
titers against two strains of DENV1 in PRNT and the titers before and after Ab isotype serial depletions.
ZIKV-neutralizing IgM seroreversion was estimated using a lognormal survival model, with the day of ini-
tial NAT detectability imputed based on ZIKV RNA doubling time during the viremia ramp-up phase in
macaque plasma samples (32). The survival, geepack, and emmeans packages were utilized in R software
(version 4.0.1).

RESULTS

To better understand the ZIKV NAb response, we tested longitudinal samples from
17 ZIKV-infected individuals with previous DENV exposure in neutralization assays
before and after IgG depletion. Nondepleted and depleted samples were tested for
NAbs to DENV1, DENV2, and ZIKV. Only DENV1 and DENV2 were tested to measure
cross-reactive NAbs, since all four DENV serotypes are highly cross-reactive to each
other, and this cross-reactivity can be demonstrated by testing two or more DENV
serotypes. Changes in endpoint titers of NAbs to all three viruses were compared
before and after IgG depletion to evaluate the levels of ZIKV-specific NAb in these indi-
viduals. In this study, the percentage of IgG depletion averaged 99.6% (60.43% stand-
ard deviation [SD]) among the tested samples.

Two distinct patterns of virus-specific neutralization emerged. Six individuals (group
1) displayed cross-DENV NAb titers that were mostly ablated after IgG depletion (Fig.
1A). At index, only two of these individuals (patients 3 and 33) had detectable total
NAb to DENV1 or DENV2, and one (patient 33) retained very low IgG-depleted NAb to
DENV1 (Table 1). Plasma NAT results showed ZIKV RNA levels ranging from 2.08 to 6.10
log10 copies/ml at index. Analysis of longitudinal samples revealed cross-reactive total
NAbs to all three viruses, with NAb to ZIKV equivalent to or slightly higher (,4-fold
higher) than NAbs to DENVs among five of these individuals at all postindex time
points (Fig. 1A, left). After IgG depletion, cross-NAbs to both DENVs were undetectable
in 25 of the 34 samples collected postindex from all individuals, while ZIKV NAb was
sustained at higher levels (.4-fold) than those to DENVs in most samples (Fig. 1A,
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right). The 9 samples (from five subjects) with detectable cross-reactive NAbs after IgG
depletion were all collected within 42 days PI. All individuals retained IgG-depleted,
ZIKV-specific NAbs for at least 97 to 399 days PI. Importantly, for those 5 subjects with
residual DENV NAbs after IgG depletion, the titers were much lower (ranging from 7.4-
to 173-fold lower) than that of ZIKV NAb. Spline modeling was used to establish the av-
erage NAb kinetic curves and estimate the peak in IgG-depleted ZIKV NAb titers at
14 days PI (95% CI, 13 to 15 days) (Fig. 1A). The virus neutralization curves plotted with
the peak ZIKV NAb samples from these 6 individuals showed that the curves of DENV1

FIG 1 Individuals with highly ZIKV-specific neutralizing IgM. (A) NAbs of longitudinal plasma samples from 6 individuals in group 1. Lower limits of
detection (LLOD) of IgG-depleted NAb (1.3 log10) and total NAb (1.6 log10) of the assay are represented by dashed lines. Upper limits of detection (ULOD)
of IgG-depleted NAb (4.01 log10) and total NAb (4.31 log10) are represented by dotted lines. Bold black line represents estimated average NAb kinetic
curves from the spline model with 95% confidence bounds (shaded regions). Colored lines represent longitudinal NAb titers of each individual. (B)
Neutralization curves for 6 individual plasma samples at the time point with peak ZIKV NAb. Dotted line represents 90% neutralization (EC90). (C) Samples
from the assay whose results are shown in panel B were further depleted of IgM (IgG/M dep) before R-mFRNT for comparison of the geometric mean NAb
titers among total, IgG-depleted, and IgG/M-depleted outcomes. LLOD (1.3 log10) and ULOD (4.31 log10) are represented by dotted lines. Significance was
measured by two-tailed paired t test (*, P , 0.05; **, P , 0.0001).
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and DENV2 NAbs declined dramatically (shift to left) after IgG depletion, while all
curves of ZIKV NAb largely remained high at all sample dilution points (Fig. 1B). Upon
dual IgG/M depletion (confirmed with 99.8% 6 0.2% [mean 6 SD] IgM depletion effi-
ciency), ZIKV NAb from these peak day (ranging from days 10 to 40 PI) samples was
reduced to minimal levels, indicating that IgM contributes to the anti-ZIKV NAb
response. Interestingly, the average titer reductions were greater after IgG/M depletion
(201-fold reduction from total NAb and 34-fold from IgG-depleted NAb) than after IgG
depletion (6-fold reduction), indicating that IgM was the larger contributor to ZIKV-spe-
cific neutralization in these individuals (Fig. 1C).

The second pattern (group 2) included 11 individuals displaying a highly cross-reac-
tive NAb to either DENV1 or DENV1/DENV2 that could not be sufficiently resolved by
IgG depletion (Fig. 2). Similarly to group 1, all index samples from this group were neg-
ative for ZIKV NAb and for ZIKV IgM or IgG by ELISA (Table 2). Their ZIKV viral RNA loads
were also within a range similar to that in group 1. However, unlike group 1, in which
only 30% showed DENV NAbs at index, all subjects in group 2 had total NAbs to at
least one DENV during ZIKV acute infection. Upon IgG depletion, the DENV NAb titers
dropped below the detectable level in all but one subject (the single positive subject
had a close-to-detectable-level titer to DENV2) at index (Table 2). For follow-up sam-
ples, total NAbs to either of the DENVs were similar to or higher than NAb to ZIKV in
98% (66/67) of samples. The levels of cross-DENV total NAbs were significantly higher
(.4-fold) in more than half of these samples (38 samples from nine subjects).
However, only 14 of them (36.8%) remained significantly higher after IgG depletion,
while 18 samples (47.3%) became higher in NAb to ZIKV than to DENVs. Although IgG
depletion increased ZIKV specificity in most samples of this group, the modeled aver-
age NAb kinetics of ZIKV and DENVs remained similar (Fig. 2). Consistent with those
individuals in group 1, the spline model fitted to data from group 2 also had a peak in
ZIKV IgG-depleted NAb titer at 14 days PI (95% CI, 13 to 15 days) (Fig. 2).

One individual (patient 19) in group 2 displayed IgG-depleted NAb titers that
were more than 4-fold higher for DENV1 than for DENV2 or ZIKV throughout all
convalescent time points (6 points are shown for examples in Fig. 3A). Using a
DENV1 monoclonal Ab, some research demonstrated that different strains of
DENV1, particularly the 16007 strain (used in our R-WN/DENV1 construct), may be
more effectively neutralized in vitro than others due to a specific amino acid varia-
tion in the envelope (E) protein (E-204R in DENV1 16007) compared to strain
WestPac74 (E-204K) (33). We tested some of the samples from subject 19 in a tradi-
tional PRNT with sequence-verified DENV1 strains 16007 and WestPac74 for a side-
by-side comparison. No significant differences (three samples had less than a 2-fold
difference, and one had a 3.8-fold difference) were noticed in NAb titers against
these two virus strains (Fig. 3B), and titers to both were significantly higher than
those to ZIKV. To further determine the NAb isotypes that may contribute to poten-
tial DENV1 anamnestic neutralization, samples from this individual were serially

TABLE 1 Serology assay results for index samples from individuals with low levels of cross-reactive neutralizing IgM

Patient

R-mFRNT90 titer (log10 EC90) of:

ELISA resultc
Plasma NAT
(log10 RNA copies/ml)d

Total NAb toa: IgG-depleted NAb tob:

DENV1 DENV2 ZIKV DENV1 DENV2 ZIKV ZIKV IgM ZIKV IgG DENV IgG
3 1.89 2.29 ,1.60 ,1.30 ,1.30 ,1.30 2 e 1 5.15
13 ,1.60 ,1.60 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 2.08
15 ,1.60 ,1.60 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 3.21
22 ,1.60 ,1.60 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 2.84
28 ,1.60 ,1.60 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 4.15
33 2.16 1.65 ,1.60 1.38 ,1.30 ,1.30 2 2 1 6.10
aR-mFRNT90 titer of total NAb titer in plasma sample neutralizing 90% of input virus. All samples were tested in triplicate.
bR-mFRNT90 titer of IgG-depleted NAb titer in plasma sample neutralizing 90% of input virus. All samples were tested in triplicate.
cIgM and IgG ELISA results are shown as positive (1), negative (2), or equivocal (e).
dRNA copies/ml in plasma measured by quantitative RT-PCR (NAT).
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depleted of IgG/M or IgG/A (confirmed with 100% IgM and IgA depletion effi-
ciency). Using a 2-way ANOVA with Tukey’s multiple-comparison test, ZIKV NAb
titers did not significantly decrease at any time point following IgG/A depletion
compared to those samples depleted of only IgG (Fig. 3C). On the other hand, on
days 21 and 42, ZIKV NAb titers decreased significantly following depletion of IgG/
M compared to depletion of only IgG. These results indicate that IgA had no signifi-
cant impact on ZIKV neutralization, while IgM NAb was prominent during early con-
valescence after ZIKV infection, as observed in group 1 (Fig. 1C). Interestingly,
DENV1 NAb titers following depletion of IgG/A were only detected up to day 21
and diminished after 42 days PI, whereas the titers after IgG/M depletion were not
significantly lower than after IgG depletion at any time point. These results indi-
cated that in addition to IgG, IgA contributed dominantly to the DENV1 neutraliza-
tion in this individual (Fig. 3C).

An estimation of the time to loss of ZIKV-neutralizing IgM (seroreversion) was calcu-
lated using a parametric lognormal survival model and samples from all 17 individuals
(Fig. 4). As the index sample could be from any day of acute infection, we further cali-
brated the starting time for all individuals to the initial day of NAT detectability for the
model (18). While neutralizing IgM to ZIKV after a sequential DENV/ZIKV infection
peaked around 14 days PI for individuals in both groups, it persisted for more than
1 year in some of the subjects. Among all subjects in this study, 11 had a last sample
collected beyond 1 year PI and 8 of them still retained detectable ZIKV IgM NAbs. The
estimated median duration of ZIKV-neutralizing IgM was about 257 days (95% CI, 133

FIG 2 Individuals with cross-reactive neutralizing IgM to DENV1 and DENV2. NAbs of longitudinal
plasma samples from 11 individuals in group 2. Lower limits of detection (LLOD) of IgM NAb (1.3
log10) and total NAb (1.6 log10) are represented by dashed lines. Upper limits of detection (ULOD) of
IgM NAb (4.01 log10) and total NAb (4.31 log10) are represented by dotted lines. Bold black lines
represent average NAb kinetic curves from the spline model with 95% confidence bounds (shaded
regions). Colored lines represent longitudinal NAb titers of each individual.
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to 427 days) after initial NAT detectability (Fig. 4). Although the small subject numbers
and various sample collection durations resulted in a wide range of neutralizing IgM
durations with a broad CI in the model, the median duration of ZIKV-neutralizing IgM
was similar to that of virus-binding IgM by ELISA (18).

DISCUSSION

While the kinetics of virus-binding IgM and IgG in ZIKV infection have been charac-
terized previously (15, 18–20), this study presents the kinetics and specificities of ZIKV-
neutralizing Abs, including total and IgM NAbs, after sequential DENV/ZIKV infections
in humans. To our knowledge, this is the first study to indicate that IgM elicited by
ZIKV could be the most dominant isotype contributing to virus neutralization and that
it is less cross-reactive to DENV than total NAbs that contain a robust amount of anam-
nestic IgG due to prior DENV exposure. Although IgG was the most abundant isotype
in human blood and understandably contributed significantly to virus neutralization,
depletion of IgM from samples showed that IgM most likely is the isotype exhibiting
the dominant ZIKV-specific neutralizing activity during its peak presentation.
Consistent with prior reports on ZIKV-binding IgM, in this limited sample set, we
showed that neutralizing IgM was detectable for months or even more than 1 year PI,
even when employing a very stringent neutralization assay at a 90% cutoff for serocon-
version determination. In fact, the overall kinetics of ZIKV-neutralizing IgM, including
its initial appearance, peak time, and duration, largely agreed with those of virus-bind-
ing IgM by ELISA (15, 18).

Although the in vitro results showed strong neutralization activity of ZIKV IgM, its
capacity for protection in vivo requires further studies. In a mouse model, long-lived anti-
gen-induced IgM plasma cells have been found to persist in the spleen and contribute to
protection against lethal influenza virus challenge even in the absence of T-cell and mem-
ory B-cell activation (34, 35). Passive transfer of IgM against West Nile virus (WNV) is also
shown to prolong the survival time of mMT mice after lethal challenge (35). The long-lived
antigen-induced IgM plasma cells, unlike long-lived IgG plasma cells, were able to develop
and somatically mutate in the absence of germinal centers but may not undergo extensive
antigen selection (34). The strong and prolonged IgM NAb after ZIKV infection may be due
to these long-lived plasma cells secreting IgM. Persistent ZIKV infection has been demon-
strated by prolonged ZIKV RNA in human placenta and semen, suggesting that some
reproductive tissues may serve as reservoirs for ZIKV (36–39). Such persistent infection
may also contribute to the prolonged IgM response.

The neutralizing IgM appeared to be more ZIKV specific than neutralizing IgG in se-
quential DENV/ZIKV infections; however, the specificity varied widely among subjects.

TABLE 2 Serology assay results for index samples from individuals with high levels of cross-reactive neutralizing IgM

Patient

R-mFRNT90 titer (log10 EC90) of:

ELISA resultc
Plasma NAT
(log10 RNA copies/ml)d

Total NAb toa: IgG-depleted NAb tob:

DENV1 DENV2 ZIKV DENV1 DENV2 ZIKV ZIKV IgM ZIKV IgG DENV IgG
1 2.10 2.52 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 3.96
4 1.98 2.35 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 4.26
11 2.80 2.35 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 3.23
17 2.44 2.08 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 1.89
18 2.46 ,1.60 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 3.64
19 2.38 ,1.60 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 6.52
20 3.48 2.73 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 1.89
23 1.80 2.30 ,1.60 ,1.30 1.51 ,1.30 2 2 1 6.51
25 2.46 1.67 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 4.60
32 2.97 2.53 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 2.22
47 2.86 3.07 ,1.60 ,1.30 ,1.30 ,1.30 2 2 1 1.91
aR-mFRNT90 titer of total NAb in plasma sample that inhibited at least 90% of input virus. All samples were tested in triplicate.
bR-mFRNT90 titer of IgG-depleted NAb in plasma sample that inhibited at least 90% of input virus. All samples were tested in triplicate.
cIgM and IgG ELISA results are shown as positive (1), negative (2), or equivocal (e).
dRNA copies/ml in plasma measured by quantitative RT-PCR (NAT).
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Our previous study with a different set of subject samples (single time point) showed
that the majority of subjects exhibited highly ZIKV-specific neutralizing IgM that was
discernible from cross-reactive DENV (25). Only 6 of 17 subjects in this study were con-
firmed as having a recent ZIKV infection by IgM NAb when the models evaluated were
fitted with data from all time points. All 11 individuals with indiscernible IgG-depleted
NAb (group 2) had high DENV total NAbs at index during the acute ZIKV infection
(before ZIKV seroconversion). We suspect that subjects in group 2 may have had more
recent or multiple DENV exposures prior to the latest ZIKV infection, resulting in stron-
ger anamnestic cross-reactive NAb response to DENVs. Index samples were only tested
for the presence of ZIKV RNA, since transmission of DENV in Puerto Rico during 2016
was at record low levels (40). While DENV/ZIKV coinfections cannot be ruled out, their
occurrence in these individuals is highly unlikely.

Upon IgG depletion, IgA was found to contribute to the high DENV1 NAb in one
individual for 370 days PI. IgA is present in the urine, saliva, and serum of dengue
patients, with a higher prevalence in patients with a sequential DENV/DENV infection,
and may correlate with the severity of disease (41–43). Interestingly, this individual
reported symptoms of fever, rash, joint pain, muscle aches, red eyes, and headache at
time points 8 and 21 days PI. While the fever receded after 21 days PI, other symptoms
persisted, including rash, red eyes, and headache, up to 92 days PI. Although

FIG 3 A subject with extremely high anamnestic DENV1 NAbs attributed mainly to IgA. (A) Neutralization curves with and without IgG depletion for
plasma samples from individual 19 with higher NAb to DENV1 than to ZIKV at each time point. Dotted lines represent 90% neutralization. (B) Comparison
of PRNT90 titers using DENV1 16007 and West Pac74 for 4 samples from the subject. No significant difference in NAb titers was measured by a two-tailed
paired t test, indicating that the higher DENV1 titer was not attributable to the use of the DENV1 16007 strain in R-WN/DENV1. (C) NAb was tested in the
R-mFRNT with DENV1 and ZIKV after IgG depletion, IgG/M depletion, and IgG/A depletion of plasma samples from the same individual. Asterisks indicate
significant differences by ANOVA with Tukey’s multiple-comparison test (*, P , 0.05; **, P , 0.001; ***, P , 0.0001).
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interesting, this observation was only from a single subject and warrants further inves-
tigation into the potential role of IgA in DENV neutralization. Since we did not test
other samples after IgG/A depletion, we cannot rule out that IgA may also play a role
in the cross-NAb response to DENV in persons with recent ZIKV infections.

Preexisting DENV cross-reactive Abs with weak virus-neutralizing activity can
enhance heterologous DENV infection through Ab-dependent enhancement (ADE) (44,
45). Emerging evidence from a human cohort study showed that prior DENV infection
did not appear to enhance ZIKV infection or illness severity, but ZIKV infection (with or
without prior DENV exposure) resulted in an increased risk of disease enhancement by
subsequent DENV2 infection (46, 47). Interestingly, the preexisting DENV and/or ZIKV
Ab may be more protective against certain serotypes of DENV (e.g., DENV1) while
resulting in ADE and/or disease enhancement by other serotypes (e.g., DENV2).
Moreover, the quantity and quality of preexisting Ab can determine the outcomes of
disease protection or enhancement for some serotypes of DENV (e.g., DENV3). As
human immunological interactions between primary and secondary DENV or ZIKV
infection are highly complicated, more comprehensive characterizations of the Ab
responses after sequential DENV/DENV or DENV/ZIKV infection will inform better diag-
nosis, vaccine evaluation, and therapeutics for DENV and/or ZIKV.

Our results demonstrate the importance of sustained neutralizing IgM in the hu-
moral immune response against flaviviral diseases. While most individuals with previ-
ous DENV exposure displayed a cross-reactive NAb response, it is important to note
that some individuals displayed a highly ZIKV-specific neutralizing IgM response.
Determining and understanding Ab isotypes may help to differentiate these closely
related viruses in recent infection. Additionally, the importance of ZIKV-specific IgM
NAb should be assessed in studies evaluating correlates of protection from illness. This
study demonstrated a significant IgM NAb response after sequential DENV/ZIKV infec-
tion and implies potential roles of IgM NAb in diagnosis, vaccine evaluation, serosur-
veillance, and virus-host interaction research.

Affinity purification of antibody isotypes, such as protein G-agarose for IgG, pep-
tide M-agarose for IgM, and lectin-agarose for IgA, is widely employed and would
preferably have been used for our study. However, to offset the significant yield
loss, those purification procedures require much larger sample volumes than what

FIG 4 Persistence of anti-ZIKV neutralizing IgM. The seroreversion curve with 95% CI was calculated
by parametric lognormal survival model fitted with data of all 17 individuals in the study. The day of
initial NAT detectability was imputed for each individual using viral RNA loads at index and a
previously determined ZIKV RNA doubling time in plasma (32). The median line indicates loss of
detectable neutralizing IgM among 50% of individuals.
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was available. Regrettably, due to sample volume limitation and the multiple virus
assays required, we were not able to conduct the study with purified antibody iso-
type. To conserve sample yield and minimally dilute sample volume to permit test-
ing against all three viruses before and after antibody isotype separation, we chose
the antibody isotype depletion method for the study. An investigation using puri-
fied antibody isotype would be ideal to further confirm our conclusion. It should
also be noted that due to the limited number of individuals included in this study,
further investigation with more sample sets from individuals experiencing sequen-
tial DENV/ZIKV is important to verify our observations reported in this study. In
addition, with DENV cases raised again in areas of endemicity after the ZIKV
epidemics waned, investigation of NAb profiles in subjects with sequential ZIKV/
DENV or DENV/ZIKV/DENV exposures is also warranted.
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