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Zika virus (ZIKV) is spreading rapidly into regions around the world where other flaviviruses, such as
dengue (DENV) and West Nile virus (WNV) are endemic. Antibody-dependent enhancement (ADE) has
been implicated in more severe forms of flavivirus disease, but whether this also applies to ZIKV infection
is unclear. Using convalescent plasma from DENV and WNV infected individuals, we found substantial
enhancement of ZIKV infection in vitro that was mediated through IgG engagement of Fcy receptors.
Administration of DENV or WNV convalescent plasma into ZIKV-susceptible mice resulted in increased
morbidity and mortality, including fever, viremia, and viral loads in spinal cord and testes. ADE may
explain the severe disease manifestations associated with recent ZIKV outbreaks and highlights the need
to exert great caution when designing flavivirus vaccines.

Zika virus (ZIKV) is a mosquito-transmitted flavivirus en-
demic to parts of Africa and Asia. Since its discovery in 1947,
the virus has remained relatively obscure until 2015, when a
large outbreak occurred in Brazil and rapidly spread out-
wards to other South and Central American countries (1).
Today, ZIKV is endemic to several US Territories, mainly
Puerto Rico, and active ZIKV transmission has been report-
ed in Florida and Texas as of February, 2017 (www.cdc.gov).
The widespread outbreaks, the virus’ association with mi-
crocephaly and other neurological disorders, and its long-
term persistence in human tissues leading to sexually-
mediated transmission and potentially infertility, have tak-
en the medical community by surprise and raises significant
public health concerns. While many questions remain unan-
swered about the unusual biology and disease spectrum of
this flavivirus, there is urgency in determining whether an-
tibodies against other flaviviruses could enhance ZIKV rep-
lication and disease pathogenesis. Antibody-dependent
enhancement (ADE) of different DENV serotypes has been
shown to correlate with increased viremia and disease se-
verity (2-4). ZIKV is phylogenetically related to other fla-
viviruses, such as dengue virus (DENV) and West Nile virus
(WNV), which co-circulate with ZIKV in many regions
across the globe. In the USA and the US territories, WNV
and DENV are endemic, causing annual outbreaks of infec-
tion. South and Central America, as well as South East Asia,
have experienced many outbreaks associated with all four
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DENV serotypes, which have resulted in hundreds of mil-
lions of DENV-seroconverted individuals in these geograph-
ical areas (5). Accordingly, as ZIKV continues to spread,
understanding how preexisting flavivirus immunity impacts
ZIKV pathogenesis is a high priority.

For all flaviviruses, the envelope (E) protein represents a
primary target of neutralizing antibody responses (6, 7), and
recent studies show that ZIKV E protein is highly structural-
ly similar to that of DENV and WNV (8, 9). Indeed, several
studies have evaluated DENV-specific monoclonal antibod-
ies and/or a limited number of immune plasma samples for
activity against ZIKV (10-14). Collectively, these studies
showed that some DENV antibodies are cross-reactive to
ZIKV and can enhance ZIKV infection at specific concentra-
tions using in vitro systems. However, enhancement of ZIKV
infection by DENV antibodies in vivo was not observed (12,
13). Another important question is whether enhancement
can also be driven by immunity to other related flaviviruses,
such as WNV. This is particularly pertinent given that
>3,000,000 US residents alone possess preexisting antibod-
ies to WNV (15), a virus that is also endemic throughout
parts of Europe, Africa, the Middle East, and Australia (16).

To begin understanding the cross-reactivity of related
flaviviruses to ZIKV and its implication for enhanced infec-
tion, we evaluated convalescent plasma from 141 IgG-
positive DENV-infected blood donors and 146 IgG-positive
WNV-infected blood donors identified through routine
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screening of blood donations in Puerto Rico and the USA,
respectively (table S1) (17, 18). As compared to plasma of
random blood donor controls where no binding to ZIKV E
protein was observed, a wide variability of binding activity
against ZIKV E protein was detected for both DENV and
WNV immune plasma (Fig. 1A), with DENV-elicited antibod-
ies showing >350 fold greater binding as compared to con-
trol samples (P < 0.0001). WNV immune plasma also
showed cross-reactivity to ZIKV E protein, with >35 fold
higher binding compared to controls (P <0.0001). To evalu-
ate the biological properties of these cross-reactive antibod-
ies, we evaluated enhancement of ZIKV infection in vitro for
each individual donor sample using Fcy receptor (FcyR)-
bearing human-derived K562 cells. We observed a high level
of overall ADE activity among the flavivirus-exposed indi-
viduals compared to controls (P < 0.0001; Fig. 1B), with sig-
nificantly higher enhancement effects observed in DENV-
exposed individuals (P < 0.0001). To further understand the
relationship between ZIKV-reactive antibodies in human
plasma and enhancement of infection, we plotted binding as
a function of enhancement for all DENV- and WNV-immune
plasma. We found a strong positive correlation between lev-
els of reactivity to ZIKV E protein and enhancement of in-
fection for both the DENV- (Fig. 1C) and WNV-immune
plasma (Fig. 1D). Due to the large number of study partici-
pants, ZIKV cross-reactivity and ADE among the DENV and
WNV seropositive donors were evaluated for correlations to
gender, age, severity of disease (fig. S1), and DENV-serotype
(fig. S2). Interestingly for both DENV- and WNV-infected
donors, a weak positive correlation for age was observed.
DENV-1 positive samples had a trend toward higher ELISA
titers and ADE than DENV-4 positive samples but the dif-
ference was not statistically significant (fig. S2). Evaluation
of ZIKV neutralization potency of a subset of DENV- and
WNV-immune plasma revealed that only the highly cross-
reactive DENV immune plasma samples were capable of
neutralization (fig. S3). These data indicate that preexisting
immunity to DENV and WNV can enhance ZIKV infection
in vitro.

ADE is primarily mediated through the engagement of
IgG antibodies to cell surface Fcy receptors (FcyR) (19, 20).
We therefore tested whether the ADE induced by DENV-
and WNV-immune plasma was IgG-mediated. To do this, we
tested the ADE activity of plasma pooled from 15 control,
DENV- and WNV-infected blood donors as compared to pu-
rified IgG from these same samples. Blood donors used for
pooling were individually tested for ADE activity (figs. S4 to
S6). Of note, these sera were tested for the presence of viral
NS1 and were found to be negative (DENV samples only; fig.
S7). ZIKV was pre-incubated with serially-diluted pooled
plasma or purified IgG, and these mixtures were then used
to infect K562 cells. Overall enhancement activity was main-
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tained for both DENV- and WNV-IgG, suggesting that IgG is
the primary plasma component involved (Fig. 2A). Further-
more, IgG-depleted plasma did not enhance infection, indi-
cating that ADE in K562 cells was solely attributable to the
IgG fraction (Fig. 2B). Given the role of FcyR in mediating
ADE, we also investigated the dependency of DENV- and
WNV-specific ADE on IgG-FcyR engagement. To do this,
K562 cells were pre-incubated in the presence or absence of
purified FcyR binding inhibitor (BI; biosciences) prior to
infection with ZIKV in the presence of serially-diluted
DENV-, WNV- or control-IgG. ZIKV ADE was ablated in the
presence of the FcyR BI, suggesting that enhancement is
indeed occurring through FcyRs (Fig. 2C). Since K562 cells
mediate ADE through FcyRIIA (21-23), we next pre-
incubated these cells with either an anti-CD32 antibody,
which blocks IgG binding to FcyRII, or a control anti-CD16
antibody, which blocks IgG binding to FcyRIII, which is not
expressed on K562 cells. The addition of anti-CD32 com-
pletely inhibited the ADE induced by DENV- and WNV-IgG
(Fig. 2D), while ADE was still robustly observed in the pres-
ence of anti-CD16 (Fig. 2E). This suggests that IgG-FcyRIIA
interactions are specifically responsible for the enhanced
infection in K562 cells. We further verified this by treatment
of purified IgG from control, DENV-, or WNV-positive do-
nors with PNGase F. PNGase F removes N-linked glycans
from the Fc domain of IgG, which are necessary for FcyR
engagement (24). This treatment specifically ablated the
ability of DENV- and WNV-IgG to induce ADE (Fig. 2F),
while the ability of purified IgG to bind ZIKV by ELISA was
identical irrespective of PNGase F treatment (fig. S8). To-
gether, our data demonstrate that IgG elicited by infection
with DENV and WNV is capable of mediating ADE of ZIKV
through FcyR engagement in vitro.

Given the binding and enhancement effects observed
with DENV- and WNV- convalescent plasma in vitro, we
next evaluated whether ADE could occur during ZIKV infec-
tion in vivo. Several studies with numerous flaviviruses have
shown that viral proteins antagonize the host innate im-
mune response through targeting STAT2 (25-29). In pilot
studies, we also evaluated the replication of ZIKV in differ-
ent mouse strains and discovered that Stat2~~ C57BL/6 mice
displayed considerable morbidity and mortality in response
to infection (30). Therefore, Stat2~~ mice were given pooled
immune plasma from control, DENV, or WNV positive do-
nors. Two hours post transfer, all mice were infected with
ZIKV strain PRVABC59 and monitored daily for survival,
weight loss, and clinical symptom development.

In response to ZIKV infection, mice that received control
plasma exhibited a 93.3% survival rate (Fig. 3A). In contrast,
the vast majority of mice that received DENV-positive donor
plasma succumbed to infection by day 8 (21.43% survival
rate; P < 0.05 compared to mice receiving control plasma).
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These mice also exhibited significant weight loss (Fig. 3B)
and an enhanced clinical symptom score (Fig. 3C), marked
by the development of severe neurological symptoms includ-
ing paralysis of several limbs and, in some cases, total body
paralysis. We also observed a decreased survival rate among
mice receiving WNV immune plasma (60% survival; Fig.
3A), although this difference was not statistically distinct.
Symptoms were less severe in mice receiving control plasma
or PBS. These results correlated directly with the difference
in measured ZIKV cross reactivity (Fig. 1).

To further assess clinical symptom development, core
body temperatures were measured daily prior to and for
several days following infection. Prior to infection, all mice
showed an average body temperature between 36°C-37°C.
Mice receiving control plasma showed a small but insignifi-
cant increase in body temperature on day 3, rising to an
average of 37.6°C. However, mice that received DENV-
positive plasma developed fever on day 3 post infection, av-
eraging 38.3°C. Mice receiving WNV-positive plasma also
developed fever (38.0°C), although not as high as the DENV-
positive plasma group (Fig. 3, D to G). To our knowledge,
this is the first animal model showing a direct correlation
between ADE and fever. Fever was the only symptom ob-
served in the sentinel monkey in 1947 that resulted in the
isolation and identification of ZIKV (31) and is the hallmark
clinical feature in individuals with dengue hemorrhagic fe-
ver, West Nile fever, and ZIKV infections (I, 4, 32-34).

In humans, ADE caused by secondary infection with a
heterotypic DENV strain can result in increased viremia,
enhanced clinical symptoms, and mortality. To characterize
ZIKV replication in the context of preexisting antibodies
against DENV or WNYV in vivo, we measured viral loads in
the blood and several organs known to be associated with
ZIKV infection and sexual transmission. In the blood of
mice receiving control plasma or PBS, ZIKV RNA levels
were elevated on day 3 and then decreased on day 6 post
infection (Fig. 4A). Mice receiving DENV-positive donor
plasma had a significantly elevated viremia, with >10 fold
higher levels on day 3 compared to mice receiving control
plasma or PBS. Mice that received WNV immune plasma
also had significantly higher viremia at this time point, with
~2 fold increase compared to control mice or mice receiving
control plasma or PBS. These differences in viremia were no
longer detectable by day 6. Furthermore, ZIKV was detected
in the spinal cord and testes in all groups of mice (Fig. 4, B
and C) but titers were significantly elevated in mice receiv-
ing plasma from DENV- or WNV-seropositive donors. Im-
munofluorescent staining of ZIKV NS3 in the spinal cord
and testes confirmed these observations, showing elevated
ZIKV staining in mice receiving DENV- and WNV-infected
donor plasma in comparison to the control mice or mice
injected with PBS (Fig. 4, D and E). Interestingly, ZIKV

First release: 30 March 2017

WWW.sciencemag.org

staining in the testes was primarily located in the region
containing spermatid. We also tested ZIKV levels in several
additional organs, including brain, ovaries, and eyes, but
found no differences in viral titers (Fig. 4, F to H). Together,
our data suggest that ADE induced by cross-reactive DENV
and WNV antibodies exacerbates in vivo viremia that may
lead to more efficient viral spread to the spinal cord and
testes, two organs associated with human ZIKV disease and
sexual transmission.

To further understand the relationship between DENV
and WNV antibody titers and the potential for enhanced
ZIKV disease in vivo, we evaluated a range of doses for con-
trol, DENV, and WNV immune plasma and its subsequent
effect on ZIKV infection. High concentrations of DENV im-
mune plasma (200ul per mouse) resulted in protection
against ZIKV infection, with 100% survival, no weight loss,
and decreased symptoms. Lower concentrations (20ul and
2ul per mouse) showed nearly identical survival, weight loss
and symptom development (fig. S9). In mice injected with
WNV immune plasma, we observed a dose dependent re-
sponse, with a trend of higher survival and better symptom
outcome with high concentrations of plasma. Interestingly,
the highest dose of control plasma (200ul) resulted in a de-
crease in survival and greater symptom development, sug-
gesting that a non-specific response, e.g., from polyreactive
antibodies that may occur at high plasma concentrations.
However, comparison of control plasma injected mice ver-
sus mice receiving DENV and WNV plasma at high concen-
trations highlights the protective effects of cross-reactive
flavivirus antibodies when present at sufficient concentra-
tions. These data suggest that in vivo enhancement may
occur optimally at low concentrations of ZIKV-reactive IgG,
while high levels may be protective.

In order to evaluate which DENV neutralizing titers cor-
relate with ADE in vivo, we assessed the neutralizing activi-
ty of mouse plasma two hours post transfer of 200ul, 20ul,
or 2 ul of the pooled human plasma from controls or DENV-
exposed individuals. We detected no neutralization activity
in mice injected with 20ul or 2 ul of DENV immune plasma,
and only residual neutralization of DENV in mice injected
with 200ul of DENV immune plasma (fig. S10). This resem-
bles titers of humans with waning immune responses after
natural exposure to DENV (35, 36).

In addition to DENV and WNYV, there are several clinical-
ly relevant flaviviruses and flavivirus vaccines that may also
induce ADE. Particularly relevant in South America is Yel-
low Fever virus (YFV), for which a vaccine has been com-
mercially available since the 1930’s, and has significantly
reduced the disease burden (37). To test the extent to which
preexisting immunity against YFV could promote ADE of
ZIKV infection, serum samples from macaques vaccinated
against YFV using the 17D strain were evaluated for binding
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to ZIKV E protein and enhancement of ZIKV infection in
vitro (fig. S11). Compared to pre-bleed samples, sera ob-
tained from all three macaques 30 days after 17D vaccina-
tion (early immune) showed negligible reactivity to ZIKV E
protein by ELISA and no ADE activity on K562 cells, while
weak reactivity and enhancement was observed for one of
three macaques during the ‘late immune’ phase (between 6-
12 months post vaccination). For comparison, we also tested
serum samples from DENV-infected macaques (n = 4),
where cross-reactivity to ZIKV E and in vitro ADE was ro-
bust at 30 days post infection (early immune) and was even
stronger at the later immune time point. The response ob-
served for DENV in the macaques fell well within the range
observe for DENV-infected humans (Fig. 1). Though the
numbers of animals used in this experiment are small, these
data suggest that flaviviruses that are phylogenetically and
serologically more distant from ZIKV may have progressive-
ly less cross-reactivity (38, 39). Another possibility is that
attenuated flavivirus vaccines induce lower IgG titers that
lead to less cross-reactivity and therefore, less enhancement.
In any case, our data suggest that YFV vaccination, particu-
larly within 30 days post vaccination, poses little risk of en-
hanced disease outcome if followed by ZIKV infection.

This study reports the first large-scale analysis of ZIKV
binding and enhancement by human immune plasma ob-
tained from individuals infected with DENV and WNV. We
show that the naturally occurring polyclonal antibody re-
sponses against WNV in humans are cross-reactive to ZIKV
and can enhance ZIKV in vitro and in vivo. WNV-elicited
antibodies appear to show less cross-reactivity and en-
hancement compared with DENV in vitro. Likewise, the
same amount of WNV-positive immune plasma in mice re-
sults in a less aggressive ADE phenotype compared to mice
receiving DENV immune plasma. We also describe a mouse
model of ZIKV infection that recapitulates ADE in vivo, re-
sulting in clinically relevant phenotypes that mimic human
disease. Furthermore, we show, for the first time that fever
in mice directly correlates with enhanced viral replication
exacerbated by the presence of preexisting antibodies
against other flaviviruses. Other studies evaluating the effect
of DENV monoclonal antibodies on the pathogenesis of
ZIKV in vivo found no enhancement of ZIKV disease (11, 12).
Possible reasons for these differences may involve the
mouse model used, or the concentration of antibodies test-
ed. Further, it is unclear whether strains of ZIKV from dis-
tinct lineages or geographic locations induce ADE to
different extents. Preliminary studies using ZIKV Nigeria
1968 and Cambodia 2010 strains revealed distinct ADE
curves in vitro (fig. S12). Furthermore, our study used poly-
clonal plasma for in vivo studies, rather than monoclonal
antibodies, mimicking naturally occurring immunity. This
may have also contributed to differences in outcome. Of
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note, it has been shown that antibodies against ZIKV can
enhance DENV infection in vivo (I1).

Currently, the breadth of flavivirus-induced ADE of ZIKV
infection is unclear, but includes at least DENV and WNV.
Other clinically relevant viruses, for which natural infection
and large-scale vaccination campaigns have resulted in large
numbers of seropositive individuals around the world, may
be included, such as YFV, Japanese encephalitis virus, and
tick-borne encephalitis virus. Given the high prevalence of
DENV antibodies in the geographical areas most affected by
the ZIKV, our results suggest that preexisting immunity to
DENV may have contributed to the rapid spread of ZIKV in
the Americas, possibly associated with increased viremia
and clinical symptoms, including microcephaly. In addition,
the high prevalence of WNV antibodies in the US raises
concerns if ZIKV continues to spread into North America.
Our results also have broad implications for vaccine efforts
against DENV, WNV, and other flaviviruses. Cross-reactive
antibodies induced by these vaccines might lead to en-
hanced infection when individuals are subsequently exposed
to ZIKV. Our results highlight the urgent need for epidemio-
logical studies in humans to understand the impact of
preexisting flavivirus antibodies for ZIKV induced disease
and sequelae, while exercising great caution on the design
and use of flavivirus vaccines in ZIKV affected areas.
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Fig. 1. ZIKV binding and enhancement of infection by DENV- and WNV-immune plasma. Plasma from
seropositive DENV- (n = 141), WNV-infected (n = 146), or sero-negative control (n = 15) donors were evaluated
for reactivity to ZIKV E protein by ELISA (A) or enhancement of ZIKV infection of K562 cells (B). Area under
the curve (AUC) calculations based on serially-diluted plasma measurements are shown. (C and D) Scatter
plot showing the relationship between ZIKV binding and enhancement of ZIKV infection for DENV (C) and WNV
(D) immune plasma. Each point represents one donor. Significance was analyzed by nonparametric unpaired
Mann-Whitney U test for (A) and (B) or by non-parametric Spearman’s rank correlation for (C) and (D). **P <
0.01; ****P < (0.0001.
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Fig. 2. Enhancement of ZIKV
infection via IgG engagement of
Fcy receptors. (A) IgG purified
from plasma pooled (n = 15 per
group) from control blood donors,
DENV-, or WNV-infected donors
was evaluated for enhancement of
ZIKV infection on K562 cells. (B)
Pooled plasma samples from
control donors, DENV-, or WNV-
seropositive donors were evaluated
for enhancement of ZIKV infection
on K562 cells before and after IgG
purification. (C to E) Purified I1gG
from control, DENV-, or WNV-
seropositive donors was tested for
enhancement of ZIKV infection on
K562 cells in the presence or
absence of FcyR binding inhibitor
(C), anti-CD32 antibody (D), or
anti-CD16 antibody (E). (F) Plasma
lgG from control, DENV-, or WNV-
seropositive donors was incubated
in the presence or absence of
PNGase F prior to evaluation of
ZIKV enhancement on K562 cells.
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Fig. 3. In vivo enhancement of ZIKV infection by convalescent DENV and WNV plasma. (A) 20ul of
convalescent plasma from control, DENV, and WNV donors was administered intraperitoneally to Stat2~"~
mice 2 hours prior to intradermal inoculation with 1 x 10° PFU of ZIKV strain PRVABC59. Kaplan-Meier
survival curve is shown; significance was determined by using the Mantel-Cox log-rank test and adjusted
for multiple comparisons using the Bonferroni correction. Mice were monitored for (B) weight loss and
(C) clinical score using a 6-point system (n = 5 per group) with a score of 7 awarded to deceased animals.
Significance was determined by using the student’s t test, and then adjusted for multiple comparisons
using the Bonferroni correction. In symptom score comparisons, the day with the highest average score
per group was used. Daily rectal body temperature measurements were taken for PBS (D), control (E),
DENV (F), or WNV (G) immune plasma. Statistically significant differences were calculated by comparing
day 3 (the day of the highest total average temperature) and day O for each group. *P < 0.05; **P < 0.01;
***¥P < 0.0001.
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Fig. 4. In vivo ADE correlates with amplified ZIKV replication. (A) Blood viral titers of mice
treated with control, DENV, or WNV-positive donor plasma were assessed by real-time PCR on
day 3 and 6 post infection. Viral titers were quantified by a plague assay on spinal cords (B) and
testes (C) isolated on day 6 post infection from ZIKV infected Stat2~~ mice treated with a low
dose of either control, DENV-, or WNV-positive donor plasma. Paraffin embedded spinal cords
(D) and testes (E) from ZIKV-infected Stat2~~ mice on day 6 post infection treated with a low
dose of either control, DENV-, or WNV-positive donor plasma sections were stained for ZIKV
(green) and nuclear DAPI (blue). Representative images are shown at 10x magnification and 50
um scale bars. Brains (F), ovaries (G), and eyes (H) were also evaluated for viral loads on day 6.
*P < 0.05; **P < 0.01.
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