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Dear Editor,

Antibody-dependent enhancement (ADE) has long been
recognized for dengue virus (DENV) in vitro and in vivo.
It is now clear that antibodies to DENV can also en-
hance Zika virus (ZIKV) infection in vitro, and vice versa
(Dejnirattisai et al., 2016; Stettler et al., 2016). The charac-
teristics of enhancing antibodies, however, remain elusive.
Some have suggested that non-neutralizing antibodies or
antibodies recognizing specific antigenic sites are enhancing
antibodies: such as those that bind to prM of dengue virus.
But others showed that even highly potent neutralizing
murine antibodies could enhance West Nile virus (WNV)
and ZIKV infection in vitro at extremely low concentrations
(Pierson et al., 2007). Thus, neutralization and enhancement
might not be dichotomous results generated by different
antibodies, but divergent outcomes of immune response me-
diated by the same antibody. Because ADE is implicated in
pathogenesis of ZIKV infection and it causes complications
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in vaccine design and testing, we sought to determine the
characteristics of antibodies capable of enhancing ZIKV
infectivity using 14 newly discovered ZIKV specific human
monoclonal antibodies (mAbs).
Fourteen ZIKV specific human mAbs that target DIII

(Z23, Z30, ZK2B10), DI/DII (Z20, Z3L1, ZK7C3, ZK8-4,
ZK12G2, ZK12-2), DI/DII/DIII (ZK2C2, ZK1G4) or fusion
loop (FL: Z5, Z6, Z7) of E protein were isolated from three
Chinese patients who had returned from endemic coun-
tries with a confirmed ZIKV infection (Wang et al., 2016;
Yu et al., 2017), and two isotype matched control human
mAbs that recognize Ebola virus (EBOV) glycoprotein
(2G4) and Middle East respiratory syndrome coronavirus
(MERS-CoV) S protein (Mers-4), respectively, were in-
cluded in this study (Table S1 in Supporting Information).
All ZIKV mAbs included in this study bound to ZIKV E pro-
tein with varied affinity as determined by ELISA, and some
of them cross-reacted with DENV-1 and DENV-2 E proteins.
These mAbs neutralized ZIKV at a range of IC50 from as high
as 0.04 μg mL−1 to as low as more than 40 μg mL−1; again,
some of which also neutralized DENV-1 and DENV-2.
Among them, four of the most potent neutralizing mAbs that
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targeted DI/DII (Z20, Z3L1) or DIII (Z23, ZK2B10) were
tested in vivo for protection against ZIKV challenge in an
adoptive transfer model using AG6 type I interferon deficient
mice. Three of these antibodies (3/4) demonstrated 100%
protection, and one of them (1/4) showed 80% protection
(Table S1 in Supporting Information) (Wang et al., 2016;
Yu et al., 2017). Hence, domain-specificity appears not to
be an absolute determinant of antibody-mediated protection
against virus infection.
We assessed the ability of these 14 ZIKV specific human

mAbs to enhance ZIKV infection with K562 cells using a
method described in recent papers (Dejnirattisai et al., 2016;
Stettler et al., 2016). As shown by a representative assay in
Figure 1A, various dilutions of ZIKV antibodies (ZK2B10
and ZK8-4) or control mAb Mers-4 were incubated with
ZIKV first, and then added to K562 cells. The cells were
incubated at 37°C for 48 h, and then harvested, intracellu-
larly stained with an anti-E antibody, and then subjected to
flow cytometry analysis. Results showed that peak enhance-
ment levels were reached at 0.8 μg mL−1 for ZK2B10 and
100 μg mL−1 for ZK8-4, at which 23.3% and 18.7% cells

were infected. In the absence of these mAbs, there were only
0.28% cells positive for ZIKV antigen staining. These results
correspond to an approximately 83- and 67-fold enhance-
ment by comparison to the percentage of ZIKV infected
cells in the absence of antibodies (Figure 1A). When all 14
mAbs were examined together, 2/3 FL specific, 5/6 EDI/DII
specific, 3/3 EDIII specific, and 1/2 EDI/DII/DIII specific
mAbs enhanced ZIKV infectivity for more than 20-fold
(Figure 1B). Two mAbs in EDI/II group (Z20 and Z3L1)
exhibited the highest enhancing activities, approximately
300-fold, of ZIKV infection, whereas the remaining four
mAbs targeting EDI/II displayed modest to low enhancement
capacities. Thus, domain-specificity alone is insufficient to
determine whether an antibody is enhancing or not. Notably,
the logarithmic values of peak ADE antibody concentration
and the logarithmic IC50 values of neutralization concen-
tration showed a significant linear correlation (R=0.80,
P=0.0007) (Figure 1C).
Our results generated in this study are consistent with a

recent paper showing that human antibodies against ZIKV
EDI/II  were  cross-reactive,  poorly  neutralizing,  whereas

Figure 1         The structural and functional basis of mAbs capable of enhancing ZIKV infection in vitro. A, K562 cells were infected with ZIKV in the presence
or absence of serially diluted human monoclonal antibodies Mers-4 (anti-MERS-Co), ZK2B10 (anti-ZIKV-EDIII) and ZK8-4 (anti-ZIKV-DI/DII). Cells were
harvested and stained intracellularlly with a pan-flavivirus antibody 4G2, and then analyzed by flow cytometry. B, Fold enhancement was analyzed by com-
parison to the percentage of infected cells in the presence or absence of antibodies. Antibodies were classified into four groups according to their binding sites
on ZIKV soluble envelope protein. FL, fusion loop; EDI, domain I of envelope protein; EDII, domain II of envelope protein; EDIII, domain III of envelope
protein. C, The Log10 IC50 value was plotted against the corresponding Log10 concentration of antibody at which the peak ADE was reached for ZIKV (n=14)
infections. The R value and P value were calculated by linear regression analysis using GraphPad Prism 6.0 software.
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those targeted EDIII or quaternary epitopes were potent neu-
tralizing; however, after being diluted, they could all enhance
ZIKV infectivity in K562 cells (Stettler et al., 2016). Thus,
epitope-specificity per se is not a sufficient determinant of
whether an antibody will enhance infection or not, at least
in vitro. In fact, even highly neutralizing antibodies that can
enhance virus infection have also been documented previ-
ously (Pierson et al., 2007). Using a panel of 6 West Nile
virus (WNV) EDIII specific murine mAbs that had an EC50

ranging from 0.018 to 39.5 nmol L−1, it was convincingly
demonstrated that all neutralizing antibodies could enhance
the infection of WNV reporter virus particles in K562 cells
(Pierson et al., 2007). Based on our and other published
data using flavivirus specific mAbs, it can be concluded that
neutralization and enhancement are two linked properties
of the same antibody. This conclusion is consistent with a
generally accepted “Occupancy theory” of antibody-virus
interaction.
Importantly, we provided the first demonstration of a

quantitative association between the concentrations for
neutralization and peak enhancement for the same antibody
(Figure 1C). By taking advantage of a panel of human
monoclonal antibodies against various domains of ZIKV E
protein, we further revealed a straightforward correlation
between antibody-mediated neutralization and enhancement
among flaviviruses. These findings provided answer to
a long standing theoretical puzzle regarding the principal
characteristics of an enhancing antibody: it is its function,
not just structure. Our results also suggest a simple assay
for predicting the ADE potential of a neutralizing antibody,
and thus supplementing the current methods for assessing
the beneficial and adverse effects of antibodies elicited by
vaccination.
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