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Zika virus activates de novo and cross-reactive memory 
B cell responses in dengue-experienced donors
Thomas F. Rogers,1* Eileen C. Goodwin,2* Bryan Briney,1 Devin Sok,1 Nathan Beutler,1 Alexander 
Strubel,1 Rebecca Nedellec,1 Khoa Le,1 Michael E. Brown,2 Dennis R. Burton,1,3† Laura M. Walker2†

Zika virus (ZIKV) shares a high degree of homology with dengue virus (DENV), suggesting that preexisting immunity 
to DENV could affect immune responses to ZIKV. We have tracked the evolution of ZIKV-induced B cell responses 
in three DENV-experienced donors. The acute antibody (plasmablast) responses were characterized by relatively 
high somatic hypermutation and a bias toward DENV binding and neutralization, implying the early activation of 
DENV clones. A DENV-naïve donor in contrast showed a classical primary plasmablast response. Five months after 
infection, the DENV-experienced donors developed potent type-specific ZIKV neutralizing antibody responses in 
addition to DENV cross-reactive responses. Because cross-reactive responses were poorly neutralizing and associ-
ated with enhanced ZIKV infection in vitro, preexisting DENV immunity could negatively affect protective antibody 
responses to ZIKV. The observed effects are epitope-dependent, suggesting that a ZIKV vaccine should be carefully 
designed for DENV-seropositive populations.

INTRODUCTION
Zika virus (ZIKV) is a mosquito-borne flavivirus that has been 
linked to microcephaly and severe neurological complications, such 
as Guillain-Barré syndrome (1, 2). The virus is closely related to the 
four serotypes of dengue virus (DENV) (DENV1, 2, 3, and 4), as well 
as other circulating flaviviruses including West Nile virus (WNV), 
resulting in substantial immunological cross-reactivity (3–7). Al-
though neutralizing antibodies (nAbs) play an important role in pro-
tection against flavivirus infection, they can also contribute to severe 
disease through a phenomenon termed antibody-dependent enhance-
ment (ADE) (8–10). In the case of DENV, subneutralizing concentrations 
of preexisting heterotypic nAbs have been implicated in promot-
ing viral replication by facilitating the interaction of the virus with 
Fc receptor–bearing target cells (8). Enhancement of ZIKV infection 
by cross-reactive DENV-specific antibodies and vice versa has been 
demonstrated in vitro, and ADE of ZIKV pathogenesis by preexist-
ing anti-flavivirus immunity has been observed in mouse models 
(5–7, 11–14). Because ZIKV is currently circulating in regions that are 
highly endemic for DENV, an understanding of how previous DENV 
exposure affects the B cell response to ZIKV will be critical for the design 
of vaccines and therapies intended for DENV-immune populations.

Previous studies have shown that nonstructural protein 1 (NS1), 
envelope (E), and precursor membrane (prM) proteins are dominant 
targets for the human B cell response to flaviviruses. NS1 is secreted 
by infected cells and functions in pathogenesis and immune evasion 
(15), the surface E protein mediates viral entry and is the primary 
target for nAbs (7, 16, 17), and prM is a 166–amino acid protein that 
is associated with E on immature and partially mature viruses (18). 
The E protein consists of three domains: domain I (DI), which partic-
ipates in conformational changes required for viral entry; domain II 
(DII), which contains the conserved fusion loop (FL); and domain III 
(DIII), which is the putative receptor binding domain (19). Previous 

studies have established that monoclonal antibodies (mAbs) target-
ing epitopes within DIII are typically type-specific and potently neu-
tralizing, whereas mAbs targeting the conserved FL are cross-reactive 
and poorly neutralizing (7, 16, 17, 20).

In this study, we have longitudinally tracked the ZIKV-specific B 
cell response in three DENV-experienced donors using single B cell 
cloning and large-scale antibody isolation. The acute-phase (plasma-
blast) response was dominated by somatically mutated clones that 
showed preferential binding and neutralization of DENV, providing 
evidence for original antigenic sin (OAS) during the early B cell re-
sponse to ZIKV in DENV-experienced donors. However, by 5 months 
after infection, the memory B cell responses were composed of both 
OAS-phenotype antibodies that were broadly cross-reactive and poorly 
neutralizing and de novo generated antibodies that were ZIKV- 
specific and potently neutralizing. Collectively, the results have 
implications for the development of ZIKV vaccines intended for 
DENV- immune populations and provide insight into the role that 
preexisting B cell memory plays in modulating the antibody speci-
ficities induced by antigenically variable viruses.

RESULTS
Potent plasmablast induction in ZIKV-infected,  
DENV-experienced donors
To study the early ZIKV-induced B cell response in DENV-experienced 
individuals, three ZIKV-infected donors (donors 2, 3, and 4) living in 
a highly DENV endemic region of Colombia were sampled during 
acute infection (within 8 days after symptom onset) (table S1) (21). 
A single donor (donor 1) from the United States who was infected 
with ZIKV while overseas was also sampled for comparison (table S1). 
As expected, the acute sera from donors 2, 3, and 4 showed strong 
immunoglobulin G (IgG) binding reactivity to whole DENV1–4 
particles and recombinant DENV NS1 proteins (fig. S1). In con-
trast, the acute serum from donor 1 showed little to no such binding 
(fig. S1). Although the acute serum reactivity to DENV particles and 
NS1 proteins could, in principle, be due to cross-reactive ZIKV- 
induced antibodies, previous studies have shown that NS1-specific 
IgG antibodies are not present in the serum during the first week 
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after the onset of symptoms of ZIKV infection (22, 23), implying 
that the acute serum reactivity to DENV NS1 observed for donors 2, 
3, and 4 is largely mediated by preexisting antibodies that were in-
duced by previous DENV exposure. Furthermore, the acute serum 
from these three donors showed similar or more potent neutraliz-
ing activity against DENV compared with ZIKV, whereas the acute 
serum from donor 1 showed little to no neutralizing activity against 
DENV1–4 and relatively weak neutralization of ZIKV. These serologi-
cal and epidemiological data provide convincing evidence that do-
nors 2, 3, and 4 were previously exposed to DENV, whereas donor 
1 was DENV-naïve at the time of infection.

The appearance of antigen-specific plasmablasts in peripheral blood 
during acute viral infection is typically the first indication of a B cell 
response (24–26). Therefore, we first measured the plasmablast fre-
quency in peripheral blood about 1 week after symptom onset (table 
S1). In all three DENV-experienced donors, a massive plasmablast 
population (CD3−CD20−/loCD19+CD27hiCD38hi) that accounted for 
39 to 63% of peripheral B cells was observed (Fig. 1A and fig. S2). In 
contrast, the plasmablast population in the 
ZIKV-infected, DENV- naïve donor was rela-
tively small, accounting for only 2.5% of pe-
ripheral B cells (Fig. 1A). To deconstruct the 
acute ZIKV-induced B cell response, we single 
cell–sorted between 100 and 300 plasma-
blasts from each donor sample and rescued the 
antibody variable heavy (VH) and variable light 
(VL) chain sequences by single-cell polymerase 
chain reaction (PCR). Between 42 and 119 cog-
nate VH and VL pairs from each donor were 
cloned and expressed as full-length IgGs. Se-
quence analysis revealed that the plasmablasts 
sorted from the three DENV-experienced 
donors were somatically mutated—with per- 
donor averages ranging between 15 and 20 
nucleotide substitutions in VH—and clonally 
expanded (Fig. 1, B and C). This level of so-
matic hypermutation (SHM) is comparable 
with that observed in typical IgG+ memory B 
cells as well as in plasmablasts induced by in-
fluenza vaccination (25), supporting a mem-
ory B cell origin for these acutely induced 
cells. In contrast, most of the plasmablasts 
isolated from the DENV-naïve donor sample 
showed little to no SHM and somewhat more 
limited clonal expansion (Fig. 1, B and C), sup-
porting their emergence via activation of naïve 
B cells. We conclude that ZIKV infection in-
duces a rapid and robust plasmablast response 
in DENV- experienced donors and that the 
large majority of these acutely induced cells 
appear to originate from the memory B cell 
compartment.

A large proportion of plasmablast-
derived mAbs isolated from ZIKV-
infected, DENV-experienced donors 
bind the ZIKV E protein
Enzyme-linked immunosorbent assay (ELISA) 
binding studies showed that between 50 and 

75% of the mAbs isolated from the DENV-experienced donors bound 
to whole ZIKV (fig. S3), which is similar to the percentage of antigen- 
specific mAbs recovered from plasmablasts induced by influenza 
vaccination and DENV infection (25, 27). In contrast, only 13% of the 
plasmablast-derived mAbs isolated from the DENV-naïve donor 
bound with detectable affinity to whole ZIKV particles. To further map 
the antigenic specificities of the 303 plasmablast-derived mAbs, we per-
formed biolayer interferometry (BLI) binding experiments with re-
combinant ZIKV NS1 and E proteins. The percentage of mAbs isolated 
from the three DENV-experienced donors that showed reactivity with 
ZIKV NS1 was low at 8 to 12% and higher for recombinant E at 15 to 
39% (Fig. 2A and table S2). In contrast, 17% of the mAbs isolated from 
the DENV-naïve donor bound to recombinant NS1, whereas only a 
single mAb bound with detectable affinity to recombinant E (Fig. 2A 
and table S2). The remaining ZIKV-specific mAbs, which accounted 
for 13 to 32% of the corresponding donor responses, bound to epitopes 
expressed on whole virus but not on recombinant E. Seventy percent of 
the plasmablast mAbs isolated from donor 1 and about 20 to 50% of the 
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Fig. 1. Analysis of plasmablast responses in one naïve and three DENV-experienced donors. (A) Flow cy-
tometric analysis of plasmablast responses in one naïve and three DENV-experienced donors during ongoing 
ZIKV infection. Plasmablasts are defined herein as CD19+CD3−CD20−/loCD38hiCD27hi cells. Plots shown are gated 
for CD3−CD20−/lo cells, with the CD27hiCD38hi plasmablasts marked by a box. The frequency of plasmablasts with-
in the CD3−CD20−/lo population is shown next to the gate. The numbers in parentheses show the percentage of 
peripheral B cells that are plasmablasts. Flow cytometry data were analyzed using FlowJo software (version 
10.0.8). (B) Load of somatic mutations [expressed as the number of nucleotide (NT) substitutions] in VH and VL in 
plasmablast-derived mAbs isolated from a DENV-naïve (donor 1) and three DENV-experienced donors (donors 2 
to 4). All VH and VL chains are shown, regardless of whether the paired antibody chain was recovered. (C) Clonal 
lineage analysis. Heavy-chain sequences were assigned to lineages using Clonify (52). Each lineage is represented 
as a segment proportional to the lineage size. The total number of recovered heavy chains is shown in the center 
of each pie. All lineages that contain only a single sequence are combined and shown as a single gray segment.
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plasmablast mAbs isolated from donors 2, 3, and 4 could not be associ-
ated with any ZIKV reactivity (Fig. 2A). Because anti-prM antibodies 
have been shown to dominate the antibody response during secondary 
DENV infection (28), we next investigated the specificities of the whole 
virus–specific mAbs isolated from the DENV-experienced donors by 
Western blot. None of the mAbs recognized prM, 30% showed reactiv-
ity with E protein from viral lysates, and the remaining mAbs failed to 

bind to ZIKV in this assay (fig. S4). Hence, most of these mAbs likely 
bind to E-specific epitopes expressed only on intact virions. Similar 
specificities have been previously described for both DENV and ZIKV 
(4, 7, 27, 29).

To further define the epitopes targeted by the recombinant E–
reactive mAbs isolated from the DENV-experienced donors, we (i) 
com pared the apparent binding affinities of the mAbs for recombinant 
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Fig. 2. Binding characteristics of mAbs isolated from plasmablasts during acute ZIKV infection. (A) Specificities of the mAbs isolated from one DENV naïve donor 
and three DENV-experienced donors. Distribution of mAbs that bind to NS1, recombinant E, epitopes expressed only on whole ZIKV, and those for which no specificity 
could be assigned are shown. The number at the top of each bar represents the total number of mAbs cloned from each donor. (B) Epitope mapping of recombinant E–
specific antibodies isolated from three DENV-experienced donors. Pie charts show the distribution of antibodies that bind to epitopes within DIII, within or proximal to 
the FL on DII, and defined by mAbs ADI-24314 and ADI-24247. 4G2-like FL: Competition with 4G2, WNV E–reactive, and E-FL–sensitive; non-WNV FL: 4G2-competitive, 
E-FL–sensitive, and WNV E–nonreactive; FL proximal: 4G2 competitive, E-FL–reactive, and WNV E–nonreactive; DIII: Recombinant DIII–reactive; ADI-24314 competitor: 
4G2-noncompetitive, ADI-24314–competitive, and E-FL–reactive; ADI-24247 competitor: 4G2-noncompetitive, ADI-24247–competitive, and E-FL–reactive. NC, not char-
acterized because of low binding affinity. (C) Heat map of mAb binding reactivity to ZIKV and DENV1–4 E proteins or whole viral particles (left) and ZIKV and DENV1–4 NS1 
proteins (right). The E-specific mAbs shown were isolated from DENV-experienced donors. Apparent binding affinities for recombinant E and NS1 proteins were deter-
mined by BLI measurements, and apparent binding affinities for whole virus were determined by ELISA.
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DIII, WNV E, and a previously described ZIKV E protein (E-FL) that 
contains substitutions within and proximal to the FL that abolish 
binding by most FL-specific antibodies (30) (fig. S5) and (ii) performed 
competitive binding experiments using two previously character-
ized mAbs, 4G2 and ZV-67, that bind to the FL on DII and the 
lateral ridge on DIII, respectively (table S2) (30, 31). Because the FL- 
specific mAb 4G2 reacts with WNV E and fails to react with E-FL 
(table S3), we classified mAbs that competed with 4G2, bound to 
WNV E, and failed to bind to E-FL as “4G2-like FL binders.” 4G2 
competitor mAbs that failed to bind to E-FL but did not cross-react 
with WNV E were classified as “non-WNV FL binders,” and 4G2 
competitor mAbs that did not cross-react with WNV E but did bind 
to E-FL were classified as “FL proximal binders.” Together, mAbs 
that bound within or proximal to the FL comprised up to 50% of the 
recombinant E–reactive responses (Fig. 2B and table S2). DIII-specific 
mAbs were absent from the donor 3 and donor 4 responses but com-
prised about 30% of the donor 2 response (Fig. 2B and table S2). Six 
of eight DIII-reactive mAbs competed with ZV-67, suggesting that 
they likely recognize epitopes within or proximal to the lateral ridge 
on DIII (table S2). This class of antibodies showed preferential VH3-23 
germline gene usage and contained convergent sequence signatures 
in both CDRH3 and CDRL3 (table S4), suggesting that these mAbs 
may share a common mode of antigen recognition. To estimate the 
number of different antigenic sites recognized by the remaining E-specific 
mAbs, we performed competitive binding experiments with two broadly 
cross-reactive mAbs from the panel (ADI-24247 and ADI-24314) that 
did not compete with 4G2, ZV-67, or each other (tables S2 and S5). 
Between 12 and 35% of the E-specific donor responses bound to epitopes 
overlapping that of ADI-24247 or ADI-24314 (Fig. 2B). Overall, we 
conclude that substantial fractions of the acute ZIKV-induced B cell 
response in DENV-experienced donors are directed against quaternary 
epitopes expressed only on whole virus, and those that are reactive with 
recombinant E are largely directed to the FL and other highly con-
served epitopes.

The ZIKV-induced plasmablast response in  
DENV-experienced donors is dominated by DENV  
cross-reactive clones
The E proteins of ZIKV and DENV share more than 50% sequence 
identity, resulting in substantial immunological cross-reactivity 
(3, 6, 7). To determine the degree to which mAbs generated from 
plasmablasts during acute ZIKV infection cross-reacted with DENV, 
we measured the apparent binding affinities of the mAbs for recom-
binant DENV1–4 E and NS1 proteins. Most of the E-specific mAbs 
from the three DENV-experienced donors bound with higher affin-
ity to at least one of the four DENV E proteins than to ZIKV E, consistent 
with a recall response dominated by reactivated DENV-induced mem-
ory B cells (Fig. 2C, table S2, and fig. S6). Selected mAbs isolated 
from donors 2, 3, and 4 that targeted epitopes expressed only on 
whole ZIKV showed similar DENV-biased binding profiles (fig. S7). 
In contrast, the whole virus–specific mAbs isolated from donor 1 
bound exclusively to ZIKV (fig. S7).

About 50% of the ZIKV E–reactive mAbs isolated from the DENV- 
experienced donors cross-reacted with all four DENV serotypes 
(Fig. 2C and table S2). Most of these broadly cross-reactive mAbs 
targeted epitopes within or proximal to the FL or unknown epitopes 
defined by ADI-24247 and ADI-24314 (Fig.  2C and table S2). In 
contrast, the DIII-specific mAbs only showed cross-reactivity with 
DENV1 E (Fig. 2C and table S2). One hundred percent of the NS1- 

specific mAbs isolated from donors 2 and 3 showed cross-reactivity 
with DENV1 and DENV3 NS1, whereas the NS1-specific mAbs 
from donor 4 were exclusively ZIKV-specific (Fig. 2C and table S6). 
Sequence analysis revealed that the ZIKV NS1-specific mAbs from 
donor 4 lacked SHM, supporting a naïve B cell origin (fig. S8). The 
reasons for this are unclear but may be due to the lack of preexisting 
cross-reactive NS1-specific memory B cells in this donor. As expected, 
all of the NS1-specific mAbs isolated from donor 1 were ZIKV- 
specific and lacked SHM (Fig. 2C). The affinities of these mAbs 
were comparable with the affinities of the NS1-specific mAbs iso-
lated from the DENV-experienced donors (Fig. 2C and table S6), 
which is perhaps because the plasmablast-derived antibodies from 
the DENV-experienced donors had not undergone affinity matura-
tion toward ZIKV. Together, the sequencing and binding results pro-
vide evidence for OAS during the acute-phase B cell response to ZIKV 
in DENV-experienced donors.

Most of the plasmablast-derived mAbs isolated from 
DENV-experienced donors are poorly neutralizing and 
potently enhancing
To assess the functional properties of the plasmablast-derived mAbs 
isolated from the DENV-experienced donors, we next performed 
neutralization and ADE assays. Because of the large number of 
mAbs, initial neutralization screening was performed using a single 
concentration of purified IgG. At a concentration of 1 g/ml, about 
20% of mAbs from each donor reduced ZIKV-Paraiba (Para) infec-
tivity by ≥50%, and all of these nAbs cross-neutralized at least one of 
the four DENV serotypes (Fig.  3A). Additionally, the majority of 
nAbs (53 of 63 or 84%) showed more potent neutralizing activity 
against one of the four DENV serotypes than ZIKV-Para (Fig. 3A). 
We next performed neutralization titration experiments on a subset 
of mAbs to evaluate neutralization potency. Consistent with the 
binding and single-point neutralization results, a large proportion of 
mAbs showed preferential neutralization of DENV, further supporting 
a DENV-induced memory B cell origin for these recently activated 
cells (Fig.  3B, table S7, and fig. S9). Of significance, most of the 
plasmablast- derived mAbs showed poorly neutralizing activity against 
ZIKV- Para (Fig. 3, B and C). The notable exceptions were the four 
DIII-specific mAbs, which showed highly potent neutralizing activity 
against both ZIKV-Para and DENV1 (Fig. 3, B and C, and table S7). 
These nAbs displayed IC50s (half-maximal inhibitory concentrations) 
between 0.9 and 2.7 ng/ml against ZIKV-Para and between 0.2 and 
27 ng/ml against DENV1 (Fig. 3, B and C, and table S7). Most of the 
mAbs that bound to quaternary epitopes on the E protein showed little 
to no neutralizing activity against ZIKV. Previous studies have described 
two classes of quaternary mAbs (EDE1 and EDE2), which are defined 
on the basis of differing sensitivity to removal of the N-glycan at Asp153 
(4). Given that mAbs directed against EDE2 have been shown to be 
substantially less potent against ZIKV than mAbs targeting EDE1, it is 
likely that the quaternary mAbs described here recognize the EDE2 
epitope.

We next tested the abilities of selected mAbs to enhance ZIKV 
infection using nonpermissive K562 cells. Consistent with previous 
studies, all of the mAbs enhanced ZIKV infection, but peak enhance-
ment was observed at lower concentrations for the potently neutral-
izing DIII-specific mAbs compared with the poorly neutralizing 
cross-reactive mAbs (fig. S10) (6, 7, 16, 32). Additionally, there was a 
linear correlation between neutralization potency and the sum of the 
enhancement activity over the range of mAb concentrations tested, 
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as defined by the area under the curve (fig. S10). Together, the re-
sults show that the acute B cell response to ZIKV in DENV-immune 
donors is dominated by cross-reactive antibodies that show poorly 
neutralizing activity and a propensity to enhance ZIKV infection 
in vitro.

Isolation of E-specific mAbs from longitudinal samples 
obtained from the DENV-experienced donors
To track the evolution of the B cell response to ZIKV in DENV- 
experienced donors, we collected blood samples from donors 2, 3, 
and 4 about 5 months after infection (table S1). To assess the magni-
tude of the E-specific memory B cell response at this time point, we 
stained peripheral B cells with a fluorescently labeled ZIKV E pro-
tein and analyzed them by flow cytometry (Fig. 4A and fig. S11). 
Robust E-specific memory B cell responses were observed in donors 
3 and 4, whereas E-specific memory B cells were undetectable in do-
nor 2 (Fig. 4A). The reasons for this are unclear, but given that donor 
2 showed the highest frequency of plasmablasts during acute infec-
tion, one explanation is that the virus was rapidly cleared by the 

plasmablast- derived antibodies, which 
prevented the formation of a germinal 
center (GC) response. Four hundred 
ZIKV E–specific memory B cells were 
single cell–sorted from donors 3 and 4, 
and about 200 VH and VL pairs were 
cloned and expressed as full-length 
IgGs for further characterization. To as-
sess the extent of affinity maturation 
that occurred over this time period, the 
apparent binding affinities of the 
E-specific memory B cell–derived mAbs 
were measured and compared with the 
affinities of the E-specific plasmablast- 
derived mAbs. As expected, the average 
apparent affinity for ZIKV E was signifi-
cantly higher in the memory B cell sub-
set, suggesting that the ZIKV-induced B 
cells underwent affinity maturation over 
time (Fig. 4B). Clonal expansions were 
observed in both donor response rep-
ertoires (Fig. 4C), but there were few to 
no clonal lineages shared between the 
plasmablast and memory B cell–derived 
subsets (table S9 and fig. S12). Although 
the sampling size is too small to deter-
mine the degree of overlap between the 
two B cell populations, these results 
sug gest that the most dominant clonal 
lineages likely differ between the two 
compartments.

ZIKV infection induces de  
novo and cross-reactive  
memory B cell responses in 
DENV-experienced donors
We next assessed the degree of cross- 
reactivity with the E proteins from DENV1– 
4. Unexpectedly, 60 and 30% of memory 
B cell–derived mAbs from donors 3 and 

4, respectively, bound exclusively to ZIKV E, suggesting that these 
antibodies either arose from preexisting memory B cells that uni-
formly lost DENV reactivity during the process of affinity matura-
tion or originated from activated naïve B cells that had entered GCs 
and undergone affinity maturation (Fig. 4D and table S8). In sup-
port of the latter hypothesis, sequence analysis revealed no over-
all increase in SHM in the ZIKV- specific memory B cell–derived 
mAbs compared with the plasmablast- derived mAbs (Fig. 4E). Epi-
tope mapping experiments showed that about 10 to 20% of the 
ZIKV- specific memory B cell–derived mAbs bound to epitopes with-
in DIII, 0 to 15% bound to epitopes within or proximal to the FL, 
and 0 to 2% bound to epitopes overlapping that of ADI-24314 (fig. S13 
and table S8). To estimate the number of different antigenic sites 
recognized by the remaining ZIKV-specific mAbs, we performed 
competitive binding assays with two mAbs from the panel (ADI-
30056 and ADI-30023) that did not compete with ZV-67, 4G2, ADI-
24314, ADI-24247, or each other (table S8). On the basis of these 
results, we found that 50 to 60% of the ZIKV-specific mAbs targeted 
unknown sites defined by ADI-30056 or ADI-30023 and 10 to 
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30% of mAbs did not compete with any of the control mAbs (fig. 
S13 and table S8).

The majority (84%) of DENV cross-reactive mAbs showed reac-
tivity with all four DENV serotypes (Fig. 4D and table S8). Most of 

these broadly cross-reactive mAbs showed DENV-biased binding 
profiles and overall higher levels of SHM compared with the ZIKV- 
specific mAbs, suggesting that they likely arose from preexisting 
DENV-induced memory B cells that formed secondary GCs (Fig. 4, 
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D and E, and table S8). The latter result also provides additional 
evidence that the ZIKV-specific mAbs originated from naïve B cells 
that underwent affinity maturation rather than from preexisting 
memory B cells that lost DENV cross-reactivity. In addition, the 
average apparent affinity of the cross-reactive mAbs was significant-
ly higher than those of the plasmablast-derived mAbs and the ZIKV- 
specific memory B cell–derived mAbs, providing further evidence 
for GC reentry by memory B cells (Fig. 4F). This result is consistent 
with recent studies in mice demonstrating that memory B cells can 
rediversify their B cell receptors within secondary GCs (33–35). As 
anticipated based on their broad cross-reactivity, most of these mAbs 
targeted epitopes within or proximal to the FL on DII (Fig. 4D and 
table S8).

We next tested the memory B cell–derived mAbs for neutralizing 
activity. Only a small minority of the cross-reactive mAbs (4 of 80 or 
5%) showed neutralizing activity against ZIKV-Para at a concentra-
tion of 1 g/ml, whereas the overwhelming majority (52 of 73 or 71%) 
of the ZIKV-specific mAbs showed such neutralizing activity (Fig. 5A 
and table S8). Neutralization titration experiments revealed that most 
potent ZIKV-specific mAbs displayed IC50s between 1.0 and 10 ng/ml 
and targeted epitopes overlapping that of ADI-30056 (Fig. 5B and 
table S10). About 90% of the cross-reactive mAbs tested showed more 
potent neutralizing activity against at least one of the four DENV se-
rotypes than ZIKV-Para, further suggesting that these mAbs origi-
nated from preexisting memory B cells that reentered GCs (Fig. 5C 
and table S10). We conclude that the ZIKV-induced memory B cell 
response is composed of both OAS-phenotype antibodies that dis-
play broad cross-reactivity and poorly neutralizing activity, and de 
novo generated ZIKV-specific antibodies that show potent but 
type-specific neutralizing activity.

DISCUSSION
Here, we have used single B cell cloning and large-scale antibody 
characterization to track the evolution of ZIKV-induced B cell re-
sponses in three DENV-experienced donors. In all three donors, 
massive plasmablast populations were observed during acute ZIKV 

infection, which were similar in magnitude to the plasmablast re-
sponses previously observed in individuals experiencing secondary 
DENV infection (24). The plasmablast population in a ZIKV-infected, 
DENV-naïve donor was relatively small, which could be due to mul-
tiple factors, such as differences in age, viral load, or immune his-
tory. However, the immune history explanation is consistent with 
previous studies that have shown that peripheral blood plasmablast 
responses during primary infection are delayed and substantially 
lower in magnitude than during secondary infection (36, 37). The 
plasmablast responses in the three DENV-experienced donors were 
clonally expanded and showed relatively high levels of SHM—
consistent with a recall response dominated by reactivated memory 
B cells—whereas the plasmablasts from the ZIKV-infected, DENV- 
naïve donor showed substantially lower levels of SHM and some-
what more limited clonal expansion, suggesting emergence via 
activation of naïve B cells. Over half of the plasmablast-derived mAbs 
isolated from the DENV-experienced donors showed reactivity 
with whole ZIKV particles or recombinant ZIKV NS1, whereas a 
sub stantially smaller fraction of the plasmablast-derived mAbs from 
the DENV-naïve donor showed such binding. This result could be 
either due to the low binding affinity of mAbs isolated from acti-
vated naïve B cells or that the plasmablast response in this donor 
was largely directed against viral antigens that were not tested in 
this study.

Binding and functional characterization of the plasmablast- 
derived mAbs from donors 2, 3, and 4 revealed that the acute B cell 
response to ZIKV is dominated by reactivated DENV clones, thus 
providing evidence of OAS during the acute-phase B cell response 
to ZIKV in DENV-experienced donors. Most of these antibodies, 
although broadly cross-reactive, displayed poorly neutralizing activ-
ity and enhanced ZIKV infection in vitro, suggesting that preexisting 
immunity to DENV virus may negatively affect early protective B 
cell responses to ZIKV. None of the mAbs isolated from the ZIKV- 
infected DENV-naïve donor showed cross-reactivity with any of the 
four serotypes of DENV, suggesting that highly conserved epitopes 
are not immunodominant in the context of primary ZIKV infec-
tion. Although ADE has been proposed to be primarily driven by 
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preexisting serum antibody, plasmablasts secrete substantial amounts 
of antibody during acute infection. It is therefore possible that boost-
ing of poorly neutralizing responses during the early stages of infec-
tion could contribute to ADE. However, it is important to emphasize 
that although animal studies have suggested a role for ADE in vivo 
(14), the relevance of ADE in determining the severity and/or higher 
risk for ZIKV infection remains yet to be elucidated in humans.

Although most of the plasmablast-derived mAbs isolated from 
the three DENV-experienced donors were poorly neutralizing, a sub-
set of mAbs from donor 2 showed highly potent neutralizing activity 
against both ZIKV and DENV1. These mAbs bound to epitopes 
within the lateral ridge of DIII and showed convergent sequence sig-
natures in both the heavy and light chains. Similar antibodies were 
recently isolated from several DENV-immune donors that were selected 
on the basis of high ZIKV neutralizing titers (38). The identification 
of recurrent potent nAbs in multiple different donors suggests that 
this antigenic region may be a particularly attractive target for vac-
cines intended for DENV-immune populations. Despite the identifi-
cation of potent nAbs from the donor 2 plasmablast population, 
the acute serum from this donor showed weaker neutralizing activ-
ity than the acute sera from donors 3 and 4. One possible explana-
tion for this result is that the donor 3 and 4 sera contain overall higher 
titers of anti-ZIKV antibodies compared with the donor 2 serum. 
In support of this hypothesis, the donor 2 acute serum showed sub-
stantially weaker binding to whole DENV and ZIKV particles com-
pared with the acute serum from donors 3 and 4.

The phenomenon of OAS has been documented in the context 
of repeated influenza virus exposure as well as during secondary 
DENV infections (17, 39–43), and these studies have suggested that 
memory responses to the primary infecting strain may prevent the 
induction of effective de novo responses. Our results show that the 
ZIKV-induced memory B cell response in DENV-experienced donors 
is composed of both poorly neutralizing OAS-phenotype antibodies—
which appear to have originated from preexisting DENV-induced 
memory B cells that reentered GCs—and potently neutralizing ZIKV- 
specific antibodies that likely originated from naïve B cells that en-
tered primary GCs. Hence, our results suggest that effective de novo 
memory B cell responses to ZIKV can be induced in the presence of 
preexisting cross-reactive DENV clones. However, only about 50% of 
the mAbs isolated from E-specific memory B cells were ZIKV-specific; 
the remaining mAbs were broadly cross-reactive, poorly neutralizing, 
and potently enhancing. The relative contribution of these two differ-
ent classes of antibodies to protection, virulence, and immunopathol-
ogy of ZIKV infection remains to be elucidated.

One limitation of our study is the small number of donors studied. 
As a result, intradonor comparisons can be made with high certainty, 
but interdonor comparisons are less robust. However, we found evi-
dence of OAS in all three DENV-experienced donors, suggesting that 
this phenomenon likely occurs in most ZIKV-infected donors that have 
been previously exposed to DENV. Another limitation of our study was 
the use of recombinant ZIKV E for memory B cell sorting, which pre-
vented the isolation of memory B cell–derived mAbs that recognize 
quaternary epitopes. Last, because we were not able to obtain detailed 
medical histories for these donors, it was not possible to determine the 
number and frequency of previous DENV infections and the number 
of DENV serotypes to which they had been exposed. However, the 
serological data strongly suggest that donors 2, 3, and 4 had experi-
enced at least one DENV infection before ZIKV infection, which we 
believe is sufficient for the interpretation of the results of this study.

Although our study was performed using naturally infected 
donors, vaccines expressing full-length ZIKV E—which include 
multiple recently described plasmid DNA, purified inactivated, pro-
tein subunit, adenovirus vector, and mRNA vaccines (44–49)—
would be expected to induce similar responses in DENV-experienced 
individuals. Such vaccines, which will need to be deployed in areas 
that are highly endemic for DENV, will likely induce a substantial 
OAS response in these individuals. Given this possibility, the clini-
cal development of ZIKV vaccines should also consider the recruit-
ment and immunization of DENV-immune donors. Ongoing phase 
1 studies on ZIKV vaccine candidates are currently being performed 
on individuals living in areas that are not endemic for DENV, and 
therefore, most of these individuals are likely DENV-naïve. To-
gether, the results of this study provide rationale for the design 
of vaccines specifically focused on the DIII lateral ridge or other 
ZIKV-specific neutralizing epitopes for use in DENV-immune 
populations.

MATERIALS AND METHODS
Study design
We initiated this study to gain an in-depth understanding of the 
antibody response to ZIKV in DENV-experienced donors. To study 
these responses, we obtained peripheral blood mononuclear cells 
(PBMCs) from three ZIKV-infected donors that had serological evi-
dence or previous DENV exposure and one ZIKV-infected naïve donor 
for comparison. Four donors were included in this study because this 
was the largest number of donors for which large numbers of anti-
bodies could be practically cloned and characterized. At least two 
independent experiments were performed for affinity measurements, 
neutralization assays, enhancement assays, and antibody competi-
tion assays, and the results shown are derived from single represent-
ative experiments. All samples for this study were collected with 
informed consent of volunteers. This study was unblinded and not 
randomized.

PBMC and plasma isolation
Blood and serum samples were obtained through Antibody Systems 
Inc. under the Scripps Research Institute IRB-15-6683. PBMCs were 
isolated as previously described (50). Briefly, whole blood was diluted 
1:2 with phosphate-buffered saline (PBS) and underwent ultra-
centrifugation over layered Lymphoprep (STEMCELL Technologies). 
PBMC monolayer was collected, resuspended, and stored in liquid 
nitrogen.

Generation of ZIKV and DENV viruses
Vero cells were cultured in minimal essential medium (MEM) (Corn-
ing Cellgro) containing 5% heat-inactivated fetal bovine serum (Gibco- 
Invitrogen). Viruses were supplied by D. Watkins and included 
Zika- Paraiba 2015, DENV1 Western Pacific U88535.1, DENV2 NGC 
AF038403.1, DENV3 Selman/78 AY648961, and DENV4 AF326825.1. 
Vero cells were infected with each virus and maintained until 50% 
reduction in viability was observed, after which supernatant was col-
lected, filtered, and stored at −80°C.

Antibody sequencing
Reverse transcription and subsequent PCR amplification of VH and 
VL genes were performed using SuperScript III (Life Technologies) 
according to published protocols (51). All PCRs were performed in 
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25-ml volume with 2.5 ml of complementary DNA (cDNA) transcript 
using HotStarTaq DNA polymerase master mix (Qiagen) and mixtures 
of previously described primers (51). Second- round nested PCRs were 
performed using Phusion proofreading polymerase (New England Biolabs). 
Two additional rounds of PCR were performed using primers with bar-
codes specific to the plate number and well location as well as adapters 
appropriate for sequencing on an Illumina MiSeq. This reaction was 
performed in a 25-ml volume with HotStarTaq DNA polymerase mas-
ter mix (Qiagen). Amplified IgG VH and VL genes were sequenced on 
an Illumina MiSeq (600-base v3 reagent kit; Illumina), and reads corre-
sponding to the same plate per well location were combined into con-
sensus sequences. Germline assignment was performed with AbStar 
(https://github.com/briney/abstar), and clonal lineages were assigned 
with Clonify (52).

Western blots
Whole-virus ZIKV lysate, whole-virus DENV lysate, and recombinant 
E protein (catalog no. R01635, Meridian Life Science) were separated 
by SDS–polyacrylamide gel electrophoresis under reducing con-
ditions in 4 to 20% gels (Bio-Rad) to polyvinylidene difluoride mem-
branes (Thermo Fisher Scientific). Membranes were blocked overnight 
at 4°C in 5% nonfat dry milk in tris-buffered saline (TBS) containing 
0.05% Tween 20 (TBS-T). Subsequently, membranes were incubated 
with 1:2000 dilution of mAb in 10 ml of TBS-T containing 5% milk 
for 1 hour and washed three times with TBS-T. The secondary anti-
body used to detect 4G2 was a horseradish peroxidase (HRP)–conjugated 
goat polyclonal secondary antibody to mouse IgG (Abcam), and 
the secondary antibody used to detect human mAbs was an HRP- 
conjugated goat polyclonal secondary antibody to human IgG (Abcam). 
Secondary antibodies were diluted 1:2000 in 10 ml of TBS-T with 5% 
milk and applied to the membrane for 1 hour, and then the mem-
brane was washed three times with TBS-T and developed with HRP 
development solution (Bio-Rad).

Focus reduction neutralization test
Virus-specific nAb responses were titrated essentially as previously 
described (53). Briefly, antibody was diluted serially in MEM (Corning 
Cellgro) containing 5% heat-inactivated fetal bovine serum (Gibco- 
Invitrogen) and incubated for 1 hour at 37°C with virus. The initial 
dilution tested for all mAbs was 10 g/ml, and threefold dilutions 
were performed. After incubation, the antibody-virus mixture was 
added in triplicate to 96-well plates containing 80% confluent mono-
layers of Vero E6 cells. Plates were incubated for 1.5 hours at 37°C. 
After the incubation, wells were overlaid with 1% methylcellulose 
in supplemented MEM with 2% heat-inactivated fetal bovine serum 
(Gibco-Invitrogen) and 1:100 Hepes. Plates were incubated at 37°C 
and 5% CO2 for 40 hours, after which cells were fixed and permea-
bilized with Perm/Wash buffer (BD Biosciences) for 5 min. After 
permeabilization, cells were incubated with 1:2000 dilution of anti- 
flavivirus antibody (MAB10216) for 2 hours and then washed with 
PBS (EMD Millipore). After washing, the cells were incubated with 
anti-mouse HRP-conjugated secondary antibody (Sigma) in Perm/
Wash buffer for 2 hours. After washing of cells with PBS, plates were 
developed with peroxidase substrate (KPL). All viruses were titered 
to yield 100 plaques per well in the absence of neutralization and 
fixed at 40 hours to prevent plaque spread or overlap. Experiments 
were performed in triplicate. Neutralization IC50s were determined 
using GraphPad Prism software. One site - Fit logIC50 was used with the 
following model: Y = Bottom + (Top − Bottom)/(1 + 10^(X − LogIC50)). 

The top and bottom of the curves were constrained to values of 100 
and 0. The IC50 was then defined from the best-fit curve for each 
antibody as defined by the concentration that resulted in 50% reduc-
tion in foci number.

Serum ELISAs
For NS1 ELISAs, plates were coated with NS1 proteins (5 g/ml) di-
luted in PBS and incubated overnight at 4°C. Wells were washed and 
then blocked with 3% bovine serum albumin (BSA) in PBS for 1 hour 
at 37°C. Wells were washed, and serial dilutions of human plasma 
diluted in 1% BSA and 0.05% Tween 20 were added and incubated for 
1 hour at 37°C. Wells were washed, and alkaline phosphatase (AP)–
conjugated goat anti-human IgG (Jackson ImmunoResearch) sec-
ondary antibody was added and incubated for 1 hour at 37°C. Wells 
were washed twice and developed with para-nitrophenylphosphate 
in 1× diethanolamine. Plates were read on a SpectraMax microplate 
reader (Molecular Devices) at 405-nm wavelength. For virus binding, 
ELISA plates were coated with 4G2 (10 g/ml) (Millipore, MAB10216) 
diluted in PBS and incubated overnight at 4°C. After washing, wells 
were blocked with 3% BSA in PBS for 1 hour at 37°C. After removal 
of the blocking solution, whole ZIKV or DENV particles diluted in 
1% BSA and 0.05% Tween 20 were applied to the plates and incubated 
at 37°C for 1 hour. After washing, serum was titrated and incubated 
at 37°C for 1 hour. The wells were washed, and AP-conjugated goat 
anti-human IgG (Jackson ImmunoResearch) secondary antibody was 
added and incubated for 1 hour at 37°C. Wells were washed twice and 
developed with para-nitrophenylphosphate in 1× diethanolamine. Plates 
were read on a SpectraMax microplate reader (Molecular Devices) at 
405-nm wavelength.

mAb binding ELISAs
ELISA plates were coated with 4G2 (10 g/ml) (Millipore MAB10216) 
diluted in PBS and incubated overnight at 4°C. After washing, wells 
were blocked with 3% BSA in PBS for 1 hour at 37°C. After removal 
of the blocking solution, 104 plaque-forming units of unpurified ZIKV 
or DENV particles diluted in 1% BSA and 0.05% Tween 20 was added 
to each well of the ELISA plate and incubated at 37°C for 1 hour. 
After washing, mAbs were either titrated or added at a concentration 
of 10 g/ml and incubated at 37°C for 1 hour. Wells were washed, and 
AP-conjugated goat anti-human IgG (Jackson ImmunoResearch) 
secondary antibody was added and incubated for 1 hour at 37°C. Wells 
were washed twice and developed with para-nitrophenylphosphate 
in 1× diethanolamine. Plates were read on a SpectraMax microplate 
reader (Molecular Devices) at 405-nm wavelength.

Single B cell sorting
For plasmablast sorting, PBMCs were stained using anti-human CD38 (flu-
orescein isothiocyanate), CD27 [phycoerythrin (PE)–Cy7], CD20 (BUV737), 
CD3 [allophycocyanin (APC)–Cy7], CD8 (APC-Cy7), and CD14 (APC- 
   H7). Plasmablasts were defined as CD19+CD3−CD20−/loCD27hiCD38hi. 
For memory B cell sorting, purified B cells were stained using anti- 
human IgG [Brilliant Violet (BV) 605], CD27 (BV421), CD8 [peridinin 
chlorophyll protein (PerCP)–Cy5.5], CD14 (PerCP- Cy5.5), CD19 
(PE-Cy7), CD20 (PE-Cy7), and a mixture of dual- labeled ZIKV E 
tetramers (50 nM each). Single cells were sorted on a BD FACSAria II 
into 96-well PCR plates (Bio-Rad) containing 20 l of lysis buffer per 
well [5 l of 5× first-strand cDNA buffer (Invitrogen), 0.25 l of 
RNaseOUT (Invitrogen), 1.25 l of dithiothreitol (Invitrogen), 0.625 l 
of NP-40 (New England Biolabs), and 12.6 l of deionized H2O]. 
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Plates were immediately frozen on dry ice before storage at −80°C. 
Flow cytometry data were analyzed using FlowJo software.

Amplification and cloning of antibody variable genes
Single B cell PCR was performed essentially as previously described 
(51). Briefly, IgH, Ig, and Ig variable gene transcripts were amplified 
by reverse transcription PCR and nested PCRs using cocktails of 
primers specific for IgG (51). The primers used in the second round of 
PCR contained 40 base pairs of 5′ and 3′ homology to the cut expres-
sion vectors to allow for cloning by homologous recombination into 
Saccharomyces cerevisiae (54). PCR products were cloned into S. cerevisiae 
using the lithium acetate method for chemical transformation (55). Each 
transformation reaction contained 20 l of unpurified heavy-chain 
and light-chain PCR product and 200 ng of cut heavy-chain and light-
chain plasmids. Individual yeast colonies were picked for sequencing 
and downstream characterization.

Expression and purification of antibodies
Antibodies used for binding experiments, competition assays, neutral-
ization assays, and structural studies were expressed in S. cerevisiae 
cultures grown in 24-well plates (54). After 6 days of growth, the yeast 
cell culture supernatant was harvested by centrifugation and subject 
to purification. Cell supernatants were purified by passing over Protein 
A agarose (MabSelect SuRe from GE Healthcare Life Sciences). The 
bound antibodies were washed with PBS, eluted with 200 mM acetic 
acid/50 mM NaCl (pH 3.5) into one-eighth volume of 2 M Hepes (pH 
8.0), and buffer-exchanged into PBS (pH 7.0). Fab fragments were 
generated by digesting the IgGs with papain for 2 hours at 30°C. The 
digestion was terminated by the addition of iodoacetamide, and the 
Fab and Fc mixtures were passed over Protein A agarose to remove Fc 
fragments and undigested IgG. The flowthrough of the Protein A resin 
was then passed over CaptureSelect IgG-CH1 affinity resin (Thermo 
Fisher Scientific) and eluted with 200 mM acetic acid/50 mM NaCl 
(pH 3.5) into one-eighth volume of 2 M Hepes (pH 8.0). Fab fragments 
then were buffer-exchanged into PBS (pH 7.0).

BLI binding analysis
IgG binding affinities were determined by BLI measurements using a 
FortéBio Octet HTX instrument (Pall Life Sciences). For high- throughput 
binding affinity screening, IgGs were immobilized on AHQ sensors 
(Pall Life Sciences) and exposed to 100 nM ZIKV E (Meridian Life Science 
Inc.), DENV1–4 E (Native Antigen Company), or NS1 proteins (Native 
Antigen Company) in PBS containing 0.1% BSA (PBSF) for an association 
step, followed by a dissociation step in PBSF buffer. Data were analyzed 
using the FortéBio Data Analysis Software 7. The data were fit to a 1:1 bind-
ing model to calculate an association and dissociation rate, and binding 
KDs (equilibrium dissociation constants) were calculated using the ratio 
kd (dissociation constant)/ka (association constant).

Antibody competition assays
Antibody competition assays were performed as previously described 
(54). Antibody competition was measured by the ability of a control 
anti-ZIKV E Fab to inhibit binding of yeast surface–expressed anti- 
ZIKV E IgGs to ZIKV E (Meridian Life Science Inc.). Biotinylated 
ZIKV E (50 nM) was preincubated with 1 M competitor Fab for 
30 min at room temperature and then added to a suspension of yeast- 
expressed anti-ZIKV E IgG. After 5-min incubation, unbound antigen 
was removed by washing with PBSF. After washing, bound antigen 
was detected using streptavidin–Alexa Fluor 633 (Life Technologies) 

at a 1:500 dilution and analyzed by flow cytometry using a BD FACS-
Canto II. Results are expressed as the fold reduction in antigen binding 
in the presence of competitor Fab relative to an antigen-only control.

Statistical analyses
All statistical analyses were performed using GraphPad Prism. Statis-
tical significance was determined using an unpaired nonparametric 
Mann-Whitney test or Kruskal-Wallis test. P values less than 0.05 were 
considered significant.
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neutralizing. These data suggest that zika virus vaccines should target epitopes not present in dengue virus subtypes.
that this cross-reactive response was poorly neutralizing. In contrast, de novo zika virus responses were potently 
closely related dengue viruses. They found that zika virus infection primed the preexisting dengue virus response, but
tracked the neutralizing antibody response to zika virus infection in individuals with and without previous exposure to the 

.et almemory response. But how does the immune system respond to a similar but not identical infection? Rogers 
For the immune system, practice makes perfect. Previous exposure to an infection elicits a stronger, faster

For zika virus, experience counts
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