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ZIKV is a mosquito-borne pathogen belonging to the genus 
Flavivirus in the family Flaviviridae1. The 2015–2016 ZIKV 
epidemic spread to 84 countries worldwide, including 

China2,3. ZIKV infection during pregnancy can lead to miscarriage 
and catastrophic congenital Zika syndrome in neonates, includ-
ing microcephaly and neurodevelopmental disorders4–6, and is also 
associated with Guillain–Barré syndrome in adults7. Evidence so far 
has demonstrated that ZIKV can break through barriers from blood 
to brain, placenta, testes and eyes to cause pathogenicity8. We and 
others found that ZIKV can cause testis damage and male infertility 
in a mouse model9,10. Nevertheless, no prophylactics or therapeu-
tics are available, highlighting the need for vaccine development. 
With global efforts to develop vaccines, a notable concern has been 
raised that ZIKV vaccine may prime cross-reactive antibodies to 
enhance natural infections of the antigenically related DENV via 
ADE11–14. Antibodies that can bind flavivirus particles without neu-
tralizing activities will cause ADE via Fcγ receptor-mediated virus 
uptake14,15. Extensive ADE was observed in heterotypic secondary 
DENV infection and can explain severe dengue disease in human16. 
ADE has been the principal hurdle to DENV vaccine development 
and is implicated as a limitation of the first licensed dengue vaccine, 
Dengvaxia, which is recommended only for DENV-seropositive, not 
DENV-seronegative, individuals due to more frequent severe clini-
cal outcomes11,14,17,18. ADE also complicated ZIKV vaccine develop-
ment itself. Mounting evidence has demonstrated that pre-existing 
ZIKV antibodies significantly enhance DENV infection in vitro and 
aggravated dengue disease in vivo using both mouse and macaque 

models12,13,19,20. More importantly, a recent study of pediatric cohorts 
in Nicaragua clearly shows that previous ZIKV infection enhanced 
future risk of DENV2 disease and severity, as well as DENV3 sever-
ity, in humans21,22. This highlights that an effective and safe ZIKV 
vaccine is highly needed to (1) prevent homogenous ZIKV infec-
tion; (2) prevent future severe DENV infection caused by natural 
ZIKV infection and (3) prevent vaccine-induced DENV ADE. In 
particular, ZIKV infection was found to activate ADE-prone anti-
bodies de novo in DENV-experienced individuals23. Therefore, the 
possible risk for DENV ADE should be taken into account for ZIKV 
vaccine design, especially, given that ZIKV/DENV are transmitted 
by same vectors (usually Aedes aegypti) and endanger people living 
in same regions11.

ADE-prone antibodies target mainly epitopes on precursor 
membrane protein (prM) and fusion loop (FL) of envelope protein 
(E)24,25 in DENV. These antibodies are cross-reactive between sero-
types or serocomplexes of flavivirus due to epitope conservation, 
and are usually poorly neutralizing26. More potent neutralizing anti-
bodies (NAbs) recognize other epitopes26–30. For ZIKV, neutralizing 
monoclonal antibodies (mAbs) have been reported to recognize 
epitopes on domains I (DI), DII and DIII, or quaternary epitopes 
on the virus surface19,27,28,31,32. Strategies to prevent induction of 
ADE-prone antibodies have been described recently for the design 
of new ZIKV vaccines11,13. Either mutation13 or minimal exposure11 
of the FL epitope (FLE) was demonstrated to reduce the ADE of 
DENV infection in mice. However, after ZIKV challenge, substan-
tial virus burden can still be detected in sera13, or in targeted tissues 
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including spleen, brain, placenta and fetal head11,13. Given the many 
detrimental effects observed on fetuses and neonates following 
ZIKV infection in pregnant women, sterilizing immunity may be 
required for vaccine development to prevent long-term sequelae33.

Here, we described an antibody-to-vaccine development process. 
By extracting insights from the structural basis of FLE mAbs, we 
engineered a ZIKV immunogen to (1) eliminate the FLE while (2) 
still presenting potent neutralizing epitopes. Introducing mutations 
to key residues of FLE could easily cause immunogen impairment, 
and this obstacle was overcome by homologous replacement by 
naturally occurring variants from arthropod-specific flaviviruses. 
The resultant immunogens, MutB/C, were developed as ZIKV vac-
cines. Impressively, a single vaccination was completely protective 
and sterilizing, with elimination of ADE for DENV in mice, and 
prevented maternal–fetal transmission against ZIKV challenge. By 
analysis of vaccine-induced B cell pools at single-cell level, we found 
that, unlike the wild-type (WT) construct inducing predominantly 
cross-reactive ADE-prone antibodies, MutB/C-based vaccines 
switched immunodominance to ZIKV-specific patterns without 
DENV enhancement. The crystal structure of the immunogen fur-
ther revealed the molecular basis for the vaccine potency and ADE 
abrogation.

results
ZIKV vaccines expressing either prM/E or M/E induce DENV 
ADE. We previously described a protective ZIKV vaccine using 
chimpanzee adenovirus type 7 (AdC7) as a vector to express 
ZIKV-M/E34. Since many of the developing ZIKV vaccines are based 
on prM/E33, we also generated AdC7 expressing prM/E for compari-
son. These two vaccines were given to groups of BALB/c mice. Four 
weeks later, sera were first assessed for neutralizing activities against 
ZIKV infection, showing comparable magnitudes of neutralizing 
titers between these two groups (Extended Data Fig. 1a). Next, sera 
were evaluated for their ability to enhance DENV infection on K562 
cells bearing the Fcγ receptor IIA (CD32A). Notably, dilutions of 
sera from mice immunized with either AdC7-M/E or AdC7-prM/E 
dramatically enhanced the infections of all four serotypes of DENV, 
implicating potential safety concerns (Extended Data Fig. 1b–e).

Rational design of ZIKV immunogens. We previously isolated a 
group of FLE mAbs from a ZIKV-infected patient31. A represen-
tative mAb, Z6, was evaluated for ADE of DENV infection. As 
expected, Z6 promoted all four serotypes of DENV infections as 
bell-shaped curves (Extended Data Fig. 1f). To better understand 
the FLE to guide vaccine design, we determined the crystal struc-
ture of Z6 bound to ZIKV-E at a resolution of 3.0 Å (Supplementary 
Table 1) as a glimpse at the first structure of a human FLE mAb. Z6 
straddled FL from the top of DII with balanced interactions with 
both heavy and light chains (Fig. 1a,b and Extended Data Fig. 2a,e). 
Comparing the three structures of known FLE mAbs (Z6, 2A10G6 
and E53)35,36, we found they approached FL with different angles, 
contacting residues within W101–K110 with the help from the bc 

loop (Fig. 1a,b and Extended Data Fig. 2). The structural analyses 
pinpoint potential residues for engineering to destroy the FLE.

Next, we sought to engineer ZIKV immunogen. M/E was chosen 
as template because (1) it was previously demonstrated as a protec-
tive immunogen34,37,38, and (2) it avoided the precursor peptide—
another main target for ADE-prone antibodies24,25,39. To characterize 
the immunogens antigenically, mAbs bound to different regions 
of ZIKV-E were used as probes. Z6 and 2A10G6 bound to FLE, 
whereas Z3L1, Z20 and Z23 were ZIKV-specific neutralizing mAbs 
that bound epitopes on DI, DII and DIII, respectively31 (Fig. 1c).

Given that residue W101 in FL was demonstrated previously to 
be bound by most FLE antibodies26,40 and contributed most interac-
tions to Z6 and 2A10G6 (Fig. 1b and Extended Data Fig. 2e), we 
therefore attempted to mutate W101 to reduce FLE. As expected, 
W101 mutated to the other 19 amino acids, except W101F, abro-
gated the interactions with FLE mAbs (Extended Data Fig. 3a,b). 
Nevertheless, these mutations dramatically reduced antigen expres-
sion and epitope stability. In particular, the DI/DII epitopes for 
Z3L1 and Z20 were barely probed (Extended Data Fig. 3b), imply-
ing a sacrifice of immunogenicity. Therefore, we investigated other 
strategies.

Structural analysis showed that, except for W101, other FL resi-
dues, including G106, L107 and W108 (Fig. 1b and Extended Data 
Fig. 2) are also important for FLE. We therefore sought to replace 
the entire FL. FL amino acids are highly conserved within the genus 
Flavivirus, but have variations in distantly related species such as 
arthropod-specific flaviviruses (Fig. 1d and Extended Data Fig. 4a). 
We assumed these naturally occurring FL variants may be struc-
turally stable due to evolutionary selection. Therefore, we substi-
tuted FL residues (D98–G109) of ZIKV with their homologs in 
arthropod-specific flaviviruses, namely MutA, MutB and MutC 
(Fig. 1d). Five mutations were introduced in each construct (D98N, 
N103T, G106F/L, L107E/K and F108W) (Fig. 1d). These mutants 
exhibited no discernable binding to FLE mAbs, yet substantial anti-
gen expression displaying neutralizing epitopes probed by Z3L1, 
Z23 and Z20 (Fig. 1e). Antigen expression can also be detected in 
supernatant from transfected cells by capture enzyme-linked immu-
nosorbent assay (ELISA) (Fig. 1f). Due to the relatively low antigen 
expression of MutA (Fig. 1e,f), we focused on the other two designs, 
MutB and MutC, for further immunogen evaluation.

We generated AdC7-M/E-MutB and AdC7-M/E-MutC as vac-
cines. Both vaccines had substantial antigen expression of correctly 
folded both intracellular and secreted antigen when infecting cells 
(Extended Data Fig. 5). We immunized groups of BALB/c mice with 
AdC7-M/E-MutB or AdC7-M/E-MutC. AdC7-M/E-WT and PBS 
were given as controls; 4 weeks later, mice sera were collected for 
measurement. We observed comparable ZIKV-E-reactive serologic 
responses between groups of mice receiving vaccines based on WT, 
MutB or MutC, respectively (Fig. 1g). Moreover, sera from the WT 
group were highly cross-reactive to four serotypes of DENV; how-
ever, sera from MutB/C groups showed little or no cross-reactions 
to DENV1–4 (similar to sham) (Fig. 1g).

Fig. 1 | engineering ZIKV immunogens. a, Crystal structure of Z6-Fab bound to ZIKV-sE. b, Residues participating in interactions between ZIKV-sE and 
Z6-Fab. The numbers of contacts are highlighted for the main contributors in ZIKV-sE, and these residues are labeled in a. c, ZIKV-E-dimer structure 
shown as surface. The schematic binding sites for the indicated mAbs are highlighted in ellipses. d, Sequence alignment of FL regions from members of 
flaviviruses. The variant residues in FL of arthropod-specific flaviviruses are highlighted in different colors. Designs to substitute ZIKV-E FL with homologs 
from three types of arthropod-specific flaviviruses are termed MutA, MutB and MutC, respectively, represented by homologous sequences from Aedes 
flavivirus, cell fusing agent virus and Nakiwogo virus, respectively. e, Flow cytometry detection of antigen expression and epitope display probed by FLE 
mAbs or neutralizing mAbs targeting epitopes on DI, DII or DIII. f, Capture ELISA quantifying the secretion of ZIKV antigen from transfected cells. Data are 
means of triplicates. g, Female BALB/c mice (n = 6; 6–8 weeks old) were immunized with a single dose (1.6 × 1011 vp) of AdC7-M/E-WT, AdC7-M/E-MutB 
or AdC-M/E-MutC via the i.m. route. PBS was given as the sham vaccine. Serum samples were collected at 4 weeks postimmunization. ELISA analyses 
show antibody titers to ZIKV-E or cross-binding to DENV1-E, DENV2-E, DENV3-E and DENV4-E, respectively. Data are means ± s.e.m. P values were 
analyzed with one-way ANOVA (NS, not significant; *P < 0.05, ****P < 0.0001; P values are available in source data). The dashed line indicates LOD.
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MutB/C vaccines induced protective immunity without DENV 
ADE. To evaluate vaccine efficacy, serum samples were further 
assessed for neutralizing activities against ZIKV infection (SMGC-1 
strain). Impressively, MutB/C-based vaccines elicited magnitudes 
of neutralizing titers comparable to those elicited by the WT form 
(Fig. 2a). High levels of ZIKV-E-binding antibodies and NAbs were 
detected 12- and 24-weeks postvaccination until our last serum sam-

pling (Extended Data Fig. 4b,c). To further explore the prophylactic 
efficacy of FL-engineered vaccines, IFNAR1-deficient (Ifnar1−/−) 
mice were used as a sensitive model for ZIKV challenge34,41. At 
4 weeks after a single-dose immunization, mice receiving either 
the WT- or MutB/C-based vaccines developed high levels of ZIKV 
NAbs (Extended Data Fig. 4d). At day 30 postvaccination, they were 
challenged with a lethal dose (5 × 106 focus-forming units (FFU)) 
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of ZIKV-SMGC-1. As expected, all mice receiving the sham vac-
cine succumbed to ZIKV challenge by 8 days postinfection (DPI), 
with severe weight loss starting from 4 DPI (Fig. 2b,c). In contrast, 
all mice receiving the WT- or MutB/C-based vaccines showed no 
mortality or morbidity (Fig. 2b,c). To validate the protective efficacy 
of vaccines against viremia, virus burden in blood was measured at 
both 3 DPI and 6 DPI. As expected, mice with sham vaccination dis-
played sustainable viremia before death. In contrast, all mice receiv-
ing WT- or MutB/C-based vaccines showed no detectable viremia 
(Fig. 2d). To further test protection efficacy of the vaccines against 
virus burden in ZIKV target tissues, a challenge experiment was per-
formed. A single-dose vaccination elicited binding and neutralizing 
antibodies (Extended Data Fig. 6a,b). At both days 3 and 7 postch-
allenge, mice were euthanized for quantification of ZIKV RNA in 
tissues. Like the WT form, the MutB/C-based vaccines protected 

mice, with undetectable viral RNA in all tissues tested, including 
brain, spinal cord, testis, spleen, liver and eye, whereas high viral 
burdens were detected in sham-vaccinated animals (Fig. 2e and 
Extended Data Fig. 6c). Given that the FL-engineered vaccines 
completely protected mice against ZIKV viremia and tissue infec-
tion, we further tested whether they conferred sterilizing immunity. 
Sera collected pre- and post-ZIKV challenge were analyzed for neu-
tralizing activities. Mice immunized with the MutB-based vaccine 
exhibited a lack of anamnestic responses, as did the WT form, indi-
cating sterilizing immunity (Fig. 2f).

Given that the MutB/C-based vaccines induced antibodies with 
negligible DENV cross-reactivity (Fig. 1g), we further investigated 
the ADE potential of these vaccines. Sera from previously vacci-
nated BABL/c mice were further tested for enhancement of virus 
infection on K562 cells. As expected, the WT-based vaccine induced 
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antibodies capable of enhancing infections of DENV1–4 (Fig. 3a–
d). However, consistent with the markedly reduced cross-reactivity 
of serum to DENV, the ADE effect was almost absent in sera from 
MutB/C groups (Fig. 3a–d). Additionally, we also assessed the 
infection-enhancing activities of sera for ZIKV. Almost all flavi-
virus antibodies will induce ADE against the homologous virus 
at subneutralizing concentrations11,42. Accordingly, we observed 
either WT- or MutB/C-based vaccines induced serologic responses 
enhancing ZIKV infection in K562 cells (Fig. 3e). However, sera 
from MutB-based vaccine showed dramatically decreased ADE of 
homologous ZIKV infection, with approximately half of the peak 
enhancement at low dilution (Fig. 3e).

To further interrogate the physiological significance of these 
results, the vaccine-induced ADE for DENV were tested in vivo 
by the established passive transfer model in mice deficient in both 
IFNAR1 and IFNGR (AG6). Donor mice (BALB/c) were immu-
nized with AdC7 expressing M/E-WT, M/E-MutB and M/E-MutC, 
respectively. PBS was given as the immune-naïve control. AG6 mice 
were adoptive transferred with equivalent amounts of pooled sera 
from groups of donor mice, and were further challenged with 5,000 
FFU of DENV2 (NGC strain). The sera of donor mice from MutB/C 
group produced ZIKV-E-specific IgG and NAbs comparable to those 
of the WT group (Extended Data Fig. 7a,b), but exhibited no obvi-
ous DENV enhancement (Extended Data Fig. 7c). Consistent with 
the ADE tendency in vitro, mice receiving sera from donors vacci-
nated with the WT form succumbed to DENV2-NGC challenge sig-
nificantly earlier than those receiving sera from the immune-naïve 
or MutB/C-vaccinated donors (WT versus Sham: P = 0.0019; WT 

versus MutB: P = 0.0003; WT versus MutC: P < 0.0001) (Fig. 3f). In 
contrast, the death curves between mice receiving donor sera from 
immune-naïve and MutB/C-vaccinated mice exhibited no signifi-
cant difference, suggesting no in vivo ADE for DENV2 (Fig. 3f). 
Consistently, mice receiving sera from donors immunized with the 
MutB/C-based vaccines did not suffer from severe weight loss com-
pared with those from the immune-naïve group (Fig. 3g).

MutB/C vaccines abrogate maternal–neonatal transmission. 
Maternal infection with ZIKV can cause a severe congenital syn-
drome in humans. We therefore sought to evaluate vaccine effi-
cacy for fetal protection against ZIKV challenge in the pregnant 
mouse model. Groups of female Ifnar1−/− mice were vaccinated 
with MutB/C-based, WT-based or sham vaccines (Fig. 4a). Both 
the MutB/C and WT groups elicited robust ZIKV-E-specific bind-
ing and NAb titers (Fig. 4b). These mice were then crossed with 
male Ifnar1−/− mice overnight for pregnancy. Pregnant mice were 
then challenged with 1 × 106 FFU ZIKV-SMGC-1 via the intraperi-
toneal (i.p.) route on embryonic day 5.5 (d_e5.5) after observation 
of a vaginal plug. On d_e13.5, we performed cesarean (C) sections 
to obtain maternal and fetal tissues from embryos for evaluation 
(Fig. 4a). As expected, high levels of viral RNA can be detected in 
maternal brain, spleen and serum from sham-vaccinated mice. In 
contrast, no viral loads were detectable in these tissues from the 
MutB/C and WT groups (Fig. 4c). We further measured virus bur-
den in fetal and placental tissues from these vaccinated dams. High 
titers of virus RNA were detected in both placenta (mean 7.9 log 
copies per gram) and fetal head (mean 5.2 log copies per gram) in 
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sham-vaccinated dams. In contrast, no virus load was detected in 
almost all placentas and heads of pups born to dams vaccinated 
with MutB/C- or WT-based vaccines (Fig. 4d,e), highlighting the 
potential of MutB/C-based vaccines to abrogate maternal–neonatal 
transmission of ZIKV.

MutB/C vaccines switch immunodominance of antibody 
responses. Given that the MutB/C-based vaccines elicited com-
pletely protective immunity without ADE of DENV infection, we 
further assessed how these vaccines affected antibody responses 
using B cell profiling at the single-cell level. Three groups of 
BALB/c mice were immunized with WT- or the MutB/C-based 

vaccines. At 20 days postvaccination, germinal center B cells (BGC) 
(GL-7+ B220hi CD38lo IgD− CD93− CD138−) from the lymph nodes 
that bound to ZIKV-E were sorted by flow cytometry (Extended 
Data Fig. 8). We used a protein mixture of E-monomer/dimer 
conjugated with fluorochrome to probe the ZIKV-E-reactive 
BGC, precluding experiment noise from adenovirus-elicited BGC. 
To obtain the paired variable (V)-regions, we applied the chro-
mium immune profiling solution on these ZIKV-E-reactive BGC 
for single-cell B cell receptor sequencing (scBCR-seq) (Fig. 5a). 
Sequences covering the full-length V(D)J segments for heavy and 
light chains were selected for further analyses. As a result, from 
the WT group, 451 variable regions for heavy chain (HV) and 661 
variable regions for light chain (LV) were obtained with 334 in 
pairs; from the MutB group, 310 HV and 379 LV were obtained 
with 234 in pairs; from the MutC group, 664 HV and 776 LV 
were obtained with 515 in pairs (Fig. 5b,c and Supplementary 
Table 2). Impressively, antigen-reactive BGC clones elicited by the 
WT-based vaccine used a narrow pool of V genes, with ~60% uti-
lizing IGHV9-2-1, IGHV1-22 or IGHV7-3 for HV, and also ~60% 
utilizing IGKV10-96, IGKV14-111 or IGKV6-23 for LV (Fig. 5c; 
Supplementary Table 2). In contrast, antigen-reactive BGC clones 
elicited by the MutB/C-based vaccines displayed more diverse 
and dispersed V-gene usages for both HV and LV (Fig. 5c and 
Supplementary Table 2). The frequency of the dominant V genes 
utilized in the WT group were reduced dramatically or absent 
in the repertoires of MutB/C groups (Fig. 5c and Supplementary 
Table 2).

To profile the full B cell receptor (BCR) usage, we next ana-
lyzed the germline genes for the HV and LV in pairs (HV:LV) for 
these three groups. Consistent with the findings from the respec-
tive analyses for HV and LV, we observed the WT-based vaccine 
expanded BGC clones using the narrow pool of HV:LV genes, 
expressing predominately IGHV9-2-1:IGKV10-96 (29.9%), 
IGHV1-22:IGKV14-111 (14.4%) and IGKV1-22:IGKV6-23 
(7.5%) (Fig. 5d and Supplementary Table 3). In contrast, the 
MutB/C-based vaccines expanded E-reactive BGC clones using 
larger pools of HV:LV genes with more dispersed gene frequen-
cies (Fig. 5e,f and Supplementary Table 3). In particular, the 
high-frequent V-gene pairs used in the WT group were absent or 
minimized in the MutB/C groups. For instance, the most domi-
nant gene pair, IGHV9-2-1:IGKV10-96, was absent in MutB/C 
groups (Fig. 5e,f and Supplementary Table 3). Taken together, 
the repertoire profiling suggested that, compared with the WT 
form, MutB/C-based vaccines switched immunodominance of 
ZIKV-E-reactive B cell responses.

Main classes of FLE mAbs to enhance DENV infection. To 
further characterize the antibodies elicited from these three vac-
cination groups, a panel of antibody genes was synthesized, rep-
resenting the top most frequent clusters of genetically similar 
BGC clones, for 63.4% of the WT group, 46.6% of the MutB group 
and 43.9% of the MutC group (Supplementary Table 4). The HV 
and LV sequences were then cloned into mouse IgG2a and Igκ 
expression vectors, respectively. The mAbs derived from the WT, 
MutB and MutC groups were termed ZWT.1-10, ZMutB.1-8 and 
ZMutC.1-13, respectively (Supplementary Table 4). We first tested 
their binding properties to ZIKV-E by ELISA. Most mAbs can 
bind to soluble E (sE)-monomer/dimer, with a frequency of 90% 
(9/10) in the WT group, 87.5% (7/8) in the MutB group and 76.9% 
(10/13) in the MutC group (Fig. 5b and Supplementary Table 4), 
suggesting the reliability of our approach. The 26 E-binding mAbs 
were further evaluated. Notably, we found that none of the mAbs 
derived from the WT group interacted with ZIKV-sE-MutC, but 
were cross-reactive with serotypes of DENV-sE, implying charac-
teristics of FLE mAb (Fig. 6a). However, mAbs derived from the 
MutB/C groups had almost no-binding to DENV1–4 (Fig. 6a). 

 lo
g 1

0 
(e

nd
po

in
t t

ite
r)

0

1

2

3

4

lo
g 

(Z
IK

V
 c

op
ie

s 
g–1

)

3
4
5
6
7
8
9

10 ****
****

****

lo
g 

(Z
IK

V
 c

op
ie

s 
g–1

)

3
4
5
6
7
8
9

10

****

lo
g 

(Z
IK

V
 c

op
ie

s 
g–1

)

3
4
5
6
7
8
9

10 ****

a

b c

d

e f

Maternal brain

PlacentaFetal head

Maternal spleen Maternal serum

16

64

256

1,024

4,096

16,384

N
A

b 
M

N
50

 ti
te

r

Sham
M/E-WT
M/E-MutB
M/E-MutC

Sham
M/E-WT
M/E-MutB
M/E-MutC

Immunization

d0 d28 d30

Mate C-section
Plug
day

Challenge
with ZIKV-

SMGC

d_e0.5 d_e5.5 d_e13.5

Blood
collection

Blood
collection

♀Ifnar1–/– ♀ ×♂

Fig. 4 | mutB/C-based vaccines protect placental and fetal tissues 
following ZIKV challenge. a, Schematic of study. groups of 5-to-
6-week-old female Ifnar1−/− mice (n = 8) were vaccinated with a single 
dose (1.6 × 1011 vp) of WT-based, MutB/C-based or sham vaccine via 
the i.m. route. Serum samples were collected on day 28 postvaccination 
for evaluation of immunogenicity. On day 30, these dams were crossed 
with Ifnar1−/− males. Pregnant dams were challenged with 5 × 105 FFU 
ZIKV-SMgC-1 via the i.p. route at embryotic stage day 5.5 (d_e5.5), 
followed by harvest of tissues on d_e13.5, including maternal brains, 
spleens, sera, placentas and fetal heads. b,c ZIKV-E-specific Igg (n = 8 
biologically independent samples) (b) and NAb titers of maternal sera 
(n = 8 biologically independent samples) (c) collected on day 28. Data are 
mean ± s.e.m. The dashed line indicates LOD. d–f, ZIKV RNA copies were 
measured for maternal brain, spleen and serum (d), fetal heads (e) and 
placenta (f). For maternal samples, n = 8 biologically independent samples. 
For fetal heads and placenta, n = 28 biologically independent samples in 
sham group; n = 54 biologically independent samples in WT group; n = 52 
biologically independent samples in MutB group, and n = 46 biologically 
independent samples in MutC group. P values for virus loads were 
calculated using two-way ANOVA (****P < 0.0001; P values are available 
as source data). Data are mean ± s.e.m.

NaTure ImmuNoLoGY | VOL 22 | AUgUST 2021 | 958–968 | www.nature.com/natureimmunology 963

http://www.nature.com/natureimmunology


Articles NATUrE ImmUNoLoGy

Next, representative mAbs in each group were tested for their ADE 
effects for DENV infections on K562 cells. Consistently, the dom-
inant mAbs derived from WT-vaccinated mice largely enhanced 
DENV1–4 infections, whereas the unrelated mAb did not (Fig. 
6b–e). In contrast, the dominant mAbs from MutB/C-vaccinated 
mice did not show ADE for any of the four serotypes of DENV 
(Fig. 6f–i).

The FLE mAbs elicited from the WT group used predominantly 
four classes of HV:LV gene pairs (Fig. 6j). Next, we sought to analyze the 
publicly available sequence for murine FLE mAbs and found four such 
mAbs: 6B6C-1 from St. Louis encephalitis virus (SLEV)-immune43, 4G2 
and 2A10G6 from DENV-immune44,45 and E53 from WNV-immune46. 
Interestingly, these four mAbs were genetically close to the four main 
classes of FLE mAbs in the WT group (Fig. 6j). 6B6C-1 and 4G2 used 
the same HV:LV genes as ZWT.1-3 and ZWT4-5, respectively (Fig. 6j), 
with high sequence similarities (Extended Data Figs. 9a–d). 2A10G6 
and E53 used the same HV gene as ZWT.6 and ZWT.8, respectively 
(Fig. 6j). Besides, 2A10G6 shared exactly the same amino acids with 
ZWT.6 in CDRL3, a region found to determine the FL-binding for 
light chain of 2A10G6 (Extended Data Fig. 9e)35. Taken together, 
flavivirus FLE mAbs, isolated from mice with ZIKV-, DENV-, 
SLEV- and WNV-immune, were found to use almost the same few  
germline genes.

Structural basis of the FL-engineered immunogen. Since the 
FL-engineered vaccines were completely protective, with elimina-
tion of ADE for DENV in mice, we sought to explore the underly-
ing molecular basis. ZIKV-sE-MutC were expressed and purified 
as representative for evaluation. A surface plasmon resonance 
(SPR) experiment was first performed to evaluate the binding 
affinities of sE-MutC to FLE and non-FLE mAbs with sE-WT 
tested as a control. Consistently, either the DI or DIII targeting 
mAb (Z3L1 or Z23) bound to sE-MutC with affinity (equilibrium 
dissociation constant (KD)) almost equivalent to its binding to 
sE-WT, indicating the stable presentation of neutralizing epit-
opes. In contrast, binding between sE-MutC and FLE mAbs (Z6 
and 2A10G6) was undetectable (Fig. 7a and Supplementary Fig. 
1), suggesting FLE disruption.

To further explore the molecular basis of vaccine potency 
and ADE abrogation at the atomic level, we determined the 
crystal structure of sE-MutC bound to Z3L1 at 3.1 Å resolu-
tion (Supplementary Table 1). Although five-residue muta-
tions were introduced into FL, sE-MutC was still arranged 
as an E-dimer to engage Z3L1 in its prefusion state (Extended 
Data Fig. 10a). When folded, it resembled its WT form (root 
mean squared (r.m.s.) deviation of 1.04 Å for their Cα posi-
tions), showing the normal secondary, tertiary and quaternary 
structures, indicating the stable display of neutralizing epitopes 
(Fig. 7b). The sE-MutC dimer presented neutralizing epitopes 
as E proteins in mature ZIKV virions (Extended Data Fig. 10b).  
Interface analysis revealed the interaction network used to main-
tain dimer formation (Supplementary Table 5). In particular, 
compared with the WT form, FL-MutC built alternative interac-
tions with the adjacent E protomer, introducing four potential 
hydrogen bonds with the neighboring DI/DIII residues (three by 

D98N and one by F108W) (Fig. 7c,d and Supplementary Table 
5). Superimposing the structure of FL-MutC on its WT form, we 
found both FLs were arranged as similar conformations (r.m.s. 
deviation of 0.35 Å for their Cα positions), with only side-chain 
variations at mutated sites (Fig. 7b). To further interpret the 
potential elimination of FLE-antibody induction, we superim-
posed the DII structure of sE-MutC with its homologs from the 
structure-known complexes of FLE mAb bound to flavivirus-E. 
Notably, while the FL-WT was well accommodated by cavities 
of these FLE mAbs, mutations at G106, L107 and F108 would 
obviously interfere with reciprocal docking (Fig. 7e–g). The 
long side-chain protruding from G106L causes severe clashes 
for all these FLE mAbs (Fig. 7e–g). Moreover, L107E generated a 
charged side-chain and may destroy the local hydrophobic inter-
actions that existed in FL-WT bound to these FLE mAbs (Fig. 
7e–g). Besides, F108W also causes steric hindrance for 2A10G6 
(Fig. 7f). Taken together, these three mutations contribute syner-
gistically to abrogation of the elicitation of FLE mAbs.

Discussion
Given increasing knowledge of the long-term negative impact 
on children born with confirmed ZIKV infection during preg-
nancy in humans47, sterilizing immunity may be required to com-
pletely prevent viral seeding of the placenta and fetal infection13,33. 
Previous studies have described that the introduction of FLE 
mutations (including W101R) into ZIKV vaccine dramatically 
reduced ADE for DENV. However, these mutations sacrificed 
neutralizing titers significantly compared with the unmutated 
construct and, as a result, protection against viremia and tis-
sue infections was incomplete13. Mutations at W101 impaired 
the antigen’s ability to stably present neutralizing epitopes on E 
domains (Extended Data Fig. 3), and are also likely to disrupt 
E-dimer formation, with the E-dimer epitope (EDE) destroyed11. 
We designed mutations based on naturally occurring FL variants 
within members of the genus Flavivirus that maintained struc-
tural stability. These mutations retained the neutralizing epitopes 
presented on E domains, and also maintained E-dimer formation 
to present the potential EDE. Indeed, the MutB/C-based vaccines 
elicited E-dimer-dependent or -preferred antibodies, represented 
as mAbs ZMutB.2, ZMutB.3, ZMutB.4, ZMutB.7 and ZMutC.8 
(Fig. 6a). Given that EDEs are targeted by potent DENV/ZIKV 
NAbs11,26,28,48, keeping the E-dimer conformation may be impor-
tant for vaccine potency. The strategy to retain EDE is also a goal 
of DENV vaccine with ADE abrogation49.

Whether the antigen is soluble or particulate needs to be fur-
ther determined. However, we propose that intracellular and 
secreted antigens can stimulate B/T cell responses. Also, intracel-
lular antigens are certainly targets processed by APC for T cell 
activation.

The L107K in MutB are proposed to exert a similar repul-
sive effect to interfering with reciprocal binding by FLE mAbs. 
Therefore, we propose that MutB and MutC may have similar 
mechanisms to destroy FLE. The structural analysis provides a basis 
for the rational design of DENV vaccine devoid of ADE. A previ-
ous study with a DENV1 DNA plasmid vaccine reduced the ADE 

Fig. 5 | Profiling of B cell repertoire by scBCr-seq to dissect the immune responses induced by WT- or mutB/C-based vaccines. groups of 6-to-
8-week-old female BALB/c mice (n = 10) were immunized with AdC7-M/E-WT, AdC7-M/E-MutB or AdC7-M/E-MutC. Lymph nodes from mice were 
collected, and single-cell suspensions were prepared. ZIKV-E (mixture of both monomer and dimer)-positive BgC were sorted by flow cytometry.  
a, Schematic representation of chromium single-cell immune profiling solution to obtain paired and full-length V(D)J sequences of immunoglobulin (Ig). 
b, Summary of statistics for scBCR-seq. c, Pie charts show clonal expansion of ZIKV-E-reactive BgC cells for IgHV (upper panel) or IgLV (bottom panel). 
Colored slices are proportional to the number of clonal relatives. White indicates the V gene sequences with frequencies less than 3. See also related 
Supplementary Table 2. d–f, Paired V-gene use in B cell repertoires induced by ZIKV vaccines based on WT (d), MutB (e) or MutC (f). Surface maps 
shows the paired HV:LV. V genes are plotted in alphanumeric order, with heights indicating percentage representation among each group. The surface 
maps were produced by OriginPro. See also related Supplementary Table 3.
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of DENV2 infection50. Analogously, in that study, two mutations 
(a long side-chain G106R and a charged side-chain L107D) were 
introduced.

Here, we provide effective and safe Zika vaccine candidates to pre-
vent both ZIKV infection and infection/vaccination-induced severe 
dengue disease. We used a 1.6 × 1011 virus particles (vp) dose vaccine 
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in this proof-of-concept study; however, the minimum dose should be 
explored as our next step in vaccine development. MutB/C could be 
applied to other vaccine platforms, such as DNA, messenger RNA, dif-
ferent virus vectors or subunit proteins. This study in a mouse model 
provided immunological trends for vaccine evaluation in humans 
and highlighted attractive candidates for further development. The 
global analysis of analogous amino acid sequences from members  

of a whole genus affords new insight into vaccine-oriented protein 
design.
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Fig. 6 | Characterization of representative mabs elicited in mice at high frequency by WT- or mutB/C-based ZIKV vaccines. a, Heatmap illustrating 
ELISA binding (OD450) of 26 ZIKV-E-binding mAbs to ZIKV-sE monomer, dimer, sE-MutC and sE from DENV1–4. The mAbs are derived from the 
supernatants of HEK293 cells cotransfected with plasmids expressing Ig heavy and light chains for each mAb. b–i, ADE activities of the dominant 
mAbs derived from mice immunized with WT-based (b–e) or MutB/C-based (f–i) vaccine. Shown are enhancement curves of K562 cells infected 
with DENV1 (b,f), DENV2 (c,g), DENV3 (d,h) and DENV4 (e,i) in the presence of serially diluted mAbs as indicated. Ebola-virus-specific mAb  
13C6 was used as the negative control. Relative infectivity for each sample was normalized to the peak infectivity of mAb Z6. j, germline analyses  
for the FLE mAbs. mAbs ZWT.1-3 use the same HV:LV as 6B6C-1; mAbs ZWT.4-5 use the same HV:LV as 4g2. mAb ZWT.6 uses the same HV  
gene as 2A10g6, and ZWT.8 uses the same HV gene as E53. The mAbs with known structure bound to flavivirus-E are highlighted in green.  
The HV and LV genes predominating in the WT-vaccinated group are highlighted with colors as described in Fig. 5c. *01 and *02 indicate the IgHV/
IgKV allele.
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methods
Cells, viruses and animals. BHK-21 cells (ATCC catalog no. CCL-10), HEK293 
cells (ATCC catalog no. CRL-1573), human embryonic kidney cells 293 T 
(HEK293T, ATCC catalog no. CRL-3216) and African green monkey kidney 
epithelial cells (Vero cells; ATCC catalog no. CCL-81) were all maintained in 
complete DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) 
and incubated at 37 °C under 5% CO2. K562 cells (ATCC catalog no. CCL-243) 
were maintained in RPMI-1640 medium (Gibco) containing 10% FBS at 37 °C 
under 5% CO2. Aedes albopictus C6/36 cells (ATCC, catalog no. CRL-166) were 
cultured in RPMI-1640 medium containing 10% FBS at 28 °C.

ZIKV-SMGC-1 was isolated in our laboratory previously3. DENV1 was isolated 
from an infected patient in Shenzhen Third People’s Hospital, Shenzhen, China. 
DENV2 strain New Guinea C (NGC strain) (GenBank accession no. KM204118.1) 
was kindly provided by J. An (Capital Medical University, Beijing, China). DENV3 
strain YN02 (GenBank accession no. KF824903) and DENV4 strain GZB5 
(GenBank accession no. AF289029) were kindly provided by C.-F. Qin (Beijing 
Institute of Microbiology and Epidemiology, Beijing, China). ZIKV, DENV1, 
DENV2, DENV3 and DENV4 were propagated in C6/36 cells and titrated by a 
focus-forming assay on BHK-21 cells.

BALB/c mice were purchased from Beijing Vital River Laboratory 
Animal Technology Company (licensed by Charles River), and housed in 
specific-pathogen-free (SPF) mouse facilities in the Institute of Microbiology, 
Chinese Academy of Science (IMCAS). Ifnar1−/− mice were purchased from the 
Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences 
and Peking Union Medical College (CAMS&PUMC), and bred in the Laboratory 
Animal Center, Chinese Center for Disease Control and Prevention (China CDC). 
AG6 mice deficient in both IFNAR1 and IFNGR were generated by Q. Leng 
(Institut Pasteur of Shanghai, CAS, China) from C57BL/6 background Ifngr1−/− 
mice (Jackson laboratories, catalog no. 003288) and Ifnar1−/− A129 mice (B&G 
Company). They were bred in the Laboratory Animal Center, China CDC. All 
animals were allowed free access to water and a standard chow diet and provided 
with a 12-h light and dark cycle (temperature, 20–25 °C; humidity, 40–70%).

Ethics statement. All animal experiments were approved by the Committee on the 
Ethics of Animal Experiments of the IMCAS, and conducted in compliance with 
the recommendations in the Guide for the Care and Use of Laboratory Animals of 
the IMCAS Ethics Committee.

Construction and production of recombinant chimpanzee adenovirus. 
The recombinant chimpanzee type 7 adenovirus (AdC7) encoding Japanese 
encephalitis virus signal peptide (JEVsp) and full-length membrane and envelope 
(M/E, defined as amino acids 216–794 of the ZIKV polyprotein) genes from 
ZIKV-FSS13025 (GenBank accession no. JN860885.1) was generated in our 
laboratory previously34. The prM/E-WT construct contains the same signal 
peptide (JEVsp) and full-length precursor membrane and envelope (prM/E, 
defined as amino acids 123–794 of the ZIKV polyprotein). Plasmid containing 
JEVsp-M/E-WT was used as the template to generate MutA (D98N, N103T, G106F, 
L107E, F108W), MutB (D98N, N103T, G106F, L107K, F108W) and MutC (D98N, 
N103T, G106L, L107E, F108W). The prM/E-WT, M/E-MutB and M/E-MutC 
cassettes were cloned into pAdC7, forming recombinant adenovirus genomes, 
which were linearized and transfected into HEK293 cells to rescue the recombinant 
adenovirus that was then further propagated and purified by cesium chloride 
density gradient centrifugation as previously described34.

Protein expression and purification of ZIKV/DENV-sE proteins. The coding 
sequence for ectodomain residues of E proteins from ZIKV (1–409), DENV1 
(1–400), DENV2 (1–398), DENV3 (1–400) and DENV4 (1–400) were codon 
optimized and cloned into pET21a vector (Novagen) with NdeI and XhoI 
restriction sites. The coding sequence for the ectodomain of E-MutC was generated 
by introducing mutations D98N, N103T, G106L, L107E and F108W into the 
WT-ZIKV-E construct. sE proteins were expressed in Escherichia coli strain BL21 
(DE3) as inclusion bodies and then refolded in vitro using a previously described 
method35, with some modifications. Briefly, aliquots of inclusion body were diluted 
dropwise with stirring into refolding buffer containing 100 mM Tris (pH 8.0), 
400 mM l-Arg HCl, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized 
glutathione and 10% glycerol. The refolded proteins were concentrated using an 
Amicon 400 concentrator with 30 kDa cutoff membrane and then adjusted to 
20 mM Tris (pH 8.0), 50 mM NaCl and 5% glycerol. Next, sE proteins were further 
purified using the ÄKTA Pure System (GE Healthcare) by gel filtration on a 
HiLoad Superdex 200 prep grade column (GE Healthcare).

Antibody expression and purification. The human monoclonal antibodies 
(mAbs) Z6, Z3L1, Z20, Z23 and the murine mAbs ZWT.1-10, ZMutB.1-8 and 
ZMutC.1-13 were expressed and purified as previously described31. Briefly, 
HEK293T cells were cotransfected with pCAGGS plasmids containing coding 
sequences for Ig heavy chain and light chain. The cell culture was collected on 
days 3 and 7 post-transfection. The supernatant was mixed with one volume of 
buffer containing 20 mM sodium phosphate, pH 7.0, and filtered with a 0.22-μm 
filter. The mixture was passed through the HiTrap Protein A FF (GE Healthcare) 

column. The bound protein was detached from the column by 0.1 M glycine, 
pH 3.0. The elution was adjusted to neutral pH by adding 1 M Tris-HCl, pH 9.0 
and further purified by gel filtration. The antibody was finally buffered with PBS, 
concentrated and stored at −80 °C before further use.

Murine mAb 2A10G6 was prepared according to a previously described 
method35. Briefly, hybridoma cells producing 2A10G6 were injected into mice and 
the ascites were collected. 2A10G6 was further purified by HiTrap Protein G HP 
(GE Healthcare) with binding buffer of 20 mM sodium phosphate (pH 7.0) and 
elution buffer of 0.1 M glycine acid-HCl (pH 3.0). Protein was concentrated and 
stored at −80 °C until use.

To generated the fragment of antibody-binding (Fab), purified Z6, 2A10G6, 
Z3L1 or Z23 antibodies were digested with immobilized papain (Thermo 
Scientific) according to the manufacturer’s instructions. Fab fractions were purified 
by HiTrap Protein A FF (5 ml, GE Healthcare) and gel filtration.

Z3L1 single-chain variable fragment (scFv) was constructed as VL-
(GGGS)4-VH and cloned into pET21a. The protein was expressed in E. coli (BL21) 
as inclusion bodies.

Neutralization assay. The neutralizing activity of mouse serum was assessed 
using a previously described ZIKV microneutralization (MN) assay34, with some 
modifications. Briefly, heat-inactivated serum was serially diluted and incubated 
with ZIKV-SMGC-1 (100 PFU) for 1 h at 37 °C. The virus–serum mixture was added 
to preplated Vero cell monolayers in 96-well plates. After incubation for 4 days, the 
culture medium was removed, and the cells were fixed with cold methanol at −20 °C 
for 20 min and washed with PBS with 0.05% (v/v) Tween-20 (PBST). The following 
steps were all performed at room temperature (RT). The cells were blocked with 3% 
skim milk for 30 min and then stained for 2 h with human anti-ZIKV-E mAb Z6, 
which was diluted to 4 μg ml−1. Cells were washed with PBST, followed by incubation 
for 2 h with goat anti-human IgG-HRP (Proteintech), diluted 1:1,500. Plates were 
then washed and developed with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate for 
20 min. The reaction was stopped with 2 M hydrochloric acid, and the absorbance 
was measured at 450 nm using a microplate reader (PerkinElmer). Neutralization 
titers, MN50, were determined by fitting nonlinear regression curves using GraphPad 
Prism (v.6 and v.9.0.1) as the reciprocal of the serum dilution required for 50% 
neutralization of infection. MN50 titers calculated as <20 were reported as half the 
limit of detection (LOD).

Epitope detection for ZIKV-E by flow cytometry. HEK293T cells were transfected 
with pCAGGS plasmids encoding WT or mutated ZIKV-M/E proteins, or infected 
with AdC7 viruses encoding WT or mutated ZIKV-M/E proteins. After 48 h, the 
cells were digested by trypsin and collected, followed by incubation in Fixation 
and Permeabilization solution buffer (BD, catalog no. 554722) for 20 min at 4 °C. 
The cells were then divided into several aliquots and each was stained with mAb 
(Z6, 2A10G6, Z3L1, Z23 or Z20) for 1 h at 4 °C. The cells were then washed twice 
with 1× Perm/Wash buffer and stained with Goat Anti-Human IgG-fluorescein 
isothiocyanate (FITC) (Proteintech) for 1 h at 4 °C. After washing twice with 1× 
Perm/Wash buffer, the cells were resuspended in PBS. Subsequently, FITC-positive 
HEK293T cells were detected by FACSCanton flow cytometer (BD Bioscience). 
The data were further analyzed by Flowjo v.7.6.1.

Capture ELISA. Cell supernatants were collected from HEK293T cells 3 days 
after plasmid transfection or 2 days after infection. Purified mouse anti-ZIKV IgG 
were plated at 500 ng per well in 96-well ELISA plates overnight at 4 °C. Plates 
were blocked with 5% skimmed milk in room temperature for 30 min; 200 μl cell 
supernatant was added to each well overnight at 4 °C. Antibody Z3L1 conjugated 
with horseradish peroxidase (HRP) was used to trap the antigen at a concentration 
of 1 μg ml−1 at RT for 3 h. TMB chromogen solution was then used for color 
development reaction, which was stopped by addition of 2 M HCl. Reaction color 
changes were quantified at 450 nm in a microplate reader (PerkinElmer).

Immunization. AdC7 vaccines expressing ZIKV-M/E-WT, -prM/E-WT, 
-M/E-MutB or -M/E-MutC were diluted in PBS. BALB/c mice or Ifnar1−/− mice 
were immunized with vaccine through the intramuscular (i.m.) route. Equivalent 
volume of PBS was injected as a sham control. The blood samples were collected 
postvaccination. The sera isolated were used for determination of antibody titer or 
ADE activity.

Animal protection against virus challenge. To evaluate the protective efficacy 
of ZIKV vaccines against lethal ZIKV challenge, immunized Ifnar1−/− mice were 
infected with ZIKV-SMGC-1 via i.p. injection. After ZIKV challenge, the animals 
were monitored daily for clinical signs of disease. Sera were collected to determine 
viral loads by quantitative reverse transcription–polymerase chain reaction (qRT–
PCR). Mice that had lost 25% of initial body weight were euthanized on animal 
welfare grounds.

To measure virus burdens in targeted tissues, immunized Ifnar1−/− mice were 
i.p. challenged with ZIKV-SMGC-1. Mice were euthanized and necropsied. Organs 
were removed, weighed and homogenized in PBS with a tissue grinder. Samples 
were further centrifuged, and the supernatants were stored at −80 °C until virus 
titration by qRT–PCR.
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qRT–PCR. Virus RNA was isolated from 200 μl supernatants of homogenized 
tissues or 50 μl of mouse serum using a GenePure Plus nucleic acid extraction 
instrument (Hangzhou Bioer Technology). ZIKV-specific qRT–PCR assays 
were performed using a FastKing One Step Probe RT–qPCR kit (Tiangen 
Biotech) on a CFX96 Touch real-time PCR detection system (Bio-Rad) 
according to the manufacturer’s protocol. Primers and probe were designed to 
amplify a region of the NS3 gene from ZIKV-FSS13025 and ZIKV-SMGC-1, 
with sequences as follows: forward primer, TTGGCTGGCCTATCAGGTTG; 
reverse primer, CACCTCGGTTTGAGCACTCT; the probe 
FAM-CCACACCTCTGCCGGCACAC-TAMRA (where FAM is 
6-carboxyfluorescein, and TAMRA is 6-carboxytetramethylrhodamine). Viral 
loads were expressed on a log10 scale as viral copies per gram or copies per milliliter 
after calculation with a standard curve. Viral copy numbers below the LOD were 
set as half of the LOD.

ELISA. Binding properties of murine sera and the isolated mAbs to ZIKV-sE 
(monomer), ZIKV-sE (dimer), ZIKV-sE-MutC or DENV-sE (serotype 1–4) 
were determined by ELISA. First, 96-well plates (catalog no. 3590; Corning) 
were coated overnight with 3 μg ml−1 of ZIKV/DENV-E or -E-mutant in 0.05 M 
carbonate-bicarbonate buffer, pH 9.6, and blocked in 5% skim milk in PBS. 
Sera were serially diluted and added to each well. For mAbs expressed from 
HEK293T cells, culture supernatant was added. Plates were incubated with goat 
anti-mouse IgG-HRP antibody (murine serum and mAbs isolated from mice) or 
goat anti-human IgG-HRP antibody (mAb Z6, Z3L1 and Z23), and subsequently 
developed with TMB substrate. Reactions were stopped with 2 M hydrochloric 
acid, and the absorbance was measured at 450 nm using a microplate reader 
(PerkinElmer). The endpoint titers were defined as the highest reciprocal dilution 
of serum to give an absorbance greater than fivefold background values.

In vitro evaluation of ADE of virus infection. Heat-inactivated serum was serially 
diluted with RPMI-1640 medium supplemented with 1% FBS and incubated with 
ZIKV or DENV1, 2, 3 or 4 for 1 h at 37 °C. The serum–virus mixture was then 
mixed with 3 × 104 K562 cells and incubated for 2 h at 37 °C. RPMI-1640 medium 
supplemented with 2% FBS were then added. After incubation for 4 days, the 
K562 cells were centrifuged and washed once with PBS, followed by incubation 
with Fixation and Permeabilization solution (BD, catalog no. 554722) for 20 min 
at 4 °C. The cells were washed twice with 1× Perm/Wash buffer (BD, 554723) and 
stained with FITC-conjugated human mAb Z6 for 1 h at 4 °C. After washing twice 
with 1× Perm/Wash buffer, the cells were resuspended in PBS. Virus infected K562 
cells were detected by FACSCanton flow cytometer (BD Bioscience) and further 
analyzed by Flowjo v.7.6.1.

In vivo ADE of DENV2 evaluation. AG6 mice were used as the infection 
model. BALB/c mice were immunized with vaccines or sham as sera donor. At 
4 weeks postvaccination, blood samples were collected, and sera were isolated, 
heat-inactivated, mixed together for each vaccine group, aliquoted and stored at 
–80 °C until use. Before adoptive transfer, the sera were first diluted tenfold with 
PBS. AG6 mice received diluted sera by passive transfer. AG6 mice were challenged 
with DENV2-NGC and monitored daily for survival and weight loss postchallenge. 
Mice that had lost 25% of initial body weight were euthanized on animal welfare 
grounds.

Mouse pregnancy experiment. Female Ifnar1−/− mice were vaccinated with 
vaccines or sham. Serum samples were collected on day 28, heat inactivated (56 °C 
for 30 min) for detection of ZIKV-E-specific IgG and MN50. Ifnar1−/− female mice 
were then mated with Ifnar1−/− males in individual cages. The vaginal plug was 
checked daily. Once the plug was identified, the mice were defined at starting day 
embryotic stage (d_e0.5). The mice were infected with ZIKV-SMGC-1 at d_e5.5. 
All animals were sacrificed at d_e13.5. Blood, brain, spleen of maternal mice 
and placentas and heads of fetuses were harvested for measuring viral loads by 
qRT–PCR.

SPR assay. SPR binding experiments were carried out using a BIAcore 8000 device 
(GE Healthcare) at RT. The buffers for all proteins used for kinetic analyses were 
exchanged for BIAcore buffer consisting of 10 mM HEPES (pH 7.4), 150 mM NaCl, 
3 mM EDTA and 0.005% (v/v) Tween-20 by gel filtration. Purified ZIKV-sE or 
ZIKV-sE-MutC proteins were immobilized on a CM5 chip with the standard EDC/
NHS coupling method at about 6,000 response units (RU). Serial dilutions of Fabs 
were prepared and used to flow over the chip surface. Data were collected over 
time. After each cycle, the sensor surface was regenerated via a short treatment 
using 30 mM NaOH (Z6 mAb) or 3 M MgCl2 (2A10G6 antibody). The apparent 
equilibrium dissociation constants (apparent binding affinity, KD) for each 
sE-antibody were calculated using BIAcore 8000 analysis software (BIAevaluation 
v.4.1). Each set of equilibrium binding responses was fitted to the single binding 
site model.

Isolation of antigen-specific BGC cells. Single-cell suspensions were obtained 
from the lymph nodes of immunized mice. The cells from each group of mice 
were pooled together. Antibodies used for staining were anti-mouse GL-7-FITC, 

CD138-PE, CD38-PE/Cy7, CD93-APC, B220-BV421 and IgD−BV510. All 
antibodies were used according to manufacturer’s instructions. To stain the 
ZIKV-E-binding B cells, ZIKV-sE monomer (described above) and dimer (a kind 
gift from R. Gong, Wuhan Institute of Virology, CAS, China)51 were used as bait 
by biotinylation via Biotin–Protein Ligase/BirA Enzyme (GeneCopoeia). BV711–
Streptavidin was used to probe the biotinylated-ZIKV-E proteins. Antigen-specific 
BGC gated as GL-7+, B220hi, CD38lo, IgD−, CD93−, CD138− and ZIKV-E+ were 
sorted using a BD FACSAria II flow cytometer (BD Biosciences).

Single-cell library construction and sequencing. Samples for single BCR V(D)J 
clonotype were processed using a Chromium Single Cell 5′ Library and Gel Bead 
Kit following the manufacturer’s user guide (10x Genomics). After FACS sorting, 
cells were centrifuged, resuspended in 3% FBS (Sigma-Aldrich)/phosphate buffer 
solution (Thermo Fisher Scientific) and subjected to cell quality control using 
a cell counter. All processed B cells had cell viability >70%. After determining 
cell density, cells were injected into three channels, aiming to achieve around 
1,000–3,000 cells per channel. Gel beads-in-emulsion (GEMs) were formed in 
channels of a chip in the 10x Chromium instrument, and then collected in an 
Eppendorf plate for the GEM-reverse transcription (GEM-RT) reaction. After 
GEM clean up, GEM-RT products were subjected to two rounds of 9 and 15 PCR 
cycles using custom primers, followed by SPRIselect (Beckman Coulter) bead clean 
up. Single-cell BCR V(D)J libraries were prepared following the manufacturer’s 
user guide, profiled using the Bioanalyzer High Sensitivity DNA kit (Agilent 
Technologies) and quantified with a Kapa Library Quantification Kit (Kapa 
Biosystems). Libraries were sequenced by paired-end sequencing (2 × 150 bp) on an 
Illumina NovaSeq (Illumina). BCL data were converted to demultiplexed FASTQ 
files using Illumina bcl2fastq v.2.20.

Cellranger V(D)J data processing. We retained the first 26 bases for read 1 
covering the 16-nt cell barcode and 10-nt unique molecular identifier (UMI). The 
FASTQ files were analyzed subsequently. The Cell Ranger Single-Cell Software 
Suite (v.3.1.0) was used to perform barcode processing and single-cell V(D)J 
analysis. The FASTQ files were processed using the Cell Ranger V(D)J pipeline. 
First, reads were filtered for valid cell barcodes and UMIs. Cell barcodes with 
1-Hamming-distance from a list of known barcodes were considered. A UMI with 
1-Hamming-distance from another UMI with more reads for a same barcode was 
corrected to this UMI with more reads. The filtered reads were used to assembly 
contigs by alignment with the GRCm38 V(D)J reference genome, then defined 
alignments of V, D and J segments to a contig, identifying CDR3 sequences, and, 
from these data, determine whether a contig is productive, meaning that it is likely 
to correspond to a functional B cell receptor. The V(D)J sequences and clonotypes 
from single-cell 5′ data were analyzed, searched and visualized using the LoupeTM 
V(D)J browser v.3.0.0. Sequences were further annotated and analyzed using 
IgBLAST v1.6.1 (ref. 52) to identify variable region gene segments and somatic 
mutations.

Crystallization, data collection and structure determination. For the ZIKV-sE/
Z6 complex, ZIKV-sE was mixed with Z6-Fab at a stoichiometry of 1.3:1 and 
incubated on ice for 2 h. The mixture was then subjected to gel filtration. The 
survival peak containing the indicated Fab and sE was pooled, buffered in 20 mM 
Tris, 50 mM NaCl and 5% glycerol (pH 8.0). It was concentrated to 10 or 5 mg ml−1 
for crystallization.

To obtain ZIKV-sE-MutC/Z3L1 complex, the inclusion bodies of 
ZIKV-sE-MutC and Z3L1-scFv were diluted into refolding buffer containing 
100 mM Tris (pH 8.0), 400 mM l-Arg HCl, 2 mM EDTA, 5 mM reduced 
glutathione, 0.5 mM oxidized glutathione and 10% glycerol. After 12 h of slow 
stirring at 4 °C, the refolded ZIKV-sE-MutC/Z3L1-scFv complex was concentrated 
and further purified in an ÄKTA Pure System (GE Healthcare) by gel filtration on 
a HiLoadTM SuperdexTM 200 preparation grade column (GE Healthcare). The 
survival peak containing the indicated ZIKV-sE-MutC/Z3L1-scFv was pooled 
and further polished using an ion exchange column (Source 15Q; GE Healthcare). 
The indicated complex was further buffered in 20 mM Tris, 50 mM NaCl and 5% 
glycerol (pH 8.0), and concentrated to 10 or 5 mg ml−1 for crystallization.

Crystallization trials were performed in sitting drops of 600 nl. All crystals 
were obtained by mixing equal volumes of protein and reservoir solution, using 
a Mosquito LCP robot (TTP LabTech). Diffraction-quality crystals of ZIKV-sE/
Z6-Fab were obtained at 18 °C in condition consisting of 0.1 M amino acids, 0.1 M 
buffer system 3 at pH 8.5 (Morpheus MD1-46) and 30% v/v Precipitant Mix 3 
(Morpheus MD1-46). Diffraction-quality crystals of ZIKV-sE-MutC/Z3L1-scFv 
were obtained at 18 °C in conditions consisting of 0.12 M ethylene glycol, 0.1 M 
buffer system 3 (Morpheus MD1-46) at pH 8.5 and 30% v/v Precipitant Mix 2 
(Morpheus MD1-46).

All diffraction data were collected at the Shanghai Synchrotron Radiation 
Facility and processed with HKL2000 (ref. 53). The ZIKV-sE/Z6-Fab dataset was 
collected at BL17U1, whereas the ZIKV-sE-MutC/Z3L1-scFv dataset was collected 
at BL19U1. The complex structure was solved by the molecular replacement 
module of Phaser54 from the CCP4 program suite55, with the previously reported 
structure of sE from ZIKV (PDB 5JHM), ZIKV-sE/2A10G6-Fab (PDB: 5JHL) and 
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ZIKV-sE/Z3L1-Fab (PDB 5GZN) as the search models. Restrained rigid-body 
refinement with REFMAC5 (CCP4 suite) and manual model building with Coot56 
were then performed. Further rounds of refinement were then done with phenix.
refine57. During model building and refinement, the program of MolProbity58 was 
used to validate the stereochemistry of the structure. Structural data were analyzed 
by PyMOL and the figures were generated using Chimera59.

Statistical analysis. GraphPad Prism v.6 or v.9.01 software was used for data 
analysis. Data are represented as mean ± s.e.m. Statistical significance was 
determined by unpaired, two-sided Student’s t-test for two-group comparisons, 
one-way analysis of variance (ANOVA) for comparisons of more than two groups, 
two-way ANOVA for comparisons of more than two groups with two or more 
items, or log-rank test for survival experiments. P values <0.05 were considered 
to be statistically significant, where *P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The crystal structures of ZIKV-sE-Z6 and ZIKV-sE-MutC-Z3L1 have been 
deposited in the Protein Data Bank (PDB) under accession codes 7BQ5 and 7BPK, 
respectively. The raw data for scBCR-seq have been deposited at https://www.
scidb.cn/en/datalist?tag=1. Source data are provided with this paper. All other data 
supporting the findings of this study are available within the paper or from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | antibodies induced by ZIKV vaccines enhance DeNV infections. a, Neutralizing activities of ZIKV vaccines. 6-8-week old female 
BALB/c mice (n = 5 biologically independent samples) were immunized with a single dose of AdC7-M/E or AdC7-prM/E (1.6 × 1011 vp) via i.m. route. PBS 
was given as a sham vaccine. Sera were collected from blood at 4 weeks postvaccination. Magnitudes of NAbs were measured as MN50 titers. Data are 
means ±standard errors of means (SEM). P values were analyzed with One-way ANOVA test (ns, not significant). The dashed line indicates the LOD. 
b-e, ADE activities of the immune sera (n = 3 biologically independent samples). Enhancement curves of K562 cells infected with DENV1 (b), DENV2 
(c), DENV3 (d), and DENV4 (e) in the presence of serially diluted mouse immune sera as indicated. Infected cells were quantified by flow cytometry and 
were normalized to the peak infectivity of FLE mAb Z6. Data are means ± SEM. f, ADE activities of the human mAb Z6. Enhancement curves of K562 cells 
infected with DENV1, 2, 3 and 4 in the presence of serially diluted Z6 as indicated.
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Extended Data Fig. 2 | Comparison of FLe mabs bound to flavivirus-e. a, Z6 bound to ZIKV-sE. Z6 Fab is colored in green and ZIKV-sE is colored in grey. 
FL is highlighted in magenta. b, 2A10g6 bound to ZIKV-sE (PDB: 5JHL). 2A10g6-Fab is colored in cyan and ZIKV-sE is colored in grey. FL is highlighted 
in magenta. c, E53 bound to WNV-sE (PDB: 3I50). E53 Fab is colored in orange and ZIKV-sE is colored in grey. FL is highlighted in magenta. d, The Z6, 
2A10g6 and E53 bound to E are overlapped, showing different approaching angles. e, The E residues participating in interactions of antibodies are listed. 
The numbers of contacts are highlighted for the main contributors in each sE.
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Extended Data Fig. 3 | Flow cytometry detection of antigen expression and epitope display. a, gating strategy to monitor ZIKV antigen expression by 
FACS analysis, related to Fig. 1e, Extended Data Figs. 3b and 5a. b, Plasmid expressing M/E-WT and 19 E-W101 mutants as indicated were probed by FLE 
mAbs or neutralizing mAbs targeting DI, DII or DIII.
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Extended Data Fig. 4 | Phylogenetic trees flaviviruses, neutralizing titers in Ifnar−/− mice and aDe activities of the human mab Z5. a, Phylogenetic 
trees of 73 flaviviruses based on the amino acid sequences of the E. b-c, groups of 5-week-old female Ifnar−/− mice (n = 7) were immunized with a single 
dose (1.6 × 1011 vp) of AdC7-M/E-WT, -M/E-MutB or -M/E-MutC via i.m. route. PBS was given as the sham vaccine. Sera were collected at week 4, 12 
and 24. Serologic binding and neutralizing antibodies were detected. Data are means ± SEM. d, groups of 5-week-old Female Ifnar−/− mice (n = 8-9) 
were immunized with a single dose (1.6 × 1011 vp) of AdC7-M/E-WT, -M/E-MutB or -M/E-MutC via i.m. route. PBS was given as the sham vaccine. Sera 
were collected at 4 weeks postimmunization. MN50 titers of NAbs were measured. Results were pooled from two independent experiments (related to 
Fig. 2b–e). Data are means ± SEM. P values were analyzed with two-tailed Student’s t test (ns, not significant; *, P < 0.05; P values are available in source 
data). The dashed line indicates the LOD. e, ADE activities of the ZIKV FLE mAb Z5. Enhancement curves of K562 cells infected with DENV1, 2, 3 and 4 in 
the presence of serially diluted Z5 as indicated. Infected cells were quantified by flow cytometry.
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Extended Data Fig. 5 | antigen characterization of adC7 vectored vaccines. HEK293 cells were infected with AdC7 expressing ZIKV-M/E WT, MutB or 
MutC. Non-infected cells were used as the negative control. a, Flow cytometry detection of antigen expression and epitope display probed by FLE mAbs or 
neutralizing mAbs targeting epitopes on DI, DII or DIII. b, Capture ELISA quantifying the secretion of ZIKV antigen from AdC7 virus infected cells. Data are 
means of triplicates.
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Extended Data Fig. 6 | Protective efficacy of mutB/C-based vaccine against ZIKV infection at 3 DPI. a-c, groups of Ifnar1−/− mice (n = 4) (Female:male 
of 2:2 in both WT and MutB groups; 3:1 in MutC group; 4:0 in sham group) received a single immunization of 1.6 × 1011 vp of AdC7-M/E-WT, 
AdC7-M/E-MutB, AdC7-M/E-MutC via the i.m. route. PBS was given as the sham vaccine. Serum samples were collected for detection of ZIKV-E-specific 
Igg (a) and NAb titers (b). Thirty-days after vaccination, mice were challenged with 5 × 106 FFU of ZIKV-SMgC-1 via the i.p. route. At 3 DPI, tissues from 
the brain, spinal cord, testis, spleen, liver and eye were harvested for measurement of ZIKV loads (c). Data are means ± SEM. The dashed line indicates 
the LOD.
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Extended Data Fig. 7 | evaluation of the sera from donor mice, related to Figs. 3f,g. a,b, The pooled serum from donors were tested for ZIKV-E-specific 
Igg (a) and NAb titers (b). The dashed line indicates the LOD. c, ADE activities of the pooled donor sera in cell culture. Shown are the enhancement 
curves of K562 cells infected with DENV1, DENV2, DENV3, and DENV4, respectively, in the presence of serially diluted immunized mice sera as indicated. 
Infected cells were quantified by flow cytometry. Relative infectivity for each sample were normalized to the peak infectivity of mAb Z6.
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Extended Data Fig. 8 | FaCS plots showing the gating strategy to isolate single ZIKV-e+ BGC. The ZIKV-E-binding BgC (gL-7+ B220hi CD38lo 
IgD−CD93−CD138−) from the lymph nodes of a group of BALB/c mice primed with ZIKV vaccines was sorted by flow cytometry.
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Extended Data Fig. 9 | amino acid sequences and alignment of FLe mabs. a, Amino acid sequence alignment of VH-region for mAb ZWT.1-3 and 6B6C-1. 
b, Amino acid sequence alignment of VL-region for mAb ZWT.1-3 and 6B6C-1. c, Amino acid sequence alignment of VH-region for mAb ZWT.4-6, 4g2 
and 2A10g6. d, Amino acid sequence alignment of VL-region for mAb ZWT.4-5 and 4g2. e, Amino acid sequence alignment of VL-region for mAb ZWT.6 
and 2A10g6.
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Extended Data Fig. 10 | overview of e-mutC bound to Z3L1_scFv and model on virus particle. a, Overall structure of complex of sE-MutC/Z3L1_scFv. The 
sE-MutC is shown as ribbon, Z3L1_scFvs are showed as surface. b, Left: the cryo-electron microscopy structure of the mature ZIKV particle (PDB: 5IZ7). 
Middle: ZIKV-E-MutC/Z3L1-scFv docked onto the the mature ZIKV particle (PDB: 5IZ7), Right: ZIKV-E-MutC docked onto the the mature ZIKV particle 
(PDB: 5IZ7). The Z3L1 footprint are highlighted in green.
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