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A genetically stable Zika virus vaccine candidate protects mice
against virus infection and vertical transmission
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Although live attenuated vaccines (LAVs) have been effective in the control of flavivirus infections, to date they have been excluded
from Zika virus (ZIKV) vaccine trials due to safety concerns. We have previously reported two ZIKV mutants, each of which has a
single substitution in either envelope (E) glycosylation or nonstructural (NS) 4B P36 and displays a modest reduction in mouse
neurovirulence and neuroinvasiveness, respectively. Here, we generated a ZIKV mutant, ZE4B-36, which combines mutations in
both E glycosylation and NS4B P36. The ZE4B-36 mutant is stable and attenuated in viral replication. Next-generation sequence
analysis showed that the attenuating mutations in the E and NS4B proteins are retained during serial cell culture passages. The
mutant exhibits a significant reduction in neuroinvasiveness and neurovirulence and low infectivity in mosquitoes. It induces robust
ZIKV-specific memory B cell, antibody, and T cell-mediated immune responses in type | interferon receptor (IFNR) deficient mice.
ZIKV-specific T cell immunity remains strong months post-vaccination in wild-type C57BL/6 (B6) mice. Vaccination with ZE4B-36
protects mice from ZIKV-induced diseases and vertical transmission. Our results suggest that combination mutations in E
glycosylation and NS4B P36 contribute to a candidate LAV with significantly increased safety but retain strong immunogenicity for

prevention and control of ZIKV infection.
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INTRODUCTION

Zika virus (ZIKV), is a re-emerging flavivirus of the family
Flaviviridae, a group of single-stranded, positive-sense RNA viruses,
which can be transmitted by mosquito bites, or by sexual
contact'™. The virus has caused more than one million human
cases during the recent outbreaks in the Americas and
Caribbean*™® and has been associated with severe neurological
diseases, such as the autoimmune disorder Guillain-Barre
syndrome in adults and congenital Zika syndrome (CZS) in fetuses
and infants”®, Adult women of child-bearing age, in particular
pregnant women, are potential risk populations for ZIKV infection.
Multiple platforms have been utilized for ZIKV vaccine develop-
ment, including purified inactivated virus, plasmid DNA, mRNA,
adenovirus-vector, measles virus-vector, and live-attenuated
vaccines, which elicit strong neutralizing antibodies and
protect against ZIKV viremia in mice and/or non-human primates
(NHPs)® 12, Despite these research efforts, no vaccines are
currently approved for human use. The development of a safe,
efficient vaccine with durable immunogenicity remains a
high priority.

Live attenuated vaccines (LAVs) are one of the most important
strategies to control flavivirus diseases. This has been demonstrated
by the yellow fever virus (YFV) 17D and Japanese encephalitis virus
(JEV) SA14-14-2 LAVs for controlling YFV and JEV infections,
respectively. The flavivirus genome encodes a total of 10 proteins,
including capsid, membrane, and envelope (E), and seven
nonstructural (NS) proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5. Among them, the NS4B protein is known to be involved in
flavivirus replication and evasion of host innate immunity’>™'”. The

amino acid (aa)35 to aa60 region of the N-terminal domain of NS4B
protein resembles an immunomodulatory tyrosine inhibitory motif
shared by many components of mammalian cell-signaling cas-
cades'®, which is associated with NS4B antagonist activities for
antiviral innate cytokine signaling’*'®. The NS4B-P38 is highly
conserved among mosquito-borne flaviviruses, including West Nile
virus (WNV). By using site-directed mutagenesis, we have previously
generated single mutants of WNV and ZIKV at this site. For example,
the WNV NS4B-P38G mutant had significantly reduced neuroinva-
siveness'® but triggered stronger protective immune responses in
mice than did the parent strain WT WNV NY99%°. The mutation at
the ZIKV NS4B-P36 (equivalent to WNV NS4B-P38) also led to
modestly attenuated neuroinvasiveness in mice deficient in IFN-a/
and IFN-y receptors (AG129)?". The envelope (E) protein of
flaviviruses is responsible for cell surface receptor binding. A
mutation at the E glycosylation, ZIKV E-N154Q, also caused
decreased neurovirulence in mice and induction of robust innate
and adaptive immunity®%.

To increase the potential of genetic stability and ultimately the
safety of either single mutant, in this study we have generated the
ZE4B-36 mutant by combining both E-N154Q and NS4B-P36A
mutations. Our results show the ZE4B-36 double mutant exhibits
low genetic diversity upon serial passaging, reduced infectivity in
mosquitoes, and significantly attenuated neurovirulence and
neuroinvasiveness in mice. In addition, the mutant induces strong
memory B cell and strong neutralization antibody responses, and
durable T cell-mediated immunity. The mutant also protects
mice from lethal WT ZIKV infection and prevents maternal to
fetus transmission.
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Fig. 1 Characterization of ZE4B-36 replication in cell culture. a Schematic of construction of ZIKV FSS13025 mutant virus. Restriction
enzyme sites used for cloning are indicated. b IFA of viral protein expression in Vero cells transfected with WT FSS13025ic (WT) and ZE4B-36
RNAs. Vero cells were electroporated with 10 pg genome-length WT and ZE4B-36 RNAs RNA. On days 2 and 3 post transfection, IFA was
performed to examine viral E protein expression using a mouse mAb (4G2). ¢ Plague morphologies of WT and ZE4B-36 viruses. Plaques were
developed on a Vero cell monolayer after 4 days of infection. d Comparison of growth kinetics of WT FSS13025ic and ZE4B-36 viruses in Vero
cells. Cells were infected with both viruses at an MOI of 0.01. Viral titers were measured at the indicated time points using plaque assays on
Vero cells, n = 3. Means and SDs from three independent replicates are shown. e, f A549 cells were infected with WT FSS13025ic or ZE4B-36
virus at an MOI of 0.1. At days 1 and 4 pi, viral load was measured by Q-PCR (e) and FFA (f). n = 4 to 8. Data are presented as means * standard

error of the mean (s.e.m). ***P < 0.001 or **P < 0.01 compared to WT group.

RESULTS
Characterization of ZE4B-36 replication in cell culture

We previously reported that ZIKV NS4B-P36A mutant has reduced
neuroinvasiveness compared to the infectious clone (ic) derived
wild-type (WT) ZIKV-FSS13025ic in mice deficient in IFN-a/f and
IFN-y receptors (AG129)*'. Another mutant, ZIKV E-N154Q, which
lacks E glycosylation, was reported to induce robust innate and
adaptive immunity but has modestly decreased neurovirulence in
mice??. To increase the genetic stability with concurrent greater
attenuation, here, we generated the ZE4B-36 mutant, which
combines both NS4B-P36A and E-N154Q mutations. To minimize
the reversion of E glycosylation, we also engineered a second
mutation T156V at the glycosylation motif Asn-X-Thr (Fig. 1a). Viral
antigens were detected in Vero cells transfected with WT ZIKV-
FSS13025ic and ZE4B-36 mutant RNAs (Fig. 1b). Viruses derived
from the transfected cells displayed similar plaque morphologies
(Fig. 1c). Full genome consensus sequencing of the ZE4B-36 virus
confirmed no reversions of the engineered mutations. Further,
continuous passaging of the mutant virus for five rounds (3 days
per round) on Vero cells did not change the engineered
substitutions (data not shown). On Vero cells, the two viruses
showed comparable replication kinetics at early time points, but
ZE4B-36 reproducibly generated less virus than WT ZIKV-
FSS13025ic at later time points except at 96 h (Fig. 1d). Following
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infection in interferon-producing cells, such as A549 cells, ZE4B-36
generated significantly less virus at days 1 and 4 post infection (pi)
than WT ZIKV-FSS13025ic, as determined by quantitative (Q)-PCR
analysis (Fig. 1e) and focus-forming assay (FFA; Fig. 1f). Overall,
these results indicate that stable ZE4B-36 mutant could be
produced in cell culture and the mutant displayed lower
replication kinetics.

Passaged ZE4B-36 displays genetic stability and significantly
reduced neurovirulence

To determine the genetic stability of the ZE4B-36 mutant, we next
performed next-generation sequencing (NGS) analysis of the
ZE4B-36 mutant and its sequential passages in Vero cells.
The consensus sequences of passage (P) 1 to P6 retained the
attenuating mutations. Two additional consensus sequence
changes were detected in P3 to P6: A3282G and C3895T encoding
for NS1 K265E and NS2A A117V, respectively (Fig. 2a and Table 1).
Both synonymous and non-synonymous single nucleotide variant
(SNV)s were present throughout the genome, but only the latter
ones were present at high frequencies (greater than 10%).
Specifically, SNVs at 2889 and 2915 decreased from P1 to P6
(30.7% to 0.7% and 39.0% to 2.8%, respectively) indicating
increased nucleotide stability at these positions. SNVs at 3282
and 3895 increased from P1 to P2, reaching 32.7% and 31.3%,
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Fig. 2 Genetic stability and neurovirulence studies of in vitro passaged ZE4B-36 mutant. a The genomic sequence of passage viruses was
determined using NGS. Consensus sequence and sub-consensus single nucleotide variant (SNV) LofreqV2 analyses were performed for each
passage. Results of SNV analysis are presented as the sub-consensus frequency of synonymous (blue squares) and non-synonymous SNVs (red
circles) detected relative to position across the genome for P1-6. Arrows point to SNVs A3282G and C3895U, which increased to greater than
50% frequency at P3 becoming consensus sequence changes. Following the consensus sequence changes of 3282A to G and 3895C to U, the
original nucleotides (SNVs 3282A and 3895C in P3-P6) continued to decrease in frequency. b Total number (blue line) and mean frequency
(black symbols, mean in gray bars) of SNVs identified in each passage was determined. ¢ The SNVs A3282G and C3895U and contribution of
each SNV at each of the two genomic positions is presented as frequency percentage. d Comparison of neurovirulence between P3 and P5 of
ZE4B-36 in Swiss Webster mice. One-day-old Swiss Webster mice were infected with 1.5 x 10* FFU P3 (n =7) and P5 (n = 10) of ZE4B-36 via
intracranial injection. Survival percentages of infected mice are presented.

respectively at P2. These SNVs at 3282 and 3895 increased to
greater than 50% at P3, becoming consensus changes, and the
SNVs at these positions subsequently decreased. These data
indicate that the SNVs at 3282 and 3985 became more fixed in the
population following passage. Further, the mean frequency of all
SNVs was 3.0% at P1, then peaked at P2 and P3 with 4.6%, and
decreased to 1.7% at P6 (Fig. 2b, ). The genomic sequence results
indicate that passaging in Vero cells initially increased diversity,
but after two passages, the sequence became more stable in both
the number and frequency of SNVs.

To determine the neurovirulence of the ZE4B-36 mutant, we
inoculated P3 and P5 of ZE4B-36 intracranially into 1-day old Swiss
Webster mice. Mice were then monitored daily for morbidity and
mortality. By 3 weeks post infection, only 14.3% (1 of 7 mice) and
0% (0 of 10 mice) mortalities were observed by ZE4B-36-P3 and
P5-infected mice, respectively (Fig. 2d). Furthermore, attenuating
mutations and the new consensus changes at 3282 and 3895 were
retained after in vivo inoculation (data not shown). Overall, NGS
analysis suggests that attenuating mutations in the E and NS4B
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proteins are retained up to P6 and that the genetic diversity
decreases following passage in Vero cells. In addition, ZE4B-36
culture passages have retained an attenuated neurovirulence
phenotype.

ZE4B-36 mutant has significantly reduced neuroinvasiveness,
induces a brief infection in mice, and has attenuated
infectivity in mosquitoes

To characterize the attenuation phenotype of the double mutant,
4- to 6-week-old C57BL/6 mice deficient of IFN-a/p receptor (AB6)
were inoculated intraperitoneally (i.p.) with 2.2x 10° FFU of the
ZE4B-36 mutant. Mice injected with the same dose of the parental
WT ZIKV-FSS13025ic  were included as controls. All WT
ZIKVFSS13025ic-infected mice exhibited significant weight loss
within 1 week and succumbed to infection by day 8. In contrast,
ZE4B-36-infected mice displayed neither weight loss nor any
clinical signs (Fig. 3a, b). We further characterized the attenuated
phenotype of ZE4B-36. Based on our prior studies with other ZIKV

npj Vaccines (2021) 27
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Table 1. Genetic analysis of ZE4B-36 revealed the presence of four high-frequency SNVs following serial passage.

Nucleotide position Amino Acid Consensus codon SNV codon bpq P2 P3 P4 P5 P6
2889 NS1 V134F GUC uuc 30.7 19.3 8.2 2.2 1.0 0.7
2915 NS1 E142D GAA GAC 39.0 36.3 17.3 6.3 34 2.8
3282 NS1 K265E AAA GAA 1.4 328 69.1 90.1 94.9 96.6
3895 NS2A A117V GCG GUG 0.0 313 70.7 90.8 95.6 96.9

2SNV: single nucleotide variant with its encoding amino acid.

bFrequency % of each SNV for passages (P) P1-P6.

NS4B mutants®', a lower dose (1.0 x 10* FFU) of ZE4B-36 or WT
FSS13025ic and PBS (mock) were next inoculated into AB6 mice of
similar ages. WT ZIKV-FSS13025ic-infected mice developed clinical
symptoms (progressive weight loss and neurologic signs) and
approximately 60% required euthanasia within two weeks. Neither
the mock group nor the ZE4B-36- infected mice showed any
disease signs (Supplementary Fig. 1a, b). The ZE4B-36 mutant
induced lower viremia compared to the WT ZIKV-FSS13025ic
group on days 2 and 4 post infection (pi) with a dose of 2.2 x 10°
FFU in AB6 mice (Fig. 3¢, d). And at day 6 pi, viral loads in blood,
uterus, testes, and brains of ZE4B-36 vaccinated-AB6 mice were
barely detectable (Supplementary Fig. 1c-f). Compared to WT
ZIKV-FSS13025ic infection, ZE4B-36-infected AB6 mice displayed
lower levels, but similar kinetics of viremia. Overall, the ZE4B-36
mutant is attenuated in AB6 mice.

Mosquitoes acquiring flaviviruses via a blood meal from an
infected host represent an essential process in the flavivirus life
cycle. We evaluated the infectivity of ZE4B-36 mutant in
mosquitoes. Hemotek membrane blood-feeding system was used
in vitro to mimic natural virus acquiring by mosquitoes.
Inactivated sheep blood was inoculated with equal titers of WT
ZIKV-FSS13025ic or ZE4B-36 mutant. Starved female Aedes aegypti
mosquitoes were allowed to feed on the reservoir containing the
virus and blood mixture. Fully engorged mosquitoes were
selected and reared for 8 days until quantitative polymerase
chain reaction (Q-PCR) analysis (Fig. 3e). Compared to the WT
ZIKVFSS13025ic, the ZE4B-36 mutant-infected mosquitoes had an
extremely low viral load and infectivity ratio (Fig. 3f, g). These
results suggest that the ZE4B-36 mutant was largely attenuated in
the mosquitoes and had a lower ability to potentially replicate in
mosquitoes. Future work will be performed to determine whether
infected mosquitoes can transmit the attenuated virus and
that no mutations or reversions to WT occur with replication in
the mosquito.

ZE4B-36 mutant triggers strong memory B cell and antibody
responses, and durable T-cell immunity in mice

To study its immunogenicity, AB6 mice were immunized i.p. with
1x 10* FFU of ZE4B-36 and control WT ZIKV-FS513025ic. On day
28, both ZE4B-36 and WT ZIKV-FSS13025ic triggered strong ZIKV-
specific memory B cell responses as analyzed using a conventional
ELISpot assay (Fig. 4a, b). ZIKV virus-like particle (VLP)-specific IgG
responses were induced in both groups (Fig. 4c). Interestingly,
ZE4B-36 induced similar titers of neutralization antibodies at either
low dose (1 x 10%) or high dose (2.2 x 10°, Fig. 4d). To study T cell
responses, splenocytes of vaccinated mice were restimulated with
WT ZIKV antigens in vitro, and ZIKV-specific T cell responses were
analyzed using an intracellular cytokine staining (ICS) assay. At day
28 pi, the number and percent of ZIKV specific CD41IFN-y* and
CD8TIFN-y" T cells in the ZE4B-36 and WT ZIKV-FSS13025ic-
vaccinated mice were significantly higher than those of the mock
group. Notably, ZE4B-36-infected mice showed a trend of more
ZIKV-specific CD4TIFN-y™ splenocytes than WT ZIKV-FSS13025ic
did (Fig. 4e, f). Furthermore, splenocytes of ZE4B-36-vaccinated
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mice produced significantly more IFN-y and a trend of higher IL-2
production than those of WT ZIKV-FSS13025ic group upon in vitro
stimulation with ZIKV antigens (Fig. 4g, h). A single dose
subcutaneous (s.c.) vaccination with 10* FFU ZE4B-36 in WT B6
mice also triggered ZIKV-specific CD4"IFN-y" and CD8*IFN-y* T
cell responses and Th1 type cytokine at day 28 pi (Fig. 4i, j). ZIKV
specific CD4TIFN-y" and CD8"IFN-y* T cell responses remained
high at 2 months post s.c. vaccination in WT B6 mice (Fig. 4k, 1),
which suggests that the induction of robust T cell-mediated
immune responses is independent of type | IFN signaling and the
route of immunization. Overall, these results suggest that ZE4B-36
induces strong B cell and antibody immune responses, and retains
durable T cell immunity in vaccinated mice.

Vaccination with the ZE4B-36 mutant protects mice from
subsequent lethal WT ZIKV challenge and prevents maternal
transmission to the fetus

To determine the protective efficacy of the mutant, 4-week-old
AB6 mice were vaccinated with 1x10* FFU of ZE4B-36. Mice
immunized with PBS (mock) and the same dose of WT ZIKV-
FSS13025ic were used as controls (Fig. 5a). At day 28 pi, all
surviving mice were challenged with 1x10° FFU WT ZIKV-
FSS13025. All mice vaccinated with either WT ZIKV-FSS13025ic
or ZE4B-36 survived WT ZIKV challenge and displayed neither
clinical signs nor weight loss. In contrast, all mice from the mock
group showed signs of disease and weight loss and succumbed to
infection within a 9-day period (Fig. 5b, c). Similar studies were
performed in WT B6 mice. It was noted that at day 3 post WT ZIKV
challenge, viremia levels dropped more than 97% in ZE4B-36
vaccinated mice compared to the mock group (Supplementary
Fig. 2a, b).

ZIKV induces CZS in fetuses and infants”®. To determine the
effects in protecting the host from maternal infection and
maternal-to-fetal transmission during pregnancy, we immunized
female AB6 mice with 1 x 10% FFU of ZE4B-36 or PBS. Vaccinated
female mice were mated with AB6 males at day 28. Pregnant mice
were challenged with 5x10° FFU of the mouse-adapted ZIKV
Dakar 41519 strain on an embryonic day (E)6.5. Pregnant mice
with neither vaccination nor challenge were used as a mock
group. On E14.5, individual fetuses were weighed and the size was
measured. PBS-vaccinated group displayed significantly reduced
fetal weight and smaller size compared to the mock group; while
no differences were detected between the ZE4B-36 group and the
mock group (Fig. 5e-g). There were higher viral loads in the
placentae and fetal heads of the PBS-vaccinated group compared
to the mock group, but no differences were observed in the ZE4B-
36 group (Fig. 5h, i). Overall, these results suggest that ZE4B-36
protects mice from ZIKV-induced severe diseases and maternal-to-
fetal transmission during pregnancy.

DISCUSSION

The goal of this study is to develop safe and effective ZIKV
vaccines for maternal immunization. Maternal vaccination can

Published in partnership with the Sealy Institute for Vaccine Sciences
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Fig. 3 ZE4B-36 is highly attenuated in mice and mosquitoes. a-d Four-week-old AB6 mice were infected with 2.2 x 10° FFU WT FS513025ic
and ZE4B-36 (n =7 per group). The immunized mice were monitored for weight loss (a) survival (b). Weight loss is indicated by percentage,
using the weight on the day before immunization to define 100%. ***P < 0.001 compared to the WT group (log-rank test). ¢, d Viremia was
determined by using Q-PCR and FFA at days 2 and 4 post infection (pi). n =3 to 5. Data are presented as means + standard error of the mean
(s.e.m). *** P <0.001 or **P < 0.01 compared to the WT group. e-g Schematic diagram of mosquito membrane blood feeding (e). Infection of
WT and ZE4B-36 in Aedes aegypti. Complement-inactivated sheep blood was inoculated with 1 x 10° FFU/ml of WT ZIKV-FSS$13025 and ZE4B-
36 viruses. The mosquitoes were fed on the virus and blood mixture. Fully engorged mosquitoes were selected and reared for additional
8 days. Individual engorged, incubated mosquitoes were homogenized, and viral burden of each mosquito was assayed by Q-PCR and
calculated into genomic copies (f). One dot represents one mosquito. The numbers of infected mosquitoes versus total mosquitoes are shown
above each column. The threshold for distinguishing positive mosquitoes was 1x 10* genomic copies. Data were pooled from two
independent biological replicates. g The infection ratio of each group was counted using the numbers of infected mosquitoes divided by the
number of total mosquitoes. ***P < 0.001 compared to the WT group.

pregnant women in Bangladesh, and limited influenza illness by
63% in infants up to 6 months of age and prevented about one-

provide protection against infections for the mother, developing
fetus, and the newborn through maternal antibodies®. Clinically,

maternal vaccination has been successful in preventing influenza,
tetanus, and pertussis in pregnant women and their infants**. For
example, the inactivated influenza vaccine was administered to
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third of all febrile respiratory illnesses in mothers and young
infants®®. Compared with other vaccine platforms currently under
development for ZIKV vaccines, the LAV approach has the
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Fig. 4 ZEA4B-36 induces potent B and T cell responses. a—j Four- to 6-week old AB6 mice (a—-i) or WT B6 (j) mice were infected with ZE4B-36,
WT ZIKV FSS13025ic, or PBS (mock). On day 28 pi, splenocytes and blood were harvested. a Splenocytes were stimulated in vitro for 7 d with
R848 plus rIL-2 and seeded onto ELISpot plates coated with Ig capture Ab or ZIKV- VLP. Images of total IgG-secreting, ZIKV-specific MBCs, and
control wells are shown. b Frequencies of ZIKV antibody-secreting cells per 107 input cells. ¢ Sera ZIKV IgG antibody detected by ELISA. n =4
to 6. d Sera NADb titers of mice vaccinated with 2.2 x 10° FFU (high dose) or 1 x 10* FFU ZE4B-36 (low dose). n = 4 to 5. Splenocytes of AB6 mice
(e, f) or WT B6 mice (j) were cultured ex vivo with WT ZIKV for 24 h and stained for IFN-y, CD3, and CD4 or CD8. Percentage (e) and the total
number of IFN-y* (£, j) T-cell subsets is shown. n = 4 to 7. g-i Cytokine production in the ex vivo culture following stimulation with WT-ZIKV for
48 h.n =410 10. k, | Four-week-old WT B6 mice were infected with ZE4B-36 or PBS (mock). On day 60 pi, splenocytes were cultured with WT
ZIKV for 24 h and stained for IFN-y, CD3, and CD4 or CD8. Cell number (k) and percent positive (I) of IFN-y" T-cell subsets is shown. n = 4. Data
are presented as means + standard error of the mean (s.e.m). ***P < 0.001, **P < 0.01, or *P < 0.05 compared to mock group.
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Fig. 5 Vaccination with ZE4B-36 protects mice from subsequent WT ZIKV challenge and maternal to fetus transmission. a—c Four- to 6-
week-old AB6 mice were infected i.p. with 1x 10% FFU WT ZIKV FSS13025ic, ZE4B-36 or PBS (mock). On day 28, all surviving mice were
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female mice were mated with AB6 males. Pregnant mice were challenged with 5x 10°> PFU ZIKV-PRV strain at E6.5. On E14.5, animals were
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and fetal heads collected from 6 to 7 fetuses per group. Data are presented as means * standard error of the mean (s.e.m). **P < 0.01
compared to mock group (unpaired t test).
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advantage of single-dose, quick immunity, durable protection, and
low cost. Animal model studies have shown that vaccination of
female mice with a ZIKV LAV before and during pregnancy
prevents maternal-to-fetal transmission'>2°, Furthermore, for
infectious diseases like ZIKV in developing countries, it is essential
to have vaccines with a single-dose efficacy and long-lasting
immune protection. Multi-dose vaccines are practically impossible
to implement in remote areas. However, for LAVs, like the YFV17D
vaccine, the World Health Organization recommends immuniza-
tion in pregnant women during outbreaks in endemic regions or
when the risk of viral infection is high*’?%. Similarly, wider
acceptance of maternal immunization of vaccines, such as ZIKV
vaccine candidates, has been hampered due to limited safety
and efficacy data®®. ZIKV vaccine trials have thus excluded
pregnant women due to safety concerns®. In this study, we have
demonstrated that the ZE4B-36 mutant has low genetic diversity
upon serial passaging, significantly attenuated neurovirulence and
neuroinvasiveness in mice, and low infectivity in mosquitoes,
which will together contribute to the safety of the candidate
vaccine.

A major challenge to the generation of safe LAVs to protect
against RNA viral diseases is the inherent instability of the RNA
3132 Pprevious studies evaluating genomics of WT or
attenuated ZIKVs found that the NS1 gene has heightened
diversity®>~%, and the present analysis found that three of the four
high-frequency SNVs were in NS1: G2889U, A2915C, and A3282G.
Interestingly, SNVs in the codons for amino acids NS1 265 and
NS2A 117 have been detected in WT ZIKVs**3°, though at lower
frequency; however, the NS1 K265E amino acid change was
previously characterized as a Vero adaptation of WT ZIKV leading
to increased replication in cells®. Ultimately, a dramatic decrease
in the number and frequency of variants lowered the genetic
diversity following passaging in Vero cells, indicating that the
vaccine becomes genetically stable, i.e., the virus adapts to Vero
cells. This is made even more evident by the fact that the P3 of
ZE4B-36 caused 20% mortality (1 of 7 mice) in suckling mice,
whereas P5 inoculation did not cause any death or signs of
disease. Together the data show that the more genetically stable
and phenotypically safe vaccine virus is a higher passage (P5-P6).
ZE4B-36 had SNVs that became consensus changes at P3 and
continued to comprise a larger proportion of the population at
those positions. The incorporation of substitutions and subse-
quent decrease of SNVs stabilized the genetic population from P3
to P5 of the “new” ZE4B-36 virus and increased attenuation in
mice. Future evaluation on the stability of ZE4B-36 mutant in
tissue culture at higher passage levels is warranted and passage
together with WT strain to ensure the mutations are not “lost”".

ZIKV NS4B-P36 single mutant has previously shown to have a
modestly attenuated neuroinvasiveness in AG129 mice?'. Here, we
demonstrated that ZE4B-36 has highly attenuated neuroivasive-
ness in mice similar to the ZIKV E-N154Q single mutant®2. We also
found that 1-day old Swiss Webster mice all survived an i.c.
infection with a dose more than 10* FFU of ZE4B-36 P5 and less
than 20% mortality rate with the same dose of ZE4B-36 P3. YFV
17D vaccine is generally considered one of the safest and most
effective LAVs ever developed. It was previously shown that 3-
week-old mice inoculated intracerebrally with 10 PFU YFV17D
displayed 100% lethality®’, indicating the neurovirulence of the
vaccine. Thus, ZE4B-36 has significantly reduced neurovirulence
compared to YFV 17D. Our prior study also suggests that knockout
of E glycosylation did not significantly affect neurovirulence in the
ZIKV E-N154Q mutant®?. Overall, unlike the E or NS4B single
mutants, the ZE4B-36 double mutant is highly attenuated in both
neuroivasiveness, and neurovirulence in mice.

The ZIKV E-N154Q was reported to have diminished oral
infectivity for the A. aegypti vector’?. In comparison, NS4B
mutations in flaviviruses, such as WNV NS4B P38G, result in
increased vector competence compared to WT viruses in
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mosquitoes®®. We also found that that ZE4B-36 has reduced
infectivity in Aedes mosquitoes, which may result from the single
mutation of E-N154Q%*% The reduced ability to infect mosquito
vector may add to the safety profile of the live attenuated ZE4B-36
vaccine candidate.

ZIKV E-N154Q is also known to induce strong neutralization
antibodies following vaccination and protects mice from ZIKV
infection?”. Here, we demonstrated that ZE4B-36 induced robust
ZIKV specific memory B cell, and neutralization antibody
responses. T cells play a central role in adaptive immunity and
have been shown to contribute to host protection against several
flaviviruses infections. They are directly involved in viral clearance
and/or provide help for B cells and antibody maturation®**,
Studies in animal models suggest that T cells are important for
ZIKV clearance and host protection®***. Following a single dose
injection, ZE4B-36 induces strong ZIKV-specific CD4" and CD8™ T
cell responses in both WT B6 mice and AB6 mice. Notably, the
responses remain high more than 2 months post vaccination. In
summary, ZE4B-36 retains strong immunogenicity like the NS4B
and E single mutants.

One major issue with flavivirus vaccines is the potential ability
to induce infection enhancing antibodies. Cross-reactive DENV
antibodies have been reported to have antibody-dependent
enhancement (ADE) effects*®*’. Administration of DENV- or
WNV-convalescent plasma into ZIKV-susceptible mice also
resulted in increased morbidity (including fever, viremia, and viral
loads in spinal cord and testes) and mortality*®. Future investiga-
tion will need to test the cross-neutralizing potential or ADE
effects of the antibodies generated in ZE4B-36- vaccinated mice.
ZIKV has been associated with CZS in fetuses and infants,
including microcephaly, and intrauterine growth restriction”®.
Although the number of human cases of ZIKV infection has
dropped in most countries since 2017, the virus has spread widely
and unpredictably. Compared to other emerging arboviruses, ZIKV
is unique in the breadth of serious complications (such as the
devastating CZS) it can cause. The virus has become endemic in
the Americas and is likely to cause sporadic cases and localized
outbreaks in the future. Thus, a vaccine to protect from CZS,
particularly for the potential risk population is still urgently
needed and should be pursued as a public health priority*®>°. Our
studies here suggest that the ZE4B-36, which combines mutations
in both NS4B P36 and E glycosylation sites, elicits and maintains
strong immunogenicity as the E or NS4B single mutants and other
LAVs do, but demonstrates significantly improved safety by
attenuation of neuroinvasiveness and neurovirulence, reduction
of genetic diversity upon serial culture passages, and decreasing
infectivity in mosquitoes. Together, these properties make ZE4B-
36 an attractive LAV candidate.

METHODS
Viruses

ZIKV FSS13025 strain (ZIKV-FSS13025)>", ZIKV PRVABC59 (ZIKV-PRV) strain,
and ZIKV Dakar strain 41525 (ZIKV-Dakar) were obtained from the World
Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at the
University of Texas Medical Branch (UTMB) and were amplified once or
twice in Vero cells. Standard molecular biology procedures were
performed for the plasmid construction of the ZE4B-36 mutant. The
NS4B P36A mutations were introduced to the ZIKV Env glycosylation
mutant cDNA infectious clone pFLZIKV?2. Overlapping PCR assays contain-
ing the mutation were performed to amplify the DNA fragment between
unique restriction sites>>. Full-length plasmids were validated by DNA
sequencing. All primers are listed in Table 2. Virus RNA of the complete
genome of ZIKV-FSS13025 and ZE4B-36 was in vitro transcribed using a T7
mMessage mMachine kit (Ambion, Austin, TX) from cDNA plasmids pre-
linearized by Clal. The RNA was precipitated with lithium chloride, washed
with 70% ethanol, resuspended in RNase-free water, quantitated by
spectrophotometry, and stored at —80 °C in aliquots. The RNA transcripts
(10 pg) were electroporated into Vero cells following a protocol described
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Table 2. PCR Primers used in the construction of ZE4B-36 mutant.
Primer Sequence (5'-3')

Zika-6138V CGACCTGAGGCCGACAAAGTAGCAGC
Zika-8470R CTTACCACAGCCCGCGTGCCAG

NS4B-P36A-F GACA TTGACCTGCGGGCCGCCTCAGCTTGGGCT
NS4B-P36A-R AGCCCAAGCTGAGGCGGCCCGCAGGTCAA TGTC
E-N154Q + T156V-F AGTGGGATGATCGTTCAGGATGTTGGACATGAA
E-N154Q + T156V-R  TTCATGTCCAACATCCTGAACGATCATCCCACT

previously>>>3, ZE4B-36 mutant was passaged sequentially in Vero cells six
times. Unless specified, most vaccination studies described here used
passage 5 of ZE4B-36 mutant.

Mice

Four- to six-week-old C57BL/6 (B6) mice and B6 mice deficient in the IFN-a/
{3 receptor (AB6) were bred and maintained at UTMB. Mice were inoculated
intraperitoneally (i.p.) or subcutaneous injection (s.c) with 1 x 10* or 2.2 x
10” focus forming unit (FFU) of the ZE4B-36 mutant (Vero cell passage 5) or
the WT ZIKV-FSS13025ic. In some experiments, mice were rechallenged
with 1x 10° FFU of WT ZIKV-F$513025 at day 28 post primary infection. In
addition, vaccinated mice were set up for timed-mating and were i.p.
inoculated with 5 x 10° plaque-forming unit (PFU) ZIKV-PRV strain at E 6.5.
Infected mice were monitored twice daily for signs of morbidity. On E14.5,
mice were euthanized. Fetus weight and size were measured. Placentae
and fetuses were collected for viral load studies. For neurovirulence
studies, timed pregnant Swiss Webster mice were ordered from Taconic
(Rensselaer, NY). Vaccinated WT B6 mice were pretreated with 1 mg/
mouse of mouse MAR1-5A3 i.p. followed by infection with 1x 10° FFU
ZIKV-Dakar-MA strain 1 day later. For neurovirulence study, groups of
1 day old outbred Swiss Webster mice were injected with ZE4B-36
passaged viruses with 1.5x 10* FFU by the intracranial (i.c.) route. Mice
were monitored daily for morbidity and mortality. All animal experiments
were approved by the Animal Care and Use Committee at UTMB.

ZIKV infection in cell culture

Vero (4 x 10° cells/well) cells were seeded into a 12-well plate one day prior
to infection. At 24 h post seeding, cells were infected with ZE4B-36 or WT
ZIKV-FSS13025ic at a multiplicity of infection (MOI) of 0.01. Each infection
was performed in triplicate. After incubation at 37 °C (Vero) for 1 h, cells
were washed extensively with phosphate-buffered saline (PBS) to eliminate
the unbound virus. One milli liter of fresh medium was then added to each
well. From day 1 to day 5 p.i., supernatants were collected daily and
clarified by centrifugation prior to storage at —80°C. Virus titers were
determined using a plaque assay. A549 cells grown in 12-well plates were
infected with an MOI of 0.1 of either ZIKV-FSS13025ic or ZE4B-36. After
incubating the viruses with the cells for 1 h at 37 °C, cells were washed, and
MEM containing 2% FBS was added to the cells. The plates were incubated
at 37 °C with 5% CO,. On days 1 and 4 p.i., culture supernatants and cells
were collected to measure viral loads.

NGS analysis

ZE4B-36 was passaged in Vero cells and sequences obtained using NGS as
previously described®, Briefly, RNA was extracted from the virus in culture
supernatants using the QlAamp Viral RNA Mini kit (Qiagen). cDNA libraries
were generated with random hexamers using the TruSeq RNA v2 kit
(Illumina) and sequenced using lllumina NextSeq 550. Paired-end reads
were processed using open source packages, and the pipeline is described
previously>*. Sequencing data are available in the ArrayExpress database
(accession E-MTAB-9496). To study the genetic diversity of the genomic
sequences, SNV analysis was performed using the sensitive SNV caller
LoFreq version 2°*. Data were exported to MS Excel version 16 for sorting,
and frequencies were plotted and visualized using GraphPad Prism version
8. To determine genetic stability in vivo, virus sequencing from mouse
brains was performed. RNA was harvested from dead suckling mouse brain
homogenates. RNA was amplified using RT-PCR (Roche Titan One Tube RT-
PCR kit) with sequence-specific primers, and amplicons were subjected to
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Sanger sequencing in order to obtain sequence information for the
engineered mutations and the areas of high genomic diversity.

ZIKV infection in mosquitoes

A. aegypti Rockefeller mosquitoes were reared in the illuminated incubator
(Model 818, Thermo Fisher Scientific) at 28 °C, 80% humidity, and 12 h light
following the standard rearing procedures. Seven-day old female
mosquitoes were separated into mesh-covered cartons and fed with
cotton balls containing 10% sucrose. Complement-inactivated sheep blood
(C26218, Hemostat laboratories) was inoculated with 1 x 10° FFU/ml of WT
ZIKV-FSS13025 and ZE4B-36 mutant viruses, respectively. The mosquitoes
were first starved for 24 h by removing the cotton balls from the cartons
and then fed on the virus and blood mixture using the Hemotek system
(5W1, Hemotek limited). Fully engorged mosquitoes were selected and
reared for additional 8 days. Live mosquitoes were collected for RNA
extraction and Q-PCR assays were performed to determine viral loads.

FFA for viral titer

Vero cell monolayers were initially incubated with sample dilutions for 1 h. A
semi-solid overlay containing 0.8% methylcellulose (Sigma-Aldrich), 3% fetal
bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-glutamine
(Invitrogen) was then added. At 48h, the overlay was removed, cell
monolayers were washed, air dried, and fixed with 1:1 of acetone: methanol
solution for at least 30 min at —20°C. Cells were next subjected to
immunohistochemical staining with a ZIKV hyperimmune mouse ascitic fluid
antibody (T-36846, World Reference Center for Emerging Viruses and
Arboviruses, WRCEVA, Galveston, TX) followed by goat anti-mouse perox-
idase-conjugated IgG (SeraCare Life Science, Inc, Milford, MA) at room
temperature for 1 h. Cells were incubated with a peroxidase substrate (Vector
Laboratories, Burlingame, CA) until color developed. The number of foci was
counted and used to calculate viral titers expressed as FFU/ml.

Quantitative PCR

Viral-infected cells or tissues were resuspended in Trizol (Invitrogen) for
RNA extraction. Complementary (c) DNA was synthesized by using a
gScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The sequences of the
primer sets for ZIKV and PCR reaction conditions were described
previously>>. The PCR assay was performed in the CFX96 real-time PCR
system (Bio-Rad). Gene expression was calculated using the formula
2-[C(targetgene)—C,(B-actin)] 35 described before®®.

Intracellular cytokine staining (ICS)

Splenocytes (2.5 x 10° were incubated with 0.1 x 10° FFU live ZIKV-F$513025
for 24 h. BD GolgiPlug (BD Bioscience) was added to block protein transport
at the final 6 h of incubation. Cells were stained with antibodies for CD3, CD4,
or CD8 fixed in 2% paraformaldehyde and permeabilized with 0.5% saponin
before adding anti-IFN-y, or control rat IgG1 (e-Biosciences). Samples were
processed with a C6 Flow Cytometer instrument. Dead cells were excluded
on the basis of forwarding and side light scatter. Data were analyzed with a
CFlow Plus Flow Cytometer (BD Biosciences).

Immunofluorescence assay (IFA)

IFA was performed according to a previously described protocol®’. Briefly,
Vero cells transfected with viral RNA were grown in an 8-well Lab-Tek
chamber slide (Thermo Fisher Scientific, Waltham, MA). At various time
points, the cells were fixed in 100% methanol at —20 °C for 15 min. After
1 h incubation in a blocking buffer containing 1% FBS and 0.05% Tween-20
in PBS, the cells were treated with a mouse monoclonal antibody 4G2 for
1 h and washed 3 times with PBS (5 min for each wash). The cells were
then incubated with Alexa Fluor’ 488 goat anti-mouse IgG for 1h in
blocking buffer, after which the cells were washed three times with PBS.
The cells were mounted in a mounting medium with DAPI (4',6-diamidino-
2-phenylindole; Vector Laboratories, Inc.). Fluorescence images were
observed under a fluorescence microscope equipped with a video
documentation system (Olympus). The images were processed using
Image)J software (National Institutes of Health, MD).

ELISA

Serum samples collected at day 28 post infection were tested for ZIKV IgG
and IgM antibodies by using ELISA assays. ELISA plates were coated with
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50 ng/well recombinant ZIKV-E protein (Bioscience) for overnight at 4 °C. The
plates were washed twice with PBS, containing 0.05% Tween-20 (PBS-T) and
then blocked with 8% FBS for 2.5 h. Sera were diluted at 1:40 in blocking
buffer and 100 ul was added per well for 1 h at RT. Plates were washed five
times with PBS-T. Goat anti-mouse IgG (Sigma, MO, USA) coupled to
alkaline phosphatase was added as the secondary antibody at a 1:1000
dilution for one hour at RT. The color was developed with p-nitrophenyl
phosphate (Sigma-Aldrich) and the intensity was read at an absorbance
of 405 nm.

ELISPOT assay

ELISpot assays were performed as previously described®® with some
modifications. Briefly, splenocytes were stimulated with 1 ug/ml R848 and
10 ng/ml recombinant human IL-2 (purchased from Mabtech In, OH).
Millipore ELISPOT plates (Millipore Ltd, Darmstadt, Germany) were coated
with ZIKV VLP (The Native Antigen Company, Oxford, UK, 15 mg/ml). To
detect total IgG, the wells were coated with anti-human Ig capture Ab
(Mabtech In). The stimulated splenocytes were harvested, washed, and
added in duplicates to assess ZIKV-specific or total IgG ASCs. The plates
were incubated overnight at 37 °C. This was followed by incubation with
biotin-conjugated anti-mouse IgG (Mabtech In) was added for 2 h at room
temperature, then 100 pL/well streptavidin-ALP were added for 1 h. Plates
were developed with BCIP/NBT-Plus substrate until distinct spots emerge.
The plates were washed with tap water and the plates were scanned using
an ImmunoSpot 4.0 analyzer and the spots were counted with Immuno-
Spot software (Cellular Technology Ltd., Cleveland, OH).

Neutralization assay

Mouse sera were first 2-fold serially diluted in DMEM with 2% FBS and 1%
penicillin/streptomycin followed by incubation with mCherry ZIKV at 37 °C
for 2 h. The antibody-virus complexes were then added to Vero cells in
96-well plates. At 48 h post infection, cells were visualized by fluorescence
microscopy using Cytation 5 Cell Imaging Multi-Mode Reader (Biotek) to
quantify the mCherry fluorescence-positive cells. The percentage of
fluorescence-positive cells in the non-treated controls was set to 100%.
The fluorescence-positive cells from serum-treated wells were normalized
to those of non-treatment controls. A four-parameter sigmoidal (logistic)
model in the software GraphPad Prism 7 was used to calculate the
neutralization titers (NTs).

Cytokine bioplex

Splenocytes (0.3 x 10 were cultured in 96-well plates and stimulated with
1.25 x 10* FFU ZIKV-FS513025ic for 48 h, supernatants were harvested, and
cytokine production was measured by using a Bio-Plex Pro Mouse Cytokine
Assay (Bio-Rad).

Statistical analysis

Survival curve comparison was performed using Prism software (Graph-
Pad) statistical analysis, which uses the log-rank test. Values for viral load,
cytokine production, and antibody and T-cell responses experiments were
presented as means + SEM. P values of these experiments were calculated
with a non-paired Student’s t test.

Reporting summary

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

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article
(and its Supplementary Information files).

Received: 13 September 2020; Accepted: 15 January 2021;
Published online: 17 February 2021

REFERENCES

1. Musso, D. Zika virus transmission from French Polynesia to Brazil. Emerg. Infect.
Dis. 21, 1887 (2015).

npj Vaccines (2021) 27

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Oliveira Melo, A. S. et al. Zika virus intrauterine infection causes fetal brain

abnormality and microcephaly: tip of the iceberg? Ultrasound Obstet. Gynecol. 47,
6-7 (2016).

. Cao-Lormeau, V. M. et al. Guillain-Barre Syndrome outbreak associated with Zika

virus infection in French Polynesia: a case-control study. Lancet 387, 1531-1539
(2016).

. Editorial. Zika virus: a new global threat for 2016. Lancet 387, 96 (2016).
. Chen, L. H. & Hamer, D. H. Zika virus: rapid spread in the western hemisphere.

Ann. Intern. Med. https://doi.org/10.7326/M16-0150 (2016).

. Samarasekera, U. & Triunfol, M. Concern over Zika virus grips the world. Lancet

https://doi.org/10.1016/S0140-6736(16)00257-9 (2016).

. Mlakar, J. et al. Zika virus associated with microcephaly. N. Engl. J. Med. 374,

951-958 (2016).

. McCarthy, M. Severe eye damage in infants with microcephaly is presumed to be

due to Zika virus. Br. Med. J. 352, i855 (2016).

. Dowd, K. A. et al. Rapid development of a DNA vaccine for Zika virus. Science 354,

237-240 (2016).

. Kim, E. et al. Preventative vaccines for Zika virus outbreak: preliminary evaluation.

EBioMedicine 13, 315-320 (2016).

. Pardi, N. et al. Zika virus protection by a single low-dose nucleoside-modified

mRNA vaccination. Nature 543, 248-251 (2017).

. Richner, J. M. et al. Vaccine mediated protection against Zika virus-induced

congenital disease. Cell 170, 273-283. €212 (2017).

. Munoz-Jordan, J. L. et al. Inhibition of alpha/beta interferon signaling by the NS4B

protein of flaviviruses. J. Virol. 79, 8004-8013 (2005).

. Liu, W. J. et al. Inhibition of interferon signaling by the New York 99 strain and

Kunjin subtype of West Nile virus involves blockage of STAT1 and STAT2 acti-
vation by nonstructural proteins. J. Virol. 79, 1934-1942 (2005).

. Evans, J. D. & Seeger, C. Differential effects of mutations in NS4B on West Nile

virus replication and inhibition of interferon signaling. J. Virol. 81, 11809-11816
(2007).

. Munoz-Jordan, J. L, Sanchez-Burgos, G. G., Laurent-Rolle, M. & Garcia-Sastre, A.

Inhibition of interferon signaling by dengue virus. Proc. Natl Acad. Sci. USA 100,
14333-14338 (2003).

. Lundin, M., Monne, M., Widell, A., Von Heijne, G. & Persson, M. A. Topology of the

membrane-associated hepatitis C virus protein NS4B. J. Virol. 77, 5428-5438
(2003).

. Isakov, N. ITIMs and ITAMs. The Yin and Yang of antigen and Fc receptor-linked

signaling machinery. Immunol. Res. 16, 85-100 (1997).

. Wicker, J. A. et al. Mutational analysis of the West Nile virus NS4B protein. Virology

426, 22-33 (2012).

Welte, T. et al. Immune responses to an attenuated West Nile virus NS4B-P38G
mutant strain. Vaccine 29, 4853-4861 (2011).

Li, G. et al. An attenuated Zika virus NS4B protein mutant is a potent inducer of
antiviral immune responses. NPJ Vaccines 4, 48 (2019).

Fontes-Garfias, C. R. et al. Functional analysis of glycosylation of Zika virus
envelope protein. Cell Rep. 21, 1180-1190 (2017).

Vojtek, I. et al. Maternal immunization: where are we now and how to move
forward? Ann. Med. 50, 193-208 (2018).

Omer, S. B. Maternal Immunization. N. Engl. J. Med. 376, 2497 (2017).

Zaman, K. et al. Effectiveness of maternal influenza immunization in mothers and
infants. N. Engl. J. Med. 359, 1555-1564 (2008).

Shan, C. et al. Maternal vaccination and protective immunity against Zika virus
vertical transmission. Nat. Commun. 10, 5677 (2019).

World Health Organization. Vaccines and vaccination against yellow fever. WHO
position paper—June 2013. Wkly Epidemiol. Rec. 88, 269-283 (2013).

World Health Organization. Japanese Encephalitis Vaccines: WHO position paper
—February 2015. Wkly Epidemiol. Rec. 90, 69-87 (2015).

Keller-Stanislawski, B. et al. Safety of immunization during pregnancy: a review of
the evidence of selected inactivated and live attenuated vaccines. Vaccine 32,
7057-7064 (2014).

Cohen, J. Zika rewrites maternal immunization ethics. Science 357, 241 (2017).
Holland, J. et al. Rapid evolution of RNA genomes. Science 215, 1577-1585 (1982).
Kenney, J. L. et al. Stability of RNA virus attenuation approaches. Vaccine 29,
2230-2234 (2011).

Collins, N. D. et al. Using next generation sequencing to study the genetic
diversity of candidate live attenuated Zika vaccines. Vaccines. https://doi.org/
10.3390/vaccines8020161 (2020).

Collins, N. D. et al. Inter- and intra-lineage genetic diversity of wild-type Zika
viruses reveals both common and distinctive nucleotide variants and clusters of
genomic diversity. Emerg. Microbes Infect. 8, 1126-1138 (2019).

Li, L. et al. Attenuation of Zika virus by passage in human Hela cells. Vaccines.
https://doi.org/10.3390/vaccines7030093 (2019).

Yang, Y. et al. A ¢cDNA clone-launched platform for high-yield production of
inactivated Zika vaccine. EBioMedicine 17, 145-156 (2017).

Published in partnership with the Sealy Institute for Vaccine Sciences


https://doi.org/10.7326/M16-0150
https://doi.org/10.1016/S0140-6736(16)00257-9
https://doi.org/10.3390/vaccines8020161
https://doi.org/10.3390/vaccines8020161
https://doi.org/10.3390/vaccines7030093

37. Yang, H. et al. Japanese encephalitis virus/yellow fever virus chimera is safe and
confers full protection against yellow fever virus in intracerebrally challenged
mice. Vaccine 36, 2450-2455 (2018).

38. Van Slyke, G. A. et al. Vertebrate attenuated West Nile virus mutants have dif-
fering effects on vector competence in Culex tarsalis mosquitoes. J. Gen. Virol. 94,
1069-1072 (2013).

39. Bassi, M. R. et al. CD8+ T cells complement antibodies in protecting against
yellow fever virus. J. Inmunol. 194, 1141-1153 (2015).

40. Larena, M., Regner, M., Lee, E. & Lobigs, M. Pivotal role of antibody and subsidiary
contribution of CD8+ T cells to recovery from infection in a murine model of
Japanese encephalitis. J. Virol. 85, 5446-5455 (2011).

41. Mathews, J. H., Roehrig, J. T,, Brubaker, J. R, Hunt, A. R. & Allan, J. E. A synthetic
peptide to the E glycoprotein of Murray Valley encephalitis virus defines multiple
virus-reactive T- and B-cell epitopes. J. Virol. 66, 6555-6562 (1992).

42. Sitati, E. M. & Diamond, M. S. CD4+ T-cell responses are required for clearance of
West Nile virus from the central nervous system. J. Virol. 80, 12060-12069 (2006).
JV1.01650-06 [piil.

43. Yauch, L. E. et al. A protective role for dengue virus-specific CD8+ T cells. J.
Immunol. 182, 4865-4873 (2009).

44. Aid, M. et al. Zika virus persistence in the central nervous system and lymph
nodes of rhesus monkeys. Cell 169, 610-620. e614 (2017).

45. Elong Ngono, A. et al. Mapping and role of the CD8(+) T cell response during
primary Zika virus infection in mice. Cell Host Microbe 21, 35-46 (2017). S1931-
3128(16)30522-4 [piil.

46. Charles, A. S. & Christofferson, R. C. Utility of a dengue-derived monoclonal
antibody to enhance Zika infection in vitro. PLoS Curr. https://doi.org/10.1371/
currents.outbreaks.4ab8bc87c945eb41cd8a49e127082620 (2016).

47. Dejnirattisai, W. et al. Dengue virus sero-cross-reactivity drives antibody-
dependent enhancement of infection with zika virus. Nat. Immunol. 17,
1102-1108 (2016).

48. Bardina, S. V. et al. Enhancement of Zika virus pathogenesis by preexisting
antiflavivirus immunity. Science 356, 175-180 (2017).

49. Paules, C. I. & Fauci, A. S. Emerging and reemerging infectious diseases: the
dichotomy between acute outbreaks and chronic endemicity. J. Am. Med. Assoc.
317, 691-692 (2017).

50. The Lancet Infectious, D. Vaccine against Zika virus must remain a priority. Lancet
Infect. Dis. 17, 1003 (2017).

51. Zhu, S. et al. p38MAPK plays a critical role in induction of a pro-inflammatory
phenotype of retinal Muller cells following Zika virus infection. Antivir. Res. 145,
70-81 (2017).

52. Shan, C. et al. A live-attenuated Zika virus vaccine candidate induces sterilizing
immunity in mouse models. Nat. Med. 23, 763-767 (2017).

53. Shi, P. Y., Tilgner, M., Lo, M. K,, Kent, K. A. & Bernard, K. A. Infectious cDNA clone of
the epidemic west nile virus from New York City. J. Virol. 76, 5847-5856 (2002).

54. Wilm, W. A. et al. LoFreq: a sequence-quality aware, ultra-sensitive variant caller
for uncovering cell-population heterogeneity from high-throughput sequencing
datasets. Nucleic Acids Res. 40, 11189-11201 (2012).

55. Lanciotti, R. S. et al. Genetic and serologic properties of Zika virus associated with
an epidemic, Yap State, Micronesia, 2007. Emerg. Infect. Dis. 14, 1232-1239 (2008).

56. Welte, T. et al. Vgamma4+ T cells regulate host immune response to West Nile
virus infection. FEMS Immunol. Med. Microbiol. 63, 183-192 (2011).

57. Shi, P. Y., Tilgner, M. & Lo, M. K. Construction and characterization of subgenomic
replicons of New York strain of West Nile virus. Virology 296, 219-233 (2002).

58. Adam, A. et al. Multiplexed FluoroSpot for the analysis of Dengue virus- and
Zika virus-specific and cross-reactive memory B cells. J. Inmunol. 201, 3804-3814
(2018).

Published in partnership with the Sealy Institute for Vaccine Sciences

A. Adam et al.

np)j

ACKNOWLEDGEMENTS

We thank Dr. Bob Tesh for providing ZIKV antibodies, Dr. Alfredo Torres for the use of
ImmunoSpot 4.0 analyzer, and Dr. Linsey Yeager for assisting in paper preparation. TW.
was supported by NIH grants RO1T Al099123, RO1AI127744, and a grant from Sealy
Institute for Vaccine Sciences at UTMB. P.Y.S. was supported by NIH grants
U19A1142759, RO1AI134907, R43Al1145617, and UL1TR001439, a CDC grant for the
Western Gulf Center of Excellence for Vector-Borne Diseases, and awards from the Sealy
& Smith Foundation, Kleberg Foundation, John S. Dunn Foundation, Amon G. Carter
Foundation, Gilson Longenbaugh Foundation, and Summerfield Robert Foundation. CR.
F.G. was supported by the McLaughlin Predoctoral Fellowship at UTMB. RA. was a
recipient of a summer internship from the NIAID T35 training grant (Al078878).

AUTHOR CONTRIBUTIONS

AA., CRF,VVS, ADB, P.Y.S, and T.W. designed the experiments. A.A,, CRF., V.VS,,
YL, HL ED., WL, AEM, BW., CS, Y.M, RA, and S.O. performed the experiments. A.
A, CRF,VVS, YL, ED, WL, CS, RA, SO, SW., and T.W. analyzed the data. AA,, C.
R.F., V.VS, Y.L, and TW. wrote the first draft of the paper. A.A, V.V.S, AD.B, P.YS, and
T.W. edited the paper.

COMPETING INTERESTS

A.DB. is the Editor-in-Chief and P.Y.S is an Associate Editor of npj Vaccines. The
remaining authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541541-021-00288-6.

Correspondence and requests for materials should be addressed to P.-Y.S. or TW.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

npj Vaccines (2021) 27

11


https://doi.org/10.1371/currents.outbreaks.4ab8bc87c945eb41cd8a49e127082620
https://doi.org/10.1371/currents.outbreaks.4ab8bc87c945eb41cd8a49e127082620
https://doi.org/10.1038/s41541-021-00288-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A genetically stable Zika virus vaccine candidate protects mice against virus infection and vertical transmission
	Introduction
	Results
	Characterization of ZE4B-36 replication in cell culture
	Passaged ZE4B-36 displays genetic stability and significantly reduced neurovirulence
	ZE4B-36 mutant has significantly reduced neuroinvasiveness, induces a brief infection in mice, and has attenuated infectivity in mosquitoes
	ZE4B-36 mutant triggers strong memory B cell and antibody responses, and durable T-cell immunity in mice
	Vaccination with the ZE4B-36 mutant protects mice from subsequent lethal WT ZIKV challenge and prevents maternal transmission to the fetus

	Discussion
	Methods
	Viruses
	Mice
	ZIKV infection in cell culture
	NGS analysis
	ZIKV infection in mosquitoes
	FFA for viral titer
	Quantitative PCR
	Intracellular cytokine staining (ICS)
	Immunofluorescence assay (IFA)
	ELISA
	ELISPOT assay
	Neutralization assay
	Cytokine bioplex
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




