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Zika virus infection and microcephaly

Xingliang Zhu"*", Chunfeng Li***", Shabbir Khan Afridi'", Shulong Zu®®", Jesse W. Xu®, Natalie Quanquin’,

Heng Yang™, Genhong Cheng®*”" and Zhiheng Xu'*®"

Abstract

Zika virus (ZIKV) became a global threat due to its unprecedented outbreak and its association with congenital
malformations such as microcephaly in developing fetuses and neonates. There are currently no effective vaccines
or drugs available for the prevention or treatment of ZIKV infection. Although multiple vaccine platforms have been
established, their effectiveness in preventing congenital microcephaly has not been addressed. Herein, we tested a
subunit vaccine containing the 450 amino acids at the N-terminus of the ZIKV envelope protein (E90) in mouse
models for either in utero or neonatal ZIKV infection. In one model, embryos of vaccinated dams were challenged
with a contemporary ZIKV strain at embryonic day 13.5. The other model infects neonatal mice from vaccinated
dams by direct injection of ZIKV into the developing brains. The vaccine led to a substantial reduction of ZIKV-
infected cells measured in the brains of fetal or suckling mice, and successfully prevented the onset of
microcephaly compared to unvaccinated controls. Furthermore, E90 could protect mice from ZIKV infection even at
140 days post-immunization. This work directly demonstrates that immunization of pregnant mice protects the
developing brains of offspring both in utero and in the neonatal period from subsequent ZIKV infection and
microcephaly. It also supports the further development of the E90 subunit vaccine towards clinical trials.

Keywords: Zika virus, E90 vaccine, Protection, Microcephaly, Mouse model

Introduction

Zika virus (ZIKV) belongs to the Flaviviridae family, and
was first isolated from a sentinel monkey in the Zika forest
of Uganda in 1947 [10]. Only sporadic human infections
were reported in Africa and Asia until 2007, when the first
ZIKV outbreak was documented on the Yap Island of
Micronesia [26]. Like most other flaviviruses, ZIKV is pre-
dominantly spread by female Aedes spp. mosquitoes [23].
However, there is evidence that ZIKV can also be spread
by mother-to-child vertical transmission [4, 24], sexual
activity [14], and blood transfusion [25]. Prior to 2010,
only benign symptoms were reported in ZIKV patients,
such as light fever, maculopapular rash, conjunctivitis, and
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arthralgia, with 80% of cases being completely asymptom-
atic. However, during the recent outbreak in the Americas
and the Caribbean, more severe clinical outcomes began
to emerge [12]. Investigations using both human samples
and animal models showed that ZIKV not only induces a
series of immunological reactions [23, 29], but also infects
neuronal progenitor cells (NPCs), potentially causing con-
genital microcephaly [6, 21, 23] or fetal demise [24].

Currently, a large number of anti-ZIKV therapeutics are
being developed. Many of these candidates have been
shown to be effective both in vitro and in vivo, including
25-hydroxycholesterol and chloroquine, and drugs such as
Sofosbuvir, BCX4450, NITD008 and 7-DMA are entering
phase I clinical trials [2, 20, 22, 36]. Another approach is
immune-based therapy. Antibodies targeting specific ZIKV
components have been shown to be able to prevent ZIKV
infection in vivo [7, 37, 41]. Interferon therapy has also
been tested, but is controversial due to conflicting results
in different cell systems [15].

Compared to the above methods, vaccination is consid-
ered a potentially safer and more effective approach to
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preventing ZIKV infection. Several vaccines developed
using different platforms and targets have also advanced
into phase I clinical trials [3, 11, 31]. However, none of
these candidates have been tested for their ability to pro-
tect the fetus or infants born to infected mothers, espe-
cially from devastating sequelae such as microcephaly.
Han et al. showed that co-administration of ZIKV and sera
from mice immunized with a ZIKV envelope protein sub-
unit vaccine (E90) reduced the lethality of the infection,
protecting neonates from death [16]. However, we sought
to directly explore the potential of this vaccine to confer
protection from pregnant dams to offspring in utero and
reduce ZIKV-associated complications.

Given the life-long disabilities that may result from
microcephaly, including cognitive and motor deficits,
it is critically important that we continue to explore
effective anti-ZIKV strategies. Herein, we investigated
the protective effects of the E90 vaccine against ZIKV
using both prenatal and neonatal mouse models. We
successfully demonstrated that maternal immunization
with E90 protected offspring from ZIKV challenge and
microcephaly both in utero and in the neonatal period
compared to placebo controls. Moreover, about
140 days after the first immunization, the immunized
mice still carried significant titers of anti-ZIKV IgG
that protected them from an otherwise lethal challenge
with the virus.

Materials and methods
Detailed methods are provided as follows:

e MOUSE EXPERIMENTS

ICR mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd.. All animals were
bred in our core animal facility. After infections with ZIKV,
all animals were housed in the P2 biosafety laboratory.

For immunizations, female mice were inoculated i.p. with
about 100 pl of E90 (50 pg/mouse) or PBS (as a placebo)
with the antigen adjuvant AddaVax™ (50 pl/mouse). The
mice were boosted with the same dose of vaccine 14 days
after the first immunization, and were bled 2 weeks later
for serological analysis. Later, dams were mated to sires of
the same age. One batch was used to perform in utero
experiments, and the other was allowed to give birth, with
neonates then used for further experiments.

For the prenatal microcephaly model, approximately 1 pl
of ZIKV virus stock (600 PFU/mouse) or culture medium
was injected into the cerebral lateral ventricle of E13.5 CD
(ICR) mouse brains and inspected after 5 days as described
previously. For each pregnant dam, 1/3 to 1/2 of the litter-
mates were injected. In the postnatal model, around 100
PFU/mouse or culture medium was injected into the middle
zone between the bregma point and lambda point of
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suckling mice at P1 or P2. The mice were weighed every
other day and were sacrificed and inspected at P10.

e METHOD DETAILS
e Viruses

ZIKV strains (GZ01, GenBank: KU820898 or
FSS13025, Genbank: JN860885) used in this study were
described in our previous work [9, 22].

e Generation of protein subunit vaccine

ZIKV recombinant E90 protein was produced as de-
scribed previously [16]. Briefly, the gene fragment en-
coding the first 450 amino acids of the E protein from
ZIKV strain FSS13025 was cloned into the pET28a vec-
tor, and then expressed in Escherichia coli BL21 (DE3).
The recombinant protein was purified by Ni-NTA agar-
ose, and was checked by SDS-PAGE and confirmed by
Western blot using mouse anti-flavivirus antibody 4G2.
The concentration of purified E90 protein was measured
using the BCA protein assay kit.

e ELISA

Purified recombinant ZIKV E protein [7] (100 ng/well)
was coated on ELISA plates at 4 °C for overnight. Serum
from CD1 mice was serially diluted with PBS containing
1% BSA and added to the E protein-coated plate for 1 h
at 37 °C. The plate was then washed with PBST and in-
cubated with HRP-conjugated IgG for 1 h at 37 °C. After
washing with PBST, the plate was incubated with TMB
solution before adding stop solution. The OD450 was
measured with a microplate reader, and the samples
were defined as positive by an OD450 two times higher
than the background.

e RNA isolation and qRT-PCR

Total RNA from serum was extracted with the EasyPure
Viral DNA/RNA Kit (TransGen Biotech, Beijing). ZIKV cop-
ies were measured by real-time quantitative PCR (QRT-PCR)
[18]. ZIKV primers were described previously [8].

e Plaque reduction neutralization test (PRNT)

The neutralizing antibody titers in serum were deter-
mined in BHK-21 cells via PRNT as described [1]. Briefly,
the serial dilutions of serum in PBS were mixed with ZIKV
and incubated at 37 °C for 1 h. The above mixture was then
added to BHK-21 cells and incubated for 1 h at 37 °C
before adding overlay media mixed with agar. Plaques were
counted after 4 days, with the average number in the
control group set as 0, representing no neutralization.
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e Histology and immunohistochemistry

Brains were harvested at E18.5 and P10, then were fixed
in 4% PFA. After 24 h, the brain tissues were dehydrated
in 30% sucrose, and frozen in TFM (tissue freezing
medium) for cryosections after another 24 h. Sections
(thickness: 40 pm) were immunostained as described pre-
viously [22]. Briefly, sections were blocked at RT for 1 h,
incubated with the first antibody at 4 °C overnight, washed
3 times with PBST, then incubated with the secondary
antibody at RT for 1 h, followed by 3 washes. The anti-
bodies used for immunostaining are listed in the
Additional file 1: Table S1. Slices were imaged on a LSM
700 (Carl Zeiss) confocal microscope (10x/0.3, 20x/0.5,
25 °C, in air medium) using ZEN software. For Nissl
staining, brain slices were stained with 0.1% toluidine blue
for 15 min, dehydrated serially in 70, 96, and 99% ethanol
(45 s twice each). Finally, slices were hyalinized by Xylene
for 5 min before sealing with neutral balsam.

o QUALIFICATION AND STATISTICAL ANALYSIS

Images were qualified with ZEN (Blue edition), Image]J or
Imaris as described previously [22]. All data were analyzed
by GraphPad software. Statistical evaluations were per-
formed by Student’s unpaired ¢-test. Data were presented as
the mean * standard error of the mean (*p<0.05, **p<
0.01, **p <0.001). Survival curves were analyzed by the
log-rank (Mantel-Cox) test. All the representative images
shown in the paper were from at least three independent
experiments.

e ADDITIONAL RESOURCES

E90 and purified recombinant ZIKV E protein are kind
gifts from Dr. Cheng-Feng Qin at the Beijing Institute of
Microbiology and Epidemiology.

e SUPPLEMENTAL INFORMATION

The reagents and primers used in this paper are listed
in the supplementary table.

Results

ZIKV E protein-based vaccine E90 protects adult mice
from ZIKV infection

The E90 subunit vaccine is composed of the first 450
amino acids of the ZIKV FSS13025 strain envelope (E)
protein [16], representing 90% of the coding sequence and
excluding the C-terminal transmembrane domain. E90’s
amino acid sequence is fairly conserved, sharing about
99.8% similarity with other ZIKV strains. The gene seg-
ment was expressed in Escherichia coli and purified as de-
scribed previously [16]. 7-8 week-old female CD-1 (ICR)
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immunocompetent mice were divided into three groups.
One group was inoculated with E90 (50 pg/mouse) and
the adjuvant AddaVax™ (50 pl/mouse) by the intraperito-
neal route (i.p.). The other two groups were injected i.p.
with PBS and the same quantity of adjuvant. The mice
were given a single boost two weeks later. 14 and 28 days
following the first immunization, serum was collected for
ELISA assay and standard plaque reduction neutralization
testing (PRNT). A selection of mice from the immunized
group and one placebo group were infected with the ZIKV
GZ01 strain (10° PFU/mouse) via the ip. route, and their
viremia was measured at 1 day post-infection (dpi).

As shown in Fig. 1a-b, the specific anti-ZIKV IgG titer was
as high as 10* in the E90-immunized mice, with the PRNTx,
titer from serum measured as 1:70, reflecting high titers of
ZIKV-neutralizing antibodies. By contrast, mice vaccinated
with PBS developed no detectable ZIKV-neutralizing anti-
bodies or ZIKV-specific IgG (Fig. 1la-b). Consistent with
these results, a significantly reduced viral burden was noted
in the E90-vaccinated group compared to control mice after
ZIKV challenge (Fig. 1c). Together, these results showed that
the E90 subunit vaccine could effectively protect adult mice
from ZIKV infection.

E90 vaccine protects embryonic brains from ZIKV-induced
microcephaly

We then evaluated the efficacy of this vaccine in protect-
ing the offspring of pregnant mice from ZIKV infection,
utilizing the same microcephaly model developed previ-
ously [21, 22, 39]. In this model, dams were given E90 or
PBS as described above and mated at D28 (Fig. 1d). About
1 pl (600 PFU) of ZIKV or culture medium was injected
into the lateral ventricle of fetal brains in utero at embry-
onic day 13.5 (E13.5) (Fig. le), as described previously
[21]. Brain samples were inspected at E18.5. As shown in
Fig. 2a, the average brain size of the vaccinated group was
significantly larger than that of the placebo group. Like-
wise, the brain cortices of vaccinated mice remained much
thicker after infection than those of infected unvaccinated
mice (Fig. 2a). In addition, Nissl staining showed that indi-
vidual cortical layers in the ZIKV-infected placebo group
were significantly thinner than those in the mock and vac-
cinated groups (Fig. 2b). Furthermore, we inspected ZIKV
density in embryonic brains via immunostaining, and
found that the number of infected cells was considerably
decreased in the vaccinated group compared to control
mice (Fig. 3a). Similarly, the relative level of apoptosis
(marked by activated caspase3™ cells) was significantly
reduced in the vaccinated group (Fig. 3a).

ZIKV has been shown to infect neural progenitor cells
(NPCs) and affect their proliferation [21, 35]. We therefore
investigated the impact of vaccination on mouse NPCs by
examining their levels of phosphorylated histone H3
(P-H3), a marker for being in the M-phase. We noticed
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Fig. 1 ZIKV E protein-based vaccine E90 prevents ZIKV infection in adult mice: a. ZIKV-specific IgG titers were analyzed at 14 and 28 days post-vaccination
in mice. b. The ZIKV-neutralizing activity of serum from E90-immunized mice (2 weeks after a single boost) was analyzed by standard plaque reduction
neutralization test (PRNT). c. ZIKV copies in serum from E90-immunized CD1 mice 1 day after ZIKV challenge (GZ01 strain, 10° PFU/mouse) were analyzed
by gRT-PCR. PBS, n=6; E90, n=5. All data are means + SEM. Student’s t-test. **p < 0.01. d. Schematic for the immunizations of CD1 (ICR) female mice and
the two models for testing the protection effect in offspring. e. Virus titers used in the prenatal and postnatal models

comparable levels of P-H3" cells in the cortices of
mock-infected and infected vaccinated groups, with a re-
duction in infected unvaccinated mice (Fig. 3b). This same
trend was seen when examining cortical cells for expression
of Sox2* (a NPC marker) and Tbr2" (a marker for inter-
mediate/basal progenitor cells) (Fig. 3c). In addition, the
levels of Tbrl* (a maker for immature neurons) and NeuN™
(a marker for mature neurons) cells were also both ob-
served to be decreased in the infected unvaccinated group,
compared to either the vaccinated or the uninfected groups
(Fig. 3d-e). Together, these results demonstrate that E90
vaccination of mothers induces a protective immune re-
sponse that is transmitted to fetuses to neutralize ZIKV,
preventing the virus from replicating and inducing neur-
onal apoptosis or interfering with NPC proliferation, which
could otherwise result in microcephaly.

E90 vaccination of dams protects offspring from ZIKV-
induced microcephaly

Although many infections are more likely to cause
congenital defects when occurring in early stages of fetal
development, cases of microcephaly from maternal ZIKV
infections taking place late in the second trimester or even
early in the third trimester have been reported [5, 17, 28].

As the gestation period of mice is relatively short, to simu-
late infections taking place in the later stages of human fetal
development [13, 38], we injected the brains of one-day-old
suckling mice with 100 pfu of ZIKV [40]. These mice were
born to dams vaccinated with E90 or PBS (Fig. 1d), and we
theorized that protective maternal antibodies may still be
circulating or could be absorbed through the breast milk.
The morbidity and mortality of these littermates were mon-
itored. Pups in the placebo group showed significantly re-
duced weight gain in both their body and brain at P10
(9 days after ZIKV infection) compared to uninfected con-
trols, while this effect was less pronounced in the vacci-
nated group (Fig. 4a). In addition, brain cortices of the
neonatal mice in the vaccinated group were significantly
thicker than those of the placebo group (Fig. 4b).

To more closely examine the level of infection in neonatal
mouse brains, we did immunohistochemistry of cortical
slices. We found that compared to the placebo group, the
levels of ZIKV infection and cell death in different brain re-
gions of neonatal mice born to vaccinated mothers were
significantly decreased (Fig. 5a, Additional file 2: Figure S1).
In addition, there was less reduction in mature neurons
(NeuN as a marker) in the infected neonates born to vacci-
nated compared to unvaccinated mothers (Fig. 5b).
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Likewise, the density of SI00B" cells (a marker for glial pro-
genitors) was significantly higher in the infected vaccinated
group compared to the infected unvaccinated group (Fig.
5c¢), indicating that gliogenesis was preserved. Interestingly,
activation of microglia (Ibal as a marker) was noted in both
infected groups, especially in mice born of vaccinated
mothers (Fig. 5d), suggesting that the vaccine may have trig-
gered a stronger immune response in those mice. In an
additional experiment, we selected suckling neonatal mice
born 120 days after dams had been vaccinated with E90 or
PBS and challenged them 2 days later (P2) with a lethal
dose of ZIKV. We noted that 100% of the mice born of im-
munized mothers survived, while there were no survivors in
the placebo group (Fig. 5e). In summary, these results indi-
cate that neonatal mice continue to benefit from the pro-
tective effects of maternal vaccination with E90, showing
reduced destruction of neurons and glial cells caused by
ZIKV infection. In addition, the duration of protection from
the vaccine, as measured by improved survival against lethal
ZIKV challenge in neonatal mice born of vaccinated dams,
extends to at least 120 days.

E90 protection from ZIKV infection extends to at least

140 days post-vaccination

To further characterize the protective effects of E90 several
months after vaccination, CD-1 female mice were immu-
nized as above, and serum was collected at day 130 (D130)
post-immunization for ELISA and PRNT assays (Fig. 6a). Im-
munized mice were then treated with anti-Ifnarl antibody
(2 mg/mouse) at D135 and challenged with ZIKV (GZ01
strain, 10° PFU/mouse) via the ip. route at D136. Viral loads
in the sera of mouse dams were measured at D140. Two
days later, the mice were sacrificed and viral RNA was iso-
lated from the brains and spleens for measurement by
qRT-PCR. Our results showed that at D130, anti-ZIKV IgG
levels remained as elevated as they were 14 days after
boost (Fig. 6b and Fig. 1a). The PRNT5, was estimated as
1:94 (Fig. 6¢). As expected, viremia in vaccinated mice at
D140 was largely reduced compared to unimmunized
mice (Fig. 6d). Consistent with this result, viral loads in
the spleens and brains of unimmunized mice were very
high, while those of E90-vaccinated mice were signifi-
cantly reduced (Fig. 6e-f). These results indicate that E90
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Fig. 3 E90 protects embryonic brains from ZIKV infection, dysregulation of NPC proliferation, and loss of neurons. Mouse dams were vaccinated
and embryos were infected as in Fig. 2. Coronal brain sections were stained with different antibodies as indicated. a. Relative signal intensity by
fluorescent antibodies against ZIKV or the activated form of caspase3 (Casp3). Mock + Veh: n=6/3, ZIKV + Veh: n=6/3, ZIKV + E90: n=7/3. b.
Quantification of P-H3* cell numbers in the cortices. Mock + Veh: n=10/4, ZIKV + Veh: n = 8/4, ZIKV + E90: n = 9/3. ¢. Quantification of Sox2* and
Tbr2* cell density. Mock + Veh: n=10/4 (Sox2", Thr2*); ZIKV + Veh: n=7/3 (Sox2*, Tor2"); ZIKV + E90: n = 9/3 (Sox2*, Tbr2*). d. Quantification of
Tor1* cell density in cortices. Mock + Veh: n=11/4, ZIKV + Veh: n =7/4, ZIKV + E90: n = 8/3. e. Quantification of NeuN" cell density. Mock + Veh:

n: # of slices/ # of individual brains. Scale bar=100 um (a-e)
A\

n=12/4, ZIKV + Veh: n = 8/4, ZIKV + E90: n = 8/3. All data are means + SEM. Student’s t-test. *p < 0.05, **p < 0.0

1, ***p < 0.001. ns: not significant.

elicits high titers of long-lasting ZIKV-neutralizing anti-
bodies, which can protect immunocompetent mice from
ZIKV infection up to at least 142 days after the first
vaccine dose.

Discussion

After ZIKV was discovered to be a global threat to public
health, researchers began striving to develop effective thera-
peutics and interventions. Several vaccine candidates
employing different strategies are currently undergoing
clinical trials, such as Inovio’s DNA vaccine [11], the

NIAID/Butantan pentavalent live-attenuated vaccine (ZIKV
+ DENV), and a ZIKV purified inactivated vaccine (ZPIV,
NIAID/BARDA/WRAIR/Sanofi Pasteur/+Fiocruz) [23, 31,
36]. However, most of these ZIKV vaccine platforms were
not evaluated for protective effects during pregnancy.
Although Richner et al. did look at the effectiveness of the
modified mRNA and the live-attenuated candidates against
in utero transmission of ZIKV in mice [32], they did not
show direct evidence of their protective roles in embryonic
and neonatal brains after ZIKV infection, including
microcephaly-related complications.
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Research to create a ZIKV vaccine took inspiration from  Central European encephalitis virus, Russian Spring-Summer
previous efforts to develop a vaccine for dengue virus encephalitis virus and West Nile virus [33]. E protein is a
(DENV), a related flavivirus. A peptide derived from the reasonable vaccine target due to its critical roles in viral
DENV E protein has been reported to inhibit infection by  attachment, entry, and replication in the infected host.
DENV types 1-4 and even other flaviviruses, including Neutralizing antibodies produced in vivo against the E
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Fig. 5 E90 vaccination of dams protects neonatal brains from ZIKV infection, cell death and survival. The brains of neonates born to vaccinated or

unvaccinated mice were injected with ZIKV or medium as in Fig. 4. Coronal brain sections were stained with different antibodies as indicated. a.

Relative signal intensity for ZIKV or activated caspase3 (Casp3). Mock + Veh: n=11/4 (ZIKV), 11/4 (Casp3); ZIKV + Veh: n=9/4 (ZIKV), 12/4 (Casp3);

ZIKV + E90: n = 11/4 (ZIKV), 11/4 (Casp3). b. Quantification of NeuN™ cell numbers. Mock + Veh: n=8/4, ZIKV + Veh: n=8/4, ZIKV + E90: n = 9/4.

¢. Quantification of ST00R™ cells. Mock + Veh: n=11/4, ZIKV + Veh: n=9/4, ZIKV + E90: n = 8/4. d. Quantification of Iba1™ cells. Mock + Veh:
=11/4, ZIKV + Veh: n=9/4, ZIKV + E90: n = 8/4. e. Improved survival rate of ZIKV-infected neonatal mice (P2) in the vaccinated group at

120 days post-vaccination. n= 12 per group, ****p < 0.0001, Log-rank (Mantel-Cox) test. Data (a-d) represent means + SEM. Student’s t-test.

*p < 0.05, **p < 0.01, ***p < 0.001. ns: not significant. n: # of slices/# of individual brains. Scale bar= 100 um (a-d)

protein work well against other flaviviruses, such as the [19]. Diamond et al. demonstrated that an mRNA vaccine
Japanese encephalitis, yellow fever, and tick-borne encephal-  encoding prM-E protected mice from ZIKV infection [32].
itis viruses [30]. In 2016, Larocca et al. developed a prM-Env ~ Pardi et al. further showed that a prM-E mRNA vaccine
DNA vaccine offering complete protection against ZIKV  enveloped by lipid-nanoparticles protected non-human
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primates from ZIKV infection even 5 weeks after
immunization [27]. In 2017, Han et al. found that E90 anti-
sera from immunized mice could directly neutralize ZIKV
by co-administering the sera and a lethal dose of ZIKV to-
gether ip. into neonatal mice, who showed improved sur-
vival over infected mice [16]. Our study has expanded upon
this work, demonstrating for the first time that the protective
effects of a ZIKV vaccine in mouse dams can be transmitted
transplacentally to offspring, leading to improved survival
and a reduction in ZIKV burden and impairment of neural
cells after in utero or perinatal ZIKV infection compared to
infected mice born to unvaccinated mothers.

To overcome the shortcomings of existing vaccines and
expand our knowledge of ZIKV-related effects in the em-
bryonic period, we adopted the E90 subunit vaccine plat-
form for use in two mouse microcephaly models. One
model inspects the brain at E18.5 (5 days after ZIKV inocu-
lation), which helps us to investigate the protective effect in
the embryonic period. The other examines the brain at
P10, 9 days following ZIKV infection of neonatal mice,
which we suggest could be comparable to late trimester

infections in humans. Our study demonstrated the efficacy
of the E90 vaccine in reducing the viral burden and im-
paired development of ZIKV-infected mouse brains in both
models. Additionally, to represent even earlier time points
in development, we infected mice at E6, which we suggest
might be the equivalent to the first trimester in humans.
We found that at E16.5, the viral load in the placenta from
the group whose mothers were vaccinated with E90 was
significantly reduced compared to the PBS group
(Additional file 3: Figure S2a-b). Moreover, there were clear
signs of damage to the fetus in the placebo group at E18.5,
compared to the mice born of vaccinated mothers, who all
delivered normally at E20 (Additional file 3: Figure S2c-d).
We also inspected the safety of this vaccine and found
no obvious adverse effects in mice, including changes in
body weight (Additional file 4: Figure S3). Since this is a
protein-based vaccine, there is no risk of virulence or
concerns for mutant reversion, oncogenic insertions, or
other complications related to live vaccines or nucleic
acid vaccine platforms. Safety is a critical concern for a
ZIKV vaccine, given that both pregnant women and
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their developing infants—the population most devas-
tated by this infection, are immunocompromised. Other
safety concerns with live vaccine strains are that they
might be taken up by mosquitos and recombined with
wild-type strains, although Shan et al. specifically tested
their attenuated ZIKV strain and found it was incapable
of infecting mosquitoes [34]. A cost for protein vaccines
being non-infectious and considered relatively safe is
their low immunogenicity, which may require multiple
doses or the use of an adjuvant to stimulate effective
neutralizing antibody titers. After a single boost of E90
combined with the AddaVax™ adjuvant in adult female
mice, we measured the serum anti-ZIKV IgG titer to be
approximately 10*, which persisted for at least 116 days
after the boost (Fig. la and Fig. 6b). This represents
long-lasting protection against ZIKV infection, which we
demonstrated through reduced viremia and organ bur-
dens in those mice after viral challenge.

Our findings in adult, embryonic and neonatal mice using
the E90 vaccine are promising, however we acknowledge
that the protection was not complete. The ZIKV burden and
neuronal cell death were reduced in vaccinated mice com-
pared to unvaccinated controls, but not completely elimi-
nated. Gliogenesis was also more prevalent in the vaccinated
group, but still reduced compared to uninfected controls.

In conclusion, we were able to demonstrate that the E90
subunit vaccine could confer protection to adult mice against
ZIKV as measured by the reduced viral burden in the brain,
and that this protection was also seen in their offspring using
models of infection at different stages of development. Our
studies demonstrate the importance of testing ZIKV vaccines
in pregnant animal models, and show evidence that this pro-
tection can significantly preserve fetal brain development
and reduce the incidence and extent of microcephaly.

Conclusions

We demonstrate the E90 subunit vaccine can protect
adult mice from ZIKV infection. Immunization of preg-
nant dams protects their fetuses and offspring from
ZIKV infection and reduces the risk of microcephaly.
Moreover, the protective effect of E90 against ZIKV is
present even 128 days after the second dose.
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Additional file 1: Supplemental experimental materials. (XLSX 10 kb)

Additional file 2: Figure S1. E90 suppresses ZIKV infection in different
regions of neonatal mouse brains. a-e. Comparisons of ZIKV infection and
apoptosis in mock-infected or ZIKV-infected vaccinated and unvaccin-
ated groups. Neonatal pup brains were injected with ZIKV (100 PFU/
mouse) or medium at P1 and inspected at P10. Brain sections were
stained with antibodies for ZIKV (green) or the activated form of Cas-
pase3 (white). a: Hippocampus, b: Striatum, ¢: Thalamus, d: Hypothalamus,
e: Cerebellum. Scale bar =200 um (a-e). (PDF 194 kb)
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Additional file 3: Figure S2. Vaccination of female mice protects
offspring from early ZIKV infection. a. Schematic for immunizations and
mating of CD1 (ICR) female mice with ZIKV challenge in early pregnancy.
Mice vaccinated with E90 or PBS were mated at D28 and treated with
anti-Ifnar1 antibody at E5.5. Mice were infected with ZIKV virus (GZ01
strain) at E6.5. b. Viral loads in placenta at E16.5 were measured by qRT-
PCR. n= 16 for each group. All data are means + SEM. Student’s t-test.
***p < 0.001. c. Condition of embryos in the PBS group after ZIKV infec-
tion at E18.5 (arrows indicate physical deformities, also shown in the left
lower image). Scale bar = 0.5 cm d. Newborn mice at P1 born to E90-
vaccinated mothers. Scale bar=1 cm. (PDF 92 kb)

Additional file 4: Figure S3. E90 vaccination does not affect body
weight significantly. Body weights of vaccinated or control mice before
mating. Mock + Veh: n=5, Mock + E90: n=5. Data are means + SEM.
Student’s t-test. ns: not significant. (PDF 70 kb)

Acknowledgements
All the authors particiapted in the project, we thank all members of our
team for their work and helpful discussions.

Fundings

This work was supported by the National Natural Science Foundation of China
(NSFC 31730108/31430037), the Strategic Priority Research Program and
Innovation Program of the Chinese Academy of Science (XDBS1020100 and
QYZDJ-SSW-SMC007), Shanghai Brain-Intelligence Project from the Shanghai
Science and Technology Committee (STCSM 16JC1420500), Beijing Brain Project
(Z161100002616004) and MOST (2014CB942801) grants to Z.X; the CAMS Initia-
tive for Innovative Medicine (No. 2016-12M-1-005), National Science and Tech-
nology Major Project for “Significant New Drugs Innovation and Development”
(20152X09102023) NSFC (91542201, 81590765, and 31670883), and NIH RO1
(Al069120, Al056154 and Al078389) grants to G.C, the PUMC Youth Fund
(3332016125) and NSFC (31500145) grants to CLL,; and Natural Science
Foundation of Jiangsu Province (BK20170407, BK20161246, BK20151253 ) to H.Y.

Availability of data and materials
All data generated or analysed during this study are included in this
published article [and its Additional files 1, 2, 3 and 4].

Author contributions

ZX and GC jointly directed this project. XZ and CL designed and performed
the experiments and analyzed the data. XZ wrote the first draft of the
manuscript. SK-A and SZ helped perform the experiments and revised the
manuscript. JWX helped take care of the mice. NQ revised the manuscript.
HY provided critical materials. Everyone contributed to the writing.

All authors read and approved the final manuscript.

Ethics approval and consent to participate

This study was carried out in strict accordance with the recommendations in
the protocols approved by the Institutional Animal Care and Use Committee at
the Institute of Genetics and Developmental Biology, Chinese Academy of
Science (Approval Number: AP2017013) and the Animal Experiment Committee
of the Laboratory Animal Center, Academy of Military Medical Sciences, China
(Approval Number: IACUC-13-2016-001). Intracranial injections and dissections
were performed under anesthesia that was induced and maintained by 2, 2, 2 -
Tribromoethanol. All efforts were made to obey 3R principles (Replacement,
Reduction, and Refinement) and to minimize suffering.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

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


https://doi.org/10.1186/s40478-018-0572-7
https://doi.org/10.1186/s40478-018-0572-7
https://doi.org/10.1186/s40478-018-0572-7
https://doi.org/10.1186/s40478-018-0572-7

Zhu et al. Acta Neuropathologica Communications (2018) 6:77

Author details

'State Key Laboratory of Molecular Developmental Biology, CAS Center for
Excellence in Brain Science and Intelligence Technology, Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences, Beijing, China.
2University of Chinese Academy of Sciences, Beijing 100101, China. >Center
for Systems Medicine, Institute of Basic Medical Sciences, Chinese Academy
of Medical Sciences & Peking Union Medical College, Beijing 100005, China.
4Suzhou Institute of Systems Medicine, Suzhou 215123, Jiangsu, China.
°Department of Virology, State Key Laboratory of Pathogen and Biosecurity,
Beijing Institute of Microbiology and Epidemiology, Beijing 100071, China.
SCAS Key Laboratory of Infection and Immunity, Institute of Biophysics,
Chinese Academy of Sciences, Beijing 100101, China. ’Department of
Microbiology, Immunology and Molecular Genetics, University of California,
Los Angeles, CA 90095, USA. 8Parkinson’s Disease Center, Beijing Institute for
Brain Disorders, Beijing 100101, China.

Received: 15 July 2018 Accepted: 17 July 2018
Published online: 10 August 2018

References

1. Abbink P, Larocca RA, De La Barrera RA, Bricault CA, Moseley ET, Boyd M et
al (2016) Protective efficacy of multiple vaccine platforms against Zika virus
challenge in rhesus monkeys. Science. https://doi.org/10.1126/science.
aah6157

2. Ali A, Wahid B, Rafique S, Idrees M (2017) Advances in research on Zika virus.
Asian Pac J Trop Med 10:321-331. https//doi.org/10.1016/j.apjtm.2017.03.020

3. Barrett ADT (2016) Zika vaccine candidates progress through nonclinical
development and enter clinical trials npj Vaccines 1: doi https://doi.org/10.
1038/npjvaccines.2016.23

4. Besnard M, Lastere S, Teissier A, Cao-Lormeau V, Musso D (2014) Evidence
of perinatal transmission of Zika virus, French Polynesia, December 2013
and February 2014. Euro surveill 19:20751. https://doi.org/10.2807/1560-
7917.ES2014.19.13.20751

5. Bromley B, Benacerraf BR (1995) Difficulties in the prenatal diagnosis of
microcephaly. J Ultrasound Med 14:303-306. https://doi.org/10.7863/jum.
1995.144.303

6. Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL, Guimaraes KP et al
(2016) The Brazilian Zika virus strain causes birth defects in experimental
models. Nature 534:267-271. https://doi.org/10.1038/nature 18296

7. Dail, Song J, Lu X, Deng YQ, Musyoki AM, Cheng H et al (2016) Structures
of the Zika virus envelope protein and its complex with a Flavivirus broadly
protective antibody. Cell Host Microbe 19:696-704. https.//doi.org/10.1016/j.
chom.2016.04.013

8. Deng YQ, Zhang NN, Li XF, Wang YQ, Tian M, Qiu YF et al (2017) Intranasal
infection and contact transmission of Zika virus in guinea pigs. Nature
Communications 8 (1). https://doi.org/10.1038/541467-017-01923-4

9. Deng Y-Q, Zhao H, Li X-F, Zhang N-N, Liu Z-Y, Jiang T et al (2016) Isolation,
identification and genomic characterization of the Asian lineage Zika virus
imported to China. Sci China Life Sci 59:428-430. https.//doi.org/10.1007/
$11427-016-5043-4

10.  Dick GWA (1952) Zika virus (Il). Pathogenicity and physical properties. Trans.
R. Soc. Trop. Med. Hyg 46:521-534. https://doi.org/10.1016/0035-
9203(52)90043-6

11. Dyer O (2016) Trials of Zika vaccine are set to begin in North America Bmj:
i3588 doi https://doi.org/10.1136/bmj.i3588

12. Faria NR, Azevedo RSS, Kraemer MUG, Souza R, Cunha MS, Hill SC et al
(2016) Zika virus in the. Early epidemiological and genetic findings. Science,
Americas. https://doi.org/10.1126/science.aaf5036

13. Fatemi SH, Folsom TD (2011) Prenatal viral infection in mouse: an animal
model of schizophrenia. Genomics, proteomics, and the nervous system.
Springer, City, pp 113-136

14.  Foy BD, Kobylinski KC, Foy JLC, Blitvich BJ, da Rosa AT, Haddow AD et al

(2011) Probable non-vector-borne transmission of Zika virus, Colorado, USA.

Emerg Infect Dis 17:880. https;//doi.org/10.3201/eid1705.101939

15. Goebel S, Snyder B, Sellati T, Saeed M, Ptak R, Murray M et al (2016) A
sensitive virus yield assay for evaluation of antivirals against Zika virus.
J Virol Methods 238:13-20. https://doi.org/10.1016/jjviromet.2016.09.015

16. Han J-F,Qiu Y, Yu J-Y, Wang H-J, Deng Y-Q, Li X-F et al (2017) Immunization
with truncated envelope protein of Zika virus induces protective immune
response in mice. Sci Rep 7:10047. https//doi.org/10.1038/541598-017-10595-5

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

Page 11 of 12

Jennita R, Suzanne MG, Michael AJ, Diana V, Regina MS, Susan LH et al
(2016) Projecting month of birth for at-risk infants after Zika virus disease
outbreaks. Emerging Infectious Disease journal 22:828. https://doi.org/10.
3201/eid2205.160290

Johnson BW, Russell BJ, Lanciotti RS (2005) Serotype-specific detection of
dengue viruses in a fourplex real-time reverse transcriptase PCR assay. J Clin
Microbiol 43:4977-4983. https.//doi.org/10.1128/JCM.43.10.4977-4983.2005
Larocca RA, Abbink P, Peron JP, Zanotto PM, lampietro MJ, Badamchi-Zadeh
A et al (2016) Vaccine protection against Zika virus from Brazil. Nature 536:
474-478. https;//doi.org/10.1038/nature18952

Li C, Deng YQ, Wang S, Ma F, Aliyari R, Huang XY et al (2017) 25-
hydroxycholesterol protects host against Zika virus infection and its
associated microcephaly in a mouse model. Immunity 46:446-456. https://
doi.org/10.1016/j.immuni.2017.02.012

Li G, Xu D, Ye Q Hong S, Jiang Y, Liu X et al (2016) Zika virus disrupts neural
progenitor development and leads to microcephaly in mice. Cell Stem Cell
19:120-126. https://doi.org/10.1016/j.5tem.2016.10.017

Li CF, Zhu XL, Quanquin N, Deng YQ, Ji X, Tian M et al (2017) Chloroquine,
a FDA-approved drug, Prevents ZIKV Infection and its Associated Congenital
Microcephaly in Mice Ebiomedicine: doi https://doi.org/10.1016/j.ebiom.
2017.09.034

Lin HH, Huang LM, Wu SC (2017) Zika virus molecular biology and
perspectives for vaccine development: a review. J Nurs Res 25:3-6. https://
doi.org/10.1097/jnr.0000000000000205

Miner Jonathan J, Cao B, Govero J, Smith Amber M, Fernandez E, Cabrera
Omar H et al (2016) Zika virus infection during pregnancy in mice causes
placental damage and fetal demise. Cell 165: 1081-1091 doi https.//doi.org/
10.1016/j.cell.2016.05.008

Musso D, Nhan T, Robin E, Roche C, Bierlaire D, Zisou K et al (2014)
Potential for Zika virus transmission through blood transfusion
demonstrated during an outbreak in French Polynesia, November 2013 to
February 2014. Euro Surveill 19: 20761 doi https://doi.org/10.2807/1560-
7917.ES2014.19.14.20761

Musso D, Nilles EJ, Cao-Lormeau VM (2014) Rapid spread of emerging Zika
virus in the Pacific area. Clin Microbiol Infect 20:0595-0596. https://doi.org/
10.1111/1469-0691.12707

Pardi N, Hogan MJ, Pelc RS, Muramatsu H, Andersen H, CR DM et al (2017)
Zika virus protection by a single low-dose nucleoside-modified mRNA
vaccination. Nature 543:248. https://doi.org/10.1038/nature21428

Petersen E, Wilson ME, Touch S, McCloskey B, Mwaba P, Bates M et al (2016)
Rapid spread of Zika virus in the Americas - implications for public health
preparedness for mass gatherings at the 2016 Brazil Olympic games. Int. J.
Infect. Dis. 44: 11-15 doi https;//doi.org/10.1016/}.jid.2016.02.001

Pierson TC, Graham BS (2016) Zika virus: immunity and vaccine
development. Cell 167:625-631. https.//doi.org/10.1016/j.cell.2016.09.020
Plotkin SA (2010) Correlates of protection induced by vaccination. Clinical and
Vaccine Immunology : CVI 17:1055-1065. https://doi.org/10.1128/CV1.00131-10
Poland GA, Kennedy RB, Ovsyannikova |G, Palacios R, Ho PL, Kalil J (2018)
Development of vaccines against Zika virus. Lancet Infect Dis 18:¢211-e219.
https://doi.org/10.1016/51473-3099(18)30063-X

Richner JM, Jagger BW, Shan C, Fontes CR, Dowd KA, Cao B et al (2017)
Vaccine mediated protection against Zika virus-induced congenital disease.
Cell 170: 273-283 €212 doi https://doi.org/10.1016/j.cell.2017.06.040
Schmidt AG, Yang PL, Harrison SC (2010) Peptide inhibitors of dengue-virus
entry target a late-stage fusion intermediate. PLoS Pathog 6:¢1000851.
https://doi.org/10.1371/journal. ppat.1000851

Shan C, Muruato AE, Nunes BTD, Luo H, Xie X, DBA M et al (2017) A live-
attenuated Zika virus vaccine candidate induces sterilizing immunity in
mouse models. Nat Med 23:763-767. https://doi.org/10.1038/nm.4322

Tang H, Hammack C, Ogden SC, Wen Z, Qian X, Li Y et al (2016) Zika virus
infects human cortical neural progenitors and attenuates their growth. Cell
Stem Cell 18:587-590. https://doi.org/10.1016/j.5tem.2016.02.016

Wahid B, Ali A, Rafique S, Idrees M (2017) Current status of therapeutic and
vaccine approaches against Zika virus. Eur J Intern Med. https://doi.org/10.
1016/.6jim.2017.08.001

Wang S, Hong S, Deng YQ, Ye Q, Zhao LZ, Zhang FC et al (2017) Transfer of
convalescent serum to pregnant mice prevents Zika virus infection and
microcephaly in offspring. Cell Res 27:158-160. https://doi.org/10.1038/cr.
2016.144

Winter C, Reutiman TJ, Folsom TD, Sohr R, Wolf RJ, Juckel G et al (2008)
Dopamine and serotonin levels following prenatal viral infection in


https://doi.org/10.1126/science.aah6157
https://doi.org/10.1126/science.aah6157
https://doi.org/10.1016/j.apjtm.2017.03.020
https://doi.org/10.1038/npjvaccines.2016.23
https://doi.org/10.1038/npjvaccines.2016.23
https://doi.org/10.2807/1560-7917.ES2014.19.13.20751
https://doi.org/10.2807/1560-7917.ES2014.19.13.20751
https://doi.org/10.7863/jum.1995.14.4.303
https://doi.org/10.7863/jum.1995.14.4.303
https://doi.org/10.1038/nature18296
https://doi.org/10.1016/j.chom.2016.04.013
https://doi.org/10.1016/j.chom.2016.04.013
https://doi.org/10.1038/s41467-017-01923-4
https://doi.org/10.1007/s11427-016-5043-4
https://doi.org/10.1007/s11427-016-5043-4
https://doi.org/10.1016/0035-9203(52)90043-6
https://doi.org/10.1016/0035-9203(52)90043-6
https://doi.org/10.1136/bmj.i3588
https://doi.org/10.1126/science.aaf5036
https://doi.org/10.3201/eid1705.101939
https://doi.org/10.1016/j.jviromet.2016.09.015
https://doi.org/10.1038/s41598-017-10595-5
https://doi.org/10.3201/eid2205.160290
https://doi.org/10.3201/eid2205.160290
https://doi.org/10.1128/JCM.43.10.4977-4983.2005
https://doi.org/10.1038/nature18952
https://doi.org/10.1016/j.immuni.2017.02.012
https://doi.org/10.1016/j.immuni.2017.02.012
https://doi.org/10.1016/j.stem.2016.10.017
https://doi.org/10.1016/j.ebiom.2017.09.034
https://doi.org/10.1016/j.ebiom.2017.09.034
https://doi.org/10.1097/jnr.0000000000000205
https://doi.org/10.1097/jnr.0000000000000205
https://doi.org/10.1111/1469-0691.12707
https://doi.org/10.1111/1469-0691.12707
https://doi.org/10.1038/nature21428
https://doi.org/10.1016/j.cell.2016.09.020
https://doi.org/10.1128/CVI.00131-10
https://doi.org/10.1016/S1473-3099(18)30063-X
https://doi.org/10.1016/j.cell.2017.06.040
https://doi.org/10.1371/journal.ppat.1000851
https://doi.org/10.1038/nm.4322
https://doi.org/10.1016/j.stem.2016.02.016
https://doi.org/10.1016/j.ejim.2017.08.001
https://doi.org/10.1016/j.ejim.2017.08.001
https://doi.org/10.1038/cr.2016.144
https://doi.org/10.1038/cr.2016.144

Zhu et al. Acta Neuropathologica Communications (2018) 6:77

39.

40.

41.

mouse—implications for psychiatric disorders such as schizophrenia and
autism. Eur. Neuropsychopharmacol. 18: 712-716 doi https://doi.org/10.
1016/j.euroneuro.2008.06.001

Yuan L, Huang X-Y, Liu Z-Y, Zhang F, Zhu X-L, Yu J-Y et al (2017) A single
mutation in the prM protein of Zika virus contributes to fetal microcephaly.
Science. https://doi.org/10.1126/science.aam?120

Zhang F, Wang HJ, Wang Q, Liu ZY, Yuan L, Huang XY et al (2017) American
strain of Zika virus causes more severe microcephaly than an old Asian
strain in neonatal mice. EBioMedicine 25:95-105. https.//doi.org/10.1016/j.
ebiom.2017.10.019

Zhao H, Fernandez E, Dowd Kimberly A, Speer Scott D, Platt Derek J, Gorman
Matthew J et al (2016) Structural basis of Zika virus-specific antibody
protection. Cell 166:1016-1027. https//doi.org/10.1016/j.cell. 2016.07.020

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1126/science.aam7120
https://doi.org/10.1016/j.ebiom.2017.10.019
https://doi.org/10.1016/j.ebiom.2017.10.019
https://doi.org/10.1016/j.cell.2016.07.020

	Abstract
	Introduction
	Materials and methods
	Results
	ZIKV E protein-based vaccine E90 protects adult mice from ZIKV infection
	E90 vaccine protects embryonic brains from ZIKV-induced microcephaly
	E90 vaccination of dams protects offspring from ZIKV-induced microcephaly
	E90 protection from ZIKV infection extends to at least 140 days post-vaccination

	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Fundings
	Availability of data and materials
	Author contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References



