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SUMMARY

The emergence of Zika virus (ZIKV) and its associa-
tion with congenital malformations has prompted
the rapid development of vaccines. Although effi-
cacy with multiple viral vaccine platforms has
been established in animals, no study has ad-
dressed protection during pregnancy. We tested in
mice two vaccine platforms, a lipid nanoparticle-
encapsulated modified mRNA vaccine encoding
ZIKV prM and E genes and a live-attenuated ZIKV
strain encoding an NS1 protein without glycosyla-
tion, for their ability to protect against transmission
to the fetus. Vaccinated dams challenged with a
heterologous ZIKV strain at embryo day 6 (E6) and
evaluated at E13 showed markedly diminished
levels of viral RNA in maternal, placental, and fetal
tissues, which resulted in protection against
placental damage and fetal demise. As modified
mRNA and live-attenuated vaccine platforms can
restrict in utero transmission of ZIKV in mice, their
further development in humans to prevent congen-
ital ZIKV syndrome is warranted.
INTRODUCTION

Zika virus (ZIKV) originally was identified in 1947 from a sentinel

Rhesusmacaque in the tree canopy of the Zika Forest of Uganda

(Dick, 1952). In the past, ZIKV circulated between Aedes species

mosquitoes and non-human primates, and intermittently caused

human infections in restricted parts of Africa and Asia. Prior to

2010, ZIKV infection was described as a febrile illness associ-

ated with headache, rash, conjunctivitis, and muscle pain, and

this mild clinical syndrome occurred in only about 20% of

exposed individuals. More recently, and especially in the context

of its spread to Oceania and the Americas, ZIKV infection has re-

sulted in more severe clinical consequences (Faria et al., 2016;

Lazear and Diamond, 2016). Particularly, maternal infection dur-

ing pregnancy has been associated with placental insufficiency

and numerous congenital malformations in the fetus including

microcephaly and fetal demise (Brasil et al., 2016; Rasmussen

et al., 2016). In addition, in a small subset of adults, ZIKV infec-

tion is linked to Guillain-Barré syndrome (GBS), an autoimmune

polyneuropathy that can result in transient or sustained paralysis

(Cao-Lormeau et al., 2016; Oehler et al., 2014). Sexual transmis-

sion of ZIKV also has been described, with persistence of infec-

tious ZIKV or ZIKV RNA in semen, sperm, and vaginal secretions

for up to 6 months following infection (Mansuy et al., 2016; Mur-

ray et al., 2017).
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ZIKV is a member of the Flavivirus genus and Flaviviridae

family of positive-polarity, enveloped RNA viruses (Pierson and

Diamond, 2013). Translation of the infectious �11 kilobase viral

RNA in the cytoplasm produces a polyprotein that is cleaved

into three structural proteins (capsid [C], pre-membrane/mem-

brane [prM/M], and envelope [E]) and seven non-structural pro-

teins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), which

together coordinate replication, assembly of nascent virions,

and immune evasion of the host. ZIKV buds into the endoplasmic

reticulum lumen as an immature virion composed of icosahe-

drally arranged prM-E heterotrimers (Prasad et al., 2017). The

acidic environment of the Golgi network triggers conformational

changes in the virion that result in exposure of a furin protease

cleavage site within prM. Cleavage of prM and eventual release

of the pr peptide in the extracellular space produces mature, in-

fectious virions that display 90 antiparallel E homodimers on their

surface. The ZIKV E protein is the primary target of neutralizing

antibodies (Heinz and Stiasny, 2017). Although ZIKV strains are

classified into two genetic lineages (African and Asian/American)

their divergence does not impact antibody neutralization signifi-

cantly and thus, ZIKV is classified as a single serotype (Dowd

et al., 2016a). ZIKV is related genetically to several pathogens

that cause disease globally including dengue (DENV), West

Nile (WNV), Japanese encephalitis (JEV), yellow fever (YFV),

and tick-borne encephalitis (TBEV) viruses.

In a rapid response to the recent ZIKV epidemic, several groups

have developed vaccine candidates based on subunit (prM-E or

M-E DNA plasmid, adenovirus-vectored, or modified mRNA) or

chemically inactivated whole-viral-particle approaches, all of

which have elicited neutralizing antibodies that protect against

ZIKV challenge in non-pregnant mice and non-human primates

(Abbink et al., 2016; Dowd et al., 2016b; Larocca et al., 2016; Mu-

thumani et al., 2016; Pardi and Weissman, 2017; Richner et al.,

2017). While several of these vaccine candidates have advanced

to phase 1 clinical trials in humans (Durbin, 2016), no study has es-

tablished vaccine protection in the context of pregnancy.

Here, we evaluated a lipid-encapsulated (LNP) modified

mRNA prM-E subunit vaccine (Richner et al., 2017) and a newly

engineered live-attenuated ZIKV vaccine (ZIKV-NS1-LAV) en-

coding mutations in the NS1 gene that abolished both N-linked

glycosylation sites for their ability to protect pregnant mice and

their developing fetuses from ZIKV infection. Vaccination of

wild-type (WT) female C57BL/6 mice with a two-dose regimen

of the prM-E mRNA vaccine or a single dose of ZIKV-NS1-LAV

induced high-titers of neutralizing antibodies. Immunized female

mice were mated to WT male sires and then infected at embryo

day 6 (E6) with a pathogenic heterologous African ZIKV strain.

Whereas placebo-immunized mice developed high titers of

ZIKV in the maternal tissues, placenta, and fetal brain, those

vaccinated with the prM-E mRNA or ZIKV-NS1-LAV showed

markedly diminished levels of virus in these tissues, with the ma-

jority of fetuses showing no evidence of infection.

RESULTS

Activity of a prM-E mRNA LNP Vaccine in Pregnancy
In recent studies, two groups showed that intramuscular or intra-

dermal immunization of LNP-encapsulated modified mRNA
274 Cell 170, 273–283, July 13, 2017
vaccines encoding the prM-E genes of Asian-American ZIKV iso-

lates protected non-pregnant adult mice or non-human primates

against ZIKV viremia, tissue viral burden, or lethality in different

challenge models (Pardi et al., 2017; Richner et al., 2017). As

none of the existing ZIKV vaccine platforms (mRNA LNP, DNA

plasmid, viral-vectored, or chemically inactivated virions) has

been evaluated for protection of fetuses during pregnancy, we

designed a trial to test this in mice. Eight-week-old WT immuno-

competent C57BL/6 female mice were divided into two groups,

with each receiving an intramuscular inoculation of 10 mg of

prM-E mRNA containing a signal sequence from human IgE or

non-translating mRNA LNPs. The two groups of female mice

were boosted with the same dose of LNP vaccine at 28 days

after immunization, bled at day 49 for serological analysis (see

below), and then mated with 12-week-old WT C57BL/6 male

mice at approximately day 56 and monitored for vaginal plugs,

an indication of insemination (Figure 1A). To facilitate ZIKV repli-

cation in peripheral tissues and spread to the maternal decidua

and placenta (Miner et al., 2016), we passively transferred

2 mg of a blocking anti-Ifnar1 antibody 1 day prior (embryo day

5 [E5]) to infection at E6 with 105 focus-forming units (FFU) of

a heterologous mouse-adapted African ZIKV strain (Dakar

41519) (Richner et al., 2017; Sapparapu et al., 2016; Zhao

et al., 2016). At E13 (7 days after ZIKV challenge), maternal and

fetal organs were collected from pregnant mice and evaluated

for viral burden.

As observed previously in C57BL/6 male and BALB/c female

mice (Richner et al., 2017), at day 49, the prM-E mRNA LNPs

induced high levels of neutralizing antibodies in the serum of fe-

male C57BL/6 mice with EC50 values (half-maximal inhibition of

virus infection) of 1/94,000 ± 24,000 (Figures 1B and 1C and Fig-

ures S1A and S1B) and EC90 values of �1/5,500 ± 900 (Figures

1B and 1D). Substantial virological protection was observed in

the maternal spleen (mean difference of �2,500-fold, Figure 1E)

and brain (mean difference of �15,000-fold, Figure 1F) of mice

immunized with prM-E mRNA compared to placebo mRNA

LNPs. Placenta and fetal heads at E13 from placebo mRNA

LNP-vaccinated dams showed high levels of viral RNA (e.g.,

�105 to 108 FFU equivalents/g), whereas corresponding tissues

from dams immunized with prM-E mRNA LNPs showed marked

protection (placenta, 200-fold mean reduction; fetal head,

13,000-fold mean reduction) (Figures 1G and 1H). Indeed, 10

of 19 (53%) placentas and 11 of 19 (58%) fetal heads from

prM-E mRNA LNPs dams had viral RNA levels at the limit of

detection of the assay, suggesting virtually complete protection,

and the remainder had substantially lower levels than those de-

tected in samples from placebo mRNA LNP immunized mice.

Whereas we detected infectious virus by plaque assay in 21 of

23 (91%) placentas and 10 of 23 (43%) fetal heads from pla-

cebo-vaccinated dams, only 3 of 19 (16%) placentas and 0 of

19 fetal heads were positive from dams immunized with prM-E

mRNA LNPs (Figures S2A and S2B).

Protective Activity of a Live-Attenuated Virus with
Mutations in NS1
We next evaluated the ability of a second vaccine platform, a

live-attenuated ZIKV strain, to protect non-pregnant and preg-

nant mice from infection and disease. Based on strategies



Figure 1. ZIKV prM-E mRNA LNP Vaccine Protects Pregnant C57BL/6 Mice and their Developing Fetuses

(A) Scheme of immunization and boosting of WT C57BL/6 female mice with 10 mg of prM-E or placebo mRNA LNP vaccines.

(B) Serum was collected at day 49 and analyzed for neutralizing activity (Dowd et al., 2016a). Representative neutralization curves are shown. Error bars denote

the range of duplicate technical replicates.

(C and D) EC50 (C) and EC90 (D) values were calculated for individual animals in each group (n = 19 to 20). The dashed lines indicate the limit of detection of the

assay. Asterisks indicate statistically significant differences (Mann-Whitney test: ****p < 0.001).

(E–H) At day 56, vaccinated female mice were mated with WT C57BL/6 males. A subset of the mice developed vaginal plugs, and pregnant mice (n = 7 or

8 depending on group pooled from two independent experiments) were administered 2 mg of anti-Ifnar1 blocking antibody on E5, and 1 day later (E6) challenged

with 105 FFU of mouse-adapted ZIKV Dakar 41519. At E13, animals were euthanized and maternal spleen (E), maternal brain (F), placenta (G), and fetal heads (H)

were harvested and analyzed for levels of ZIKV RNA. The dashed line indicates the limit of detection of the assay and asterisks indicate significant differences

(Mann-Whitney test: **p < 0.01; ***p < 0.001; ****p < 0.0001).
for attenuating replication and virulence of other flaviviruses

including YFV, DENV, and WNV (Muylaert et al., 1996; Pryor

et al., 1998; Somnuke et al., 2011; Whiteman et al., 2010; White-

man et al., 2011), we mutated the N-linked glycosylation

sites (N130Q and N207Q) of the NS1 gene of an Asian ZIKV

(FSS13025, Cambodia, 2010) infectious cDNA clone (Shan

et al., 2016) to create single or double glycosylation knockout

variants (Figure 2A). Four amino-acid substitutions (N130Q/

S132A, andN207Q/T209V) were engineered in the double glyco-

sylation mutant to minimize reversion and enhance safety, as

described for WNV (Whiteman et al., 2011). Western blotting of

infected cell lysates revealed the expected electrophoretic

mobility shifts associated with loss of N-linked glycans on NS1

(Figure 2B). ZIKV with NS1 containing two glycosylation site mu-

tations showed decreased plaque size and reduced replication

in cell culture (Figures 2C–2E), with lesser attenuating effects

of viruses containing one glycosylation mutation (Figures S3A

and S3B). Although five serial passages of the double NS1 glyco-
sylation mutant on Vero cells did not change the engineered

substitutions as judged by consensus sequencing, an adaptive

mutation (NS1-V134F) did emerge (Figure S4).

We assessed the attenuation, immunogenicity, and protective

activity of the NS1 glycosylation double knockout ZIKV (ZIKV-

NS1-LAV) in non-pregnant immunocompromised mice lacking

type I interferon (IFN) signaling responses. Three-week-old

Ifnar1�/� A129 male mice were divided into three groups, with

each receiving a single subcutaneous inoculation of a placebo

control (PBS), or 104 plaque forming units (PFU) of ZIKV-NS1-

LAV, or parental WT ZIKV (Figure 2F). We monitored morbidity,

mortality, and viral burden over the first 2 weeks after inoculation.

Whereas mice receiving the parental infectious clone-derived

WT ZIKV developed substantial weight loss (Figure 2G), death

(60% mortality; Figure 2H), and viremia (104 to 107 PFU/ml at

days 2 to 4 after infection; Figure 2I), ZIKV-NS1-LAV-inoculated

mice sustained no weight loss or mortality, and developed less

viremia (102 to �104 PFU/ml) on corresponding days. Moreover,
Cell 170, 273–283, July 13, 2017 275



Figure 2. Development and Characterization of a Live-Attenuated ZIKV Vaccine with Mutations in the NS1 Gene

(A) Scheme of ZIKV genome with mutations in the NS1 gene. Mutated amino acids and their coding nucleotides are indicated in red.

(B) Western blotting of lysates from Vero cells infected with parental WT, N130Q, N207Q, or N130Q+S132A+N207Q+T209V (DKO) ZIKV with an anti-NS1

antibody. Where indicated, PNGase F treatment was performed on lysates to remove N-linked glycans. Results are representative of several experiments.

(C–E) Attenuated growth of ZIKV-NS1-LAV (DKO). Plaque assays (C), replication kinetics (D), and transient replicon (E) assays were performed in Vero cells. (D)

Multi-step growth curves of parental WT and ZIKV-NS1-LAV in Vero cells. Results are the average of two independent experiments, and the error bars indicate

standard deviations (SD). (E) Replication of parental WT or ZIKV-NS1-LAV subgenomic replicons encoding a luciferase reporter gene after transfection of in vitro

derived RNA into Vero cells. Results are the average of two independent experiments, and the error bars indicate SD.

(F) Scheme of vaccination and challenge of 3-week-old Ifnar1�/� A129 male mice with parental and ZIKV-NS1-LAV.

(G andH)Weightmeasurements (G) andmortality (H) over the first 2 weeks after immunizationwithmock vaccine (G) only, n = 4), parental WT (G), n = 5: (H), n = 10)

or ZIKV-NS1-LAV (n = 5). Arrows (G) and asterisks (H) indicate statistically significant differences: ((G) Two-way ANOVAwith Bonferroni multiple comparison test:

day 7 and 8, ***p < 0.001; days 9–12, ****p < 0.0001; day 13, **p < 0.01; (H) Log-rank test: *p < 0.05).

(I) Viremiameasurements at days 1 through 4 after inoculation with parental (n = 5) and ZIKV-NS1-LAV (n = 3) as determined by plaque assay. Dotted line indicates

limit of detection of assay. Asterisks indicate statistical significance (Mann-Whitney test: *p < 0.05; **p < 0.01; ****p < 0.0001).

(J) Blood was collected at day 28 and analyzed for serum neutralizing activity.

(K) A129mice that were initially inoculated with placebo (mock-vaccinated) (n = 4), parental WT (n = 4) or ZIKV-NS1-LAV (n = 5) were challenged at day 30with 106

PFU of ZIKV strain PRVABC59. At day 2 after challenge, viremia was measured.
at days 6 and 10 post-infection, viral burden in the heart, lung,

liver, spleen, kidney, muscle, brain, eye, and testis was substan-

tially lower (100 to 1,000,000-fold) in A129 mice inoculated with

ZIKV-NS1-LAV compared to WT ZIKV (Figure S5). In compari-

son, lower levels of attenuation in A129 mice were observed

with the single glycosylation mutant (N130Q or N207Q) ZIKV
276 Cell 170, 273–283, July 13, 2017
strains (Figures S3C–S3E). ZIKV-NS1-LAV also was attenuated

in an intracranial inoculation model of outbred infant CD1 mice

(50% lethal dose [LD50] of �500 PFU for WT ZIKV compared

to >10,000 PFU for ZIKV-NS1-LAV Figure S3F). Finally, we

examined the ability of ZIKV-NS1-LAV to infect Aedes aegypti

by feeding mosquitoes with artificial blood meals containing



Figure 3. ZIKV-NS1-LAV Protects Pregnant C57BL/6 Mice and Their Fetuses

(A) Scheme of immunization of WT C57BL/6 female mice with 105 FFU of ZIKV-NS1-LAV (n = 18) or placebo (n = 11) control. One day prior to immunization, all

mice were administered 0.5 mg of anti-Ifnar1.

(B) Serumwas collected at day 28 and analyzed for neutralizing activity. Representative neutralization curves are shown. Error bars denote the range of duplicate

technical replicates.

(C and D) EC50 (C) and EC90 (D) valueswere calculated for individual animals in each group. The dashed lines indicate the limit of detection of the assay. Asterisks

indicate statistically significant differences (Mann-Whitney test: ****p < 0.0001).

(E–H) At day 35, vaccinated female mice were mated with WT C57BL/6 males. A subset of mice developed vaginal plugs (n = 6, PBS placebo; n = 6, ZIKV-NS1-

LAV). Pregnant mice were challenged with ZIKV as described in Figure 1. At E13, animals were euthanized and maternal spleen (E), maternal brain (F), placenta

(G), and fetal heads (H) were harvested and analyzed for levels of ZIKV RNA. The dashed line indicates the limit of detection of the assay, and asterisks indicate

significant differences (Mann-Whitney test: (*p < 0.05; **p < 0.01; ****p < 0.0001).
106 FFU/ml of WT parental or ZIKV-NS1-LAV. On day 7 post-

feeding, theWT virus infected 56% of the engorgedmosquitoes.

In contrast, none of the mosquitoes were infected by ZIKV-NS1-

LAV (Figure S6), suggesting that the attenuated vaccine had

markedly reduced ability to infect its principal urban mosquito.

At day 28, animals were phlebotomized for analysis of

serum neutralizing antibody. Ifnar1�/� A129 mice receiving

either WT or ZIKV-NS1-LAV had strong neutralizing antibody

responses, with EC50 values of �1/5,000 to 1/7,000 (Figure 2J).

After challenge with 106 PFU of WT ZIKV PRVABC59 (Puerto

Rico 2015), A129 mice receiving the placebo control sustained

high levels (106 to 107 PFU/ml) of viremia at day 2 (Figure 2K)

compared to animals immunized with ZIKV-NS1-LAV or survi-

vors of WT ZIKV infection, which had no detectable viremia at

this time point.
Based on promising results in immunocompromised mice, we

tested the ZIKV-NS1-LAV platform for protection during preg-

nancy (Figure 3A). Eight-week-old WT C57BL/6 female mice

were vaccinated subcutaneously with a placebo control or 105

PFU of ZIKV-NS1-LAV; to facilitate transient replication of the

attenuated strain in WT immunocompetent mice, we adminis-

tered a single (0.5 mg) dose of anti-Ifnar1 1 day prior to virus

inoculation. No signs of illness (weight loss or change in activity)

were observed after infection. Twenty-eight days later, animals

were bled for serological analysis, which showed high titers of

neutralizing antibodies with EC50 and EC90 values of 1/25,000

± 2,000 and 1/5,800 ± 600, respectively compared to the pla-

cebo control (Figure 3B–3D, and Figures S7A and S7B). One

week later, immune female mice were mated with 12-week-old

WT C57BL/6 male mice and monitored for vaginal plugs
Cell 170, 273–283, July 13, 2017 277



(Figure 3A). For the challenge studies, to facilitate ZIKV dissem-

ination to the placenta, pregnant mice were administered 2 mgs

of anti-Ifnar1 at E5 1 day prior to infection (at E6) with 105 FFU of

mouse-adapted ZIKV Dakar 41519. At E13, maternal and fetal

organs were evaluated for tissue viral burden.

ZIKV-NS1-LAV conferred protection in the dams with reduced

levels of virus in the spleen (�50,000-fold mean reduction, Fig-

ure 3E) and brain (�4,400-fold mean reduction, Figure 3F)

compared to placebo-vaccinated animals. Placenta and fetal

heads from ZIKV-NS1-LAV immunized dams also showedmark-

edly lower levels of viral RNA (placenta, 276,000-fold mean

reduction; fetal head, 20,000-foldmean reduction) than frompla-

cebo-immunized dams (Figure 3G and 3H). Indeed, 18 of 23

(78%) placentas and 19 of 23 (83%) fetal heads from ZIKV-

NS1-LAV immunized dams had viral RNA levels at or below the

detection limit of the assay, suggesting that the vast majority

of pregnant mice did not transmit ZIKV to their developing fe-

tuses. Consistent with this observation, infectious virus was

not recovered from the placentas or fetal heads from dams

immunized with ZIKV-NS1-LAV (Figures S2A and S2B, n = 23).

Vaccine Protection against Placental and Fetal Injury
The reduction in viral load mediated by prM-E mRNA LNP and

ZIKV-NS1-LAV vaccines was associated with decreased dam-

age of the placenta compared to placebo-immunized dams.

The prM-E mRNA LNP and ZIKV-NS1-LAV vaccines both pro-

tected against ZIKV-induced placental insufficiency (Miner

et al., 2016), as the total, labyrinth, and junctional areas of the

placenta were greater than in infected animals receiving a pla-

cebo vaccine (Figure 4A and Figure 5A). In situ hybridization re-

vealed an almost complete absence of viral RNA in the maternal

decidua and the junctional zone of the placenta from animals

immunized with prM-E mRNA LNP and ZIKV-NS1-LAV as

compared to placebo controls (Figure 4B and Figure 5B). To

determine the effects on fetal viability, we challenged prM-E

mRNA vaccinated and unvaccinated (placebo) dams and fol-

lowed their pregnancies through term. Whereas none of the un-

vaccinated dams delivered pups at term because of extensive

placental injury and fetal demise, 100% of fetuses from prM-E

vaccinated dams were born (Figure 4C–4E). Consistent with

this result, at term, pup heads from vaccinated dams had no

measurable ZIKV RNA, whereas those harvested frommoribund

unvaccinated dams just prior to term (E18) had high levels of viral

RNA (Figure 4F). Analogously, placebo-vaccinated dams had a

lower rate of fetal viability compared to animals immunized

with ZIKV-NS1-LAV (Figure 5C). Collectively, the virological

and histopathological data suggest that immunization with

prM-E mRNA LNP or ZIKV-NS1-LAV vaccines can reduce

dissemination of ZIKV to the placenta, which substantially de-

creases the likelihood of placental infection and injury; this pre-

vents vertical transmission and improves fetal outcome.

DISCUSSION

There has been a rapid emergency effort to develop a safe and

effective vaccine against ZIKV to limit the epidemic force of

infection and prevent its major disease manifestations, such as

microcephaly and congenital malformations in the context of
278 Cell 170, 273–283, July 13, 2017
infection during pregnancy. Recent studies have established

that candidate anti-ZIKV vaccines can protect against viremia,

tissue viral burden, and/or lethal challenge in mice or non-human

primate models of ZIKV infection and pathogenesis (Abbink

et al., 2016; Dowd et al., 2016b; Larocca et al., 2016; Muthumani

et al., 2016; Pardi and Weissman, 2017; Richner et al., 2017;

Shan et al., 2017a). Several of these ZIKV vaccine platforms

(DNA plasmid or modified mRNA LNPs encoding prM-E gene

and chemically inactivated virions) have advanced to phase 1

human trials (Durbin, 2016). However, all of the pre-clinical

studies have been performed in non-pregnant animals, and

thus vaccine-mediated protection against placental and fetal

infection and injury has not been demonstrated. Protection

should be possible, as passive transfer of ZIKV-117, a highly

neutralizing human anti-ZIKV antibody, limited placental infec-

tion and transmission to the fetus (Sapparapu et al., 2016).

Here, we showed that two different vaccine platforms based

on Asian/American ZIKV strains, a modified mRNA LNP encod-

ing ZIKV prM-E and a live-attenuated ZIKV with mutations in

the NS1 gene, generate robust neutralizing antibody responses

in female mice. After becoming pregnant, vaccinated mice

were challenged at E6 with a lethal dose of a heterologous Afri-

can strain of ZIKV via a subcutaneous route. Relative to the pla-

cebo controls, dams immunized with prM-E mRNA LNPs or

ZIKV-NS1-LAV showed markedly diminished levels of viral

RNA in maternal, placental, and fetal tissues, and the majority

of fetuses showed no evidence of transmission. Thus, at least

in mice, ZIKV vaccines administered before pregnancy can pre-

vent placental and fetal infection.

Two lipid-encapsulated modified mRNA vaccines encoding

the prM-E genes were recently described in the context of chal-

lenge of non-pregnant mice and non-human primates (Pardi

et al., 2017; Richner et al., 2017). In the published studies in

non-pregnant animals, both mRNA prM-E vaccines induced

durable high-titer neutralizing antibody responses that lasted

months after vaccination and conferred protection against chal-

lenge with pathogenic ZIKV strains. Because these mRNA LNP

vaccines are non-amplifying, lack the capacity to integrate into

the genome, and use modified nucleosides to minimize unto-

ward innate immune activation (Pardi and Weissman, 2017;

Schlake et al., 2012), there is a high safety expectation, espe-

cially in immunocompromised individuals or pregnant women,

who might not be eligible to receive live-attenuated vaccines.

Our study demonstrates that prM-E mRNA LNP vaccines can

protect against maternal, placental, and fetal infection, with

the majority of animals showing no virological evidence of

transmission.

Several live-attenuated vaccines have been implemented

against related flaviviruses including YFV, DENV, and JEV (Guy

and Jackson, 2016; Pierson and Diamond, 2013). Recently, a

live-attenuated ZIKV vaccine strain encoding a 10 nucleotide

deletion in the 30 untranslated region was shown to induce pro-

tective and sterilizing immunity against ZIKV infection in immu-

nocompromisedmice (Shan et al., 2017a); however, this vaccine

was not tested in the context of challenge of pregnant animals.

In our current study, a single dose of ZIKV-NS1-LAV given

before pregnancy induced an immune response that protected

against challenge during pregnancy with substantial reductions



Figure 4. prM-E ZIKV Vaccine Protects against Placental and Fetal Infection

(A and B) Pregnant dams vaccinated with placebo ot prM-E mRNA LNPs were treated with anti-Ifnar1 and then inoculated with ZIKV-Dakar at E6 as described in

Figure 1. (A). Measurements of thickness and indicated areas of placentas from placebo or prM-E mRNA LNPs immunized mice after ZIKV challenge. Each

symbol represents data from an individual placenta. Statistical significance was analyzed (Mann-Whitney test: *p < 0.05; **p < 0.01). (B) In situ hybridization. Low

power (scale bar, 100 mm) and high power (scale bar, 20 mm) images are presented in sequence (indicated with a red box) from placebo or prM-E mRNA LNPs

(immunized mice after ZIKV challenge. The images in panels are representative of three to four independent placentas from multiple dams.

(C–E) Outcome of fetuses from placebo or prM-E mRNA LNP vaccinated dams. (C) The percentage of offspring that were resorbed (fetuses, prior to delivery) or

delivered (pups, at term) (n = 17 for placebo; n = 14 for prM-E mRNA LNP vaccine; chi-square test (****p < 0.0001). (D) Representative images of grossly

hemorrhagic uterus (left) and hypomorphic fetus and placenta (right) recovered from placebo-immunized moribund dams at E18. (E) Representative images of

pups delivered at term to prM-E mRNA LNP vaccinated dams.

(F) Levels of viral RNA in the heads of placebo-vaccinated and ZIKV challenged (harvested from moribund dams at day E18 or by Caesarean section at term) or

prM-EmRNA-vaccinated and ZIKV challenged (harvested at delivery). Each symbol represents data from an individual fetus or pup from at least two independent

pregnant dams. Statistical significance was analyzed (Mann-Whitney test: ****p < 0.0001).
in maternal and placental viral titers, and prevention of transmis-

sion to the developing fetus. This attenuated ZIKV vaccine plat-

form, which introduces four amino-acid substitutions and ten

nucleotide changes to abolish the two N-linked glycosylation

sites on the viral NS1 protein and prevent reversion, was based

on a foundation of studies (Muylaert et al., 1996; Pryor et al.,

1998; Somnuke et al., 2011; Whiteman et al., 2010; Whiteman

et al., 2011) with other flaviviruses showing that such substitu-
tions in NS1 are attenuating in cell culture, insects, and animals

because of diminished replication rates, cytopathic effects, and

immune evasion (Muller and Young, 2013).

Although both vaccine platforms showed efficacy in the

context of challenge during pregnancy, some limitations were

noted. Despite generating high levels of neutralizing antibody

in serum, ZIKV RNA was detected in a few fetuses at E13, which

may reflect some breakthrough of infection. The significance of
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Figure 5. ZIKV-NS1-LAV Vaccine Protects against Placental and Fetal Infection

(A–C) Pregnant dams vaccinated with placebo or ZIKV-NS1-LAVwere treated with anti-Ifnar1 and then inoculated with ZIKV-Dakar at E6 as described in Figure 1.

(A). Measurements of thickness and indicated areas of placentas from placebo or ZIKV-NS1-LAV immunized mice after ZIKV challenge. Each symbol represents

data from an individual placenta. Statistical significance was analyzed (Mann-Whitney test: *p < 0.05; **p < 0.01). (B) In situ hybridization. Low power (scale bar,

100 mm) and high power (scale bar, 20 mm) images are presented in sequence (indicated with a red box) from placebo or ZIKV-NS1-LAV immunized mice after

ZIKV challenge. The images in panels are representative of three to four independent placentas frommultiple dams. (C) Fetal resorption rates in placebo or ZIKV-

NS1-LAV immunized dams after ZIKV challenge. Data are pooled from multiple dams in independent experiments and reflects the following number of fetuses

(n = 32 for placebo and n = 48 for ZIKV-NS1-LAV). Significance for fetal survival was analyzed by the chi-square test (*p < 0.05).
this RNA is uncertain: 1) the levels of ZIKV RNA recovered from

fetal head homogenates of prM-E mRNA and ZIKV-NS1-LAV

vaccinated dams were low, and infectious virus was never

recovered using plaque assays; (2) the low level of viral RNA de-

tected in some fetuses could represent free or encapsidated

RNA in neutralized virus particles; (3) the majority of dams that

received the prM-E mRNA and ZIKV-NS1-LAV vaccines failed

to boost their neutralizing titers (defined as > 4-fold change)

1 week after challenge with infectious ZIKV (Figures S1C and

S1D and Figures S7C and S7D), suggesting that vaccine-

induced immunity was sterilizing or nearly so; (4) in pups har-

vested at term from prM-E mRNA immunized dams, viral RNA

was not detected in the head. Although it remains unclear how

ZIKV from the dam disseminated to the placenta in the setting

of high levels of serum neutralizing antibodies, human studies

suggest that viral RNA can associate with erythrocytes in whole

blood even after a protective antibody response is induced (Mur-

ray et al., 2017). Finally, as levels of neonatal Fc receptor in the

mouse placenta are lower than in other mammalian species

(Kim et al., 2009), reduced transport of maternal IgG into the

fetus is expected (Pentsuk and van der Laan, 2009), which could

result in an underestimated protection of maternal immunization.

Differences in experimental protocols limited our ability to

make direct comparisons of the relative efficacy of the two vac-

cine platforms: (1) the immunization and challenge studies were

not conducted concurrently, so differences over time in factors

that shape immunity (e.g., maternal microbiome) could impact
280 Cell 170, 273–283, July 13, 2017
infectivity and transmission. Consistent with this idea, the

mean ZIKV RNA levels in the placebo-vaccinated groups varied

slightly; (2) the age of the dams at the time of challenge was

different by several weeks due to the requirement for boosting

with the prM-E mRNA LNP vaccine. Notwithstanding these dif-

ferences, the ZIKV-NS1-LAV was associated with slightly less

placental and fetal breakthrough of viral RNA. It is possible that

the immune responses to subunit based and live-replicating

ZIKV vaccines are not identical. Neutralizing antibody responses

generated against subviral particles (Ferlenghi et al., 2001) from

prM-E-based vaccines may differ qualitatively from those gener-

ated against virions (Kuhn et al., 2002) produced by live-attenu-

ated vaccines expressing viral proteins in their native chemical

environments. Moreover, because the ZIKV-NS1-LAV encodes

the entire ZIKV open reading frame, it likely inducesmore optimal

CD4+ and CD8+ T cell responses, due to the larger number of

possible peptide epitopes for class I and class II major histocom-

patibility antigens.

As modified mRNA and live-attenuated vaccine platforms

can mitigate in utero transmission of ZIKV in mice, their develop-

ment in humans for different target populations should be

considered. Where safety concerns are greatest (e.g., females

during childbearing years, immunocompromised, and those

with certain co-morbidities), the non-replicating prM-E mRNA

LNP subunit-based vaccine may have greatest utility and short-

est pathway to licensure. In comparison, live-attenuated vac-

cines (e.g., ZIKV-NS1-LAV) administered before sexual debut



may be associated with more rapid and long-term protection.

Although our studies were focused on protection against trans-

placental transmission and fetal infection, the robust responses

to the prM-E mRNA and ZIKV-NS1-LAV vaccines indicate they

could diminish infection in other target populations and decrease

the epidemic force of infection. Immunization of males may be

important if the ZIKV-induced damage to the testes reported in

mice (Govero et al., 2016; Ma et al., 2016; Uraki et al., 2017) be-

comes apparent in humans or to prevent sexual transmission. An

additional consideration is whether in the context of pregnancy

the systemic immunity that is generated by vaccination is suffi-

cient to prevent local vaginal infection and spread via organs

of the reproductive tract that occurs during sexual transmission

(Khan et al., 2016; Shin and Iwasaki, 2013; Yockey et al., 2016).

To address this issue, future studies are planned in which vacci-

nated pregnant mice are challenged via an intravaginal route. In

summary, the modified mRNA and live-attenuated vaccine plat-

forms generated sufficient immunity to protect against infection

and disease in pregnant and non-pregnant mice. Based on these

data, we believe their further evaluation to prevent congenital

ZIKV syndrome in humans is warranted.
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Syndrome outbreak associated with Zika virus infection in French Polynesia: a

case-control study. Lancet 387, 1531–1539.

Dick, G.W. (1952). Zika virus. II. Pathogenicity and physical properties. Trans.

R. Soc. Trop. Med. Hyg. 46, 521–534.

Dowd, K.A., DeMaso, C.R., and Pierson, T.C. (2015). Genotypic Differences in

Dengue Virus Neutralization Are Explained by a Single Amino Acid Mutation

That Modulates Virus Breathing. MBio 6, e01559–e15.

Dowd, K.A., DeMaso, C.R., Pelc, R.S., Speer, S.D., Smith, A.R., Goo, L., Platt,

D.J., Mascola, J.R., Graham, B.S., Mulligan, M.J., et al. (2016a). Broadly

Neutralizing Activity of Zika Virus-Immune Sera Identifies a Single Viral Sero-

type. Cell Rep. 16, 1485–1491.

Dowd, K.A., Ko, S.Y., Morabito, K.M., Yang, E.S., Pelc, R.S., DeMaso, C.R.,

Castilho, L.R., Abbink, P., Boyd, M., Nityanandam, R., et al. (2016b). Rapid

development of a DNA vaccine for Zika virus. Science 354, 237–240.

Durbin, A.P. (2016). Vaccine Development for Zika Virus-Timelines and Strate-

gies. Semin. Reprod. Med. 34, 299–304.
Cell 170, 273–283, July 13, 2017 281

http://dx.doi.org/10.1016/j.cell.2017.06.040
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref1
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref1
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref1
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref1
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref2
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref2
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref2
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref2
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref3
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref3
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref3
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref4
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref4
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref4
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref4
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref5
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref5
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref6
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref6
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref6
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref7
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref7
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref7
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref7
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref8
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref8
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref8
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref9
http://refhub.elsevier.com/S0092-8674(17)30759-6/sref9


Faria, N.R., Azevedo, Rdo.S., Kraemer, M.U., Souza, R., Cunha, M.S., Hill,
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of

the National Institutes of Health. The protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at the

Washington University School of Medicine (Assurance Number: A3381-01), the IACUC at the University of Texas Medical Branch

(Protocol Number 0209068B). Dissections and footpad injections were performed under anesthesia that was induced and main-

tained with ketamine hydrochloride and xylazine or isofluorane, and all efforts were made to minimize suffering.

Mouse experiments
C57BL/6J mice were purchased from The Jackson Laboratory, and A129 (Ifnar1�/�) mice were bred in the animal facilities at Univer-

sity of TexasMedical Branch. All micewere housed in pathogen-freemouse facilities. For immunizations, micewere inoculated via an

intramuscular route with 50 mL of modified mRNA vaccine encoding the prM-E genes of ZIKV (Micronesia 2007) (Richner et al., 2017)

or placebo non-coding mRNA or via subcutaneous route in the footpad with 105 PFU of a live attenuated ZIKV (strain FSS13025,

Cambodia 2010) encoding mutations in the NS1 gene or PBS placebo control; the latter immunizations were performed 1 day after

intraperitoneal administration of 0.5 mg of anti-Ifnar1 (MAR1-5A3) (Sheehan et al., 2006), which was purchased (Leinco, Inc). For

challenge studies in A129 mice, immunized animals were inoculated subcutaneously with 106 PFU of ZIKV PRVABC59. Immunized
Cell 170, 273–283.e1–e5, July 13, 2017 e2
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WT C57BL/6 female were mated with naive WT male mice; at E5, pregnant dams were treated with a 2 mg injection of anti-Ifnar1. At

E6, mice were inoculated with 105 FFU of mouse-adapted ZIKV-Dakar by subcutaneous injection in the footpad. Animals were sacri-

ficed at E13, and placentas, fetuses, and maternal tissues were harvested. To assess the impact of vaccination with prM-E mRNA

LNPs on fetus survival, vaccinated or unvaccinated (placebo) WT mice were subjected to superovulation after intraperitoneal injec-

tion of 2.5 IU pregnant mare serum gonadotropin (National Hormone and Peptide Program) followed by 2.5 IU human chorionic

gonadotropin (Sigma-Aldrich) 48 hr later. Female mice then were mated to 12-week-old WT males, and plugged dams were inocu-

lated with 105 FFU ofmouse-adapted ZIKV-Dakar at E6. Pregnant damsweremonitored every 8 hr near term (E19) until all pups were

delivered, and pup heads were harvested immediately for viral analysis. Moribund females were sacrificed and fetal sacs were

dissected for tissue recovery and viral analysis.

Virulence of attenuated viruses was determined by performing experiments on 3-week-old A129mice, amodel susceptible to ZIKV

infection (Rossi et al., 2016). A129 mice were inoculated subcutaneously with 104 PFU of WT or NS1mutant viruses. Mice monitored

daily for weight change and signs of disease. Mice were bled via the retro-orbital sinus to quantify the viremia using plaque assay on

Vero cells. On day 28 post-immunization, mice were anesthetized and bled to measure serum antibody neutralization titers. Mice

were challenged on day 30 with 106 PFU of ZIKV strain PRVABC59 via intraperitoneal injection. On day 2 post-challenge, the

mice were bled to measure viremia.

METHOD DETAILS

Viruses and cells
ZIKV strain Dakar 41519 (Senegal, 1984), FSS13025 (Cambodia, 2007), and PRVABC59 (Puerto Rico, 2015) were provided by the

World Reference Center for Emerging Viruses and Arboviruses (University of Texas Medical Branch). To create a mouse-adapted

more pathogenic variant of ZIKV Dakar 41519, it was passaged twice in Rag1�/� mice (Sapparapu et al., 2016; Zhao et al., 2016).

Virus stocks were propagated inmycoplasma-free Vero cells and titrated by focus-forming (FFA) or plaque assays, as described pre-

viously (Brien et al., 2013; Lazear et al., 2016). Experiments with ZIKV were conducted under biosafety level 2 (BSL2) and A-BSL3

containment with Institutional Biosafety Committee approval.

Generation of modified mRNA and LNPs
The modified mRNA encoding the ZIKV prM and E genes from an Asian ZIKV strain (Micronesia 2007, GenBank accession number

EU545988 (Lanciotti et al., 2008)), which is > 99% identical to circulating American strains, has been described previously (Richner

et al., 2017). Briefly, themRNAwas synthesized in vitro using T7 polymerase-mediated DNA-dependent RNA transcription where the

UTP was substituted with 1-methylpseudoUTP, using a linearized DNA template, which incorporates 50 and 30 untranslated regions

(UTRs) and includes a poly-A tail. A donor methyl group S-adenosylmethionine was added to the methylated capped RNA, resulting

in a cap 1 structure to increase mRNA translation efficiency. The modified mRNAs encoded the signal sequences from human IgE.

LNP formulations were prepared as described previously (Richner et al., 2017). Briefly, lipids were dissolved in ethanol at molar

ratios of 50:10:38.5:1.5 (ionizable lipid: DSPC: cholesterol: PEG-lipid). The lipid mixture was combined with mRNA at a ratio of 3:1

(aqueous:ethanol) using a microfluidic mixer (Precision Nanosystems). Formulations were dialyzed against PBS (pH 7.4), concen-

trated using Amicon Ultra Centrifugal Filters (EMD Millipore), passed through a 0.22-mm filter and stored at 4�C until use. All formu-

lations were tested for particle size, RNA encapsulation, and endotoxin and were found to be between 80 to 100 nm in size, with

greater than 90% encapsulation and < 1 EU/ml of endotoxin.

Plasmid construction
The NS1 single and double glycosylation mutations (N130Q, N207Q, and N130Q + S132A + N207Q + T209V) were introduced to the

full-length ZIKV cDNA infectious clone pFLZIKV (Shan et al., 2016). A shuttle vector spanning nucleotide position 1,466-3,881

(GenBank number KU955593.1) was used to introduce NS1 mutations by corresponding primers using QuickChange II XL Site-

Directed Mutagenesis Kit (Agilent Technologies). The shuttle vector was digested and ligated to pFLZIKV using unique restriction

enzyme sites AvrII and SphI. E. coli strain Top 10 cells (Invitrogen) were used to propagate the plasmids. The shuttle vector and

full-length plasmids were validated by DNA sequencing. All restriction enzymes were purchased from New England BioLabs.

Viral RNA transcription and transfection
The infectious cDNA plasmid with desired mutations were amplified in E. coli Top 10 cells, and purified using QIAGEN Plasmid

Plus Maxi Kit. ZIKV NS1 mutant genomic RNAs were in vitro transcribed using a T7 mMessage mMachine kit (Ambion) from the

cDNA plasmids pre-linearized by restriction enzyme ClaI. The RNA was precipitated with lithium chloride, washed with 70% ethanol,

re-suspended in RNase-free water, quantitated by spectrophotometry, and stored at�80�C in aliquots. The RNA transcripts (10 mg)

were electroporated into Vero cells following a protocol described previously (Shi et al., 2002). Viral RNA in cell culture media was

extracted using QIAamp viral RNA Mini Kit (QIAGEN). The NS1 region was amplified from viral RNA using SuperScript III One-

Step RT-PCR System with Platinum Taq High Fidelity (Invitrogen); the RT-PCR products were verified for the engineered mutations

by DNA sequencing.
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Western blotting and glycosidase treatment
Vero cells were seeded in a T-175 flask (1.75 3 107 cells/flask), inoculated with ZIKV at an MOI of 0.01, and incubated at 37�C until

cytopathic effect began to appear. The infected cells were harvested, washed with cold PBS, and lysed with RIPA buffer. The lysed

cells were placed on a Fisher Scientific Mini-Tube Rotator for a gentle agitation for 1 hr at 4�C. The lysates were centrifuged at

21,130 3 g for 10 min at 4�C to remove cell debris. Aliquots of cell lysates were treated with Peptide N-Glycosidase F (PNGase

F) in accordance to the manufacturer’s instructions (New England BioLabs.). Proteins was analyzed under denaturing conditions

in 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred using a Trans-Blot Turbo Blotting System (Bio-Rad

Laboratories) onto polyvinylidene difluoride (PVDF) membranes. Blots were blocked in TBST buffer (10 nM Tris-HCl, PH 7.5,

150 nM NaCl, and 0.1% Tween 20) supplemented with 5% skim milk for 1 hr, followed by probing with primary antibodies

(1:2000 dilution) for 1 hr at room temperature. After two washes with TBST buffer, the blots were incubated with goat anti-rabbit con-

jugated to HRP (1:5,000 dilution) in TBST buffer with 5% milk for 1 hr, followed by three washes with TBST buffer. Amersham ECL

PrimeWestern Blotting detection reagent (GE Healthcare) was used to generate chemiluminescence signals which were detected by

Chemi Doc Touch imaging system (Bio-Rad).

Measurement of viral burden
At E13 (7 days after ZIKV challenge), maternal blood was collected and organs from dams (brain and spleen) and fetuses (placenta

and fetal head) were recovered. Organs were weighed and homogenized using a bead-beater apparatus (MagNA Lyser, Roche),

and serum was prepared after coagulation and centrifugation. Tissue samples and serum from ZIKV-infected mice were extracted

with the RNeasy Mini Kit (QIAGEN). ZIKV RNA levels were determined by TaqMan one-step quantitative reverse transcriptase PCR

(qRT-PCR) on an ABI 7500 Fast Instrument using standard cycling conditions. Viral burden is expressed on a log10 scale as viral RNA

equivalents per gram or per milliliter after comparison with a standard curve produced using serial 5-fold dilutions of ZIKV RNA from

known quantities of infectious virus. For ZIKV, the following primer sets were used: 1183F: 50-CCACCAATGTTCTCTTGCAGACA

TATTG-30; 1268R: 50-TTCGGACAGCCGTTGTCCAACACAAG-30; and probes (1213F): 50-56-FAM/AGCCTACCT TGACAAGCA

GTC/3IABkFQ-30. With some samples, viral burden was determined by plaque assay on Vero cells (Miner et al., 2016).

Mosquito infection
Aedes aegyptimosquitoes were collected and colonized from Galveston, Texas. Blood meal feeding of mosquitoes was performed

as previously described (Yang et al., 2017). Briefly, blood meals [containing 1% (wt/vol) sucrose, 20% (vol/vol) FBS, 5 mM ATP, 33%

(vol/vol) PBS-washed human blood cells (UTMB Blood Bank), and 33% (vol/vol) DMEM medium] were spiked with 106 FFU/ml of

ZIKV. The blood meals were loaded into Hemotek 2 mL heated reservoirs (Discovery Workshops) covered with mouse skin. Mosqui-

toes were allowed to feed on the blood meal for 30 min. Engorged mosquitoes were incubated at 28�C, 80% relative humidity on a

12:12 hr light-dark cycle with ad libitum access to 10% sucrose. On day 7, mosquitoes were homogenized (Retsch MM300 homog-

enizer, Retsch Inc) individually in 500 mL of DMEMwith 20% FBS and 250 mg/ml amphotericin B. The samples were centrifuged, after

which 75 mL of supernatants were inoculated onto nearly confluent Vero cells in a 96-well plate. The plate was incubated at 37�C and

5%CO2 for 3 days and analyzed for viral protein expression using an immunofluorescence assay. Mosquito infection rate was calcu-

lated by dividing the number of virus-positive mosquito by the number of engorged mosquitoes.

Viral RNA in situ hybridization (ISH)
RNA ISHwas performedwith RNAscope 2.5 Brown (Advanced Cell Diagnostics) according to themanufacturer’s instructions, and as

previously described (Sapparapu et al., 2016). Paraformaldehyde-fixed paraffin-embedded tissue sections were incubated for

60 min at 60�C and deparaffinized in xylene. Endogenous peroxidases were quenched with H2O2 for 10 min at room temperature.

Slides were boiled for 15 min in RNAscope Target Retrieval Reagents and incubated for 30 min in RNAscope Protease Plus solution

before probe hybridization. The probe targeting ZIKV RNAwas designed and synthesized by Advanced Cell Diagnostics (Catalog no.

467771); specificity of ZIKV probe binding was confirmed by parallel hybridization of positive (Mm Ppib, Catalog no. 313911) and

negative (dapB, Catalog no. 310043) control probes in sequential tissue sections. Tissues were counterstained with Gill’s hematox-

ylin and visualized with standard bright-field microscopy (Nikon Eclipse E400).

Histology and immunohistochemistry
Harvested placentas were fixed in 10% neutral buffered formalin at room temperature and embedded in paraffin. At least three pla-

centas from different litters with the indicated treatments were sectioned and stained with hematoxylin and eosin to assess

morphology. Surface area and thickness of placenta and different layers were measured using ImageJ software.

Neutralization assays
(a) GFP Reporter virus particles (RVPs). RVPs incorporating the structural proteins of ZIKV were produced by complementation of a

previously described sub-genomic GFP-expressing replicon derived from a lineage II strain of WNV (Dowd et al., 2016a; Dowd et al.,

2015). Serial dilutions of heat-inactivated sera obtained from immunized C57BL/6J mice were mixed with ZIKV (strain H/PF/2013;

French Polynesia, 2013) RVPs and incubated for 1 hr at 37�C. Immune complexes were added in duplicate technical replicates to

pre-plated Vero cells in a 96-well plate and incubated for 2 days. Cells were trypsinized, resuspended in 4% paraformaldehyde in
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PBS, and RVP infection scored as a function of GFP expression by flow cytometry. All neutralization data were analyzed by non-linear

regression to determine the dilution of sera required to inhibit 50% (EC50) and 90% (EC90) of infection. (b) mCherry ZIKV. For serum

generated in A129 mice, neutralizing activity was assessed using an mCherry reporter ZIKV infection assay (Shan et al., 2017b). The

mCherry gene was engineered into the ZIKV Cambodian strain FSS13025 infectious clone using a strategy previously described for

the Renilla luciferase gene (Shan et al., 2016). The sera were serially diluted 2-fold starting at 1:100 in DMEM with 2% FBS and 1%

penicillin/streptomycin and incubated with mCherry ZIKV at 37�C for 2 hr. Antibody-virus complexes were added to pre-seeded Vero

cells in 96-well plates. At 48 hr post-infection, cells were visualized by fluorescence microscopy using Cytation 5 Cell Imaging Multi-

Mode Reader (Biotek) to quantify the mCherry-positive cells. The percentage of mCherry positive cells in the non-treatment controls

was set at 100%. The mCherry-positive cells from serum-treated wells were normalized to those of non-treatment controls. A four-

parameter sigmoidal (logistic) model (GraphPad Prism 7) was used to calculate the neutralization titers.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed with GraphPad Prism software. Kaplan-Meier survival curves were analyzed by the log rank test, and weight

losses were compared using two-way ANOVA with Bonferroni multiple comparison test. For neutralization antibody titers and viral

burden analysis, the log titers and levels of viral RNAwere analyzed by aMann-Whitney test or Kruskal-Wallis two-way ANOVAwith a

multiple comparisons correction. Fetal resorption rates were analyzed by a chi-square test. Paired antibody titer values were

analyzed for differences by a Wilcoxon matched paired sign-rank test.

DATA AND SOFTWARE AVAILABILITY

All data are available upon request to the lead contact author. No proprietary software was used in the data analysis.

ADDITIONAL RESOURCES

mRNA LNP vaccines are available from Valera/Moderna upon request and completion of a Material Transfer Agreement. ZIKV-NS1-

LAV is available from P-Y. Shi and University of Texas Medical Branch upon completion of a Material Transfer Agreement.
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Supplemental Figures

Figure S1. Neutralizing Activity of Serum from prM-E Vaccinated C57BL/6 Female Mice, Related to Figure 1

(A and B) Female C57BL/6mice (n = 20) in each groupwere immunized with 10 mg of prM-E (Group 1, (A) or placebo (Group 2, (B) mRNA LNPs.Micewere boosted

28 days later. Serum was collected at day 49 post initial vaccination and analyzed for neutralizing activity of ZIKV. Each line represents the neutralization curve

from an individual mouse.

(C and D) Anamnestic neutralizing antibody response. Paired sera were collected from vaccinated animals (prM-E or placebo mRNA) before (Pre) or 7 days after

(Post) ZIKV challenge (only pregnant animals shown) and analyzed for neutralizing activity. EC50 (C) and EC90 (D) values were analyzed for differences by

a Wilcoxon matched paired sign-rank test (n.s., not significant; *p < 0.05; **p < 0.01). Indicated at the bottom of each graph is the number of animals showing

a 4-fold increase in neutralization titer at 7 days after ZIKV challenge.



Figure S2. Infectious Viral Titers in the Placenta and Fetal Heads, Related to Figures 1 and 3

(A and B) Placenta (A) and fetal heads (B) were collected at day 7 after challenge (E13) from placebo, prM-EmRNA LNP, and ZIKV-NS1-LAV immunized mice and

tested for infectious virus by plaque assay. Dashed lines indicate limit of detection of the assays. Results are pooled from two independent biological experi-

ments, and each symbol represents data from an individual placenta or fetus (n = 19 to 23). Bars indicate median values.



Figure S3. Effects of Single Mutations in NS1 on ZIKV Infectivity and Pathogenesis, Related to Figure 2

(A and B) Growth of ZIKV-NS1-N130Q and ZIKV-NS1-N207Q in Vero cells. (A) Multi-step growth curve of parental and NS1mutant ZIKV in Vero cells. Results are

from two independent experiments, and the error bars indicate SD (B) Replication of parental WT and NS1 mutant ZIKV subgenomic replicons encoding a

luciferase reporter gene after transfection of in vitro derived RNA into Vero cells. Results are from two independent experiments, and the error bars indicate SD.

(C–E) Challenge of 3-week-old Ifnar1�/�A129malemicewith parental WT andNS1mutant ZIKV.Weightmeasurements (C) andmortality (D) over the first 2 weeks

after infection with mock infection (C) only, n = 4), parental WT (C), n = 5: (D), n = 10), ZIKV-NS1-N130Q (C), n = 5: (D), n = 5), or ZIKV-NS1-N207Q (C), n = 5: (D),

n = 5). (E). Viremiameasurements at days 1 through 4 after infection with parental (n = 5), ZIKV-NS1-N130Q (n = 3), and ZIKV-NS1-N207Q (n = 3) as determined by

plaque assay. Dotted line indicates limit of detection of assay. For (A–E), theWT parental ZIKV data correspond to that shown in Figure 3, as the experiments were

performed concurrently.

(F) Survival studies in 1-day-old CD1 outbredmice. The indicated amounts of parental WT or ZIKV-NS1-LAV (DKO) (n = 6 to 9mice per group) were inoculated via

an intracranial route, and survival was monitored.



Figure S4. Sequencing Traces of NS1 Gene of Parental WT and ZIKV-NS1-LAV Viruses, Related to Figures 2 and 3

Sequence tracings of relevant NS1 gene regions (amino acids 129–134, left; 206–209, right) for the parental WT and ZIKV-NS1-LAV (DKO) viruses at initial

generation from an infectious cDNA clone (P0, top) or after five sequential passages in Vero cells (P5, bottom). Apart from the stability of themutations that destroy

the two N-linked glycosylations sites in NS1, ZIKV-NS1-LAV acquired a separate adaptive mutation (V134F) during passage (indicated in red), which enhanced

growth in Vero cells.



Figure S5. Viral Burden in Different Organs of Parental and ZIKV-NS1-LAV Infected A129 Immunocompromised Mice, Related to Figure 2

Viral burden measurements in indicated tissues at days 6 and 10 after infection with parental (n = 3) and ZIKV-NS1-LAV (n = 3). Dotted line indicates limit of

detection of assay.



Figure S6. Mosquito Infectivity Assay, Related to Figure 2

Aedes aegypti were fedwith artificial blood-meals spiked with 106 FFU/ml of parental WT or ZIKV-NS1-LAV. Each engorgedmosquito was homogenized on day 7

post-feeding and tested for viral infection using an immunofluorescence assay on Vero cells. The total number of engorged mosquitoes and infected mosquitos

are indicated above the bar graph.



Figure S7. Neutralizing Activity of Serum from ZIKV-NS1-LAV Vaccinated C57BL/6 Female Mice, Related to Figure 3

(A and B) Eight-week-old female C57BL/6 mice in each group were immunized with 105 PFU of ZIKV-NS1-LAV (Group 1, (A), n = 18) or placebo (Group 2, (B),

n = 11). Serum was collected at day 28 post initial vaccination and analyzed for ZIKV neutralization activity by RVP assay. Each line represents the neutralization

curve from an individual mouse.

(C and D) Anamnestic neutralizing antibody response. Paired sera were collected from vaccinated animals (ZIKV-NS1-LAV or placebo) before (Pre) or 7 days after

(Post) ZIKV challenge and analyzed for neutralizing activity (only pregnant animals shown). EC50 (C) and EC90 (D) values were analyzed for differences by

a Wilcoxon matched paired sign-rank test (n.s., not significant; *p < 0.05; **p < 0.01). Indicated at the bottom of each graph is the number of animals showing

a 4-fold increase in neutralization titer at 7 days after ZIKV challenge.
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