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Abstract: Zika virus (ZIKV) infection during pregnancy can result in a variety of developmental
abnormalities in the fetus, referred to as Congenital Zika Syndrome (CZS). The effects of CZS can
range from the loss of the viable fetus to a variety of neurological defects in full-term infants, including
microcephaly. The clinical importance of ZIKV-induced CZS has driven an intense effort to develop
effective vaccines. Consequently, there are approximately 45 different ZIKV vaccine candidates at
various stages of development with several undergoing phase I and II clinical trials. These vaccine
candidates have been shown to effectively prevent infection in adult animal models, however, there
has been less extensive testing for their ability to block vertical transmission to the fetus during
pregnancy or prevent the development of CZS. In addition, it is becoming increasingly difficult to
test vaccines in the field as the intensity of the ZIKV epidemic has declined precipitously, making
clinical endpoint studies difficult. These ethical and practical challenges in determining efficacy of
ZIKV vaccine candidates in preventing CZS have led to increased emphasis on pre-clinical testing in
animal pregnancy models. Here we review the current status of pre-clinical pregnancy models for
testing the ability of ZIKV vaccines to prevent CZS.

Keywords: Zika virus; ZIKV; congenital Zika syndrome; vaccine; pre-clinical pregnancy model;
mouse; non-human primate

1. Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus that was first identified in the Zika forest of
Uganda in 1947 [1]. Outbreaks of Zika occurred in 2007 in the Micronesia island of Yap [2] and 2013 in
French Polynesia [3], but caused little concern, as they were largely asymptomatic with only occasional
mild-febrile symptoms including fever, rash, myalgia, and conjunctivitis. In rare cases, ZIKV infection
was also associated with the development of neuroimmunological disorders such as Guillain-Barre
syndrome in adults [4-6]. However, the true clinical significance of ZIKV was first appreciated during
the 2015 outbreak in Brazil, which attracted world-wide attention due to its association with increased
frequencies of babies born with microcephaly [7,8]. ZIKV hence becomes the newest TORCH infections,
which include toxoplasmosis, others (including syphilis, listeriosis, varicella, and parvovirus B19),
rubella, cytomegalovirus, and herpes simplex virus [9].

2. Consequences of ZIKV during Pregnancy for the Developing Fetus

The pathology induced by ZIKV infection during pregnancy is termed congenital Zika syndrome,
or CZS. CZS is associated with a vast spectrum of consequences, ranging from loss of the viable fetus to
a variety of neurological defects in full-term infants, including microcephaly, craniofacial disproportion,
spasticity, seizures, and ocular and hearing abnormalities [10,11]. It has also been noted that some
infants born from ZIKV-infected mothers can appear neurologically normal at birth, but manifest
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developmental issues over time [12]. The devastating developmental abnormalities in infants born to
women infected with ZIKV during pregnancy prompted the World Health Organization to declare
Zika a Public Health Emergency of International Concern in 2016 [13]. This designation spurred an
intense effort to develop ZIKV vaccines [4,14].

3. Target Product Profile (TPP) for Vaccine Development

The WHO Target Product Profile (TPP) for ZIKV vaccines identifies the preferred target for
vaccination as women of childbearing age, potentially including pregnant women [15,16]. The goal
is to protect the fetus from infection during pregnancy, and to prevent, or minimize, the congenital
abnormalities associated with CZS. Thus, it is critically important to demonstrate that vaccines not
only prevent infection of adults, but that the protection induced by vaccination prior to pregnancy will
prevent CZS during ensuing pregnancy. If pregnant women become primary targets for vaccination,
it will be particularly challenging to fulfill safety and efficacy requirements for field trials [17]. An
additional challenge will be to induce durable immunity in women prior to pregnancy, so that it
remains effective during later pregnancy. Detection of virus in semen samples collected from men more
than two months after infection points to a reservoir of ZIKV that can be sexually transmitted [18-25].
Thus, men are a secondary target population in the context of an emergency outbreak because of their
ability to transmit virus.

Many reviews have focused on the development of ZIKV vaccines exclusively in terms of their
ability to block ZIKV infection [17,26-31]. Here, we will focus on pre-clinical pregnancy models to
evaluate candidate vaccines for their ability to prevent vertical transfer of virus to the fetus during
pregnancy and the devastating manifestations of CZS.

4. Challenges for Clinical Testing of Anti-ZIKV Vaccines

Currently over 45 ZIKV vaccine candidates are under development (Table 1). They have been
tested in animal models and have been shown to be efficacious in preventing ZIKV infection of
adult animals. While several of these candidates have advanced to clinical trials, it has proven
challenging to clinically evaluate them for their ability to prevent CZS. First, the intensity of the
ZIKV epidemic has declined dramatically, from a peak weekly new infection rate of >25,000 in 2016
to <1000 in May, 2017 [32-36]. This not only lessens the urgency for vaccine development, but
also makes clinical endpoint studies difficult, as vaccination cohorts need to be substantially larger.
Furthermore, Zika is now endemic in many areas, making it difficult to identify adequate numbers
of ZIKV-naive individuals. In addition, the low incidence of symptoms during acute disease and the
low frequency of sequelae such as Guillain-Barre syndrome makes endpoints difficult to determine in
clinical trials [34,37].
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Table 1. Zika virus (ZIKV) vaccine candidates and platforms.
Vaccine Platform Status Developer/Sponsor Backbone ! (Licensed)  Advantage Disadvantage Ref.
Live attenuated
Pentavalent DENV/ZIKV Unknown Takeda N/A Established commercial N/A
Truncated ZIKV E90 Pre-clinical BIME, China JEV platforms available; Establish [38]
tent and endurine i ity Not recommended for
ChinZIKV Pre-clinical BIME, China JEV po ?n an en. uring immunity; pregnant women and pediatric [39]
rapid generation and licati . hild
rZIKV /D4A30-713 Ph1, NCT03611946 NIAID/NIH N/A manufacturing; gain stability ?PP lcfatlons myoung crdren — N\j/A
. or safety reasons
ZIKV-3'UTR-A10 & o with advanced gene
ZIKV-3'UTR-A20 Pre-clinical UTMB/PAHO N/A manipulation techniques [40,41]
ZIKV-NS1-DKO Pre-clinical UTMB N/A [42]
ZIKV-C7a/t-LAV Pre-clinical UTMB N/A [43]
Codon pair-deoptimized .. Chinese Academy of )
ZIKV Pre-clinical Science, China N/A (441
Purified inactivated
Ph1, NCT02963909;
ZPIV NCTOZ%ZSBSf WRAIR/BIDMC N/A Existing commercial platforms; Require high concentration of [45-47]
NCT02937233; safe, easy to formulate in purified virus; inactivation
NCT03008122 combination with adjuvants; may lose conformational
PIZV (TAK-426) Ph1, NCT03343626 Takeda N/A elicit robust antibody response  epitopes; weak T cell-mediated N/A
Valenva Austria Lmmunity
VLA1601 Phl, NCT03425149 GmbH/Emergent N/A N/A
BioSolution
Viral Vector
Ad26-ZIKV.001 Ph1, NCT03356561 Janssen Vaccine and N/A [48]
Prevention B.V.
RhAd52-ZIKVPrM/E Pre-Clinical BIDM N/A 45,46
> ™/ re-Clinica < / Relatively stable, easy Safety concerns in pregnant i
Univ. of Chinese acquisition of high titer virus; ~ women; Risks of possible
AdC7-M/E Pre-Clinical Academy of Sciences, N/A Scalable manufacturing, safe, revertant generation; Possible [49]
China strong immunogenicity, complications with
. . If-adjuvanticit re-existing immunit
Ad5-Sig-prM-Env . Beijing Institute of se ) y p 8 y
Ad5-Env Pre-Clinical Biotechnology, China N/A (501
MMRYV /CHIKV and ZIKV Pre-clinical Yale University MMRV [51]




Trop. Med. Infect. Dis. 2019, 4, 58 4o0f 16

Table 1. Cont.

Vaccine Platform Status Developer/Sponsor Backbone ! (Licensed)  Advantage Disadvantage Ref.
rVSV-ZIKVprM/E and ..
VSV-ZIKVprMsolE Pre-clinical NIH N/A [52]
VSV-prM-E-NS1 Pre-clinical Ohio State Univ N/A [53]
MV-ZIKV Phl, NCT02996890 ~ Llemis Bioscience MV N/A
GmbH
ChimeriVax-Zika (CYZ) Pre-clinical Sanofi Pasteur YFV-17D [54]
YF-ZIKprM/E Pre-clinical Rega Institute, Belgium  YFV-17D [55]
Nucleic Acids: DNA or RNA
pDNA: GL5700 Phl, NCT02809443; Inovio/GeneOne N/A . . No DNA or RNA vaccines [56,57]
NCT02887482 Rapid manufacturing licensed for human use
VRC-ZKADNA085-00-VP platform—'plug and play’ Safe:  pye)iery of vaccine (e.g., .
(VRC5288) Ph, NCT02840487 NIAID/VRC N/A Ecallfabtlhty of 1nte%{r ;t;?% mn electroporation) may increase (58,591
e host genome m . - .
VRC-ZKADNA(90-00-VP  Ph1, NCT02996461; itself s ngot_immumgenic Yot oSt Require stable, effective .
(VRC-5283) Ph2, NCTO3110770 ~ TWAID/VRC N/A e / delivery platforms; [58,59]
! Degradation by ribonuclease
r re-clinica echnovax
VLP CprME/NS2B/NS3 Pre-clinical Tech: N/A [60]
mRNA 1325 Ph1/2,NCT03014089  Moderna Therapeutics N/A [42,61]
mRNA-LNP Pre-clinical University of N/A [62]
Pennsylvania
pZIKV-3"'UTR-A20 Pre-clinical UTMB N/A [63]

1A constituent of ZIKV vaccine is based on live-attenuated vaccine that has been licensed previously. N/A, not applicable. Abbreviation: Ad, Adenovirus; BIDMC, Beth Israel Deaconess
Medical Center; BIME, Beijing Institute of Microbiology and Epidemiology; C, Capsid; CHIKV, Chikungunya Virus, DNA, deoxynucleic acid; DENV, Dengue Virus; sE, soluble Envelope
protein; JEV, Japanese Encephalitis Virus; LNP, Lipid Nanoparticle;, MMRYV, Measles, Mumps, Rubella Vaccine; mRNA, messenger ribonucleic acid; MV, Measles Virus; NIH, National
Institutes of Health; NS1, Non-Structural protein 1; NS2B, Non-Structural protein 2B; NS3, Non-Structural protein 3; prM/E, proprotein of Membrane and Envelope; PATO, Pan American
Health Organization; PIZV, Purified Inactivated Zika Virus; Sig, Signaling sequence; UTMB, University of Texas Medical Branch; VLP, virus-like particle; VRC, Vaccine Research Center;
VSV, Vesicular Stomatitis Virus; WRAIR, Walter-Reed Army Institute of Research; YFV, Yellow Fever Virus; ZIKV, Zika Virus; ZP1V, Zika Purified Inactivated Virus.
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Second, other flaviviruses, such as dengue virus (DENV) and West Nile virus (WNV), co-exist
with ZIKV in the same geographical regions, raising the possibility that cross-reactive immunity
among flaviviruses may interfere with ZIKV vaccine efficacy. Indeed, several studies support this
possibility [64,65]. For example, in vitro studies have suggested that pre-existing DENV-specific
antibodies are capable of mediating antibody-dependent enhancement (ADE) of ZIKV infection [64].
Although ADE has been difficult to confirm in vivo, a recent study in pregnant mice showed that
DENV-specific antibodies increased placental damage, growth restriction, and fetal resorption during
a ZIKV infection in mice that are deficient in signal transducer and activator of transcription (STAT) 2
gene [65]. In addition, enhanced replication of ZIKV was reported in human placental tissue in the
presence of DENV-specific antibodies [65]. Thus, ZIKV-vaccination trials in DENV-endemic areas
must consider the possibility that pre-existing DENV-specific antibodies may complicate vaccination
outcomes, similar to the safety issues that recently occurred in the trial of Dengvaxia, a DENV
vaccine [66,67]. The potential risk of ADE means that extensive pre-screening will be required to
determine DENV- and ZIKV- immune status in ZIKV human vaccination trials.

Third, although the TPP includes the possibility of testing ZIKV vaccine candidates in pregnant
women, this subgroup has historically been excluded from clinical trials for safety and ethical
reasons [30,68-71]. There has been some discussion to allow pregnant women to participate in
clinical trials. But even if such trials are ultimately permitted, it is likely that the challenges will
be extensive. Difficulties associated with developing an adequate model for informed consent and
completing enrollment quotas will deter developers from sponsoring trials.

One possible solution to these various challenges to clinical trials would be to develop human
challenge models using volunteers. However, human ZIKV infection studies were recently placed on
a temporary hold due in part to our incomplete understanding of persistent reservoirs of ZIKV [18].
One reason for concern was that ZIKV and ZIKV RNA can persist in semen for several months
in both symptomatic and asymptomatic men, can be harbored in the testes and prostate gland,
and can be sexually transmitted [18-25]. This hold has now been partially reversed and a human
infection trial has been approved by the NIH to test safety and immunogenicity of a live attenuated
Zika vaccine, rZIKV/D4A30-713, in 28 flavivirus-naive individuals (clinical trial NCT03611946).
Nevertheless, it is highly unlikely that human infection models will be approved to test vaccine
efficacy in pregnant women.

A less problematic solution is to test vaccines in pre-clinical animal pregnancy models, which
is the focus of this review. Here, we discuss the currently available pre-clinical animal pregnancy
models used for testing vaccine efficacy to prevent CZS and the vaccines that have been tested in
these models. Although there are limitations to the direct relevance of pre-clinical studies for humans,
safety and efficacy studies in animals are considered essential for reducing risk in clinical studies [72].
Much information can be obtained from animal models to allow better-informed clinical studies with
reduced risk.

5. Pregnant Animal Models of ZIKV Infection

5.1. Pregnant Mouse Models

Ever since the 2015 ZIKV outbreak in Brazil which was associated with microcephaly, numerous
efforts have been devoted to developing animal models of ZIKV infection that can recapitulate the
clinical course of human infection, especially during pregnancy. Animal models of ZIKV infection
during pregnancy has been comprehensively reviewed in recent publications [73-76]. There are
advantages, disadvantages, and limitations of various animal models. Mouse is the most widely used
species in human disease models due to its low cost, ease of breeding, handling, and manipulation, and
the availability of numerous tools, reagents, and resources. However, in the context of pregnancy, the
mouse has the disadvantage of a relatively short gestation period and a fundamentally different
placental architecture than NHP and human [77-80]. Mouse, NHP and human all possess a
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hemochorial placenta in which the maternal blood is in direct contact with the chorion. However, the
mouse placenta is hemotrichorial, with three trophoblast layers that separates the fetal blood supply
from the maternal blood supply, and matures relatively late in gestation. In contrast, NHP and human
have a hemomonochorial placental architecture, with a single layer of syncytiotrophoblast which
develops early in pregnancy [77-80]. Antibody transport across the placenta by neonatal Fc receptor
for IgG (FcRn) is also different between mouse and NHP /human [81]. These differences limit the
translation of findings in the mouse model to the clinic. In addition, the mouse is less susceptible to
ZIKV infection than NHP and human because ZIKV is unable to bind to mouse Stat2 and thus cannot
block the mouse innate type I interferon (IFN) response [82]. Therefore, early mouse models of ZIKV
infection employed immunocompromised mice genetically lacking Type I IEN signaling or wild-type
mice treated with antibodies to block Type I IFN signals [83-86]. Alternatively, viruses were inoculated
via non-physiological routes to bypass the maternal-fetal interface [87-92], or delivered in very high
dose systemically [93]. These studies successfully established maternal infection, demonstrated vertical
transmission and placental pathology, and reproduced adverse fetal outcome including fetal demise,
intrauterine growth restriction (IUGR) and neurological damage. However, they did not allow us to
fully understand the role of the immune response to ZIKV infection during pregnancy, nor vertical
transmission in a more physiologically relevant setting.

The critical role of STAT2 in ZIKV pathogenesis, specifically in pregnancy, has been demonstrated
in two models: human STAT2 knock-in (hSTAT2-KI) mice [94] and Stat2 knockout (Stat2—/—) mice [65].
In human STAT?2 knock-in mice, mouse Stat2 gene was replaced by the human STAT2 gene but the
mouse Stat2 promoter was retained. Subcutaneous inoculation of pregnant hSTAT2-KI mice with a
mouse-adapted virus ZIKV-Dak-MA (which appears to be more virulent than the parental strain)
resulted in significantly higher levels of ZIKV RNA in maternal serum, spleen, placenta, and fetal head
than pregnant wild-type mice at 7 days post infection (dpi). This otherwise immunocompetent mouse
model demonstrated vertical transmission and fetal infection. Similarly, intramuscular inoculation
of pregnant Stat2~/~ mice with ZIKV strain PRVABC59 resulted in ZIKV RNA presence in maternal
blood, brain and spinal cord at 3 dpi, and fetal growth restriction and fetal demise at 7 dpi.

While immunocompromised mouse models have been useful in recapitulating vertical
transmission and the neurotropic nature of ZIKV infection and in demonstrating a critical role of Type
I and Type IIL IFN signaling in ZIKV pathogenesis, they have limitations for studying the impacts of
maternal and fetal immune response to ZIKV pathogenesis and pregnancy outcome. Indeed, studies
in immunocompetent mouse models revealed a potential detrimental role of the immune response
to ZIKV during pregnancy [95]. Using a specific breeding scheme (Ifnarl~/~ dams mated to Ifnar/~
sires) and intravaginal infection, Yockey ef al. showed that fetuses that expressed IFNAR (Ifnar1*/~)
were resorbed after ZIKV infection during early pregnancy despite relatively lower viral titer in their
placentas, whereas their Ifnar1 /= littermates that did not express IENAR continued to develop. This
implied that while Type I IFN signaling is considered to be protective in ZIKV infection, it could
mediate abnormal placental development and adverse fetal outcome if the fetuses have the ability to
respond to Type I IFN.

Studies in pregnant immunocompetent mouse models also revealed the vulnerability of the
fetus during maternal ZIKV infection [96]. While ZIKV RNA was detected in maternal serum at 1-2
dpi and in the spleen for up to 8 dpi after intravenous inoculation, ZIKA RNA was rarely detected
in placentas and fetuses. However, even without apparent placental and fetal infection, maternal
exposure to ZIKV nonetheless caused placental pathology and profound fetal abnormalities, including
high frequency of fetal demise. Maternal or fetal viral load did not correlate with adverse fetal outcome.
Instead, placental insufficiency and pathology appeared to contribute to fetal abnormalities [95,96].
The observation that adverse fetal outcome may occur even in the absence of vertical transmission
raise the possibility that ZIKV countermeasures that can effectively block vertical transmission of the
virus still may not effectively prevent CZS.
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Overall, despite the abovementioned disadvantages and limitations, existing pregnant mouse
models of ZIKV infection have recapitulated different aspects of several disease manifestations
observed in humans, including fetal demise, IUGR, placental and fetal pathology, and have provided
insight into the mechanisms of ZIKV pathogenesis and fetal outcome. Early studies on vaccine
efficacy using pregnant mouse models have been encouraging. Thus, mouse models of ZIKV infection
during pregnancy are highly valuable in evaluating vaccine efficacy and therapeutics during early
developmental pre-clinical phases.

5.2. Pregnant Non-Human Primate (NHP) Models

In contrast to rodents, the non-human primates (NHPs) are susceptible to ZIKV infection
and share greater similarity in placental architecture and pregnancy with human. Thus, ZIKV
infection in pregnant NHP is a well-suited translational model and has recapitulated the complex
pathogenesis of ZIKV infection including vertical transmission, intrauterine fetal death, fetal
neuropathology, and placental pathology. Rhesus macaque (Macacca mulatta) [97-104], pigtail macaque
(Macacca nemestrina) [105,106], common marmoset (Callithrix jacchus) [107], and more recently, olive
baboons (Papio anubis) [108], have been used to study ZIKV pathogenesis and teratogenicity in
pregnancy. These studies consistently observed prolonged viremia in pregnant animals (up to 70 dpi)
compared to non-pregnant animals, which typically resolved in 7-10 days. While viremia in pregnant
macaques usually developed 1-2 days post infection, the onset of viremia in pregnant baboons was
slightly delayed and peaked at day 7 [108]. Despite the persistent viremia, most ZIKV-infected
pregnant NHPs did not exhibit substantial clinical signs, which closely resembles asymptomatic or
mildly symptomatic human ZIKV infections. This raises the concern that ZIKV-associated fetal adverse
outcome may occur regardless of maternal clinical symptoms, and therefore may be under-reported
in humans because a majority of ZIKV infections (~60-80%) are asymptomatic. A recent aggregated
analysis of ZIKV-infected pregnant NHPs at six National Primate Research Centers indicated that fetal
death occurs in 26% of ZIKV-infected pregnant macaques [103], in comparison to 5.8% miscarriage rate
and 1.6% still birth rate reported in symptomatic women [109]. Importantly, along with mouse models,
these studies reveal that maternal clinical symptoms are not a reliable indicator of vaccine efficacy.

Vertical transmission of ZIKV in pregnant NHP appears to be very effective: nearly 100% in
rhesus macaque and marmoset, and 75% in baboons, with a diverse range of fetal pathology. The most
devastating outcome, fetal loss, has been observed in rhesus macaque (13 of 50 animals) [100-103],
marmoset (2 of 2 animals) [107], and baboon (1 of 4 animals) [108]. ZIKV RNA was detected in placenta,
amniotic fluid and various fetal tissues. ZIKV-infected pregnant rhesus macaques and marmosets
exhibited not only high levels of ZIKV RNA as well as infectious virus in the placentas, but also severe
placental pathology [99,101,107]. These studies suggest that placental damage and insufficiency is
associated with fetal infection and may contribute to the development of fetal neuropathology. A
pregnant rhesus macaque model which combined maternal intravenous and fetal intra-amniotic ZIKV
inoculations indicated that ZIKV RNA showed different tissue tropism in dams and fetuses [102].
While ZIKV RNA was detected in most lymphoid tissues of the dams, ZIKV RNA was predominantly
detected in neural tissues of the fetus and neonate. Although gross microcephaly was never observed
in NHP, congenital ZIKV infection of rhesus macaque, pigtail macaque, and baboon caused fetal
neuropathology that reproduces fetal neurological diseases observed in human CZS [101,102,105,
106,108]. Fetal neuropathology includes brain lesions, brain calcification, and apoptosis of neural
progenitor cells. In pregnant pigtail macaques, ZIKV infection can cause a spectrum of subtle fetal
brain injuries in the absence of microcephaly, raising the concerns that standard prenatal diagnosis may
not be able to detect “silent pathology” in the fetal brain, and that there may be long-term neurological
defects in neonates that appear to be normal at birth [106].

Robust immune responses were also observed in ZIKV-infected pregnant rhesus macaques,
marmosets and baboons [99,104,107,108]. Maternal type I/II interferon-associated genes and
proinflammatory cytokines were demonstrated as early as day 2 post inoculation in marmosets [107],
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which is earlier than male marmosets [110]. A robust proinflammatory fetal immune response
was also observed in in utero ZIKV infection of rhesus macaque [99]. ZIKV-specific maternal
antibodies were detected as early as 6 dpi, lasted for 2-3 weeks and exhibited neutralizing activity
for up to 12 weeks [99,108]. A recent publication used high-density peptide microarrays to profile
anti-ZIKV antibody reactivity in pregnant and non-pregnant rhesus macaque [104]. It confirmed that a
ZIKV-specific IgG antibody response targeted a conserved epitope of ZIKV nonstructural protein 2B
(NS2B). The antibody reactivity of NS2B1457.1451RD25 in pregnant animals can be detected as late as 18
weeks post infection, and shares cross-reactivity with DENV. Despite the early systemic and robust
proinflammatory and antibody responses, pregnant animals nevertheless experienced prolonged
viremia and placental and fetal infection. This immune response and the observed pathology likely
reflect the enhanced susceptibility of pregnant versus non-pregnant individuals in ZIKV infection,
and the inefficient protection or even pathological effects of immune responses. Further studies
are warranted to determine the exact roles of maternal-placental-fetal immune responses in ZIKV
infection during pregnancy in both mouse and NHP models.

6. Protective ZIKV Vaccines Against CZS During Pregnancy Using Mouse Models

To date, many candidate ZIKV vaccines have been assessed for their capacity to prevent infection
(Table 1). However, since the major goal of ZIKV vaccines is to protect the fetus during pregnancy,
candidate vaccines must also be assessed for their ability to block vertical transmission of virus and
prevent the development of CZS during pregnancy. As previously discussed, it is not possible to test the
vaccines in clinical trials or human infection models involving pregnant women. Therefore, pre-clinical
animal pregnancy models are beginning to play an essential role in ZIKV vaccine development.

Multiple vaccine platforms, including live attenuated vaccines (LAV), chimeric virus vaccines,
and RNA vaccines have been tested in pre-clinical mouse pregnancy models (Table 2). In general,
most of these vaccines were effective at reducing or preventing vertical transmission of virus in mice,
in terms of reduced infection of the placenta, fetus and/or fetal brain. However, to date, none of
these vaccine candidates have been tested in NHP pregnancy models, which are more reflective of the
human situation. Thus, the challenge of the future is to test promising vaccine candidates in the more
technically demanding NHP pregnancy models. In addition, it will be important to determine vaccine
efficacy at protecting the fetus when the vaccine is delivered prior to pregnancy and how long such
protection persists.
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Table 2. Vaccines protective against ZIKV infection during mouse pregnancy.

9of 16

Vaccine Target ZIKV Protein Dam X Sire Vaccination Dose Challenge Dose Challenge Strain ~ Outcomes Ref.
Live attenuated vaccine
Deletion of 2 5 Reduced viral loads in placenta and fetal
ZIKV-NS1-DKO glycosylation sites in C57BL/6 x C57BL/6 10° PFU, s.c. ! % 0° PFU, s.c.atE6 - Mouse-adapted heads; reduced placental damage and [42]
Dakar 41519 .
NS1 fetal demise
- : Deletion of 10 aa at 5 1 10° FFU, s.c. atE6  Mouse-adapted Reduced viral loads in the placentasand |,
ZIKV-3'UTR-D10 JUTR C57BL/6 x C57BL/6 10° FFU, s.c. 3 Dakar 41519 fetal heads [40,41]
106 PFU ¢ No detectable viremia in dams; prevent
ZIKV-C7a/t-LAV Deletion of 9 aa in C A129 x A129 10° FFU, s.c. F10.5 s8.c.a PRVABC59 vertical transmission to fetuses; VNADb [43]
' was detected in fetal blood
Codon Codon Asian-linage strain ~ Protected from fetal demise; viral loads
. igation i 2 ; 4 ; - / A2
pair-deoptimized ZIKV Eig Iillesolptlmlzatlon inE - AG6x AG6 107 IFU, ip. 107 IFU, ip. at E6 SZ-WIV01 in fetuses were not determined [44]
Induced durable immunity; protected
dams and fetuses from virus replication,
5 ; inical i P ’
ChinZIKV prM/E Balb/c x Balb/c 10* PFU, s.c. 10 PI;U’ L.p- or ; <. Clinical 1s.olzzte vertical transmission and fetal demise; [39]
at E6 ° or E13.5 GZ01 strain .
All neonates born from the vaccinated
dams survived after lethal challenge
Chimeric virus vaccine
. . 1 x 10° TCID French Polynesian ~ No detectable virus in dams and pups; -
B - 4 2 50, Y. pups;
YE-ZIKprM/E Capsid anchor -prM/E  NMRI > NMRI 10° PEU, ip- IPL at E12.5 strain H/PF13 no brain pathology after challenge. (53]
Reduced viral loads in the placenta; no
- —/- 3 P ’
MV-ZIKV-sE prM/E-sE (no T™M [fnar™" -CD46Ge x 5 x 104 TCIDs, ip. 10 1CMD50:8:¢a b 5013/251013-18  detectable viral RNA in fetal brains;no  [111]
domain) Balb/C E7.5 .
fetal demise
DNA/RNA vaccine
R .9 5 3 mouse-adapted Reduced viral loads in dams, placentas, )
mRNA-LNP PrM/E C57BL/6 x C57BL/6 2 x 10 ug, i.m. 10° FFU, s.c at E6 Dakar 41519 and fetal heads [42]
- 5 - -
pZIKV-3UTR-A20 Deletion of 20 aa at A129 x A129 1ug, im. 10° FFU, s.c at PRVABC59 No detectable viral RNA in the placentas (63]

3'UTR

E10.5

and fetal heads

! Pre-vaccine treatment of mice with 0.5 mg anti-Ifnarl Ab, i.p. administration at one day prior to vaccination. 2 Pre-vaccine treatment of mice with 2 mg anti-Ifnarl Ab, i.p. administration
at one day prior to vaccination. 3 Pre-challenge treatment of mice with 2 mg anti-Ifnarl Ab, i.p. administration at one day prior to virus challenge.  Gene Bank Accession Number,
KUB820898. Abbreviations: AG6, Interferon-«/ 3 /7y triple knock-out mouse strain; C, Capsid protein; sE, soluble Envelope protein; Ifnarl Ab, Type linterferon receptor antibody; IFU,
Inclusion-Forming Unit; i.m, intramuscular; IPL: intra-placenta; JEV, Japanese Encephalitis Virus; LNP, lipid nanoparticle, MV, Measles virus; NS1, Non-Structural protein 1; prM/E,
proprotein of Membrane and Envelope; s.c., subcutaneous; TCID50, 50% Tissue-Culture Infectious Dose; TM, transmembrane; UTR, untranslated region, VNAD, Virus-Neutralizing
Antibody; YE Yellow Fever Virus.
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7. Goals for Vaccination to Prevent CZS

The Zika TPP indicates that the vaccine target should be women of child-bearing age, perhaps
pregnant women, and, if possible, men (to eliminate the possibility of sexual transmission). Current
vaccination and antibody transfer studies suggest that the correlate of protection for ZIKV infection is
neutralizing antibody. However, vaccine efficacy must also be assessed in terms of preventing CZS
during pregnancy; in this case, the correlates of protection may include cellular as well as humoral
immunity. Some important questions that can be addressed in pre-clinical pregnancy models are:

1. Will prophylactic vaccination of the mother elicit maternal immunity that can prevent
ZIKV-induced fetal demise throughout pregnancy?

2. Is antibody the correlate of protection against fetal demise? Is pre-existing antibody prior to
pregnancy sufficient for protection of the developing fetus? What are the quantitative and
qualitative characteristics of antibody necessary for protection?

3. Will transfer of antibodies from vaccinated or infected humans protect against fetal demise?

4. Iselimination of peripheral viremia or viral RNA an adequate determinant of fetal protection?

5. Is prevention of vertical transmission sufficient for protection against fetal demise? Or can
virus-induced placental damage result in fetal demise?

6. Can pre-existing DENV antibodies enhance transport of ZIKV across the placenta by a mechanism
of ADE?

These questions can be adequately addressed for current vaccines using pre-clinical pregnancy
models, which are currently under development. Pre-clinical experiments can determine theoretical
risk of clinical studies in pregnant women. A logical progression is studies in pre-clinical pregnancy
models to well-controlled human pregnancy challenge models to vaccination of pregnant women in
the clinic.

Author Contributions: Conceptualization, 1.J.K, M.A.B., and ].S.L.; Writing—original draft preparation, I.].K,
M.A.B., and J.S.L.; Writing—review and editing, I.] K, M.A.B., and ].S.L.

Funding: This research received no external funding.
Acknowledgments: We thank David Woodland and Mark Marchionni for critical reading of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dick, G.W,; Kitchen, S.F.; Haddow, A ]. Zika virus. I. Isolations and serological specificity. Trans. R Soc. Trop.
Med. Hyg. 1952, 46, 509-520. [CrossRef]

2. Duffy, M.R.; Chen, T.H.; Hancock, W.T.; Powers, A.M.; Kool, J.L.; Lanciotti, R.S.; Pretrick, M.; Marfel, M.;
Holzbauer, S.; Dubray, C.; et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. N. Engl.
J. Med. 2009, 360, 2536-2543. [CrossRef] [PubMed]

3.  Cao-Lormeau, V.M.; Roche, C.; Teissier, A.; Robin, E.; Berry, A.L.; Mallet, H.P; Sall, A.A.; Musso, D. Zika
virus, French polynesia, South pacific, 2013. Emerg. Infect. Dis. 2014, 20, 1085-1086. [CrossRef] [PubMed]

4. Brasil, P; Pereira, ].P, Jr.; Moreira, M.E.; Ribeiro Nogueira, R.M.; Damasceno, L.; Wakimoto, M.; Rabello, R.S.;
Valderramos, S.G.; Halai, U.A.; Salles, T.S.; et al. Zika Virus Infection in Pregnant Women in Rio de Janeiro.
N. Engl. ]. Med. 2016, 375, 2321-2334. [CrossRef] [PubMed]

5. Cao-Lormeau, V.M,; Blake, A.; Mons, S.; Lastere, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.;
Teissier, A.; Larre, P; et al. Guillain-Barre Syndrome outbreak associated with Zika virus infection in French
Polynesia: A case-control study. Lancet 2016, 387, 1531-1539. [CrossRef]

6. Parra, B.; Lizarazo, J.; Jimenez-Arango, J.A.; Zea-Vera, A.F.; Gonzalez-Manrique, G.; Vargas, ].; Angarita, J.A.;
Zuniga, G.; Lopez-Gonzalez, R.; Beltran, C.L.; et al. Guillain-Barre Syndrome Associated with Zika Virus
Infection in Colombia. N. Engl. J. Med. 2016, 375, 1513-1523. [CrossRef]


http://dx.doi.org/10.1016/0035-9203(52)90042-4
http://dx.doi.org/10.1056/NEJMoa0805715
http://www.ncbi.nlm.nih.gov/pubmed/19516034
http://dx.doi.org/10.3201/eid2011.141380
http://www.ncbi.nlm.nih.gov/pubmed/25341051
http://dx.doi.org/10.1056/NEJMoa1602412
http://www.ncbi.nlm.nih.gov/pubmed/26943629
http://dx.doi.org/10.1016/S0140-6736(16)00562-6
http://dx.doi.org/10.1056/NEJMoa1605564

Trop. Med. Infect. Dis. 2019, 4, 58 11 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mlakar, J.; Korva, M.; Tul, N.; Popovic, M.; Poljsak-Prijatelj, M.; Mraz, J.; Kolenc, M.; Resman Rus, K;
Vesnaver Vipotnik, T.; Fabjan Vodusek, V.; et al. Zika Virus Associated with Microcephaly. N. Engl. ]. Med.
2016, 374, 951-958. [CrossRef] [PubMed]

Desai, S.K.; Hartman, S.D.; Jayarajan, S.; Liu, S.; Gallicano, G.I. Zika Virus (ZIKV): A review of proposed
mechanisms of transmission and associated congenital abnormalities. Am. ]. Stem Cells 2017, 6, 13-22.
[PubMed]

Schwartz, D.A. The Origins and Emergence of Zika Virus, the Newest TORCH Infection: What’s Old Is New
Again. Arch. Pathol. Lab. Med. 2017, 141, 18-25. [CrossRef] [PubMed]

Costello, A.; Dua, T.; Duran, P; Gulmezoglu, M.; Oladapo, O.T.; Perea, W.; Pires, J.; Ramon-Pardo, P;
Rollins, N.; Saxena, S. Defining the syndrome associated with congenital Zika virus infection. Bull. World
Health Organ. 2016, 94, 406. [CrossRef] [PubMed]

Del Campo, M.; Feitosa, .M.; Ribeiro, E.M.; Horovitz, D.D.; Pessoa, A.L.; Franca, G.V.; Garcia-Alix, A.;
Doriqui, M.].; Wanderley, H.Y.; Sanseverino, M.V.; et al. The phenotypic spectrum of congenital Zika
syndrome. Am. |. Med. Genet. A 2017, 173, 841-857. [CrossRef] [PubMed]

Zou, J.; Shi, PY. Adulthood Sequelae of Congenital Zika Virus Infection in Mice. EBioMedicine 2017, 20, 11-12.
[CrossRef]

World Health Organization. Zika situation report. Available online: https://www.who.int/emergencies/
zika-virus/situation-report/10-march-2017/en/ (accessed on 27 February 2019).

Rasmussen, S.A.; Jamieson, D.J.; Honein, M.A; Petersen, L.R. Zika Virus and Birth Defects—Reviewing the
Evidence for Causality. N. Engl. . Med. 2016, 374, 1981-1987. [CrossRef] [PubMed]

Vannice, K.S.; Giersing, B.K.; Kaslow, D.C.; Griffiths, E.; Meyer, H.; Barrett, A.; Durbin, A.P.; Wood, D;
Hombach, J. Meeting Report: WHO consultation on considerations for regulatory expectations of Zika virus
vaccines for use during an emergency. Vaccine 2016. [CrossRef]

World Health Organization. WHO Target Product Profiles (TPPs). Available online: https://www.who.int/
immunization/research/ppc-tpp/target_product_profiles/en/ (accessed on 27 February 2019).

Garg, H.; Mehmetoglu-Gurbuz, T.; Joshi, A. Recent Advances in Zika Virus Vaccines. Viruses 2018, 10, 631.
[CrossRef]

Shah, S.K. Ethical Considerations for Zika Virus Human Challenge Trials; NIH (NIAID), 2017. Available
online: https://www.niaid.nih.gov/sites/default/files /EthicsZikaHumanChallengeStudiesReport2017.pdf
(accessed on 27 February 2019).

Stassen, L.; Armitage, C.W.; van der Heide, D.].; Beagley, KW.; Frentiu, ED. Zika Virus in the Male
Reproductive Tract. Viruses 2018, 10, 198. [CrossRef]

Hirsch, A.J.; Smith, ]J.L.; Haese, N.N.; Broeckel, RM.; Parkins, C.J.; Kreklywich, C.; DeFilippis, V.R.;
Denton, M.; Smith, P.P.; Messer, W.B.; et al. Zika Virus infection of rhesus macaques leads to viral persistence
in multiple tissues. PLoS Pathog. 2017, 13, €1006219. [CrossRef]

Moreira, ].; Peixoto, T.M.; Siqueira, A.M.; Lamas, C.C. Sexually acquired Zika virus: A systematic review.
Clin. Microbiol. Infect. 2017, 23, 296-305. [CrossRef]

Musso, D.; Roche, C.; Robin, E.; Nhan, T.; Teissier, A.; Cao-Lormeau, V.M. Potential sexual transmission of
Zika virus. Emerg. Infect. Dis. 2015, 21, 359-361. [CrossRef]

Winkler, C.W.; Woods, T.A.; Rosenke, R.; Scott, D.P.,; Best, S.M.; Peterson, K.E. Sexual and Vertical
Transmission of Zika Virus in anti-interferon receptor-treated Ragl-deficient mice. Sci. Rep. 2017, 7,
7176. [CrossRef]

Nicastri, E.; Castilletti, C.; Liuzzi, G.; Iannetta, M.; Capobianchi, M.R.; Ippolito, G. Persistent detection of
Zika virus RNA in semen for six months after symptom onset in a traveller returning from Haiti to Italy,
February 2016. Euro Surveill 2016, 21. [CrossRef]

Sakkas, H.; Bozidis, P; Giannakopoulos, X.; Sofikitis, N.; Papadopoulou, C. An Update on Sexual
Transmission of Zika Virus. Pathogens 2018, 7, 66. [CrossRef]

Khusro, A.; Aarti, C.; Barbabosa-Pilego, A.; Sanchez-Aparicio, P. Outbreak of Zika virus pathogenesis and
quest of its vaccine development: Where do we stand now? Microb. Pathog. 2018, 116, 289-295. [CrossRef]
Masmejan, S.; Baud, D.; Musso, D.; Panchaud, A. Zika virus, vaccines, and antiviral strategies. Expert Rev.
Anti Infect. Ther. 2018, 16, 471-483. [CrossRef]

Barrett, A.D.T. Current status of Zika vaccine development: Zika vaccines advance into clinical evaluation.
NPJ Vaccines 2018, 3, 24. [CrossRef]


http://dx.doi.org/10.1056/NEJMoa1600651
http://www.ncbi.nlm.nih.gov/pubmed/26862926
http://www.ncbi.nlm.nih.gov/pubmed/28804687
http://dx.doi.org/10.5858/arpa.2016-0429-ED
http://www.ncbi.nlm.nih.gov/pubmed/27763793
http://dx.doi.org/10.2471/BLT.16.176990
http://www.ncbi.nlm.nih.gov/pubmed/27274588
http://dx.doi.org/10.1002/ajmg.a.38170
http://www.ncbi.nlm.nih.gov/pubmed/28328129
http://dx.doi.org/10.1016/j.ebiom.2017.05.005
https://www.who.int/emergencies/zika-virus/situation-report/10-march-2017/en/
https://www.who.int/emergencies/zika-virus/situation-report/10-march-2017/en/
http://dx.doi.org/10.1056/NEJMsr1604338
http://www.ncbi.nlm.nih.gov/pubmed/27074377
http://dx.doi.org/10.1016/j.vaccine.2016.10.034
https://www.who.int/immunization/research/ppc-tpp/target_product_profiles/en/
https://www.who.int/immunization/research/ppc-tpp/target_product_profiles/en/
http://dx.doi.org/10.3390/v10110631
https://www.niaid.nih.gov/sites/default/files/EthicsZikaHumanChallengeStudiesReport2017.pdf
http://dx.doi.org/10.3390/v10040198
http://dx.doi.org/10.1371/journal.ppat.1006219
http://dx.doi.org/10.1016/j.cmi.2016.12.027
http://dx.doi.org/10.3201/eid2102.141363
http://dx.doi.org/10.1038/s41598-017-07099-7
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.32.30314
http://dx.doi.org/10.3390/pathogens7030066
http://dx.doi.org/10.1016/j.micpath.2018.02.001
http://dx.doi.org/10.1080/14787210.2018.1483239
http://dx.doi.org/10.1038/s41541-018-0061-9

Trop. Med. Infect. Dis. 2019, 4, 58 12 of 16

29.

30.

31.

32.
33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Abbink, P; Stephenson, K.E.; Barouch, D.H. Zika virus vaccines. Nat. Rev. Microbiol. 2018, 16, 594-600.
[CrossRef]

das Neves Almeida, R.; Racine, T.; Magalhaes, K.G.; Kobinger, G.P. Zika Virus Vaccines: Challenges and
Perspectives. Vaccines (Basel) 2018, 6, 62. [CrossRef]

Diamond, M.S.; Ledgerwood, J.E.; Pierson, T.C. Zika Virus Vaccine Development: Progress in the Face of
New Challenges. Annu. Rev. Med. 2019, 70, 121-135. [CrossRef]

Cohen, ]. Steep drop in Zika cases undermines vaccine trial. Science 2018, 361, 1055-1056. [CrossRef]
Cohen, ]. Where has all the Zika gone? Science 2017, 357, 631-632. [CrossRef]

Marston, H.D.; Lurie, N.; Borio, L.L.; Fauci, A.S. Considerations for Developing a Zika Virus Vaccine. N. Engl.
J. Med. 2016, 375, 1209-1212. [CrossRef] [PubMed]

Thomas, S.J. Zika Virus Vaccines—A Full Field and Looking for the Closers. N. Engl. J. Med. 2017, 376,
1883-1886. [CrossRef]

World Health Organization. Epidemiological Alert List—Zika virus infection. Available
online: https:/ /www.paho.org/hq/index.php?option=com_content&view=article&id=10898:2015-archive-
by-disease-zika-virus-infection&ltemid=41443&lang=en (accessed on 27 February 2019).

Durbin, A.P. Vaccine Development for Zika Virus-Timelines and Strategies. Semin. Reprod. Med. 2016, 34,
299-304. [CrossRef] [PubMed]

Han, J.F; Qiu, Y;; Yu, ].Y.; Wang, H].; Deng, Y.Q.; Li, X.E; Zhao, H.; Sun, H.X.; Qin, C.F. Inmunization with
truncated envelope protein of Zika virus induces protective immune response in mice. Sci. Rep. 2017, 7,
10047. [CrossRef]

Li, X.E; Dong, H.L.; Wang, H.J.; Huang, X.Y,; Qiu, Y.E; Ji, X;; Ye, Q.; Li, C; Liu, Y.; Deng, Y.Q.; et al.
Development of a chimeric Zika vaccine using a licensed live-attenuated flavivirus vaccine as backbone. Nat.
Commun 2018, 9, 673. [CrossRef]

Shan, C.; Muruato, A.E.; Nunes, B.T.D.; Luo, H.; Xie, X.; Medeiros, D.B.A.; Wakamiya, M.; Tesh, R.B.;
Barrett, A.D.; Wang, T.; et al. A live-attenuated Zika virus vaccine candidate induces sterilizing immunity in
mouse models. Nat. Med. 2017, 23, 763-767. [CrossRef]

Shan, C.; Muruato, A.E.; Jagger, BW.; Richner, J.; Nunes, B.T.D.; Medeiros, D.B.A.; Xie, X.; Nunes, ].G.C;
Morabito, K.M.; Kong, W.P; et al. A single-dose live-attenuated vaccine prevents Zika virus pregnancy
transmission and testis damage. Nat. Commun. 2017, 8, 676. [CrossRef]

Richner, ].M.; Jagger, BW.; Shan, C.; Fontes, C.R; Dowd, K.A.; Cao, B.; Himansu, S.; Caine, E.A;;
Nunes, B.T.D.; Medeiros, D.B.A ; et al. Vaccine Mediated Protection Against Zika Virus-Induced Congenital
Disease. Cell 2017, 170, 273-283.e212. [CrossRef]

Xie, X.; Kum, D.B.; Xia, H.; Luo, H.; Shan, C.; Zou, J.; Muruato, A.E.; Medeiros, D.B.A.; Nunes, B.T.D.;
Dallmeier, K.; et al. A Single-Dose Live-Attenuated Zika Virus Vaccine with Controlled Infection Rounds
that Protects against Vertical Transmission. Cell Host Microbe 2018, 24, 487-499.e485. [CrossRef]

Li, P; Ke, X.; Wang, T.; Tan, Z.; Luo, D.; Miao, Y,; Sun, J.; Zhang, Y.; Liu, Y,; Hu, Q.; et al. Zika Virus
Attenuation by Codon Pair Deoptimization Induces Sterilizing Immunity in Mouse Models. ]. Virol 2018, 92.
[CrossRef]

Abbink, P; Larocca, R.A.; Visitsunthorn, K.; Boyd, M.; De La Barrera, R.A.; Gromowski, G.D.; Kirilova, M.;
Peterson, R.; Li, Z.; Nanayakkara, O.; et al. Durability and correlates of vaccine protection against Zika virus
in rhesus monkeys. Sci. Transl. Med. 2017, 9, eaa04163. [CrossRef]

Abbink, P; Larocca, R.A.; De La Barrera, R.A.; Bricault, C.A.; Moseley, E.T.; Boyd, M.; Kirilova, M.; Li, Z,;
Ng’ang’a, D.; Nanayakkara, O.; et al. Protective efficacy of multiple vaccine platforms against Zika virus
challenge in rhesus monkeys. Science 2016, 353, 1129-1132. [CrossRef]

Modjarrad, K.; Lin, L.; George, S.L.; Stephenson, K.E.; Eckels, K.H.; De La Barrera, R.A.; Jarman, R.G.;
Sondergaard, E.; Tennant, J.; Ansel, J.L.; et al. Preliminary aggregate safety and immunogenicity results
from three trials of a purified inactivated Zika virus vaccine candidate: Phase 1, randomised, double-blind,
placebo-controlled clinical trials. Lancet 2018, 391, 563-571. [CrossRef]

Cox, F; van der Fits, L.; Abbink, P.; Larocca, R.A.; van Huizen, E.; Saeland, E.; Verhagen, J.; Peterson, R.;
Tolboom, J.; Kaufmann, B.; et al. Adenoviral vector type 26 encoding Zika virus (ZIKV) M-Env antigen
induces humoral and cellular immune responses and protects mice and nonhuman primates against ZIKV
challenge. PLoS One 2018, 13, e0202820. [CrossRef]


http://dx.doi.org/10.1038/s41579-018-0039-7
http://dx.doi.org/10.3390/vaccines6030062
http://dx.doi.org/10.1146/annurev-med-040717-051127
http://dx.doi.org/10.1126/science.361.6407.1055
http://dx.doi.org/10.1126/science.357.6352.631
http://dx.doi.org/10.1056/NEJMp1607762
http://www.ncbi.nlm.nih.gov/pubmed/27682031
http://dx.doi.org/10.1056/NEJMcibr1701402
https://www.paho.org/hq/index.php?option=com_content&view=article&id=10898:2015-archive-by-disease-zika-virus-infection&Itemid=41443&lang=en
https://www.paho.org/hq/index.php?option=com_content&view=article&id=10898:2015-archive-by-disease-zika-virus-infection&Itemid=41443&lang=en
http://dx.doi.org/10.1055/s-0036-1592070
http://www.ncbi.nlm.nih.gov/pubmed/27607566
http://dx.doi.org/10.1038/s41598-017-10595-5
http://dx.doi.org/10.1038/s41467-018-02975-w
http://dx.doi.org/10.1038/nm.4322
http://dx.doi.org/10.1038/s41467-017-00737-8
http://dx.doi.org/10.1016/j.cell.2017.06.040
http://dx.doi.org/10.1016/j.chom.2018.09.008
http://dx.doi.org/10.1128/JVI.00701-18
http://dx.doi.org/10.1126/scitranslmed.aao4163
http://dx.doi.org/10.1126/science.aah6157
http://dx.doi.org/10.1016/S0140-6736(17)33106-9
http://dx.doi.org/10.1371/journal.pone.0202820

Trop. Med. Infect. Dis. 2019, 4, 58 13 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Xu, K.; Song, Y.; Dai, L.; Zhang, Y.; Lu, X,; Xie, Y,; Zhang, H.; Cheng, T.; Wang, Q.; Huang, Q.; et al.
Recombinant Chimpanzee Adenovirus Vaccine AdC7-M/E Protects against Zika Virus Infection and Testis
Damage. J. Virol. 2018, 92, e01722-17. [CrossRef]

Guo, Q.; Chan, J.E; Poon, VK.; Wu, S.; Chan, C.C.; Hou, L.; Yip, C.C.; Ren, C,; Cai, ].P; Zhao, M,;
et al. Immunization with a Novel Human Type 5 Adenovirus-Vectored Vaccine Expressing the
Premembrane and Envelope Proteins of Zika Virus Provides Consistent and Sterilizing Protection in Multiple
Immunocompetent and Immunocompromised Animal Models. |. Infect. Dis 2018, 218, 365-377. [CrossRef]
Chattopadhyay, A.; Aguilar, P.V.; Bopp, N.E.; Yarovinsky, T.O.; Weaver, S.C.; Rose, ] K. A recombinant virus
vaccine that protects against both Chikungunya and Zika virus infections. Vaccine 2018, 36, 3894-3900.
[CrossRef]

Emanuel, J.; Callison, J.; Dowd, K.A.; Pierson, T.C.; Feldmann, H.; Marzi, A. A VSV-based Zika virus vaccine
protects mice from lethal challenge. Sci. Rep. 2018, 8, 11043. [CrossRef]

Li, A; Yu, J.; Lu, M,; Ma, Y,; Attia, Z.; Shan, C.; Xue, M.; Liang, X.; Craig, K.; Makadiya, N.; et al. A Zika
virus vaccine expressing premembrane-envelope-NS1 polyprotein. Nat. Commun. 2018, 9, 3067. [CrossRef]
Giel-Moloney, M.; Goncalvez, A.P; Catalan, J.; Lecouturier, V., Girerd-Chambaz, Y.; Diaz, F;
Maldonado-Arocho, F; Gomila, R.C.; Bernard, M.C.; Oomen, R.; et al. Chimeric yellow fever 17D-Zika virus
(ChimeriVax-Zika) as a live-attenuated Zika virus vaccine. Sci. Rep. 2018, 8, 13206. [CrossRef]

Kum, D.B.; Mishra, N.; Boudewijns, R.; Gladwyn-Ng, I.; Alfano, C.; Ma, J.; Schmid, M.A.; Marques, R.E;
Schols, D.; Kaptein, S.; et al. A yellow fever-Zika chimeric virus vaccine candidate protects against Zika
infection and congenital malformations in mice. NPJ Vaccines 2018, 3, 56. [CrossRef]

Tebas, P.; Roberts, C.C.; Muthumani, K.; Reuschel, E.L.; Kudchodkar, S.B.; Zaidi, FI.; White, S.; Khan, A.S.;
Racine, T.; Choi, H.; et al. Safety and Immunogenicity of an Anti-Zika Virus DNA Vaccine—Preliminary
Report. N. Engl. |. Med. 2017. [CrossRef]

Muthumani, K.; Griffin, B.D.; Agarwal, S.; Kudchodkar, S.B.; Reuschel, E.L.; Choi, H.; Kraynyak, K.A.;
Duperret, E.K.; Keaton, A.A.; Chung, C.; et al. In vivo protection against ZIKV infection and pathogenesis
through passive antibody transfer and active immunisation with a prMEnv DNA vaccine. NPJ Vaccines 2016,
1,16021. [CrossRef] [PubMed]

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. Rapid development of a DNA vaccine for Zika virus. Science 2016, 354, 237-240.
[CrossRef] [PubMed]

Gaudinski, M.R.; Houser, K.V.; Morabito, K.M.; Hu, Z.; Yamshchikov, G.; Rothwell, R.S.; Berkowitz, N.;
Mendoza, F.; Saunders, ].G.; Novik, L.; et al. Safety, tolerability, and immunogenicity of two Zika virus
DNA vaccine candidates in healthy adults: Randomised, open-label, phase 1 clinical trials. Lancet 2018, 391,
552-562. [CrossRef]

Boigard, H.; Alimova, A.; Martin, G.R,; Katz, A.; Gottlieb, P.; Galarza, ].M. Zika virus-like particle (VLP)
based vaccine. PLoS Negl. Trop. Dis. 2017, 11, e0005608. [CrossRef] [PubMed]

Richner, ].M.; Himansu, S.; Dowd, K.A.; Butler, S.L.; Salazar, V.; Fox, ].M.; Julander, ].G.; Tang, WW.;
Shresta, S.; Pierson, T.C.; et al. Modified mRNA Vaccines Protect against Zika Virus Infection. Cell 2017, 168,
1114-1125.€10. [CrossRef] [PubMed]

Pardi, N.; Hogan, M.].; Pelc, R.S.; Muramatsu, H.; Andersen, H.; DeMaso, C.R.; Dowd, K.A.; Sutherland, L.L.;
Scearce, R.M.; Parks, R.; et al. Zika virus protection by a single low-dose nucleoside-modified mRNA
vaccination. Nature 2017, 543, 248-251. [CrossRef]

Zou, ].; Xie, X.; Luo, H.; Shan, C.; Muruato, A.E.; Weaver, S.C.; Wang, T.; Shi, P.Y. A single-dose
plasmid-launched live-attenuated Zika vaccine induces protective immunity. EBioMedicine 2018, 36, 92-102.
[CrossRef]

Bardina, S.V.; Bunduc, P; Tripathi, S.; Duehr, J.; Frere, J.J.; Brown, J.A.; Nachbagauer, R.; Foster, G.A.;
Krysztof, D.; Tortorella, D.; et al. Enhancement of Zika virus pathogenesis by preexisting antiflavivirus
immunity. Science 2017, 356, 175-180. [CrossRef]

Brown, J.A,; Singh, G.; Acklin, J.A; Lee, S.; Duehr, J.E.; Chokola, A.N.; Frere, ].].; Hoffman, K.W.; Foster, G.A;
Krysztof, D.; et al. Dengue Virus Immunity Increases Zika Virus-Induced Damage during Pregnancy.
Immunity 2019. [CrossRef]

Halstead, S.B. Safety issues from a Phase 3 clinical trial of a live-attenuated chimeric yellow fever tetravalent
dengue vaccine. Hum. Vaccin. Immunother. 2018, 14, 2158-2162. [CrossRef]


http://dx.doi.org/10.1128/JVI.01722-17
http://dx.doi.org/10.1093/infdis/jiy187
http://dx.doi.org/10.1016/j.vaccine.2018.05.095
http://dx.doi.org/10.1038/s41598-018-29401-x
http://dx.doi.org/10.1038/s41467-018-05276-4
http://dx.doi.org/10.1038/s41598-018-31375-9
http://dx.doi.org/10.1038/s41541-018-0092-2
http://dx.doi.org/10.1056/NEJMoa1708120
http://dx.doi.org/10.1038/npjvaccines.2016.21
http://www.ncbi.nlm.nih.gov/pubmed/29263859
http://dx.doi.org/10.1126/science.aai9137
http://www.ncbi.nlm.nih.gov/pubmed/27708058
http://dx.doi.org/10.1016/S0140-6736(17)33105-7
http://dx.doi.org/10.1371/journal.pntd.0005608
http://www.ncbi.nlm.nih.gov/pubmed/28481898
http://dx.doi.org/10.1016/j.cell.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28222903
http://dx.doi.org/10.1038/nature21428
http://dx.doi.org/10.1016/j.ebiom.2018.08.056
http://dx.doi.org/10.1126/science.aal4365
http://dx.doi.org/10.1016/j.immuni.2019.01.005
http://dx.doi.org/10.1080/21645515.2018.1445448

Trop. Med. Infect. Dis. 2019, 4, 58 14 of 16

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Screaton, G.; Mongkolsapaya, J]. Which Dengue Vaccine Approach Is the Most Promising, and Should We Be
Concerned about Enhanced Disease after Vaccination? The Challenges of a Dengue Vaccine. Cold Spring
Harb. Perspect. Biol. 2018, 10, a029520. [CrossRef]

Ethics Working Group on ZIKV Research and Pregnancy. Ethics, pregnancy, and ZIKV vaccine research &
development. Vaccine 2017, 35, 6819-6822.

Schwartz, D.A. Clinical Trials and Administration of Zika Virus Vaccine in Pregnant Women: Lessons (that
Should Have Been) Learned from Excluding Immunization with the Ebola Vaccine during Pregnancy and
Lactation. Vaccines (Basel) 2018, 6, 81. [CrossRef]

Shields, K.E.; Lyerly, A.D. Exclusion of pregnant women from industry-sponsored clinical trials. Obstet
Gynecol 2013, 122, 1077-1081. [CrossRef]

Ghaffar, K.A; Ng, L.EP; Renia, L. Fast Tracks and Roadblocks for Zika Vaccines. Vaccines (Basel) 2018, 6, 77.
[CrossRef]

World Health Organization. Nonclinical evaluation of vaccines. Available online: https://www.who.int/
biologicals/vaccines/nonclinial_evaluation_of_vaccines/en/ (accessed on 27 February 2019).

Bradley, M.P.; Nagamine, C.M. Animal Models of Zika Virus. Comp. Med. 2017, 67, 242-252.

Alves, M.P; Vielle, N.J.; Thiel, V.; Pfaender, S. Research Models and Tools for the Identification of Antivirals
and Therapeutics against Zika Virus Infection. Viruses 2018, 10, 593. [CrossRef]

Caine, E.A; Jagger, B.W.; Diamond, M.S. Animal Models of Zika Virus Infection during Pregnancy. Viruses
2018, 10, 598. [CrossRef]

Nagzerai, L.; Pravsgaard Christensen, J.; Randrup Thomsen, A. A ‘Furry-Tale’ of Zika Virus Infection: What
Have We Learned from Animal Models? Viruses 2019, 11, 29. [CrossRef]

Dilworth, M.R; Sibley, C.P. Review: Transport across the placenta of mice and women. Placenta 2013, 34,
S34-539. [CrossRef]

Schmidt, A.; Morales-Prieto, D.M.; Pastuschek, J.; Frohlich, K.; Markert, U.R. Only humans have human
placentas: Molecular differences between mice and humans. J. Reprod. Immunol. 2015, 108, 65-71. [CrossRef]
Furukawa, S.; Kuroda, Y.; Sugiyama, A. A comparison of the histological structure of the placenta in
experimental animals. J. Toxicol. Pathol. 2014, 27, 11-18. [CrossRef]

Malassine, A.; Frendo, J.L.; Evain-Brion, D. A comparison of placental development and endocrine functions
between the human and mouse model. Hum. Reprod. Update 2003, 9, 531-539. [CrossRef]

Roopenian, D.C.; Akilesh, S. FcRn: The neonatal Fc receptor comes of age. Nat. Rev. Immunol. 2007, 7,
715-725. [CrossRef]

Grant, A.; Ponia, S.S.; Tripathi, S.; Balasubramaniam, V.; Miorin, L.; Sourisseau, M.; Schwarz, M.C.;
Sanchez-Seco, M.P,; Evans, M.].; Best, S.M.; et al. Zika Virus Targets Human STAT?2 to Inhibit Type I
Interferon Signaling. Cell Host Microbe 2016, 19, 882-890. [CrossRef]

Lazear, H.M.; Govero, J.; Smith, A.M.; Platt, D.].; Fernandez, E.; Miner, ].J.; Diamond, M.S. A Mouse Model
of Zika Virus Pathogenesis. Cell Host Microbe 2016, 19, 720-730. [CrossRef]

Rossi, S.L.; Tesh, R.B.; Azar, S.R.; Muruato, A.E.; Hanley, K.A.; Auguste, A J.; Langsjoen, R.M.; Paessler, S.;
Vasilakis, N.; Weaver, S.C. Characterization of a Novel Murine Model to Study Zika Virus. Am. ]. Trop.
Med. Hyg. 2016, 94, 1362-1369. [CrossRef]

Aliota, M.T.; Caine, E.A.; Walker, E.C.; Larkin, K.E.; Camacho, E.; Osorio, J.E. Characterization of Lethal Zika
Virus Infection in AG129 Mice. PLoS Negl. Trop. Dis. 2016, 10, e0004682. [CrossRef]

Miner, J.J.; Cao, B.; Govero, J.; Smith, A.M.; Fernandez, E.; Cabrera, O.H.; Garber, C.; Noll, M.; Klein, R.S.;
Noguchi, K.K.; et al. Zika Virus Infection during Pregnancy in Mice Causes Placental Damage and Fetal
Demise. Cell 2016, 165, 1081-1091. [CrossRef]

Yockey, L.J.; Varela, L.; Rakib, T.; Khoury-Hanold, W.; Fink, S.L.; Stutz, B.; Szigeti-Buck, K.; Van den Pol, A.;
Lindenbach, B.D.; Horvath, T.L,; et al. Vaginal Exposure to Zika Virus during Pregnancy Leads to Fetal Brain
Infection. Cell 2016, 166, 1247-1256.e1244. [CrossRef]

Li, C; Xu, D.; Ye, Q.; Hong, S.; Jiang, Y.; Liu, X.; Zhang, N.; Shi, L.; Qin, C.F; Xu, Z. Zika Virus Disrupts
Neural Progenitor Development and Leads to Microcephaly in Mice. Cell Stem Cell 2016, 19, 672. [CrossRef]
Wu, K\Y.;; Zuo, G.L; Li, X.E; Ye, Q.; Deng, Y.Q.; Huang, X.Y.; Cao, W.C.; Qin, C.F; Luo, Z.G. Vertical
transmission of Zika virus targeting the radial glial cells affects cortex development of offspring mice.
Cell Res. 2016, 26, 645-654. [CrossRef]


http://dx.doi.org/10.1101/cshperspect.a029520
http://dx.doi.org/10.3390/vaccines6040081
http://dx.doi.org/10.1097/AOG.0b013e3182a9ca67
http://dx.doi.org/10.3390/vaccines6040077
https://www.who.int/biologicals/vaccines/nonclinial_evaluation_of_vaccines/en/
https://www.who.int/biologicals/vaccines/nonclinial_evaluation_of_vaccines/en/
http://dx.doi.org/10.3390/v10110593
http://dx.doi.org/10.3390/v10110598
http://dx.doi.org/10.3390/v11010029
http://dx.doi.org/10.1016/j.placenta.2012.10.011
http://dx.doi.org/10.1016/j.jri.2015.03.001
http://dx.doi.org/10.1293/tox.2013-0060
http://dx.doi.org/10.1093/humupd/dmg043
http://dx.doi.org/10.1038/nri2155
http://dx.doi.org/10.1016/j.chom.2016.05.009
http://dx.doi.org/10.1016/j.chom.2016.03.010
http://dx.doi.org/10.4269/ajtmh.16-0111
http://dx.doi.org/10.1371/journal.pntd.0004682
http://dx.doi.org/10.1016/j.cell.2016.05.008
http://dx.doi.org/10.1016/j.cell.2016.08.004
http://dx.doi.org/10.1016/j.stem.2016.10.017
http://dx.doi.org/10.1038/cr.2016.58

Trop. Med. Infect. Dis. 2019, 4, 58 15 of 16

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Huang, W.C.; Abraham, R.; Shim, B.S.; Choe, H.; Page, D.T. Zika virus infection during the period of maximal
brain growth causes microcephaly and corticospinal neuron apoptosis in wild type mice. Sci. Rep. 2016, 6,
34793. [CrossRef]

Vermillion, M.S.; Lei, J.; Shabi, Y.; Baxter, VK.; Crilly, N.P.; McLane, M.; Griffin, D.E.; Pekosz, A.; Klein, S.L.;
Burd, I. Intrauterine Zika virus infection of pregnant immunocompetent mice models transplacental
transmission and adverse perinatal outcomes. Nat. Commun. 2017, 8, 14575. [CrossRef]

Xavier-Neto, J.; Carvalho, M.; Pascoalino, B.D.; Cardoso, A.C.; Costa, A.M.; Pereira, A.H.; Santos, L.N.;
Saito, A.; Marques, R.E.; Smetana, ].H.; et al. Hydrocephalus and arthrogryposis in an immunocompetent
mouse model of ZIKA teratogeny: A developmental study. PLoS Negl. Trop. Dis. 2017, 11, e0005363.
[CrossRef]

Cugola, ER.; Fernandes, LR.; Russo, F.B.; Freitas, B.C.; Dias, J.L.; Guimaraes, K.P,; Benazzato, C.; Almeida, N.;
Pignatari, G.C.; Romero, S.; et al. The Brazilian Zika virus strain causes birth defects in experimental models.
Nature 2016, 534, 267-271. [CrossRef]

Gorman, M.J.; Caine, E.A.; Zaitsev, K.; Begley, M.C.; Weger-Lucarelli, J.; Uccellini, M.B.; Tripathi, S.;
Morrison, J.; Yount, B.L.; Dinnon, K.H., 3rd; et al. An Immunocompetent Mouse Model of Zika Virus
Infection. Cell Host Microbe 2018, 23, 672—685.€676. [CrossRef]

Yockey, L.J.; Jurado, K.A.; Arora, N.; Millet, A ; Rakib, T.; Milano, K.M.; Hastings, A K.; Fikrig, E.; Kong, Y.;
Horvath, T.L.; et al. Type I interferons instigate fetal demise after Zika virus infection. Sci. Immunol. 2018, 3,
€aa01680. [CrossRef]

Szaba, EM.; Tighe, M.; Kummer, LW.; Lanzer, K.G.; Ward, ].M.; Lanthier, P; Kim, L].; Kuki, A,
Blackman, M.A.; Thomas, S.J.; et al. Zika virus infection in immunocompetent pregnant mice causes
fetal damage and placental pathology in the absence of fetal infection. PLoS Pathog. 2018, 14, e1006994.
[CrossRef] [PubMed]

Dudley, D.M.; Aliota, M.T.; Mohr, E.L.; Weiler, A.M.; Lehrer-Brey, G.; Weisgrau, K.L.; Mohns, M.S.;
Breitbach, M.E.; Rasheed, M.N.; Newman, C.M.; et al. A rhesus macaque model of Asian-lineage Zika virus
infection. Nat. Commun. 2016, 7, 12204. [CrossRef]

Nguyen, SM.; Antony, KM.; Dudley, D.M.; Kohn, S.; Simmons, H.A.; Wolfe, B.; Salamat, M.S;
Teixeira, L.B.C.; Wiepz, G.J.; Thoong, T.H.; et al. Highly efficient maternal-fetal Zika virus transmission in
pregnant rhesus macaques. PLoS Pathog. 2017, 13, €1006378. [CrossRef]

Hirsch, A.J.; Roberts, V.H.].; Grigsby, PL.; Haese, N.; Schabel, M.C.; Wang, X.; Lo, ].O.; Liu, Z.; Kroenke, C.D.;
Smith, J.L.; et al. Zika virus infection in pregnant rhesus macaques causes placental dysfunction and
immunopathology. Nat. Commun. 2018, 9, 263. [CrossRef] [PubMed]

Magnani, D.M.; Rogers, T.E,; Maness, N.J.; Grubaugh, N.D.; Beutler, N.; Bailey, V.K.; Gonzalez-Nieto, L.;
Gutman, M.].; Pedreno-Lopez, N.; Kwal, ].M.; et al. Fetal demise and failed antibody therapy during Zika
virus infection of pregnant macaques. Nat. Commun. 2018, 9, 1624. [CrossRef]

Martinot, A.J.; Abbink, P.; Afacan, O.; Prohl, A.K.; Bronson, R.; Hecht, J.L.; Borducchi, E.N.; Larocca, R.A.;
Peterson, R.L.; Rinaldi, W.; et al. Fetal Neuropathology in Zika Virus-Infected Pregnant Female Rhesus
Monkeys. Cell 2018, 173, 1111-1122.e1110. [CrossRef]

Coffey, L.L.; Keesler, R.I; Pesavento, P.A.; Woolard, K.; Singapuri, A.; Watanabe, ].; Cruzen, C.; Christe, K.L.;
Usachenko, J.; Yee, ].; et al. Intraamniotic Zika virus inoculation of pregnant rhesus macaques produces fetal
neurologic disease. Nat. Commun. 2018, 9, 2414. [CrossRef]

Dudley, D.M.; Van Rompay, K.K.; Coffey, L.L.; Ardeshir, A.; Keesler, R.I.; Bliss-Moreau, E.; Grigsby, P.L.;
Steinbach, R.J.; Hirsch, A.].; MacAllister, R.P.; et al. Miscarriage and stillbirth following maternal Zika virus
infection in nonhuman primates. Nat. Med. 2018, 24, 1104-1107. [CrossRef]

Heffron, A.S.; Mohr, E.L.; Baker, D.; Haj, A.K.; Buechler, C.R.; Bailey, A.; Dudley, D.M.; Newman, C.M.;
Mohns, M.S.; Koenig, M.; et al. Antibody responses to Zika virus proteins in pregnant and non-pregnant
macaques. PLoS Negl. Trop. Dis. 2018, 12, e0006903. [CrossRef] [PubMed]

Adams Waldorf, K.M.; Stencel-Baerenwald, J.E.; Kapur, R.P; Studholme, C.; Boldenow, E.; Vornhagen, J.;
Baldessari, A.; Dighe, M.K,; Thiel, J.; Merillat, S.; et al. Fetal brain lesions after subcutaneous inoculation of
Zika virus in a pregnant nonhuman primate. Nat. Med. 2016, 22, 1256-1259. [CrossRef] [PubMed]

Adams Waldorf, K.M.; Nelson, B.R.; Stencel-Baerenwald, J.E.; Studholme, C.; Kapur, R.P.; Armistead, B.;
Walker, C.L.; Merillat, S.; Vornhagen, J.; Tisoncik-Go, J.; et al. Congenital Zika virus infection as a silent
pathology with loss of neurogenic output in the fetal brain. Nat. Med. 2018, 24, 368-374. [CrossRef]


http://dx.doi.org/10.1038/srep34793
http://dx.doi.org/10.1038/ncomms14575
http://dx.doi.org/10.1371/journal.pntd.0005363
http://dx.doi.org/10.1038/nature18296
http://dx.doi.org/10.1016/j.chom.2018.04.003
http://dx.doi.org/10.1126/sciimmunol.aao1680
http://dx.doi.org/10.1371/journal.ppat.1006994
http://www.ncbi.nlm.nih.gov/pubmed/29634758
http://dx.doi.org/10.1038/ncomms12204
http://dx.doi.org/10.1371/journal.ppat.1006378
http://dx.doi.org/10.1038/s41467-017-02499-9
http://www.ncbi.nlm.nih.gov/pubmed/29343712
http://dx.doi.org/10.1038/s41467-018-04056-4
http://dx.doi.org/10.1016/j.cell.2018.03.019
http://dx.doi.org/10.1038/s41467-018-04777-6
http://dx.doi.org/10.1038/s41591-018-0088-5
http://dx.doi.org/10.1371/journal.pntd.0006903
http://www.ncbi.nlm.nih.gov/pubmed/30481182
http://dx.doi.org/10.1038/nm.4193
http://www.ncbi.nlm.nih.gov/pubmed/27618651
http://dx.doi.org/10.1038/nm.4485

Trop. Med. Infect. Dis. 2019, 4, 58 16 of 16

107.

108.

109.

110.

111.

Seferovic, M.; Sanchez-San Martin, C.; Tardif, S.D.; Rutherford, J.; Castro, E.C.C.; Li, T.; Hodara, V.L.;
Parodi, L.M.; Giavedoni, L.; Layne-Colon, D.; et al. Experimental Zika Virus Infection in the Pregnant
Common Marmoset Induces Spontaneous Fetal Loss and Neurodevelopmental Abnormalities. Sci. Rep.
2018, 8, 6851. [CrossRef]

Gurung, S.; Reuter, N.; Preno, A.; Dubaut, J.; Nadeau, H.; Hyatt, K.; Singleton, K.; Martin, A.; Parks, W.T,;
Papin, J.F; et al. Zika virus infection at mid-gestation results in fetal cerebral cortical injury and fetal death
in the olive baboon. PLoS Pathog. 2019, 15, e1007507. [CrossRef] [PubMed]

Hoen, B.; Schaub, B.; Funk, A.L.; Ardillon, V.; Boullard, M.; Cabie, A.; Callier, C.; Carles, G.; Cassadou, S.;
Cesaire, R.; et al. Pregnancy Outcomes after ZIKV Infection in French Territories in the Americas. N. Engl.
J. Med. 2018, 378, 985-994. [CrossRef] [PubMed]

Chiu, C.Y.; Sanchez-San Martin, C.; Bouquet, J.; Li, T.; Yagi, S.; Tamhankar, M.; Hodara, V.L.; Parodi, L.M.;
Somasekar, S.; Yu, G.; et al. Experimental Zika Virus Inoculation in a New World Monkey Model Reproduces
Key Features of the Human Infection. Sci. Rep. 2017, 7, 17126. [CrossRef] [PubMed]

Niirnberger, C.; Bodmer, B.S.; Fiedler, A.H.; Gabriel, G.; Miihlebach, M.D. A Measles Virus-Based Vaccine
Candidate Mediates Protection against Zika Virus in an Allogeneic Mouse Pregnancy Model. J. Virol. 2019, 93,
e01485-18. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/s41598-018-25205-1
http://dx.doi.org/10.1371/journal.ppat.1007507
http://www.ncbi.nlm.nih.gov/pubmed/30657788
http://dx.doi.org/10.1056/NEJMoa1709481
http://www.ncbi.nlm.nih.gov/pubmed/29539287
http://dx.doi.org/10.1038/s41598-017-17067-w
http://www.ncbi.nlm.nih.gov/pubmed/29215081
http://dx.doi.org/10.1128/JVI.01485-18
http://www.ncbi.nlm.nih.gov/pubmed/30429338
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Consequences of ZIKV during Pregnancy for the Developing Fetus 
	Target Product Profile (TPP) for Vaccine Development 
	Challenges for Clinical Testing of Anti-ZIKV Vaccines 
	Pregnant Animal Models of ZIKV Infection 
	Pregnant Mouse Models 
	Pregnant Non-Human Primate (NHP) Models 

	Protective ZIKV Vaccines Against CZS During Pregnancy Using Mouse Models 
	Goals for Vaccination to Prevent CZS 
	References

