
INVITED REVIEW

Overview on the Current Status of Zika Virus Pathogenesis
and Animal Related Research

Shashank S. Pawitwar1 & Supurna Dhar3 & Sneham Tiwari2 & Chet Raj Ojha2 &

Jessica Lapierre2 & Kyle Martins3 & Alexandra Rodzinski1 & Tiyash Parira2 &

Iru Paudel1 & Jiaojiao Li1 & Rajib Kumar Dutta2 & Monica R. Silva1 &

Ajeet Kaushik2
& Nazira El-Hage2

Received: 18 November 2016 /Accepted: 23 March 2017 /Published online: 25 April 2017
# Springer Science+Business Media New York 2017

Abstract There is growing evidence that Zika virus (ZIKV)

infection is linked with activation of Guillan-Barré syndrome

(GBS) in adults infected with the virus and microcephaly in

infants following maternal infection. With the recent outpour

in publications by numerous research labs, the association

between microcephaly in newborns and ZIKV has become

very apparent in which large numbers of viral particles were

found in the central nervous tissue of an electively aborted

microcephalic ZIKV-infected fetus. However, the underlying

related mechanisms remain poorly understood. Thus, devel-

opment of ZIKV-infected animal models are urgently re-

quired. The need to develop drugs and vaccines of high effi-

cacy along with efficient diagnostic tools for ZIKV treatment

and management raised the demand for a very selective ani-

mal model for exploring ZIKV pathogenesis and related

mechanisms. In this review, we describe recent advances in

animal models developed for studying ZIKV pathogenesis

and evaluating potential interventions against human in-

fection, including during pregnancy. The current re-

search directions and the scientific challenges ahead in

developing effective vaccines and therapeutics are also

discussed.
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ZIKV Epidemiology and Transmission

Zika virus (ZIKV) is an emerging mosquito-borne virus

(arbovirus) belonging to the genus Flavivirus and the family

Flaviviridae, initially identified in the Zika Forest of Uganda

in 1947 in rhesus monkeys and later in humans in 1952

(Hayes 2009). Additional members of the Flaviviridae family

(Table 1) include several globally relevant human pathogens

such as Yellow fever virus (YFV), Dengue fever virus

(DENV), West Nile virus (WNV), Japanese encephalitis virus

(JEV), and Tick-borne encephalitis virus (TBEV) (Unni et al.

2011; Lazear et al. 2016). According to comparative genomic

and phylogenetic analyses, there are several homologue

strains of ZIKV (Fig. 1) including; (i) the African lineage

(Zika virus Uganda), (ii) the Asian lineage which has recently

emerged in the Pacific (Zika virus Senegal) and (iii) the

South American lineage (Zika virus Brazil) (Unni et al. 2011;

Lazear et al. 2016; Faye et al. 2014). Since the early part of the

twentieth century, mosquitos of the Aedes genus have been

implicated in the spread of ZIKV, and are of particular concern

for many parts of the world owing to their broad distribution

(Kraemer et al. 2015). Although ZIKV was first isolated from

A. africanus in the Zika forest, located in the Entebbe

Peninsula of Uganda (Dick et al. 1952; Weinbren and

Williams 1958), the first report of A. aegypti as a ZIKV vector

came several years later when the virus was isolated from this

species in the Malay Peninsula (Marchette et al. 1969). The

following year, A. luteocephalus was also identified as a

vector of ZIKV (Lee and Moore 1972), and although it

was long suspected to be a vector, A. albopictus was
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only recently identified to be capable of carrying the virus

(Wong et al. 2013). Among the genuses, A. aegypti and

A. albopictus are of significant concern for the spread of

ZIKV to humans. Female A. albopictus bite during daytime

hours and both aegypti and albopictus species are attracted to

warm, urban environments (Powell and Tabachnick 2013)

with areas of standing water which boost their wider geo-

graphical range (Delatte et al. 2008).

The most common mode of transmission of arboviruses is

horizontal transmission where mosquitos take a viremic blood

meal and then inject infectious saliva into a host during blood

feeding (Kenney and Brault 2014). ZIKV seems to have mod-

ified itself to humans and can maintain a large population in a

mosquito-human-mosquito transmission cycle where non-

human reservoirs are not mandatory for transmission.

During a mosquito bite, the virus is delivered into extravascu-

lar spaces in the epidermal and dermal areas of the skin of a

vertebrate host. The initial cycle occurs at the site of the bite

after the virus gains access to resident and migratory cells in

the skin. The mosquito salivary factor, delivered along with

the virus, potentiates its capacity to replicate leading to an

enhanced viremia which, in turn, contributes to an acute viral

pathology (Briant et al. 2014). Keratinocytes, dermal fibro-

blasts, and dendritic cells in the skin are the initial targets of

ZIKV infection (Hamel et al. 2015). Several cell surface mol-

ecules including TAM receptor AXL, DC- SIGN, Tyro-3, and

TIM-1 have been demonstrated to support viral entry into cells

(Gatherer and Kohl 2016). Viral replication is further support-

ed by the formation of autophagosomes containing viral par-

ticles inside skin fibroblasts (Hamel et al. 2015). After a period

Table 1 ZIKV comparison with other members of the Flaviviridae family. All compared viruses abbreviated as: Zika virus (ZIKV), Dengue virus
(DENV), Yellow fever virus (YFV), and West Nile virus (WNV) (CDC – NCEZID 2016)

ZIKV DENV YFV WNV

Genome • ss 10 kb, positive sense
RNA

• ss 11 kb, positive sense RNA • 10.2 kb, ss RNA • ss 11 kb, positive sense RNA

Vector / Mosquito
type

• A. aegypti

• A. luteocephalus

• A. albopictus

• A. aegypti

• A. albopictus

• Aedes spp.

• Haemagogus spp.

• A. aegypti.

• Culex spp.; principal vector

Year and place of
Identification

• 1947 in the Zika forest of
Uganda

• 1943 in Nagasaki, Japan • 1927; possibly originated in
Central Africa

• 1937 in the West Nile district
of Uganda

Transmission • Mosquito bite, •sexual
• perinatal and blood

transfusion

• Mosquito bite • Bite of an infected mosquito • Blood transfusions
• Organ transplants
• From mother to baby during

pregnancy, delivery, or
breastfeeding

Clinical Presentation • Fever, rash
• joint pain, •conjunctivitis

•muscle pain and
headache

• High fever
• Low white cell count
• Severe headache
• Severe eye pain

• Initial: fever, chills, headache,
myalgias, prostration,
nausea, and vomiting

• Remission: characterized by
jaundice, hemorrhagic
synaptoms, shock and
multisystem organ failure

• Around 80% cases
asymptomatic

• 20% show fever, headache,
tiredness, and body aches,
occasionally a skin rash and
swollen lymph glands

Incubation period • Days to a week — • 3–6 days 3 to 14 days

Effect on Pregnancy • Microcepahly in babies
• Vision damage includes

optic nerve abnormalities,
bilateral macular, and
perimacular lesions

• Infant hearing loss

• premature labors, low birth
weight related to
prematurity, fetal death,
conceptus losses

• Precaution should be taken to
administer yellow fever
vaccine during pregnancy
unless it is epidemic

• Very low risk to transmit
virus to newborn

Diagnosis • Urine and blood test • RT-PCR or nested RT-
PCR of serum/plasma

• MAC ELISA (IgM antibody
capture ELISA)

• Plaque Reduction and
Neutralization Test (PRNT)

• Preliminary on the patient’s
clinical manifestation

• Serologic assay
• Plamie Reduction and

Neutralization Test (PRNT)

• ELISA
• Neutralization assay
• RT-PCR (reverse

transcription polymerase
chain reaction)

Treatment • No treatment yet • No specific medication;
however pain relievers such
as acetaminophen

• No treatment yet
Symptomatic relief by use
of analgesic. Antipyretics,
rest and fluids

• No specific antiviral
treatments, pain relievers to
reduce fever and
intravenous fluids

Vaccine • Not available yet • Available: Dengvaxia
(CYD-TDV)

• Available • No vaccine available yet
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of replication in the primary inoculation site, the virus is dis-

seminated by dendritic cells via the lymphatics and blood

stream (Hamel et al. 2015). Viremia develops 1 to 5 days later

and the virus is usually cleared from the circulation within two

weeks of infection (Bell et al. 1971). Replication of the virus

leads to the activation of an antiviral innate immune response

by the host, which involves the production of both type I and

II interferons in infected cells (Hamel et al. 2015).

Non-vector arbovirus transmission routes include transmis-

sion from mother to fetus (in utero), blood transfusion, saliva,

urine and bone marrow and organ transplantation (Kuno

2001; Oster 2016; Gao et al. 2016). Furthermore, ZIKV is

the only arbovirus isolated from human semen which supports

the hypothesis that ZIKV can be transmitted by sexual inter-

course (Foy et al. 2011; Musso et al. 2015; Venturi et al.

2016). The first case of sexually transmitted ZIKVwas report-

ed in 2011, between an infected male who was exposed to the

virus while traveling to a ZIKV-infected area and later trans-

mitting the virus to his female partner (Foy et al. 2011).

Another case reported transmission between a male traveler

infected with ZIKV who transmitted the virus through anal

intercourse with his male partner. Although both men had

exhibited Zika symptoms, the male traveler had a confirmed

infection of ZIKV and dengue, while his partner appeared to

have only contracted ZIKV. Semen samples collected 17 and

24 days post-onset of the illness showed that only the traveler

had detectable levels of ZIKV present in semen while his

partner did not (Deckard et al. 2016). Other studies have de-

tected ZIKV in semen supporting the notion of sexual trans-

mission (Musso et al. 2015). The virus has also been detected

in breast milk, although breastfeeding-associated transmission

has not yet been reported (Boadle 2016; Cavalcanti et al.

2017). Additional aspects associated with the emergence of

arboviruses include climate change and an increase in the

geographical distribution range of mosquito vectors as well

as their increased capacity to adapt to new reservoirs or am-

plification hosts. Increasing populations and urbanization, in-

efficient mosquito control, and extensive travel to affected

areas are all factors which play a major role in intensifying

the disease distribution (Kilpatrick and Randolph 2012).

ZIKV Pathogenesis and Cases of Microcephaly

Although there is no cure for ZIKV, in most cases, only 20%

of patients will present clinical symptoms which will usually

resolve within 2 to 7 days, and rarely requires hospitalization

(Petersen et al. 2016; Shuaib et al. 2016). The clinical mani-

festations of ZIKV infection illustrated in Fig. 2 resemble that

of other mosquito-transmitted diseases like Chikungunya

(CHIKV) and Dengue fever virus (DENV), but with substan-

tially lower mortality than DENV (Fox 2015). In additon,

ZIKV-related symptoms are usually milder and of shorter

Fig. 1 a Comparative genomic analysis of ZIKV using BLAST Atlas.
Genome shared identity between each strain and the reference genome are
shown as percentages. Brazilian ZIKV (green circle) isolated from
amniotic fluid of a patient whose fetus was diagnosed with
microcephaly, yielded 97–100% genomic identity with the reference
genome sequence KJ776791.1 isolated in French Polynesia (innermost
black circle). The genome sequence NC_012532.1 isolated from Africa
(Zika virus Uganda), indicated by the blue circle, and the genome
sequence KF383118.1 (Zika virus Senegal), indicated by the red circle,
yielded 87–90% identity. 10,793 bases were sequenced and the
proportion of GC content in the Brazilian Zika virus was 51.2%.
BLAST = basic local alignment search tool (Figure reprinted Ref.
(Calvet et al. 2016), Copyright The Lancet). b ZIKV Phylogenetic
Classification. Strains within the ZIKV branches are identified with the
GenBank accession number, year of isolation, and country of origin

(except those identified in 2015–2016). The evolutionary history was
inferred by means of the neighbor-joining method under a GTR + G + I
substitution model. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (2000 replicates)
is shown next to the branches. Phylogenetic analysis of a complete ZIKV
genome sequence (10,808 nucelotides) recovered from fetal brain tissue
in Bahia, Brazil (KU527068) showed highest identity (99.7%) with the
ZIKV strain isolated from a patient from French Polynesia in 2013
(KJ776791) and ZIKV detected in Sao Paolo, Brazil, in 2015
(KU321639). 98.3 and 98% identity were detected with JN860885, a
strain isolated in Cambodia in 2010 and EU545988, a strain isolated
from the outbreak in Micronesia in 2007, respectively. The genetic
distance in nucleotide substitutions per site is indicated by the 0.01
scale bar. (Figure reprinted Ref. (Mlakar et al. 2016), Copyright
The New England Journal of Medicine)
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duration, and they present with a mild fever of about 98.9 °F

(37.2 °C) and a combination of one or more of the following

symptoms: conjunctivitis, macular or papular rash, arthralgia,

myalgia, headache, retro-orbital pain, edema, vomiting, and

weakness.

ZIKV contains a single-stranded, positive-sense RNA of

about 10,000 nucleotides (nt), encompassing a coding region

of 10 genes (Pierson and Kielian 2013; Marano et al. 2016).

Like other Flaviviruses, the genomic RNA contains a single

open reading frame (ORF) that encodes for a polypeptide

which is further processed post-translationally by both host

and viral proteases into 3 structural proteins (Fig. 3a–b). The

polyproteins are organized from 5′ to 3′ with both ends of the

ORF covered by a 100 nt untranslated region (UTR). The viral

structural proteins consisting of the capsid (C), pre-membrane

(prM), and envelope (E), are located towards the 5′ end,

while the seven non-structural (NS) proteins consisting of

NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 are found

at the 3′ portion (Chambers et al. 1990; Kuno and Chang

2007; Hulo et al. 2011; Cunha et al. 2016). The C protein

interacts with viral RNA to form the nucleo-capsid, prM im-

pedes premature fusion with host membranes, and the E pro-

tein functions in cellular attachment, fusion and entry

(Mukhopadhyay et al. 2005). The NS proteins are involved

in attenuating host anti-viral responses while also controlling

viral transcription and replication (Diamond and Pierson

2015; Pierson and Kielian 2013; Suthar et al. 2013).

Flavivirus genomic RNA are high in their purine content

and have low CG and UA doublet occurrences; this fact

needs to be studied more to understand its significance

(Chambers et al. 1990).

Microcephaly is a neurological disorder associated with

abnormal eye and brain development in fetuses (Fig. 3c–d).

Accordingly, more than 850 babies were born with brain dam-

age and other clinical signs of microcephaly to ZIKV-infected

mothers in Brazil (Sun 2016). Association between ZIKV

infection and microcephaly via vertical transmission of virus

from pregnant mother to her fetus was illustrated based on an

increased incidence of microcephaly possibly pertaining to

ZIKVoutbreak, presence of ZIKV in microcephalic fetal brain

as well as the presence of viral RNA in the amniotic fluid of

pregnant women (Calvet et al. 2016; Driggers et al. 2016;

Marrs et al. 2016; Mlakar et al. 2016). ZIKV detected in the

brain tissue of microcephaly-affected fetuses and infants fur-

ther supports a causal relationship of the virus to the neuro-

logical disorder (Rasmussen et al. 2016). In one particular

case, a pregnant woman in her 11th week of gestation tested

positive for ZIKV IgM antibodies four weeks after returning

from a week-long trip to Mexico, Guatemala, and Belize

(Brasil et al. 2016). Based on MRI and ultrasonography im-

aging at 19–20weeks of gestation, the fetus was found to have

multiple brain anomalies including calcification, cortical de-

velopment malformation, posterior fossa malformation and

redundant skin (Fig. 3d). Microcephaly was not diagnosed

by the end of the 21-week gestation period. The circumference

of the head was reported to be decreased from 47th percentile

(16 weeks) to 24th percentile (20 weeks), which indicated that

there would have been high chances of microcephaly devel-

opment if the pregnancy had continued (Araujo et al. 2016). In

the case of a 20-year-old Brazilian woman, abnormal fetal

development was detected during her 19th-week of gestation

by ultrasound, although the woman had no symptoms of

ZIKV. During the 26th and 30th weeks of gestation, the fetus

was diagnosed with microcephaly and hydrops fetalis by ul-

trasounds and by 32 weeks the fetus was determined to be

deceased. Tissue analysis confirmed detection of ZIKV in

the amniotic fluid and cerebral spinal fluid but not in the

placenta, eyes, heart, lungs, or liver (Sarno et al. 2016). In

the continental U.S. and U.S. territories there are about 3808

and 84 cases, respectively, of travel-related cases of Zika and

128 locally-spread cases in the continental U.S. and 25,871

cases in the U.S. territories (CDC). Accordingly, the state of

Florida has the most travel-related (708) and local (128) cases,

second only to Puerto Rico, with 75 travel-related and 25,355

Fig. 2 ZIKV infection,
symptoms, illness, and
neurological effects
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locally-acquired cases (CDC). The first Zika-related micro-

cephaly birth in Florida was delivered by a woman of

Haitian nationalization who came to Florida to give birth,

while she was infected with ZIKV in Haiti. There have previ-

ously been other Zika-related microcephaly births in the U.S.,

including one in Hawaii, one in New Jersey, two in California

and one case in Texas. In every case, the baby’s mother had

traveled to either the Caribbean or South America and

contracted the virus overseas. In total, seven babies have been

born in the U.S. with birth defects related to Zika as of

June 30, 2016, according to the CDC. Zika-related birth de-

fects were also linked to pregnancy losses, which includes

miscarriages and abortions (CDC).

Neurological Aspects of ZIKV Pathology

The primary concern of ZIKV infection is its association with

neurodevelopmental complications like microcephaly. The

cause for the characteristic abnormally small heads and under-

developed brains in children and infants can be attributed to

several factors including: (i) pathogenic viral infections (e.g.,

human cytomegalovirus, rubella virus, and varicella-zoster

virus), (ii) exposure to environmental toxins (e.g., drugs or

alcohol), and (iii) genetic mutations (Bell et al. 1971;

Mochida and Walsh 2001; Mendola et al. 2002; Mochida

2009, de Paula Freitas et al. 2016), resulting in deficiencies

in the number of neurons (Bell et al. 1971; Mendola et al.

2002). More than 40 years ago, ZIKV tropism for brain was

shown with viral transmigration across the blood-brain barrier

infecting both neurons and glial cells in mouse brain (Bell

et al. 1971). Recent studies have shown that the African and

Asian ZIKV strain MR 766 is capable of infecting human

neural precursor cells derived from human induced pluripo-

tent stem cells (hiPSCs) (Tang et al. 2016). This infection

induced cell death and deregulation of the cell-cycle progres-

sion of hiPSCs, and reduced their viability and growth as

neurospheres and brain organoids (Garcez et al. 2016; Qian

et al. 2016; Tang et al. 2016), although no association was

identified with microcephaly. Figure 4a–b shows a graphical

representation of how ZIKV infects human cortical neural

progenitors and consequently attenuates growth. With the

high incidence of up to a 20-fold increase in the children born

with microcephaly in Brazil, public health officials raised con-

cerns of a link between ZIKV and microcephaly with

Fig. 3 Active ZIKV Transmission and Potential Neurological Disorder
in Human. a Illustrates a 3D imaging of ZIKVand (b) shows the genomic
sequence and encoded proteins. c Severe macular neuroretinal atrophy in
an infant with microcephaly [Figure reprinted Ref. (Ventura et al. 2016),
Copyright Elsevier-2016]. d Brain MRI from a 3-month-old infant born
with microcephaly. The mother acquired ZIKVat 12 weeks gestation and

ultrasound carried out at the end of gestation showed reduced head
circumference. The child was born prematurely (34 weeks) and the
images illustrate (a) calcifications; (b) cortical development
malformation; (c) posterior fossa malformation and redundant skin
[Figure reprinted Ref. (Araujo et al. 2016), Copyright Oxford

University Press]
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appropriate health-risk warnings issued to pregnant women

(Pylro et al. 2016; PAHO/WHO 2015). Although the CDC

had initially cautioned that Flaviviruses are not known to

cause microcephaly and that any possible association remains

under investigation (Schuler-Faccini et al. 2015), numerous

studies have associated ZIKV infections with cases of menin-

goencephalitis and acute myelitis (Carteaux et al. 2016;

Mécharles et al. 2016). While much remains to be determined

about the mechanisms bywhich ZIKVmediates microcephaly

and other birth defects, different types of intracytoplasmic

inclusion bodies collectively known as “virus factories” were

shown to be produced by ZIKV infection in mouse brain cells.

The virus factories or inclusion bodies were found primarily to

originate from the endoplasmic reticulum, nucleus, and mito-

chondria (Bell et al. 1971). Centrosomes and autophagy

hijacking have been implicated in ZIKV neural pathogenesis

and microcephaly development (Thornton and Woods 2009;

Marthiens et al. 2013). ZIKV can prevent completion of the

autophagy process, providing a perfect environment for the

making of “viral factories” to increase viral replication and

amplification (Tetro 2016). Autophagy is a lysosomal degra-

dative process that can be used by the host to combat viral

infection (Deretic et al. 2013), and recent studies have dem-

onstrated an important role in the induction of this pathway

and ZIKV replication in human skin (Hamel et al. 2015) and

brain cells (Liang et al. 2016). Some cellular proteins like

UVRAG (ultraviolet irradiation resistance-associated gene)

and Beclin-1 have a role in both autophagy and centrosome

stability in dividing cells. Increased numbers of centrosomes,

the cellular organelles involved in cell division as well as

vesicle migration and trafficking within cells, are shown to

be associated with delayed mitosis, premature neural

differentiation and a higher rate of apoptosis, all of which

contribute to microcephaly in mice (Tetro 2016). Owing to

this fact, the sequels of ZIKV infection may be broader than

what is considered because the roles of centrosomes and au-

tophagy may not be limited to neural development.

Complications with ZIKV can also include the association

with Guillain-Barré syndrome (GBS), as was confirmed very

recently by magnetic resonance imaging (MRI) findings

(Fontes et al. 2016). GBS is an autoimmune neuropathy that

can result in muscle weakness, paralysis, and death as a con-

sequence of the immune-mediated demyelination of peripher-

al nervous system neurons. A temporal and geographic rela-

tionship between GBS and ZIKV infection in adults was

established during the 2013–2014 outbreak in French

Polynesia, although the complete association and pathophys-

iology are still unclear (Hancock et al. 2014). Fontes et al.

(2016) reported that ZIKV-associated GBS was characterized

by demyelination, ischemia, inflammation, and breakdown of

the blood-brain barrier. Cao-Lormeau et al. (2014, 2016) ob-

served anti-ZIKV virus IgM or IgG in 98% of the patients

diagnosed with this syndrome during the outbreak. Reported

cases of widespread inflammatory demyelinating disorder

similar to GBS were also temporally associated with ZIKV

infection in most parts of South and Central America,

including Brazil, El Salvador, Colombia, and Venezuela

(ECDC First and Second update 2016a, b). Patients with pre-

sumable ZIKV-associated GBS had atypically low levels of

the anti-ganglioside antibodies associated with the most prev-

alent type of the syndrome in Asia (acute motor axonal neu-

ropathy), compared to patients with GBS of other etiologies,

such as influenza, Campylobacter jejuni, Cytomegalovirus

and Epstein-Barr virus infections, suggesting that ZIKV may

Fig. 4 Illustration of Brain Cells Infected with ZIKV and Cell Cycle
Arrest (a) ZIKV infects human cortical neural progenitors and
attenuates their growth [Figure reprinted Ref. (Tang et al. 2016),
Copyright Elsevier]. b Disruption of Phospho-TANK-binding kinase

(TBK)1 localization and mitosis in ZIKV-infected human
neuroepithelial stem cells (NES) and radial glial cells (RGC)
[Figure reprinted Ref. (Onorati et al. 2016), Copyright Elsevier]
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induce GBS by different mechanisms which remain to be

elucidated (Cao-Lormeau et al. 2016). Until now, ZIKV-

related GBS in adults seems to be transient in duration, where

the majority of patients tend to recover almost completely

(Weaver et al. 2016). One report from Brazil refers to 6 pa-

tients, aged 2–5 years, with neurologic syndromes (4 with

GBS and 2 with acute disseminated encephalomyelitis) after

laboratory-confirmed ZIKV infection, however, no further da-

ta on the association of ZIKV infection and GBS in infants are

available (CDC).

ZIKVand Related Animal Models

Animal models are essential for understanding the transmis-

sion and infection of pathogens, as well as for evaluating

candidate vaccines and therapeutics. With the advent of ani-

mal research, we have a better understanding of the ZIKV

infection mechanism and are able to answer several questions

including: (i) whether ZIKV can be transmitted in utero by

pregnant mothers and how does the virus affect the fetus and

(ii) is there any direct association between ZIKV and micro-

cephaly. The ZIKVepidemic and the congenital abnormalities

associated with infection have brought an urgent need for

developing in vivo models, including: (i) chicken embryo,

(ii) mouse (iii) monkey and potentially, (iv) hamster models.

In a recent mini-review article by Morrison and Diamond,

they elegantly reviewed the various animal models available

to study ZIKV pathogenesis, including their utility and limi-

tations (Morrison and Diamond 2017). Tables 2, 3, 4 and 5

compare the different species of animal used as potential

models in ZIKV infection and their utility to understand dis-

ease pathogenesis. One animal model that resembles the hu-

man fetal neurodevelopment is the ovo development of the

chicken embryo (Goodfellow et al. 2016). Using chick em-

bryos infected with a Mexican strain of ZIKV, one group

showed dose dependent embryonic lethality when embryos

were infected with high doses of ZIKV, and sustained infec-

tivity with no chick mortality when embryos were infected at

low viral doses and during later stages of chick development.

Chick embryos developed central nervous system structural

malformation and microcephaly-like pathology as determined

byMRI. Based on this study, the chicken embryomodel offers

a comparative animal model that can provide key insight into

ZIKV pathogenesis (Goodfellow et al. 2016; Morrison and

Diamond 2017). The mouse model is predominantly based

on immunocompromised animals lacking the receptor for type

I interferon (IFN α/β) (A129 mice) or types I and II IFN (IFN

α/β/γ) (AG129 mice) (Ifnar1−/−). These animals are highly

susceptible to ZIKV infection and sustain infection with high

viral loads in the brain and spinal cord, consistent with the

severe neurological manifestation of ZIKV in humans, and

high viral loads in the testes, relevant to the sexual

transmission observed with ZIKV in humans (Aliota et al.

2016a, b; Dowall et al. 2016; Rossi et al. 2016).

Immunocompromised mice including A129 mice,

Ifnar1−/−, or mice deficient in Irf-3/5/7−/− infected with the

Asian (H/PF/2013), American (Brazil Paraiba_2015) or

African (MR766) strain of ZIKV were permissive to ZIKV

Table 2 The use of chicken as a potential animal model in ZIKV infection and its utility to understand disease pathogenesis
(Chan et al. 2016; Goodfellow et al. 2016)

ChickenModel Strains Outcomes Advantages Limitations

• DF-1 (Chicken
fibroblasts)

• Investigated cell line susceptibility to epidemic
ZIKV-PR and pre-epidemic ZIKV-U

• ZIKV-PR: clinical isolate of ZIKV (Puerto Rico
strain PRVABC59) obtained from a patient in
the South American epidemic

• ZIKV-U: isolated from a nonhuman primate in
Uganda in 1947 (976 Uganda strain)

• Observed highest mean viral loads (>10
lgcopies/mL)

• Most prominent ZIKV-NS1 protein expression
(>50% of infected cells)

• A > 2 log increase in mean viral load with
ZIKV-NS1

•Most prominent cytopathic effects (CPE) (>50%
involvement) observed

• Provides understandings into the virus
potential animal reservoirs and substitute
animal models

• Efficient ZIKV replication in chicken cell
lines suggest that this mammalian species
might have a role in the ZIKV transmission

Non-human, non-primate
model

• Embryonated Broiler
Eggs (UGA Poultry
Science Farm)

• Permissive to ZIKVand leads to embryo death
upon late stage infection

• ZIKV dependent disorder varies by dose,
developmental level, and replication

• Useful to study early infection

• Inexpensive, non-immunocompromised,
and permissive to ZIKV

• Model for studying developmental
teratology. CNS infections

• Provides high throughout screening method
• Perfect model for understanding ZIKVand

human pregnancy
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Table 3 Comparison of the different strains of mice used as
potential animal models in ZIKV infection and their utility to
understand disease pathogenesis (Aliota et al. 2016a, b; Cugola

et al. 2016; Lazear et al. 2016; Manangeeswaran et al. 2016;
Miner et al. 2016; Ngono et al. 2017; Rossi et al. 2016; Shah
and Kumar 2016)

Mouse model strains Outcomes Advantages Limitations

AG129 •Highly susceptible to ZIKV infection and
pathogenesis, succumbing to the disease
within seven to eight days

• ZIKV causes severe brain pathology,
therefore emulating the hallmark
features of human fetal ZIKV infection

• AG129 mice presented neurological
symptoms not observed in the A129
mice; IFN-γ may be responsible for
protection against ZIKV infection in
neurological tissues

• Exaggerated disease signs were observed
in AG129 mice, supporting similar
infection kinetics to A129 mice. The
A129 mice became lethargic and
unresponsive to stimuli before death or
euthanasia. Unlike the lethargic and
unresponsive A129 mice, AG129 mice
were uncoordinated but active and
interested in food nonetheless

•Virus replication was observed; the highest
viral loads measured originated in the
brain and the testis, indicating the potential
of this model for assessing the possible
mechanisms of ZIKV sexual transmission.
Replication of ZIKV in the testes of male
mice was observed in high titers

• Young mice with intact type I IFN
signaling are also susceptible to ZIKV
infection of the eye

• Activated caspase-3 staining revealed
apoptosis in components of the visual
processing pathway of the central
nervous system (CNS)

• Hind limb paralysis is observed in
infected mice

• The virus distributes systemically in mice
with defective IFN responses, detectable
levels of ZIKV have been observed in
the brain, spinal cord, testes, spleen,
liver, kidney and serum

• Mice deficient in interferon α/β
and receptors

• Useful to identify both the
molecular mechanism responsible
for the virus-host interaction and
the determinants of ZIKV
virulence

• AG129 mice (lack a functional
interferon response) develop
normal cellular and humoral Tcell
responses, testing for potential
vaccines and antiviral compounds
against ZIKV will be possible

• Intracerebral inoculation of the
virus is unnecessary

• Measurable viremia
• Good model of ZIKV induced

conjunctivitis
•Useful to elucidate the mechanisms

responsible for viral ocular
infection

•Unable to test for vaccines that rely on
intact IFN pathways, since AG129
mice lack receptors for Type I and
Type II IFN

• Pathogenesis more severe than that
experienced in humans

•Mice that survive exposure to virus are
completely protected from
re-challenge

SJL • Pups born to ZIKVBR infected pregnant
dams displayed intra-uterine growth
restriction with high viral RNA present
in the brain. Infected mice brains
showed cortical malformations
including reduced cell number and
cortical thickness

• ZIKVBR infection in mouse brain
dysregulates genes linked to autophagy
and apoptosis

• Mice demonstrate congenital brain
malformations similar to that of
microcephaly in humans

• Mouse model useful for
pre-clinical vaccine studies

• Detectable RNA in pup brains

• High inoculation dose (1010–1012
PFU) may not be physiologically
relevant and may have permitted
higher level of seeding into the
placenta leading to vertical
transmission effects

C57BL/6 vs C57BL/
6-IFNAR KO (lack
interferon receptor)

•ZIKV-infected IFNAR KO mice develop
bilateral hind limb paralysis and die 5–6 dpi

• Immunocompetent B6 WT mice develop
signs of neurological disease like ataxia
and seizures by 13 dpi that subside in
2 weeks

• Comparable clinical progression, virus
distribution, immune response and
neuropathology

• Comparative neuropathological
studies

• Suitability of C57BL/6 mice for
vertical transmission is questionable

• Robust anti-viral immune response
could be responsible for the
resistance observed in C57BL/6mice
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Table 3 (continued)

Mouse model strains Outcomes Advantages Limitations

Irf3(−/−)Irf5(−/−)
Irf7(−/−) triple
knockout (TKO)

• 4–6 week-old TKO mice, and
Ifnar1(−/−) develop neurological
disease on ZIKV infection

• Ifnar1(−/−) mice sustained high viral
loads in the brain and spinal cord

• Irf3/5/7 TKO mice are more susceptible
than Ifnar−/− mice to ZIKV

• Exhibit ZIKV causes of
neurodevelopmental defects in
human fetuses

• Suggests a possible role for
IRF-3-dependent and
IFN-α/β-independent mechanism

LysMCre + IFNARfl/
fl C57BL/6 (H-2b)
(lack type I
interferon receptor)

• Evaluation of the CD8+Tcell response in
ZIKV-infected LysMCre + IFNARfl/fl
C57BL/6 mice in a subset of myeloid
cells

• CD8+ T cells from infected mice were
polyfunctional and mediated
cytotoxicity whereas upon transfer of
ZIKV-immune CD8+ T cells viral
burdens were reduced

• Demonstrate that CD8+ T cells
protect against ZIKV infection

Table 4 Comparison of the different strains of macaques used
as potential animal models in ZIKV infection and their utility
to understand disease pathogenesis [Abbink et al. 2016;

Adams et al. 2016; Barba-Spaeth et al. 2016; Dejnirattisai
et al. 2016; Dudley et al. 2016; Koide et al. 2016; Li et al. 2016a, b;
Osuna et al. 2016; Stettler et al. 2016]

Macaque model strains Outcomes Advantages Limitations

Rhesus macaque • Symptoms similar to human
• Virus easily replicate in blood and

shaded in various body fluids
• Effective way to determine and

evaluate immunogenicity and
efficacy of vaccine against ZIKV
challenge

• Purified inactivated virus (PIV),
DNA-based and vector-based
vaccine challenge against ZIKV

• Mimic human gestation, in terms of
placentation, neurodevelopment and
ratio of grey/white matter in brain

• Excellent for studying placental
transmission

• ZIKV replicates even in
immunocompetent primates

• Vaccine development; because the virus
activates immune system and induces
the development of virus specific T
cells

• Better option for understanding sexual
route of transmission

• Successful to produce ZIKV specific
neutralizing antibodies

• Confer passive protection
• No adverse effect observed
• Effective against both Brazil and Puerto

Rico ZIKV strains
• Contribute to Phase 1 clinical trials with

ZIKV-PIV and other candidate ZIKV
vaccines

• Difficult to handle
• Virus spreads in many organs where it

might establish reservoir
• In vitro cross-reactive study of dengue

specific antibodies has reported
increased ZIKV replication

• Need to address potential impact of
cross-reactive antibodies in clinical
studies against other flavivirus strains

Mauritian cynomolgus

macaque

• Successfully infected with ZIKVof
Asian-lineage including isolates
recently emerging in the current
pandemic of the Americas, but not
strains of African lineage

• Three cohorts with a male and female
each and challenged with different
doses of Asian or African lineage ZIKV
isolates

• Cynomolgus macaques offer the
advantages of smaller size and weight
resulting in reduced amounts of drugs
needed for studies administered on
body weight basis

• Failure to detect systemic infection
after challenge with the Nigerian
IBH30656 strain of African lineage
unlike other strains of the African
lineage (MR766) used in rhesus
macaques where it produces robust
infections

Macaca nemestrina • Described fetal brain lesion
development after ZIKV infection
of pregnant macaques

• Maternal ZIKV infection produces fetal
brain lesions consistent with congenital
syndrome observed in humans

• Did not observe more severe findings
present in congenital ZIKV infection
in humans
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infection and vulnerable to ZIKV-related pathology and mor-

tality. Similar effects were observed in normal C57BL/6 mice

injected with anti-IFNAR1 antibodies (that suppress expres-

sion of human type 1 interferon) before and after infection

with the African (strain Dakar 1984) strain of ZIKV.

Furthermore, these studies showed that severity of ZIKV in-

fection is age dependent, as older mice (11 week-old) are less

susceptible to infection than younger mice (3–5 week-old)

(Morrison and Diamond 2017). In utero transmission of

ZIKV with evidence of microcephaly and growth restriction

in mouse brain has been elegantly illustrated (Cugola et al.

2016; Goodfellow et al. 2016; Lazear et al. 2016; Miner

et al. 2016). Miner et al. (2016) developed two mouse models

that support ZIKV replication as well as trans-placental trans-

mission in pregnant dams. In the first model they used ZIKV-

infected immunocompromised pregnant Ifnar1−/− dams

that resulted in fetal demise, and in the second model

they used a less severe model of ZIKV pathogeneses of nor-

mal (immunocompetent) pregnant dams that were given anti-

IFNAR antibody prior to and during infection which did not

cause fetal death. The pregnant dams were infected with

ZIKVat embryonic (E) gestation period E5-7 which is around

the period (E-10) when neurogenesis begins (Finlay and

Darlington 1995). Both mouse model studies suggest that

ZIKV can infect and damage the placenta, and cause micro-

cephaly and growth restriction. The same group also showed

that ZIKV can cause eye and brain infection in adult mice

independently of the AXL receptor. Infection results in con-

junctivitis, panuveitis, and infection of the cornea, iris and

optic nerve in the retina (Miner et al. 2016; Morrison and

Diamond 2017). In addition to the eye, ZIKV RNA was de-

tected in the male reproductive tract including sperm cells,

sertoli, testis (seminiferous tubules) and epididymis of normal

C57BL/6 mice (treated with anti-IFNAR1) and Ifnar1−/−

mice infected with ZIKV (strain Dakar 41,519) (Morrison

and Diamond 2017). Of note is that levels of ZIKV RNA

detected in the uterus of infected C57BL/6 (Ifnar1−/−) mice

were surprisingly low in vaginal fluids, whichmight indicate a

lower possibility for female-to-male sexual transmission, de-

spite posing substantial risk to pregnancy.Moreover, C57BL/6

(Ifnar1−/−) mice intravaginal inoculation of ZIKV also

showed viral presence in the vagina, uterus and ovary

(Morrison and Diamond 2017). In a study by Cugola et al.

(2016), they used normal SJL and C57BL/6 pregnant

dams infected with a Brazilian ZIKV strain. Pups born from

the SJL ZIKV-infected pregnant females displayed evidence

of whole-body growth delay and intra-uterine growth restric-

tion, while the brains showed evidence of cortical

malformations with reduced cell number and cortical layer

thickness, which are signs associated with microcephaly in

humans (Li et al. 2016a, b; Cugola et al. 2016). Other studies

also support the findings of vertical transmission of ZIKV

infection in pregnant mice affecting fetal brain development

(Wu et al. 2016). Although the animal model showed placental

and fetal brain damage, and supports in vitro findings that the

virus affects neuronal cells, this model did not show fetal de-

velopment of microcephaly (Lazear et al. 2016). Other animal

models bypassed the placenta and used intracerebral inocula-

tion methods to infect fetal brains directly. In the study by Li

et al., they used timed pregnant mice and embryonic mouse

brains injected with the Asian ZIKV strain SZ01 in the lateral

ventricle at gestation period E13.5. Embryos inspected at

E16.5 or E18.5 of gestation showed increased immune

responses and apoptosis in ZIKV-infected neurons

which, according to the authors, could be a possible

association of ZIKV with the development of microcephaly

Table 5 The use of hamster as a potential animal model in ZIKV infection and its utility to understand disease pathogenesis (Chan et al. 2016;
Fan et al. 2014; Gao et al. 2014; Kimura et al. 2010; Tesh et al. 2005; Tonry et al. 2005; Tang-Wing et al.; Wang et al. 2009; Xiao et al. 2001)

Hamsters model
strains

Outcomes Advantages Limitations

BHK21 (Baby
hamster kidney)

• A ⩾2 log increase in mean viral load
(P < 0.01) was observed within 5 d.p.i.

• Prominent ZIKV-NS1 protein expression
• Observed cytopathic effects (CPE) (>50%

involvement)
• Efficient ZIKV replication
• Known wild animal reservoirs of ZIKV

• Effective alternative to evaluate as
animal models for ZIKV infection,
as interferon signaling or
receptor-deficient mice normally
not accessible to most laboratories

• Hamster animal model already
reported effective against DENV
and WNV infection study

• Pathogenicity and immune response not
assessed

• Post infection hamsters were found to
be moribund or dead

•Hamsters may be lethargic and anorexic
like observed in female golden
hamsters infected with West Nile virus
(WNV)

• Yet to reach conclusive resultsMesocricetus

auratus STAT2
knock out (KO)

• STAT2 is a crucial element of Type I and
III IFN signal transduction pathway

• More susceptible to viral infections
because Type I IFN pathway is disrupted
in STAT2 KO

• Infected Aedes aegypti mosquitos with
ZIKAMR-766 and consequently planned
to infect hamsters via mosquito bites

• Successful infection of ZIKV in the
mosquitos

• Advantage of hamsters over other
rodents lie in the greater
metabolism and physiological
similarities to humans
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(Li et al. 2016b). Injection with the Mexican isolate (MEX 1-

44) into the lateral ventricles of E14.5 embryo brains in timed

pregnant C57BL/6J or 129S1/SvImJ mice (Shao et al. 2016),

confirmed prior findings of brain abnormalities and growth

restriction (Cugola et al. 2016; Miner et al. 2016), as well as

major aspects of abnormal fetal brain connected with ZIKV in

humans, including extensive neuronal cell death and loss, ax-

onal rarefaction, leaky blood-brain-barrier (BBB), and gliosis

(Driggers et al. 2016; Mlakar et al. 2016; Oliveira Melo et al.

2016), which have not been described in previous animal

models (Table 3). Animal studies also suggest that neuronal

cell death contributes significantly to the microcephaly asso-

ciated with ZIKV, consistent with the selective neuronal vul-

nerability to ZIKVobserved in humans (Driggers et al. 2016).

Of note is that classical microcephaly is characterized by small

head and brain size while the rest of the body size is relatively

well developed (Thornton andWoods 2009; Nigg and Stearns

2011). However, the ZIKV-infected pups and embryos de-

scribed in the animal studies showed a growth restriction with

an overall smaller body size when compared to their mock-

infected counterparts. The small head was in proportion with

their small body size, and did not appear to have the charac-

teristic smaller head size observed in microcephalic babies.

Although the use of immunocompromised mice is not ideal

for describing the pathogenesis of ZIKV, as mice lacking the

ability to respond to interferon molecules have increased sus-

ceptibility to viral disease, these animal models appear to be

well-suited to screen anti-viral compounds and test vaccine

efficacy (Aliota et al. 2016a, b; Rossi et al. 2016).

Unlike mouse models which do not mimic key attributes of

human genetics, infection and fetal development, nonhuman

primates are uniquely suited as models in both infectious dis-

ease and obstetric research (Dudley et al. 2016). Using rhesus

macaques as a nonhuman primate model, Dudley et al. (2016),

demonstrated that both male and female rhesus macaques can

succomb to ZIKV infection of Asian lineages. The infected

macaques undergo rapid viral replication in the blood and dis-

play signs of immune activation and proliferation leading to

the development of virus-specific T cells. ZIKV was also de-

tected in urine and saliva of the macaques, and occasionally in

the cerebral spinal fluid or vaginal secretions of the female

macaques (Dudley et al. 2016). In a similar study by Osuna

et al. (2016), they used two different ZIKV strains to infect two

different strains of male and female macaques and evaluated

the dynamics of ZIKV viremia, in cerebrospinal fluid and mu-

cosal secretions of these macaque species. They also showed

that rapid innate and adaptive immune responses limit viral

replication in the blood and that these responses provide de-

fense from future reinfection. Both studies showed that despite

ZIKV-specific immunity, viral shedding continues persistently

in anatomic tissues and fluids such as the male genital tract and

oral mucosa which might harbor unabated reservoirs of ZIKV

that, under certain conditions, could enable viral transmission

over prolonged times to uninfected hosts. Of note, they found

sustained high-level production of infectious virus in the male

genital tract, highlighting the possibility of sexual transmission

long after the resolution of symptomatic infection. Using a

pregnant pigtail macaque model of ZIKV infection, Adams

et al. (2016) showed fetal brain lesions within 10 days that

evolved asymmetrically in the occipital–parietal lobes.

Autopsy analysis from fetal brain showed ZIKV infection

and substantial pathology to the central nervous system illus-

trated by hypoplasia of the cerebral white matter, gliosis in the

periventricular white matter, and damage to the axonal and

ependymal area. Collectively, the studies demonstrate that

non-human primates are deemed more relevant than mouse

models for studying ZIKV infection in gestation because ma-

caques, unlike mice, most closely resemble human pregnancy

in various key aspects, including placental barrier, gray/white

matter ratios in the brain and period of neurodevelopment

(Table 4). Findings from these studies not only highlight the

need for the rapid development of vaccines and therapeutics

against ZIKV but also illustrate that macaque models can be

utilized for testing protective efficacy of novel vaccines and

therapeutics against the ZIKV syndrome present from birth.

Other animal models such as hamster have been previously

reported for both DENV and WNV infection, and could po-

tentially serve as a choice animal model to study ZIKV trans-

mission and pathogenesis as was recently reported by Chan

et al. (2016). In this study hamster kidney cell lines (BHK21)

showed susceptibility to ZIKV strains isolated from human

and non-human primates (Table 5). Findings of efficient

ZIKV replication in non-human cell lines suggest a role in

the transmission of ZIKV. More importantly, this study illus-

trates that alternative animals such as hamsters should be eval-

uated as potential animal models for ZIKV infection, as inter-

feron signaling (Ifnar1−/−, Irf3−/− C57BL/6) or receptor-

deficient (IFN receptor type I and II AG129) mice may not

be commonly available in some research laboratories (Chan

et al. 2016). The advantage of hamsters over other rodents lies

in their higher metabolism and physiological similarities to

humans (Gao et al. 2014).

Overall, the animal models open doors to understanding

ZIKV infection and its deteriorating effects during pregnancy,

confirming its relationship to microcephaly, finding potential

targets to test potential drugs, and vaccine development to

successfully and quickly fight ZIKV epidemics. Consistent

phenotypic outcomes from these different animal models

would help to determine potential vaccines and drugs to treat

ZIKVoutbreaks.

Diagnostic Tools and Vaccination: A Potential Way

to Prevent a ZIKV Epidemic

Observing clinical symptoms to diagnose ZIKV infection by

itself is unreliable since there is high overlap with clinical
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manifestations produced by other Flaviviruses. Currently, the

primary diagnostic tests for ZIKV are detection by reverse

transcription-polymerase chain reaction (RT-PCR), which

measures viral nucleic acids, and serological detection of

IgM antibodies by IgM-captured enzyme-linked immunosor-

bent assay (MAC-ELISA). RT-PCR is the most accurate

method to detect infection but it is not without its challenges;

viral load is usually low, making it difficult to isolate enough

from clinical samples, and it is most effective within one week

of infection (Petersen et al. 2016). Limited research suggests

that it is possible to isolate viral RNA from infected patients’

urine samples after one week of infection, increasing the de-

tection window, however, further studies are required to con-

firm these initial observations (Gourinat et al. 2015).

Serological tests serve as confirmation of RT-PCR when used

as the initial test. They allow antibody detection after the viral

load has decreased and is undetectable by RT-PCR, however,

interpretation of these tests may be difficult due to cross-

reactivity with other Flaviviruses (Lanciotti et al. 2008).

Plaque-reduction neutralization testing (PRNT) can be per-

formed as a follow-up to resolve false positives due to cross-

reactivity. However, this test is time-consuming and requires

delicate and expensive reagents, which makes this methodol-

ogy impractical and in some cases unreliable (Roehrig et al.

2008). To overcome currently available laborious and expen-

sive diagnostic tools, various groups of scientists are working

on developing selective and cost effective diagnostic tools

sensitive to picomolar concentrations of ZIKV with the help

of biosensors (Kaushik et al. 2016; Pardee et al. 2016).

In modern medicine one of the most efficient interventions

to control infectious epidemics is vaccines. More than 70 vac-

cines have been licensed to use and fight various diseases

(Nabel 2013). There are currently no vaccines available for

ZIKV and, of the different Flaviviruses, effective vaccines

are available against Yellow fever virus, Japanese encephalitis

virus, andWest Nile virus (Ishikawa et al. 2014). This suggests

that vaccine development against ZIKV is possible and could

be the most effective approach to combat its rapidly spreading

rate (Nah et al. 2015; Cohen 2016; Halstead and Russell 2016).

The race for vaccine development against ZIKV started when

health officials declared a connection between microcephaly

and ZIKV infection. It led to the start of different pharmaceu-

tical companies using different approaches (listed below) to

make an effective vaccine against ZIKV (WHO 2016).

Considering safety mandates, an inactivated virus vaccine

meets with the most approval whereas the most effective

may be a live attenuated form as it mimics the course of viral

infection. One of the obstacles that may be faced during the

trials is the lack of cases as the rate of infection may dwindle as

was seen with the 2014 Ebola epidemic.

In hopes of developing a ZIKV vaccine, scientist have

isolated a panel of human monoclonal antibodies from sub-

jects with prior ZIKV infection (Sapparapu et al. 2016;

Morrison and Diamond 2017). From the panel of antibodies,

they found that ZIKV-117 targeted a unique quaternary epi-

tope on the envelope (E) protein dimer–dimer interface and

elicited the most inhibitory response in normal C57BL/6 mice

(treated with anti-IFNAR-1) following infection with a lethal

dose of ZIKV. Therapeutic efficacy of ZIKV-117 was also

validated in pregnant mice, suggesting that neutralizing hu-

man monoclonal antibodies can protect against maternal–fetal

viral transmission and attenuate ZIKV infection (Sapparapu

et al. 2016; Morrison and Diamond 2017). The protective

efficacy of (i) purified inactivated virus vaccine from ZIKV

strain PRVABC59 and (ii) vector-based DNA vaccine ex-

pressing an optimized premembrane and envelope (prM-E)

immunogen from adenovirus, was reported in non-human pri-

mates challenged with ZIKV strains from both Brazil (ZIKV-

BR; Brazil/ZKV2015) and Puerto Rico (ZIKV-PR;

PRVABC59). Around 95% of macaques that received the

DNA plasmid prM-E-vaccine showed complete protection

by developing antibodies when challenged with ZIKV-PR;

PRVABC59. These data support the effectiveness of

vaccine-based therapy against ZIKV challenge in rhesus mon-

keys and suggests future development of ZIKV vaccines for

humans (Abbink et al. 2016; Dowd et al. 2016; Morrison and

Diamond 2017).

An alternative to antibody-mediated or vector-based thera-

py is Sofosbuvir, a FDA-approved nucleotide polymerase in-

hibitor against the hepatitis C virus (Bullard-Feibelman et al.

2017; Morrison and Diamond 2017). Therapeutic efficacy of

Sofosbuvir against ZIKV infectionwas observed in cell culture

studies and in ZIKV-infected animals administered orally with

the drug. These promising outcomes may lead to further eval-

uations of Sofosbuvir as a potential therapeutic agent against

ZIKV infection in humans. In addition, Zmurko et al. (2016)

reported that 7-deaza-2′-C-methyla-denosine (7DMA), an in-

hibitor of hepatitis C virus replication originally developed by

Merck Laboratories, efficiently inhibits ZIKV infection and

delays morbidity and mortality in the AG129 mouse model.

Since the Zika epidemic appears to be similar to the 2014

Ebola outbreak, it is necessary to have a system such as a

global fund for vaccine development in place to avoid the

absence of prevention after an outbreak in situations like

Ebola and, currently, Zika (Plotkin et al. 2015; Plotkin

2016). This fund would reimburse companies who will devel-

op a vaccine with proof of safety and efficacy in humans

against epidemics. Moreover, the concept of a global fund

was appreciated by government representatives, vaccine de-

velopers, and philanthropic organizations at the World

Economic Forum in Davos, Switzerland held January 20–

23, 2016. At the forum, the cost estimated for a single vaccine

to pass clinical trial stages I, II and III approximated 100

million dollars. If this policy were to be successful, we would

be able to react quickly to any outbreak anywhere in the

world, but if not implemented we may face obstacles such as
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in the cases of Ebola and Zika in West Africa and Brazil,

respectively (Pronker et al. 2013; Plotkin 2016). However,

several questions need to be answered before scientists can

continue with the development of a vaccine against ZIKV.

For example, it is not clear whether an initial ZIKV infection

would provide subsequent lifelong protection and if there is

cross-protection from infection with other arboviruses. It is

still not clear whether live attenuated vaccines or killed virus

would be more efficient to boost the immune response.

Furthermore, cause for concern relates to the notion that a

ZIKV vaccine could increase the link between ZIKV infection

and GBS (Cohen 2016; Maron 2016). There are close to 20

teams of biotech institutes and scientists globally that are in-

volved in developing a ZIKV vaccine. A few of them are

listed here with their endeavors: (i) Sanofi-Pasteur in Paris,

France is recognized as one of the pioneering institutes that

has been responsible for various vaccine developments and

disbursement programs. Some of their vaccines include those

for the Japanese encephalitis, dengue fever, and yellow fever

viruses. This team is currently developing a live-attenuated

vaccine for ZIKV. Live-attenuated forms retain many of the

biological properties of the virus that make it immunologically

recognizable, but do not have any of the virulence associated

with the virus (Pasteur 2016); (ii) The Butantan Institute in

Sao Paulo, Brazil is trying to develop a live-attenuated vaccine

for ZIKV with the notion that live vaccines would be more

efficient in boosting the immune response as compared to a

killed virus vaccine. Another traditional approach used by

Butantan is to develop ZIKVantibodies in horse by injecting

ZIKV into horses and collecting horse serum. Their plan is to

use these antibodies to neutralize ZIKV in infected patients

(Cohen 2016); (iii) TheUSNational Institute of Allergy and

Infectious Diseases is developing a vaccine based upon their

work already underway for theWest Nile virus. The vaccine is

DNA-based which is using the genetic material of ZIKV to

illicit an immunological response (Fauci 2016); (iv) Bharat

Biotech, located in India, has two potential ZIKV vaccine

candidates initially developed against Chikungunya, one of

which is an inactivated virus vaccine and the other a DNA

recombinant vaccine. The inactivated virus vaccine is current-

ly undergoing pre-clinical testing in animals (Hayden 2016);

(v) A vaccine comprised of ZIKV genes in a plasmid is an

approach now being used by Inovio Pharmaceuticals of

Plymouth Meeting, Pennsylvania, USA. They have already

started experiments inmice. However, this method is currently

receiving little attention by vaccine developers due to its fail-

ure to generate a strong immune response to the DNA vac-

cines; (vi) The Jenner Institute in Oxford, U.K. is applying

the same approach GlaxoSmithKline (GSK) used for the

Ebola vaccine. The ZIKV vaccine is based on a simian ade-

noviral vector which expresses the antigens of the ZIKV re-

quired to elicit a cellular and humoral response without the aid

of any adjuvant. Other vaccine players such as Hawaii

Biotech, Honolulu and Protein Sciences of Meriden,

Connecticut have also launched programs to work on ZIKV

and are trying to produce ZIKV protein in insect cell lines

(Cohen 2016).

Alternative Strategies to Control the ZIKV Epidemic

Wolbachia and RIDL (release of insects with dominant lethal-

ity) are also attractive tools to control a ZIKVoutbreak. As a

common reproductive parasite genus, Wolbachia infects ar-

thropod species and has the potential to be an effective bio-

control agent by its ability to infect different host organs but

having selectivity for eggs and testes. Wolbachia can spread

across its host population via cytoplasmic incompatibility. A

male mosquito infected with Wolbachia would lead to no

hatching of eggs after mating with a wild-type uninfected

female. Wolbachia infection in females may lead to infected

eggs. Thus, over a short period it can spread rapidly in the wild

population and can greatly reduce the host’s reproductive abil-

ity. Therefore, Wolbachia has gathered attention to be one of

the mechanisms to control arboviruses and the ZIKVepidem-

ic. A recent study showed A. aegypti giving refuge to

Wolbachia, which was highly resistant to ZIKV infection,

can impede transmission of the virus. Wolbachia-carrying

mosquitos showed lower prevalence and intensity of ZIKV,

with decreased disseminated infection and no evidence of in-

fectious virus in their saliva (Dutra et al. 2016). Therefore,

Wolbachia-harboring mosquitoes have the potential to be

one of the alternatives to control a ZIKV outbreak, with

RIDL being another. In RIDL, the male mosquito carries a

lethal mutant gene. When a male with an RIDL gene mates

with a wild-type female, it produces offspring which die be-

forematurity (Aliota et al. 2016a, b; Dickens et al. 2016; Dutra

et al. 2016). Taken together, these alternative tools represent a

cost-effective mechanism that can be used to protect the com-

munity by reducing ZIKV transmission.

Concluding Remarks

ZIKV has quickly spread through South and Central America,

at meanwhile, the viral infection is connected to a rise in cases

of microcephalic babies preceded because of Zika infection in

the pregnant mother. The co-existence of other Flaviviruses

like DENValong with ZIKV increases the risk for complica-

tions in co-infected patients. Without any current efficient

ZIKV vaccine, genetically modified mosquitoes could be

one of the solutions. Using this method Oxitec Company

claimed that they may be able to reduce the population of wild

Aedes aegyptimosquitos across Brazil and Panama. Moreover,

the WHO and the Pan American Health Organization (PAHO)

have recommended and backed Oxitec solutions (FOX

2016; WHO 2016). Whether genetically modified mosquitoes
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could be used as a control measure is under the process of

FDA oversight, which has asked for an opinion from the public

before final approval to use for ZIKV control, specifically in

the Florida Keys (Plotkin 2016; Fox 2016). The prominent tool

in controlling ZIKV infection will be a vaccine, but, as it is

known, such methods take prolonged time before they can be

applied to humans. Furthermore, extensive information about

the ZIKV life cycle and its interaction and communicationwith

the human immune system and the central nervous system are

necessary to understand the underlying mechanisms of ZIKV

pathogenesis. As an initiative to improve new research and

discoveries on ZIKV, the Governor of the state of Florida au-

thorized $25 million in state funds to support Zika research.

The Zika Research Grant Initiative provided grants for Zika

research to pursue the following three goals including: (i) the

development, testing, or delivery of a vaccine or other methods

to prevent Zika infection; (ii) to develop innovative, cost-effec-

tive Zika testing methods or therapeutics; and (iii) to investi-

gate health impacts of ZIKVon children and adults.

This review can serve as a guideline for readers to conduct

research and to plan future directions towards the understanding

of appropriate animal models to explore ZIKV pathogenesis,

design of vaccines/drugs and optimization of diagnostic tools

for the treatment andmanagement of ZIKV-associated diseases.
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