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The re-emergence of Zika virus (ZIKV) and its suspected link with various disorders in newborns and adults
led the World Health Organization to declare a global health emergency. In response, the stem cell field
quickly established platforms for modeling ZIKV exposure using human pluripotent stem cell-derived neural
progenitors and brain organoids, fetal tissues, and animal models. These efforts provided significant insight
into cellular targets, pathogenesis, and underlying biological mechanisms of ZIKV infection as well as plat-
forms for drug testing. Herewe review the remarkable progress in stem cell-based ZIKV research and discuss
current challenges and future opportunities.
Introduction
Stem cells are specialized cell types with hallmark properties of

self-renewal and the ability to differentiate into other cell type(s)

(Weissman, 2000). During development, somatic stem cells give

rise tocellular buildingblocks for different tissues; in someorgans,

such as the brain, they continue to produce progeny to maintain

tissue homeostasis and play important functions throughout life

(Bond et al., 2015). Stem cells can also be derived in culture,

such as embryonic stem cells (ESCs) from inner cell mass of blas-

tocysts and inducedpluripotent stemcells (iPSCs) reprogrammed

from somatic cells (Takahashi and Yamanaka, 2006). The last

decade haswitnessed tremendous progress in the stem cell field.

It is nowpossible to derive iPSCs frompatientswith various disor-

ders and differentiate them into various cell types in two-dimen-

sional (2D) monolayer cultures (Tao and Zhang, 2016), or into

three-dimensional (3D) organ-like tissues named organoids

(Clevers, 2016). Stem cells have been used to investigate the

basic biology of organ development, model human disorders,

screen therapeutic compounds, and develop cell replacement

strategies. Recent genome-editing technologies allow targeted

activation or inactivation of specific genes or epigeneticmodifica-

tions in stemcells to address their contributions to specificbiolog-

ical processes (Hsu et al., 2014). Technologies have also been

developed to study somatic stem cells in vivo, in many cases at

the single-cell level (Etzrodt et al., 2014). Cumulatively, key princi-

ples that have emerged from basic findings in the stem cell field

have made major contributions to modern biology and medicine.

Unexpectedly, the recent outbreak of Zika virus (ZIKV) in the

Americas and its suspected link to microcephaly put stem cells

at the forefront of an international research effort. Since theWorld

Health Organization (WHO) declared a Public Health Emergency

of International Concern on February 1 of 2016 (Heymann et al.,

2016), the stem cell field has come together to develop versatile

platforms formodelingZIKV infection tounderstand itscellular tar-

gets, pathogenesis, and underlyingmechanisms, and to test ther-

apeutic interventions. Here we provide a general introduction of
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ZIKV and related viruses and summarize the remarkable progress

made so far in this rapidly advancing area of research, with an

emphasis on current challenges and future opportunities.

ZIKV and Related Viral Pathogens
ZIKV is amemberof theflavivirusgenus in theFlaviviridae family of

positive-strandRNAviruses (Lindenbachet al., 2007).Flavivirus is

the largest genus of this family and contains many significant

pathogens, such as dengue virus (DENV), yellow fever virus

(YFV), West Nile virus (WNV), Japanese encephalitis virus, and

tick-borne encephalitis virus. Infection with flaviviruses causes a

wide spectrum of diseases with clinical manifestations ranging

from minor rashes to lethal hemorrhagic fever. ZIKV was first

discovered in the blood of a rhesus macaque in the Ziika forest

of Uganda in 1947 and re-isolated from Aedes mosquitoes from

the same geographic area soon after (Dick et al., 1952). Even

though ZIKV had subsequently spread to Asia Pacific, it only

caused sporadic outbreaks and remained under the radar of clini-

cians, scientists, and thegeneral public for over half a centuryuntil

the recentoutbreaks inSouthAmerica.The re-emergenceofZIKV

has become a global health concern because of its rapid spread

andpotentially severe pathogenic effects, especially during preg-

nancy (Heymann et al., 2016). Active local ZIKV transmission has

been documented from the Americas to Asia. Like other flavivi-

ruses, ZIKV is transmitted to humans and non-human primates

via arthropodvectors, namelymosquitoes that bite vertebrate an-

imals.Unlike anyother knownflavivirus, ZIKVcanalsobe sexually

transmitted in humans and passed from infectedmothers to their

fetuses though vertical transmission (D’Ortenzio et al., 2016),

which can cause congenital defects, such as microcephaly, in a

small percentage of infectedbabies (Mlakar et al., 2016;Rasmus-

senetal., 2016).While fetalmicrocephaly isperhaps themostdra-

matic anddevastatingconsequenceof ZIKVpathogenesis, itmay

only be the tip of the iceberg, for the sequelae of ZIKV infection

in babies born without overt microcephalic phenotypes are

currently unknown. The Zika in Infants and Pregnancy (ZIP) study
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Figure 1. ZIKV Genome and Its Encoded Proteins
(A) A diagram of a flavivirus genomic RNA, which is approximately 11 kb in length and encodes a single ORF. Both the 50 and 30 end of the genome contain non-
translated, structured RNA sequences that are important for replication.
(B) Processing strategy and protein products. The polyprotein is processed at various sites by host (blue and black arrows) and viral (red arrows) proteases. The
protease responsible for cleaving the NS1/2A junction remains unknown at this time. The membrane topology and function of key ZIKV proteins are also
illustrated. The topological arrangement of the structural proteins allows the lipid bilayer to wrap around the nucleocapsid structure and display the envelope
proteins on the outer surface of the viral membrane. NS1 is a lumenal protein that functions during replication and can also be secreted to the outside of the cell to
act as a pathogenic factor.
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is underway to enroll as many as 10,000 pregnant women in their

first trimester to determine if they become infectedwith ZIKV and,

if so, to track the outcomes for bothmother and child for at least 1

year after birth. ZIKV infection can also cause Guillain-Barré syn-

drome in a small percentage of infected adult humans and is

linked to encephalitis, myelitis, and conjunctivitis and uveitis

associated with eye infection (Araujo et al., 2016; Cao-Lormeau

et al., 2016; Parra et al., 2016).

ZIKV Life Cycle and Structures

Despite diversity in pathogenesis, members of the Flavivirus

genus have highly similar genomic organization and share a

common replication strategy. The ZIKV genome consists of a

positive-sense, single-stranded RNA approximately 11,000 nt

in length, encoding a single open reading frame (ORF) flanked

by 50 and 30 noncoding regions (NTRs; Figure 1A). The 50 end
of the genomic RNA is capped and both NTRs contain RNA sec-

ondary structures. In addition, the genomic RNA of ZIKV and

several related positive-strand RNA viruses contain N6-adeno-

sine methylation (m6A), which may regulate genome stability

(Gokhale et al., 2016; Lichinchi et al., 2016).

The positive-sense nature of the flavivirus genome enables

direct use of the RNA contained in the incoming virion as

mRNA for protein translation, which produces viral proteins

required to replicate more viral RNA. Translation of the long

ORF produces a large polyprotein with over 3,000 amino acid

residues, which is then cleaved by both viral and host proteases

to produce ten individual viral proteins (Figure 1B) (Lindenbach

et al., 2007). The processing of the polyprotein occurs co- and

post-translationally, and the presence of signal peptides and

transmembrane domains in individual proteins results in a

distinctive topological arrangement of viral proteins on the endo-

plasmic reticulum (ER) membrane. There are three structural
proteins (capsid, prM, and E), which make up the viral particles,

and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,

NS4A, NS4B, and NS5), which participate in RNA replication

(Figure 1B) (Lindenbach et al., 2007).

Replication of the viral genome (plus-strand RNA) occurs by

RNA-directed RNA synthesis, which requires a negative-strand

replicative intermediate (minus-strand RNA) (Garcia-Blanco

et al., 2016). The negative-strand RNA is produced by NS5, a

multi-functional enzyme that is, in part, an RNA-dependent RNA

polymerase. The helicase activity encoded by NS3 likely also

directlyparticipates inRNA replication,while several otherNSpro-

teins contribute to the assembly and maintenance of replication

complexes on intracellular membranes (Welsch et al., 2009). The

formation of membrane-associated replication complexes, which

may serve to increase local concentration of nonstructural pro-

teins, is a common feature of positive-strand RNA replication.

The capsid protein (C) is a basic, dimeric protein that binds to

the genome to form the nucleocapsid (Jones et al., 2003), which

is further wrapped around by a lipid bilayer membrane derived

from the host cell. The viral membrane, also called an envelope,

is decorated by prM/M and E, two transmembrane viral glyco-

proteins that play major roles during the viral entry process

(Rey et al., 1995). E is the receptor-binding protein as well as

the fusion protein, while prM mainly functions as a chaperone

of E protein to prevent premature fusion (Guirakhoo et al.,

1992; Kuhn et al., 2002). Cleavage of prM by protease furin (Sta-

dler et al., 1997), which generates M protein on the surface of

more mature virions, occurs in the Golgi as the virion exits the

cell via the secretory pathway (Kuhn et al., 2002).

Other Flaviviruses and Related Viral Pathogens

The similarities of flaviviruses at the molecular level belie the

diverse range of diseases that they can cause in hosts. For
Cell Stem Cell 19, December 1, 2016 691
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example, although many flaviviruses cause encephalitis, ZIKV

appears to be unique in its ability to cause fetal microcephaly.

YFV bears the family name (flavus is Latin for ‘‘yellow’’ or

‘‘blond,’’ for the jaundice that it causes) of the Flaviviridae and

is the prototypic flavivirus. It was the first human pathogenic vi-

rus discovered and the first shown to be transmitted by an insect

vector. A live attenuated YFV vaccine (YFV 17D) is available to

protect humans, and the experiences gained during YFV vaccine

development may guide the current ZIKV vaccine effort. DENV

infection causes dengue fever and its more severe forms,

dengue hemorrhagic fever and dengue shock syndrome. Serial

infection by more than one of the four serotypes of DENV is

associated with more severe diseases. As such, re-emergence

of DENV of a different serotype in historically endemic

regions poses a potential health threat. A likely mechanism

is antibody-dependent enhancement of infection when non-

neutralizing antibodies bind dengue virions and facilitate entry

into immune cells via the Fc receptors (Halstead and O’Rourke,

1977). Whether this mechanism is applicable to all flaviviruses is

unclear. A potential DENV-ZIKV interaction is a concern because

of the significant overlap between the major geographic areas

affected by the two viruses. In vitro studies so far indicate that

DENV differs from ZIKV in its inability to affect neural progenitor

cells (Garcez et al., 2016; Zhang et al., 2016a), and there is no

strong in vivo evidence yet that an anti-dengue antibody en-

hances ZIKV infection. A recent study did show that anti-ZIKV

antibodies may enhance DENV infection in mice, but the reverse

did not occur in the same experimental setting (Stettler et al.,

2016). Like ZIKV, WNV can invade the CNS and lead to inflam-

mation and neuronal degeneration. WNV, however, generally af-

flicts adults more often than children, as disease manifestation

is more prevalent in adults, particularly the elderly. The recent

finding of cognitive sequelae in mice after surviving acute WNV

neuroinvasive infection (Vasek et al., 2016) raises concerns

of similar consequences in apparently healthy babies born to

ZIKV-infected mothers.

Teratogenic infectious agents that are vertically transmitted

from mother to infant during pregnancy, childbirth, or breast-

feeding have been traditionally classified as TORCH pathogens.

TORCH stands for toxoplasmosis, other (syphilis, varicella-zos-

ter, parvovirus B19, HIV, etc.), rubella virus (German measles),

cytomegalovirus, and herpes simplex virus (Adams Waldorf

and McAdams, 2013). These pathogens can cross the placenta

and cause congenital defects, including microcephaly, intellec-

tual disabilities, and other organ deficits. ZIKV now joins the list

of viral TORCH pathogens (Coyne and Lazear, 2016), and our

knowledge of these pathogens can inform current research

concerning ZIKV fetal pathogenesis and strategies to fight the

pandemic viral outbreak.

Modeling of ZIKV Exposure
The WHO declared a global health emergency for ZIKV, largely

due to a suspected link between the ZIKV outbreak and the in-

crease of incidence of microcephaly observed in Brazil (Hey-

mann et al., 2016). ZIKV has been detected in almost all types

of body fluids, including urine (Gourinat et al., 2015), saliva (Bar-

zon et al., 2016), semen (Mansuy et al., 2016), and tears (Miner

et al., 2016b) (Figure 2A). From the public health point of view,

one of the most urgent questions at the time was whether ZIKV
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infection in fact causes microcephaly; over 80% of infections

in humans are asymptomatic. ZIKV was found in microcephalic

brains of fetuses from women infected with ZIKV during preg-

nancy (Driggers et al., 2016; Mlakar et al., 2016) (Figure 2A),

yet clinical evidence alone does not prove causality and there

were many plausible alternative hypotheses. For example,

ZIKV may affect brain development indirectly via inflammation

induced by infection of supporting cells or even cell types

outside of the brain. To address this issue, multiple laboratories

used stem cell-based cultures to identify viral tropism and to

model pathogenesis of ZIKV.

ZIKV Infection of the CNS

Some babies born from ZIKV-infected mothers exhibited thinner

cortical layers, the hallmark of microcephaly (Mlakar et al., 2016;

Rasmussen et al., 2016). In an attempt to make the connection

between ZIKV exposure and microcephaly, stem cells were

used to address the key question of whether ZIKV directly infects

human cortical neural progenitors, cells that give rise to building

blocks of human cortex (Tang et al., 2016). Indeed, ZIKV expo-

sure readily infects forebrain-specific cortical neural progenitors

derived from multiple lines of human iPSCs in monolayer cul-

tures. At the cellular level, productive infection of neural progen-

itors by ZIKV affects cell-cycle progression and increases cell

death. At the molecular level, ZIKV infection leads to dysregula-

tion of many signaling pathways, including downregulation of

cell-cycle genes and upregulation of apoptosis genes (Tang

et al., 2016). The findings from this straightforward experiment

provided the evidence of biological plausibility, which helped

prompt the United States Centers for Disease Control (CDC) to

declare that ZIKV causes microcephaly (Rasmussen et al.,

2016). The decision by the CDC was unprecedented at such

an early stage of the epidemic and in the absence of confirmative

clinical evidence from large cohorts, which only came several

months later (de Araújo et al., 2016). Many independent studies

around the same time showed similar results of ZIKV infection

and its pathological impact using both human iPSC- and fetal

brain tissue-derived neural progenitors in monolayer and 3D

neurosphere cultures (Brault et al., 2016; Cugola et al., 2016;

Garcez et al., 2016; Liang et al., 2016; Simonin et al., 2016;

Zhang et al., 2016a). Initial studies used the prototype ZIKV strain

MR766 of African origin, and the basic findings have since been

confirmed with recent clinic isolates, including the Cambodian

strain FSS13025 of Asian origin (Zhang et al., 2016a), and strains

isolated from Brazil (Cugola et al., 2016), Mexico (ZIKV MEX_I_7)

(Barrows et al., 2016), and Puerto Rico (PRVABC59) (Xu et al.,

2016), all of which are derivatives of Asian origin. The capacity

of different ZIKV strains to cause various human disorders is still

not clear and remains an interesting question. In cellular models,

some quantitative differences have been observed in terms of

neural progenitor proliferation, cell death, and gene expression

(Cugola et al., 2016; Simonin et al., 2016; Zhang et al., 2016a).

It should be pointed out that any strain-specific phenotypes in

experimental models need to be considered in the context of

passage histories of the strain. For example, the prototype

MR766 strain has been passaged extensively in suckling mouse

brain and may have gained adaptive properties accordingly,

whereas the Cambodian strain and those from the recent

outbreak in the Americas have only been passaged a limited

number of times in the laboratory.
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Figure 2. ZIKV Infection of Human Body and Pathological Impact on Cortical Neurogenesis
(A) An illustration of tissues and organs that are known to be infected by ZIKV in fetal and adult humans. The list of bodily fluids known to contain ZIKV is also
shown.
(B)Models illustrating normal human cortical development and impact of ZIKV infection. VZ, ventricular zone; SVZ, subventricular zone; iSVZ, inner subventricular
zone; oSVZ, outer subventricular zone; RGC, radial glia cell; IPC, intermediate progenitor cell; oRGC, outer radial glia cell.
(C) ZIKV also infects neural progenitors during adult neurogenesis in rodents in the lateral ventricles (LV) and dentate gyrus of the hippocampus. RMS, rostral
migratory stream.
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During mammalian embryonic cortical development, radial

glia cells are neural stem cells that generate neurons of different

cortical layers either directly or via intermediate progenitors

(Figure 2B) (Götz and Huttner, 2005). The stereotypic organiza-

tion of the developing cortex, including different progenitor

layers and neuronal layers, cannot be adequately modeled in

monolayer or neurosphere cultures. In contrast, brain organoids

from iPSCs canmimic endogenous human brain development to

a remarkable degree, with similar structural organization, prop-

erties, and molecular signatures (Kadoshima et al., 2013; Lan-

caster et al., 2013; Mariani et al., 2015; Paşca et al., 2015;

Qian et al., 2016). This 3D model system allows direct investiga-

tion of effects of ZIKV infection on cortical layer thickness, to

address additional questions related to cell-type specificity in a

complex tissue and to investigate human-specific and develop-

mental stage-specific features. Several groups have shown that

ZIKV infection reduced growth of cerebral organoids generated
using different methodologies (Cugola et al., 2016; Dang et al.,

2016; Garcez et al., 2016; Qian et al., 2016). In a forebrain-spe-

cific human brain organoid model, transient exposure of ZIKV

results in preferential infection of radial glia cells as compared

to intermediate progenitors or immature neurons, leading to

decreased proliferation and increased cell death (Figure 2B)

(Qian et al., 2016). Interestingly, cell death was observed in in-

fected neural progenitors and uninfected neurons, suggesting

both cell-autonomous and non-cell-autonomous effects. Unlike

rodents, the embryonic human cerebral cortex contains an

abundant population of specialized outer radial glia cells

(oRGCs) in the outer subventricular zone (oSVZ) (Figure 2B),

the cell population considered pivotal in the evolutionary in-

crease in the size and complexity of the human cortex (Lui

et al., 2011). The oRGCs in forebrain organoids are also infected

by ZIKV (Qian et al., 2016). Cerebral organoids with a mixture of

cell types of different brain regions (Lancaster et al., 2013) have
Cell Stem Cell 19, December 1, 2016 693
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been used to compare the impact of different viruses or viral

strains. Neither DENV (Garcez et al., 2016) nor YFV infection (Cu-

gola et al., 2016) has been linked tomicrocephaly in humans, and

neither reduces the size of human brain organoids. Interestingly,

the Brazilian ZIKV strain seems to have a larger effect on

reducing neuronal layer thickness in human cerebral organoids

compared to the African strain and does not affect cerebral

organoids derived from non-human primate (chimpanzee)

iPSCs, suggesting potential strain- and species-specific impact

of ZIKV (Cugola et al., 2016).

These human organoid studies were accompanied by other

important advances from the stem cell field using fetal tissues

and animal models. First, direct infection of fetal human tissue

in acute slices showed preferential infection of neuroepithelial

stem cells and radial glia cells, as compared to immature neu-

rons (Onorati et al., 2016). Notably, ZIKV infection caused scaf-

fold disorganization of radial glia cells, which was also observed

in a clinical sample of a ZIKV-infected microcephalic fetus (Mla-

kar et al., 2016) (Figure 2B). Second, several laboratories have

independently performed in vivo animal modeling, including in

both mouse and non-human primates, using various routes of

ZIKV delivery, including direct injection into the embryonic lateral

ventricles (Li et al., 2016a;Wu et al., 2016) or early postnatal brain

(Shao et al., 2016), as well as subcutaneous (Adams Waldorf

et al., 2016; Miner et al., 2016a), intraperitoneal (Wu et al.,

2016), intravenous (Cugola et al., 2016), or vaginal tract injec-

tions (Yockey et al., 2016). Studies in mice revealed ZIKV infec-

tion of embryonic radial glia cells, increased cell death, and

thinner cortical layers resembling microcephaly (Cugola et al.,

2016; Li et al., 2016a; Nguyen et al., 2016; Shao et al., 2016;

Wu et al., 2016; Yockey et al., 2016). An important caveat with

this approach, which we discuss in more detail below, is that

most of these mouse studies relied on models with a deficiency

in interferon responses to avoid encountering an innate immune

response that would prevent robust infection. ZIKV exposure

also leads to a microcephaly-like phenotype in chick embryos,

including decreased telencephalon and brain stem volume

(Goodfellow et al., 2016). In addition, ZIKV delivered via retro-

orbital injection to model the blood-borne route of arbovirus

transmission infected neural progenitors in the lateral ventricles

and the dentate gyrus of adult mice defective in interferon re-

sponses (Figure 2C) (Li et al., 2016b), leading to increased cell

death and reduced proliferation, an effect resembling embryonic

ZIKV infection.

Together, these studies employing multiple models, including

2D neural stem cell cultures, 3D neurospheres and human brain

organoids, acute human fetal tissue cultures, animal models,

and clinical fetal samples, all consistently point to one conclu-

sion: neural progenitors in the mammalian brain are particularly

vulnerable to ZIKV infection with significant pathological impact.

These findings not only can explain, at least in part, how ZIKV

infection during pregnancy leads to microcephaly, but also pro-

vide experimental models to address underlying cellular and

molecular mechanisms and to test therapeutic interventions.

In addition to neural stem cells, studies using human brain or-

ganoids and animal models have revealed ZIKV infection of other

cell types in the CNS. A study over four decades ago found that

injection of ZIKV into the adult mouse brain leads to infection of

astrocytes and neurons (Bell et al., 1971). Recent studies also
694 Cell Stem Cell 19, December 1, 2016
found that ZIKV readily infects human astrocytes in monolayer

cultures and in late-stage forebrain organoids (Qian et al.,

2016; Xu et al., 2016). Case reports from South America indicate

that babies born to ZIKV-infectedmothers display an array of eye

malformations (Miranda et al., 2016). While modeling of ZIKV

exposure in the developing eye using stem cell-derived human

retinal organoids has not yet been reported, one study using

adult lfnar1�/� or wild-type neonatal mice has shown ZIKV infec-

tion of multiple cell types in the retina, including ganglion cells

and bipolar cells (Miner et al., 2016b). Defects in spinal cord

have also been reported in a human fetus with microcephaly

(Mlakar et al., 2016) and in ZIKV-infected mouse models (Lazear

et al., 2016) (Figure 2A). In culture, ZIKV infects fetal human spi-

nal cord-derived neural progenitors, leading to increased cell

death (Onorati et al., 2016).

ZIKV Infection of the Peripheral Nervous System

In addition to microcephaly, other pronounced symptoms of

ZIKV infection include retro-orbital and abdominal pain and diar-

rhea (Araujo et al., 2016), which are associated with the periph-

eral nervous system (PNS) and, more specifically, sensory and

enteric neurons. It has now been established that ZIKV infection

can cause Guillain-Barré syndrome, a PNS disorder in adults

(Parra et al., 2016). It is not clear whether ZIKV infects PNS neu-

rons or glia cells directly or whether it affects them indirectly via

inflammation induced by ZIKV infection outside of the nervous

system. In one recent study, ZIKV was shown to productively

infect human ESC-derived cranial neural crest cells, which nor-

mally generate most cranial bones and exert paracrine effects

on the developing brain (Bayless et al., 2016). ZIKV infection

leads to secretion of cytokines, such as leukemia inhibitory fac-

tor (LIF) and vascular endothelial growth factor (VEGF), which in

turn promote death and aberrant differentiation of CNS neural

progenitors in co-cultures. These results highlight the non-cell-

autonomous role of ZIKV infection in the nervous system. Proto-

cols have been established to differentiate human ESCs/iPSCs

into other neural crest stem cells, such as those that give rise

to sensory neurons and Schwann cells (Lee et al., 2007, 2010),

and future studies can explore whether ZIKV also infects these

lineages and potential pathological consequences.

ZIKV Infection beyond the Nervous System

As an arbovirus, ZIKV is known to infect cells of the skin and

blood systems, such as dermal fibroblasts, keratinocytes, and

immature dendritic cells (Figure 2A) (Hamel et al., 2015). Whether

ZIKV infects epidermal stem cells or hematopoietic stem cells re-

mains to be determined. To address how ZIKV may bypass the

placental barrier to vertically transmit from mothers to fetuses,

studies using mid- and late-gestation placentas and explants

from first-trimester chorionic villi found ZIKV infection of many

cell types, including placental macrophages, called Hofbauer

cells; trophoblasts; umbilical cord mesenchymal stem cells;

and endothelial cells (Bayer et al., 2016; El Costa et al., 2016;

Quicke et al., 2016; Tabata et al., 2016). Together, these results

suggest multiple potential routes of vertical transmission. Infec-

tion of vascular endothelial cells by ZIKV also has implications for

how ZIKV may cross the brain-blood barrier (BBB) to enter the

postnatal CNS (Liu et al., 2016). Similar to clinical findings that

ZIKV can be detected in semen for over 6 months after the initial

infection (Nicastri et al., 2016), a recent study has shown persis-

tence of ZIKV, but not DENV, in the testis and epididymis of adult



Figure 3. A Model of Molecular Mechanisms
Underlying ZIKV Infection and Pathogenesis
Upon infection, ZIKV interacts with the host ma-
chinery to activate the viral replication pathway,
which interferes with normal cell physiology.
sfRNA, subgenomic flavivirus RNA; sRNA, viral
small RNA.
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male mice (Nicastri et al., 2016). ZIKV preferentially infects

spermatogonia, primary spermatocytes, and Sertoli cells in the

testis, resulting in cell death and destruction of the seminiferous

tubules. In vitro studies have further shown that many cell lines

derived from humans, primates, rodents, pigs, rabbits, ham-

sters, chickens, and mosquitoes support productive ZIKV repli-

cation in vitro (Chan et al., 2016). These studies paved the way

to use genetically tractable human cell types derived from iPSCs

to investigate the underlying pathophysiology and molecular

mechanisms of ZIKV infection.

Mechanisms Underlying ZIKV Infection and
Pathogenesis
Although ZIKV has only begun to attract widespread attention

this year since the WHO declared it to be a global health emer-

gency, remarkable progress has already been made in under-

standing mechanisms underlying ZIKV infection and pathogen-

esis. At the molecular level, studies in human fibroblasts have

implicated several cell-surface adhesion factors, including

TAM receptor proteins (AXL and Tyro3) and T cell immunoglob-

ulin and mucin domain 1 (TIM-1), as candidates to mediate ZIKV

entrance to their targets (Hamel et al., 2015) (Figure 3). Notably,

AXL is highly expressed in radial glia cells, oRGCs, astrocytes,

and microglia in the developing human brain (Nowakowski

et al., 2016); neural progenitors in the adult mouse dentate gyrus

(Shin et al., 2015); and trophoblast progenitors in placenta

(Tabata et al., 2016), which correlates with the high efficiency

of ZIKV infection in these cell types. However, deletion of AXL

does not affect ZIKV infection in the mouse eye and brain (Miner

et al., 2016b), or human neural progenitors in monolayer or orga-

noid cultures (Wells et al., 2016). Definitive identification of bona

fide cellular receptor(s) for ZIKV or related flaviviruses remains a

coveted prize for the field. Once ZIKV enters the cell, it hijacks
cellular pathways for its replication and

assembly, which interferes with cell prolif-

eration and survival of neural progenitors

(Figure 3). In some cell types, ZIKV

infection also leads to upregulation and

secretion of cytokines, which in turn exert

a non-cell-autonomous effect in neigh-

boring cells.

Interferon Response, Autophagy,

and Cell Death Pathways

ZIKV infection is sensed by the innate im-

mune receptor Toll-like-receptor 3 (TLR3)

in human fibroblasts, leading to type I and

type II interferon (IFN) responses (Hamel

et al., 2015). ZIKV also activates TLR3 in

human brain organoids, and TLR3 inhibi-

tion reduces ZIKV-induced dysregulation
of neurogenesis and cell death (Dang et al., 2016). For effective

replication in mammals, ZIKV and other flaviviruses must over-

come innate immunity via host type I IFN response. Indeed,

ZIKV is capable of blocking type I IFN receptor signaling in pri-

mate and human cells, but not in mouse cells (Grant et al.,

2016). On the other hand, boosting IFN-stimulated genes,

including small membrane-associated interferon-inducible

transmembrane proteins (IFITMs), can inhibit ZIKV replication

(Savidis et al., 2016b). The inability to block IFN responses in

mice represents a barrier for modeling ZIKV exposure, and

most current studies have relied on IFN-deficient mousemodels.

Mechanistically, DENV and ZIKV infections lead to degradation

of interferon-regulated transcriptional activator STAT2, thus

inhibiting induction of interferon-stimulated genes in human,

but not mouse, cells (Figure 3) (Grant et al., 2016). In addition,

DENV infection also leads to degradation of stimulator of inter-

feron genes (STING), also known as transmembrane protein

173 (TMEM173), in human, but not mouse, cells (Aguirre et al.,

2012). STING/TMEM173 is an adaptor protein that activates

downstream transcriptional factors STAT6 and IRF3 via TANK-

binding kinase 1 (TBK1) (Burdette and Vance, 2013). TBK1 is a

multi-functional protein involved in innate immunity, cell prolifer-

ation, and apoptosis (Clément et al., 2008; Helgason et al., 2013;

Pillai et al., 2015). Upon ZIKV infection, TBK1 relocates from

centrosome to mitochondria, and pharmacological inhibition of

TBK1 leads to supernumerary centrosomes and mitotic deficits

of human neural progenitors, resembling ZIKV infection (Onorati

et al., 2016). Therefore, TBK1 may serve as a major player in the

crosstalk between innate immunity and neurogenesis pathways

during ZIKV pathogenesis.

One of the pathways activated by ZIKV infection is autophagy,

an intracellular degradation process that delivers cytoplasmic

constituents to the lysosome (Ohsumi, 2014) (Figure 3). ZIKV
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infection of human skin fibroblasts leads to the formation of au-

tophagosomes (Hamel et al., 2015). Multiple positive-strand

RNA viruses, such as DENV, hepatitis C virus (HCV), and ZIKV,

modulate cellular autophagy to benefit their replication in host

cells (Hamel et al., 2015; Heaton and Randall, 2010; Sir et al.,

2012). Inhibition of autophagy with pharmacological or genetic

approaches attenuates viral replication (Hamel et al., 2015; Liang

et al., 2016). Transcriptional profiling of ZIKV-infected human

neural progenitors has revealed dysregulation of autophagy-

related genes (ATGs), including upregulation of ATG2A,

ATG4A, ATG16L1, STK38L, RAB7A, and ULK1 and downregula-

tion of LAMP2A and CASP2 (Tang et al., 2016). ZIKV infection of

human fetal neural progenitors causes inhibition of the Akt-

mTOR pathway, leading to defective neurogenesis and aberrant

activation of autophagy (Liang et al., 2016).

Cell death, mainly through caspase-3 activation and

apoptosis, has been frequently observed following ZIKV infec-

tion of neural progenitors in vitro, in animal models, and in clinical

samples of ZIKV-infected fetuses (Cugola et al., 2016; Dang

et al., 2016; Li et al., 2016a; Onorati et al., 2016; Qian et al.,

2016; Shao et al., 2016; Tang et al., 2016;Wu et al., 2016; Yockey

et al., 2016; Zhang et al., 2016a) (Figure 3). ZIKV infection in-

creases total levels of tumor suppressor protein p53, its nuclear

accumulation, and Ser15 phosphorylation (Ghouzzi et al., 2016),

and p53 inhibitors block the apoptosis induced by ZIKV in human

neural progenitors (Zhang et al., 2016a).

Together, these findings show that ZIKV interferes with key

survival and homeostasis mechanisms, which helps explain

the pleiotropic and destructive consequences of infection in

different types of cells and tissues.

Transcriptional, Epitranscriptomic, and Epigenetic

Dysregulation

One of the most striking molecular phenotypes of ZIKV infection

in neural progenitors is dysregulation of gene transcription

(Figure 3). Transcriptome profiling of ZIKV-infected human neu-

ral progenitors, brain organoids, and mouse cortical tissues has

revealed many dysregulated pathways related to cell-cycle,

transcription,metabolism, cell death, DNA replication and repair,

and viral responses (Dang et al., 2016; Li et al., 2016a; Tang et al.,

2016; Zhang et al., 2016a). The signature of transcriptional dys-

regulation is distinct from that induced by DENV infection in neu-

ral progenitors and varies depending on ZIKV strains (Zhang

et al., 2016a). Over the past decade, molecular genetic studies

have identified many autosomal recessive primary microcephaly

genes (MCPHs), many of which encode proteins localized at

the centrosome, an organelle that plays an important role

in cell-cycle progression (Gilmore and Walsh, 2013). Notably,

upon ZIKV infection, human cortical neural progenitors in

culture and in embryonic mouse cortex in vivo downregulate

many of the currently known microcephaly-associated genes,

including ASPM/MCPH5, CASC5/MCPH4, CENPF, Microce-

phalin/MCPH1, RBBP8, STIL/MCPH5, and TBR2 (Li et al.,

2016a; Tang et al., 2016). Centrosomal abnormalities have also

been observed in human neural progenitors infected with ZIKV

(Onorati et al., 2016).

ZIKV infection may also lead to epigenetic and epitranscrip-

tomic dysregulation of the host cells (Figure 3), processes that

play critical roles in regulating stem cells and neurogenesis

(Yao et al., 2016). In human cortical neural progenitors, ZIKV
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infection upregulates all three DNA oxidases, TET1–3, and

downregulates DNA methyltransferase DNMT1 and DNMT3A

(Tang et al., 2016), raising the possibility of genome-wide deme-

thylation. How the DNA methylome, including both 5-methylcy-

tosine methylation and 5-hydroxylmethylation, is altered by

ZIKV infection in host cells remains to be characterized by

genome-wide analysis (Shin et al., 2014). Among the many

mRNA modifications identified so far, m6A is the most abundant

one and affects RNA structure and function, including mRNA

decay, microRNA production, and translational control (Yue

et al., 2015). Two recent studies revealed that ZIKV RNA is modi-

fied at m6A and 20-O-methylated nucleosides, and depletion of

m6A methyltransferases or m6A demethylases, respectively, in-

creases or decreases infectious production of ZIKV and HCV

(Gokhale et al., 2016; Lichinchi et al., 2016). Probably even

more interesting is the finding that m6AmRNA profiles in host hu-

man HEK293 cells are also altered by ZIKV infection (Lichinchi

et al., 2016). Future studies will address whether similar epitran-

scriptomic dysregulation occurs in neural progenitors and other

relevant cell types and how such dysregulationmay contribute to

ZIKV-related pathophysiology.

ZIKV-Encoded Viral Proteins and Noncoding RNAs

A central question to be addressed is how ZIKV interacts with the

host machinery to replicate itself and affect host cellular

behavior. While studies are underway to address how each of

the individual ZIKV viral proteins may affect cellular properties

(Figure 1), we can learn from previous studies of other flavivi-

ruses. For example, DENV-NS4A upregulates autophagy in

epithelial cells (McLean et al., 2011). Similarly, expression of

ZIKV-NS4A and/or ZIKV-NS4B inhibits AKT phosphorylation, re-

duces mTOR signaling, and induces autophagy in human neural

progenitors (Figure 3) (Liang et al., 2016). How ZIKV-NS4A/NS4B

leads to inhibition of AKT phosphorylation remains to be deter-

mined. Given the ER localization of ZIKV-NS4A and NS4B, one

possibility is that ER stress leads to inhibition of ATK phosphor-

ylation. It will also be interesting to test whether inhibition of auto-

phagy can rescue neural progenitor proliferation deficits induced

by ZIKV infection and ZIKV-NS4A/4B expression. Recently,

ZIKV-NS5 has been shown to interact with STAT2 and target it

for proteasome degradation in human HEK293 cells, but not in

mouse fibroblasts, highlighting a species-specific mechanism

(Kumar et al., 2016). In addition, DENV-NS3B-NS3 protease

complex cleaves STING in human, but not mouse, cells to inhibit

innate immunity responses (Aguirre et al., 2012).

Flaviviruses, including ZIKV, contain 30 and 50 NTRs with sec-

ondary structures (Figure 1A) that are important for viral transla-

tion and replication regulation (Bavia et al., 2016). Flaviviruses

also produce subgenomic flavivirus RNAs (sfRNAs) (Akiyama

et al., 2016) and viral small RNAs (sRNAs), including microRNAs

(Figure 3). How these noncoding RNAs are produced, regulated,

and involved in viral infection and host cell responses is not well

understood. Previous studies of WNV and DENV have shown

that 30 NTR interacts with two cellular RNA-binding proteins,

TIA-1 and TIAR (Emara and Brinton, 2007). TIA-1 and TIAR are

essential for the formation of stress granules and are concen-

trated at the site of viral RNA replication. Functionally, deletion

of these genes attenuates viral replication. Additional stress

granule-related proteins that interact with the sfRNA of DENV

include G3BP1, G3BP2, and CAPRIN1 (Bidet et al., 2014).
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Finally, the sfRNA from a DENV type 2 strain has been shown to

interact with TRIM25 in a sequence-specific manner to suppress

innate immunity and potentially facilitate virus transmission

(Manokaran et al., 2015). Given similarities of secondary struc-

tures of 30 NTRs among flaviviruses, many of these proteins

may play a similar role in ZIKV replication. In addition to interact-

ing with essential host factors, these sfRNAs and sRNAs may hi-

jack the cellular machinery for small RNA processing and there-

fore affect the endogenous noncoding RNAs, such as

microRNAs, which in turn may affect cellular host properties

(Schnettler et al., 2012). Identification of ZIKV-derived small

RNAs in physiologically relevant cell types and investigation of

their functions in both viral infection and host responses will be

an interesting topic for future studies.

Opportunities and Challenges for ZIKV Research Using
Stem Cells
Remarkable progress has beenmade in a short period of time for

stem cell-based Zika research. While we are only scratching the

surface, these initial studies have built a foundation for many

lines of research and many questions to be answered in the

near future.

Pathophysiology

In addition to congenital defects and adult neurological pathol-

ogy, we are learning more about other abnormalities upon

ZIKV infection. Are other organs and cell types affected by

ZIKV (Figure 2A)? In addition, a more complete picture of poten-

tial pathology and developmental abnormalities caused by ZIKV

infection during pregnancy is emerging from clinical observa-

tions; it is clear that microcephaly is just one feature of this

congenital malformation disorder (Melo et al., 2016; Moura da

Silva et al., 2016). ZIKV infection during embryonic development

can have a long-lasting impact beyond neurogenesis, due to

direct infection by ZIKV and associated inflammation. Therefore,

it is important to look at effects on later stages of neuronal devel-

opment, including neuronal migration, axon guidance, synapse

formation, and circuitry formation. Such modeling will become

more important as we begin to perform longitudinal studies of in-

fants born from women infected with ZIKV during pregnancy,

with or without microcephaly, and new clinical information of

neurological outcomes becomes available.

Aided by clinical observations, stem cell-based modeling can

address many basic questions to help establish causality, as in

the case of ZIKV-induced microcephaly, and, furthermore, pro-

vides a platform to investigate underlyingmechanisms and inter-

vention strategies. For example, using iPSC lines derived from

different human populations can test the degree to which popu-

lation-specific features and environmental factors determine

vulnerability. The genetically tractable human stem cell system

also allows quantitative comparison of the impact of different

ZIKV strains on different cell types. So far, studies in the CNS

have been mostly focused on the cerebral cortex. It is not clear

how other areas could be affected. Protocols have been estab-

lished to differentiate human pluripotent stem cells into neural

lineages corresponding to different CNS regions both in mono-

layer cultures (Tao and Zhang, 2016) and as brain organoids,

including forebrain, midbrain, hypothalamus, retina, and hetero-

geneous organoids ofmultiple brain regions (Kelava and Lancas-

ter, 2016). On the other hand, we need to be aware of limitations
of current stem cell-basedmodels, such as a lack of any immune

cells or blood vessels for natural viral delivery. Protocols have

been developed to derive hematopoietic lineages (Rowe et al.,

2016), endothelial cells (Lippmann et al., 2012), and microglia

(Muffat et al., 2016) from human pluripotent stem cells. Future

models with co-cultures ofmultiple cell populations inmonolayer

cultures and organoids may serve as better models for ZIKV

research. All of these in vitro stem cell-based models should

be complemented with animal studies of different species,

including non-human primates (Adams Waldorf et al., 2016;

Osuna et al., 2016). In addition, the physiological relevance

and validity of findings in these models need to be confirmed

with clinical samples of ZIKV-infected fetal or adult human tis-

sues (Onorati et al., 2016).

Cellular and Molecular Mechanisms

There is a wealth of information about viral replication and inter-

action with the host for other flaviviruses and viral TORCH path-

ogens, whichwill facilitate our current effort to understandmech-

anisms of ZIKV infection. In addition, new technologies now

allow for a much faster way to interrogate the whole genome in

an unbiased fashion to elucidate underlying molecular mecha-

nisms. For example, a number of genome-wide screens using

RNAi and CRISPR/Cas9 have recently identified host factors

and pathways that are essential for replication of multiple flavivi-

ruses, including ZIKV (Marceau et al., 2016; Savidis et al., 2016a;

Zhang et al., 2016b). These unbiased approaches have recov-

ered AXL, host factors involved in endocytosis (RAB5C and

RABGEF), and the ER membrane complex (Figure 3). Not sur-

prisingly, these studies also identified virus-specific host factors.

Such unbiased approaches can also be used to identify host fac-

tors that mediate pathological effects of ZIKV infection, such

as neural progenitor proliferation deficits. Similar to previous

studies of HIV, HCV, and influenza viruses (de Chassey et al.,

2008; Heaton et al., 2016; J€ager et al., 2011; Luo et al., 2016),

generation of comprehensive ZIKV-host protein interactome

maps between each of the ZIKV proteins and the host proteome

will provide important clues into how ZIKV rewires the host’s

cellular machinery during the course of infection and pathogen-

esis. It is also now feasible to generate a comprehensive interac-

tome between viral RNAs, including 30 and 50 NTRs, sfRNAs, and
sRNAs, with or without modifications (e.g., m6Amethylation) and

the host proteome (Hu et al., 2013).

How ZIKV infection, such as in neural progenitors, leads

to large-scale transcriptional dysregulation is not clear. ZIKV

infection may also lead to large-scale changes of epigenomes

(e.g., DNA methylation due to expression changes in TETs and

DNMTs) (Tang et al., 2016) and epitranscriptomes (e.g., m6A)

(Lichinchi et al., 2016) in host cells. In addition, computational

analyses suggest that the ZIKV genomic RNA possesses

conserved G-quadruplexes (Fleming et al., 2016) as well as the

capacity to generate a large number of sfRNAs and sRNAs

(Akiyama et al., 2016). Whether any of these mechanisms

contribute to ZIKV replication and host cell pathogenesis re-

mains to be functionally determined.

Therapeutics

Traditionally, screening of antiviral compounds has used tumor

cell lines (e.g., astrocytoma cells and hepatoma cells) or animal

cell lines (e.g., Vero cells). The establishment of human stem

cell-basedmodel systems allows direct screening using relevant
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human physiological targets of ZIKV for discovery or to validate

primary hits. In one recent repurposing screen of 774 drugs

approved by the United States Food and Drug Administration

(FDA), several inhibitors of ZIKV infections were identified first

using a human hepatoma cell line and then confirmed in human

placental and neural stem cell lines (Barrows et al., 2016). In

another repurposing screen of over 6,000 FDA approved drugs,

clinical trial drug candidates, and pharmacologically active com-

pounds, a pan-caspase inhibitor was found to inhibit ZIKV-

induced increases in caspase-3 activity and protected human

neural progenitors from cell death in both monolayer and fore-

brain organoid cultures (Xu et al., 2016). Interestingly, ten struc-

turally unrelated inhibitors of cyclin-dependent kinases (CDKs)

inhibit ZIKV replication. Given that none of the ZIKV encoded

proteins are CDKs, these results suggest an important role of

host CDKs in ZIKV replication. These compounds can be used

as tools to help delineate mechanisms underlying ZIKV-induced

pathogenesis and as leading compounds for medicinal chemis-

try for further drug development. Future studies are necessary to

test these FDA approved drugs or clinical trial drug candidates in

animal models for their efficacy, as well as toxicity, before mov-

ing to clinical trials. In addition to nonbiased large-scale screens,

studies based on mechanistic insights have also identified indi-

vidual drugs and compounds that inhibit ZIKV replication and/

or protect neural progenitors from cell death (Deng et al., 2016;

Mounce et al., 2016; Onorati et al., 2016; Zmurko et al., 2016).

Some of these compounds have been validated in animal

models, but remain to be tested in themicrocephalymodel in vivo

(Deng et al., 2016; Zmurko et al., 2016).

Beyond the ZIKV Epidemics
It is the hope that rapid development of potent ZIKV therapeutics

and vaccines, along with effective vector control, will stop the

spread of and eliminate large ZIKV epidemics in the near future

(Thomas et al., 2016). The recent report of potent neutralizing hu-

man antibodies and the mapping of relevant epitopes is encour-

aging in light of both treatment and vaccination efforts (Sappar-

apu et al., 2016). Regardless, ZIKV research will continue to

benefit the scientific community for years to come. For example,

understanding how ZIKV interacts with the host machinery and

replicates itself will generate insights into mechanisms of other

flaviviruses, which also cause serious diseases, whereas under-

standing how ZIKV passes through the placenta and BBBs to

affect brain development may help fight other viral TORCH

pathogens. The established stem cell-based platforms will also

facilitate research and drug discovery efforts for other viruses.

Analogous to how the study of v-Src encoded by Rous sar-

coma virus greatly transformed current knowledge of cancer

and related basic cell biology, the study of ZIKV-induced micro-

cephaly provides an entry point to understand normal human

brain development, about which we know little. The advent of

lentiviral vectors based onHIV (Naldini et al., 1996) has hadwide-

spread applications to allow efficient and stable transduction of

non-dividing cells both in culture and in vivo. The tropism of ZIKV

towards neural progenitor cells in the developing and adult brain

also offers unique opportunities to engineer safe ZIKV-based

vectors to target this population for lineage tracing and genetic

manipulation. ZIKV readily infects and kills glioblastoma cells

(Xu et al., 2016), which raises the possibility of new strategies
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to fight glioblastoma. The availability of molecular clones of

ZIKV can facilitate the construction of ZIKV-based vectors

(Gadea et al., 2016; Schwarz et al., 2016; Shan et al., 2016; Tset-

sarkin et al., 2016). Future studies will determine whether ZIKV-

based viral tools could have broad applications in basic research

and gene therapy.

Conclusion
Zika epidemics represent a major challenge, but also an oppor-

tunity for the scientific community to collaborate across disci-

plines to learn fundamental principles of virology, stem cell

biology, and human development. Stem cell-based modeling

of ZIKV exposure is one of the clearest examples of how the

promise of human stem cell research may be realized and how

decades of advances in basic stem cell biology allowed re-

searchers to act immediately in response to a global health

emergency. Future modeling of the ZIKV syndrome will address

the extent of pathophysiology associatedwith ZIKV infection and

the underlying biological mechanisms, as well as furthering the

development of platforms to facilitate drug screening and devel-

opment. It is certain that by the time this review is in print, addi-

tional progress will have beenmade and there will be muchmore

to follow.
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