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The re-emergence of Zika virus (ZIKV), a mosquito-borne
and sexually transmitted flavivirus circulating in >70
countries and territories, poses a significant global threat
to public health due to its ability to cause severe develop-
mental defects in the human brain, such as microcephaly.
Since the World Health Organization declared the ZIKV
outbreak a Public Health Emergency of International
Concern, remarkable progress has been made to gain in-
sight into cellular targets, pathogenesis, and underlying
biologicalmechanisms of ZIKV infection. Herewe review
the current knowledge and progress in understanding the
impact of ZIKV exposure on the mammalian brain devel-
opment and discuss potential underlying mechanisms.

Zika virus (ZIKV) is a mosquito-borne flavivirus first iso-
lated in 1947 from a sentinel rhesus macaque in the Ziika
Forest region of Uganda (Dick et al. 1952). It had remained
in relative obscurity for decades until outbreaks in the
Pacific islands in 2007 and then French Polynesia in
2013 (Duffy et al. 2009; Cao-Lormeau et al. 2014; Musso
2015). Since the large ZIKV outbreak coincided with a
rise of birth defects in Brazil in 2015, it has become a grow-
ing public health concern (Heymann et al. 2016). So far,
active transmission has been reported in >70 countries
and territories globally (http://www.cdc.gov/zika/geo/
index.html). Most human infections of ZIKV are typically
transmitted by theAedesmosquito, but the virus can also
spread directly through sexual contact and blood transfu-
sion (Foy et al. 2011; Musso et al. 2015; D’Ortenzio et al.
2016; McCarthy 2016). Most notably, ZIKV can be verti-
cally transmitted from infected mothers to their fetuses
(Brasil et al. 2016; Driggers et al. 2016; Petersen et al.
2016). About 20% of ZIKV-infected individuals develop
mild symptoms, which mostly resemble those caused by
other arboviruses, such as dengue viruses (DENV) or chi-
kungunya viruses. Distinct from these viruses, however,
ZIKV can cause congenital malformations in the fetus,

such as microcephaly (Mlakar et al. 2016; Rasmussen
et al. 2016), and Guillain-Barré syndrome, meningo-en-
cephalitis, myelitis, and ophthalmologic abnormalities
in infected adults (Araujo et al. 2016; Cao-Lormeau et al.
2016; Fontes et al. 2016; Petersen et al. 2016; Rasmussen
et al. 2016).
Microcephaly is a neurodevelopmental disorder, which

is characterized by a marked reduction in brain size and
intellectual disability caused by impaired cell prolifera-
tion and the death of cortical progenitor cells and their
neuronal progeny (Barbelanne and Tsang 2014). Through
January 26 of 2016, 10,441 suspected and 2366 confirmed
ZIKV-associated microcephaly cases have been reported
in Brazil (Zika-Epidemiological Report by the Pan-Ameri-
can Health Organization [PAHO] and World Health Orga-
nization [WHO]), the country that has experienced the
highest ZIKV infection rates worldwide. The increase of
microcephaly cases and the coincidental ZIKV outbreak
led the WHO to declare a Public Health Emergency of In-
ternational Concern in early 2016 (Heymann et al. 2016).
This ignited tremendous interest and immediate efforts
by scientists to understand the impact of ZIKV on human
brain development and the mechanistic link between
ZIKV infection and microcephaly. In the past year, rapid
and stunning progress has been made toward developing
stem cell-based cellular models, primary human tissues,
and animal models (Table 1) to understand its pathogene-
sis, investigate underlyingmechanisms, and develop ther-
apeutics (Abbink et al. 2016; Cugola et al. 2016; Dudley
et al. 2016; Garcez et al. 2016; Lazear et al. 2016; Li
et al. 2016a,b;Miner et al. 2016a;Ming et al. 2016; Qian et
al. 2016, 2017; Rossi et al. 2016; Tang et al. 2016;Wu et al.
2016; Xu et al. 2016; Hirsch et al. 2017). Findings from
these model systems have helped scientists from the US
Centers for Disease Control and Prevention (CDC) to con-
clude that ZIKV causes microcephaly (Rasmussen et al.
2016). Here, we focus our review on the recent progress
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Table 1. In vitro two-dimensional (2D) and three-dimensional (3D) culture models and in vivo mouse and nonhuman primate
models to study ZIKV infection and transmission

Model ZIKV strain Infection Phenotypes Reference

2D culture in
vitro

hiPSC-derived
NPCs

MR766 (African) In vitro Efficient infection and replication
in hNPCs; increased cell death;
disrupted cell cycle progression;
dysregulated gene expression;
attenuated hNPC growth

Tang et al. 2016

hiPSC-derived
NPCs

BR (Brazilian) and
MR766 (African)

In vitro Increased cell death Cugola et al. 2016

hiPSC-derived
NPCs

PRVABC59 (Puerto
Rico)

In vitro Loss of human AXL protein does
not protect NPCs from ZIKV
infection and cell death.

Wells et al. 2016

hiPSC-derived
NPCs

MR766 (African) and
FSS13025 (Asian)

In vitro Molecular signatures associated
with ZIKV and DENV infection
are virus- and strain-specific

Zhang et al. 2016

hiPSC-derived
NPCs

Bahia07 (Brazilian) In vitro Cell death; reduction in cell
proliferation; supernumerary
centrosomes; mitosis
abnormalities; induction of
autophagy

Souza et al. 2016

hiPSC-derived
NPCs

PF-25013-18 (French
Polynesia)

In vitro P53 activation; apoptosis Ghouzzi et al.
2016

hiPSC-derived
NPCs

PRVABC59 (Puerto
Rico)

In vitro Drug-repurposing screen identified
multiple small-molecule
inhibitors of ZIKV infection and
induced neural cell death.

Xue et al. 2016

Primary hNPCs PRVABC59 (Puerto
Rico)

In vitro ZIKV replicates in primary human
neural progenitors and induces
cell death.

Hanners et al.
2016

Primary hNSCs MR766 (African),
IbH30656
(African), and
H/PF/2013 (French
Polynesia)

In vitro Inhibition of the Akt–mTOR
pathway; impaired neurogenesis;
activation of autophagy

Liang et al. 2016

hNESCs FSS13025 (Asian) and
PE243 (Brazilian)

In vitro Centrosomal depletion and
mitochondrial sequestration of
phospho-TBK1; disrupted
mitoses; supernumerary
centrosomes; structural
disorganization; cell death

Onorati et al. 2016

hESC/hiPSC-
derived CNCC

MR766 (African) and
H/PF/2013 (French
Polynesia)

In vitro CNCCs undergo apoptosis and
secrete cytokines that promote
death and drive aberrant
differentiation of CNS NPCs.

Bayless at al. 2016

Primary hNSCs DakAr41525
(African), FSS13025
(Asian), and
Mex1-7 (Mexican)

In vitro Differentiation and gene
expression of primary hNSCs
are altered by ZIKV in a human
cell strain-dependent manner.

McGrath et al.
2017

Developing fetal
human brain
tissues

SPH2015 (Brazilian),
PRVABC59 (Puerto
Rico), and
FSS13025 (Asian)

In vitro ZIKV preferentially infects NSCs,
astrocytes, oligodendrocyte
precursor cells, and microglia.

Retallack et al.
2016

E15 mouse brain
slices

PF-25013-18 (French
Polynesia)

In vitro ZIKV infects NPCs in the VZ and
impairs cell cycle progression.

Brault et al. 2016

Primary human
astrocytes

HD78788 (African)
and H/PF/2013
(French Polynesia)

In vitro Activation of immune responses;
induction of antiviral gene
expression

Hamel et al. 2017

CHME3
microglial cell
line

HD78788 (African)
and PF-25013-18
(French Polynesia)

In vitro AXL mediates ZIKV entry and
modulates innate immune
responses.

Meertens et al.
2017

PHTs from full
term placentas

FLR (American) In vitro ZIKV can infect and replicate
PHTs.

Aagaard et al. 2017
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Table 1. Continued

Model ZIKV strain Infection Phenotypes Reference

PHTs from full
term placentas

MR766 (African) and
FSS13025 (Asian)

In vitro PHT cells resist ZIKV infection
and release IFNλ1.

Bayer et al. 2016

Primary human
placental cells

PRVABC59 (Puerto
Rico)

In vitro ZIKV infects and replicates in
Hofbauer cells and induces IFN,
proinflammatory cytokines, and
antiviral gene expression.

Quicke et al. 2016

Human dermal
fibroblasts

PF-25013-18 (French
Polynesia)

In vitro ZIKV infects cells via AXL and
other factors and induces the
transcription of TLR3, RIG-I,
and MDA5.

Hamel et al. 2015

3D culture in
vitro

hiPSC-derived
cerebral
organoids

MR766 (African) and
FSS13025 (Asian)

In vitro Increased cell death; reduced
proliferation; decreased neuronal
cell layer thickness and overall
size

Qian et al. 2016

hiPSC-derived
cerebral
organoids

BR (Brazilian) and
MR766 (African)

In vitro Reduction of proliferative zones;
disrupted cortical layers

Cugola et al. 2016

hiPSC-derived
cerebral
organoids

MR766 (African) In vitro Attenuated organoid growth;
TLR3 activation; dysregulation
of apoptosis; and neurogenesis
pathways

Dang et al. 2016

hiPSC-derived
neurospheres

MR766 (African) In vitro ZIKV targets NSCs, induces cell
death, and reduces growth rate.

Garcez et al. 2016

hiPSC-derived
forebrain
organoids

PRVABC59 (Puerto
Rico)

In vitro A pan-caspase inhibitor,
emricasan, inhibits ZIKV-
induced increases in caspase-3
activity and protects human
cortical neural progenitors.

Xu et al. 2016

hiPSC-derived
cerebral
organoids

FB-GWUH-2016
(American) and
H/PF/2013 (French
Polynesia)

In vitro Premature differentiation of NPCs;
progenitor depletion; disruption
of the VZ; impaired
neurogenesis; cortical thinning

Gabriel et al. 2017

hESC-derived
cerebral
organoids

MR766 (African) In vitro Impaired cortical growth and
folding

Li et al. 2017

hiPSC-derived
cerebral
organoids

PRVABC59 (Puerto
Rico)

In vitro Knockout of human AXL does not
prevent ZIKV infection and cell
death.

Wells et al. 2016

Mouse model ICR SZ01 (Asian) Embryonic
brain
injection

Cell cycle arrest; apoptosis;
inhibition of NPC
differentiation; cortical
thinning; microcephaly

Li et al. 2016a

C57BL/6 or SJL BR (Brazilian) i.v. Intrauterine growth restriction;
cortical malformations

Cugola et al. 2016

C57BL/6 SZ01 (Asian) i.p. or in
utero
injection

Maternal-infected ZIKV crosses
the mouse placental barrier and
infects radial glia cells in the
fetal brain, causing a reduction
in proliferation of cortical NPCs
and impaired brain
development.

Wu et al. 2016

A129 (Ifnar−/−) MP1751 s.c. Widespread vRNA; inflammatory
and degenerative changes in
mouse brains

Dowall et al. 2016

A129 (Ifnar−/−) H/PF/2013 (French
Polynesia)

s.c. ZIKV infects placentas and
triggers apoptosis and vascular
damage.

Miner et al. 2016a

A129 (Ifnar−/−)
and AG129
(Ifnar1−/−;
Ifngr1−/−)

FSS13025 (Asian) i.p. or i.d. ZIKV was detected in the brain
and caused signs of neurologic
disease, including tremors, in an
age-dependent manner

Rossi et al. 2016

Continued
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in understanding how ZIKV exposure leads to mammali-
an brain development deficits.

ZIKV infection mechanisms

Compared with other flaviviruses, one striking feature of
the current ZIKVepidemic is the association of viral infec-
tion with a marked increase of risk for congenital micro-
cephaly and serious neurologic complications (Petersen
et al. 2016), which triggered widespread efforts to under-
stand the molecular basis of infection. Similar to its close
relatives in the Flaviviridae family, such as DENV, yellow
fever, Japanese encephalitis, and West Nile viruses
(WNV), ZIKV has an icosahedral outer envelope and a

dense inner core containing one single-strand positive
sense RNA genome between 10,000 and 11,000 base pairs
in length (Chambers et al. 1990; Kuno and Chang 2007).
The genome of ZIKV encodes a single polyprotein that is
post-translationally cleaved by host and viral proteases
into three structural proteins (capsid [C], premembrane
[prM], and envelope [E]) and seven nonstructural proteins
(NS1,NS2A,NS2B,NS3, NS4A,NS4B, andNS5) (Fig. 1A).

Why did ZIKV only recently start to cause microcepha-
ly even though it has been around for >50 years? One hy-
pothesis is that nonsynonymous nucleotide mutations
found in ZIKV strains from the current Brazilian outbreak
may contribute to the increased incidence of microcepha-
ly. For example, compared with the French Polynesian
strain, the Brazilian strain contains mutations in three

Table 1. Continued

Model ZIKV strain Infection Phenotypes Reference

C57BL/6J or
129S1/SvImJ

MEX1-44 (Mexican) Embryonic
brain
injection

Postnatal growth restriction; cell
cycle arrest and apoptosis of
NPCs; neuronal death and
axonal rarefaction; abnormal
vasculature and a leaky BBB;
microglial activation and
astrogliosis

Shao et al. 2016

C57BL/6-Ifnar−/− PRVABC59 (Puerto
Rico)

s.c. Microglial/macrophage activation;
CNS neurodegeneration

Manangeeswaran
et al. 2016

Nonhuman
primate
model

Rhesus macaques
(Macaca
mulatta)

H/PF/2013 (French
Polynesia)

s.c. ZIKV presents in saliva, urine, and
cerebrospinal fluid; induces
immune responses protective
against homotypic rechallenge;
and vertically transmits to fetal
brains.

Dudley et al. 2016

Rhesus macaques Brazil/ZKV2015
(Brazilian) and
PRVABC59 (Puerto
Rico)

s.c. A purified inactivated virus
vaccine, a plasmid DNA
vaccine, and a single-shot
recombinant rhesus adenovirus
serotype 52 vector vaccine
induce ZIKV-specific
neutralizing antibodies and
protect monkeys against ZIKV
challenge.

Abbink et al. 2016

Rhesus macaques GZ01/2016 (Asian) s.c. ZIKV causes fever and viremia;
presents in various body fluids
and organs; induces robust
immune responses; and leads to
pathological damage, including
vascular cuffing in cerebrum
and brain stem, inflammatory
cell infiltration in liver, and
hemorrhage in the spleen.

Li et al. 2017

Rhesus macaques PRVABC59 (Puerto
Rico)

s.c. ZIKV infects secondary lymphoid
tissues, joints, peripheral
nervous tissue, and organs of the
female reproductive tract and
induces a robust immune
response.

Hirsch et al. 2017

(NPCs) Neural progenitor cells; (hESC) human embryonic stem cell; (hiPSC) human induced pluripotent stem cell; (hNSCs) human
neural stem cells; (hNESCs) human neuroepithelial stem cells; (CNCCs) cranial neural crest cells; (PHTs) primary human tropho-
blasts; (VZ) ventricular zone; (TLR3) Toll-like receptor 3; (IFN) interferon; (E15) embryonic day 15; (s.c.) subcutaneous route of inocu-
lation; (i.p.) intraperitoneal route of inoculation; (i.v.) intravenous route of inoculation; (i.d.) intradermal route of inoculation.
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of the nonstructural proteins, including three in NS1
(K940E, T1027A, and M1143V), which is implicated in
immune evasion; one inNS4B (T2509I), which is involved
in the inhibition of type I interferon signaling; and one in
NS5, which is known to mask the viral RNAs from host
recognition (M2634V) (Mlakar et al. 2016). Given the roles
of nonstructural proteins in viral RNA synthesis and rep-
lication, codon usage by the pandemic strain may be
adapted to the human host by changes in these nonstruc-
tural proteins. For example, ZIKV NS5 binds to the inter-
feron (IFN)-regulated transcriptional activator STAT2,
which leads to the proteasomal degradation of STAT2, re-
sulting in the silencing of type I and type III interferon-me-
diated signaling (Fig. 1B; Grant et al. 2016; Kumar et al.
2016). Direct comparison of African and Asian strains
further yielded severalmutations inNS5 and a sharedmu-
tation at the same position of NS5 in sequences from Co-
lombia, Mexico, Panama, and Martinique (Adiga 2016),
suggesting the possibility that mutation of amino acids
at NS5 may facilitate viral replication in human cells. In
addition to the adaptation of nonstructural proteins, the
current pathology may also be consequent to modifica-
tions or mutations in the structural proteins of the Brazil-
ian ZIKV strains, such as mutations in the prM protein

and around the Asn-154 glycosylation site in the E pro-
tein. These modifications have been speculated to con-
tribute to viral adhesion to host cells and facilitate
unique aspects of ZIKV transmission (Sirohi et al. 2016).
Furthermore, ZIKV also produces noncoding subgenomic
flaviviral RNAs (sfRNAs) in their 3′ untranslated regions
that accumulate during infection and resist degradation
by host exonucleases in infected cells, which are directly
linked to pathologic effects (Akiyama et al. 2016). All of
these genetic and epigenetic hypotheses remain to be fully
tested experimentally, which may provide critical insight
into the viral–host interaction and pathogenesis of ZIKV
infection.
Study of ZIKV infection in multiple cell types indicated

that ZIKV gains entry into host cells through the interac-
tion of the virus envelope glycoprotein with cell surface
receptors DC-SIGN, AXL, TYRO3, and TIM-1 and that
AXL, a receptor tyrosine kinase mediating inflammatory
processes, appears to play a major role (Fig. 1B; Hamel
et al. 2015). The TAM ligand Gas6 acts as a cofactor to
recruit the virus to the AXL receptor, resulting in the in-
ternalization of ZIKV through clathrin-mediated endocy-
tosis (Meertens et al. 2017). ZIKV-containing vesicles
then translocate to Rab5+ endosomes and induce the

Figure 1. ZIKV genome structure and signaling transductions underlying ZIKV infection. (A) A diagram of ZIKV genomic RNA. (Red
arrows)Mutations in the Brazilian strain of ZIKV compared with the French Polynesian strain; (blue arrows)mutations in the Asian strain
comparedwith theAfrican strain; (purple arrow) amutation of the Brazilian strain in the E proteinAsn154. (B) A diagram showing the viral
replication pathway and pathogenesis pathways activated upon ZIKV infection.

Zika virus and microcephaly

GENES & DEVELOPMENT 853



transcription of Toll-like receptor 3 (TLR3), DDX58, and
IFIH1 as well as several interferon-stimulated genes,
leading to suppression of the innate immune response
and subsequent productive infection (Hamel et al. 2015;
Meertens et al. 2017). Blocking AXL by an engineered
AXL decoy receptor, MYD1; the AXL kinase inhibitor
R428; or a nonactivating antibody specific for the extracel-
lular domain of AXL inhibits ZIKV infection in glial cells,
confirming the importance of this receptor for ZIKV entry
into host cells (Retallack et al. 2016;Meertens et al. 2017).

Whether the AXL-mediated ZIKV entry is cell type-spe-
cific and the extent to which other receptors and factors
are involved remain elusive. Axl knockout mice exhibit
similar levels of ZIKV RNA loading compared with
wild-type mice (Miner et al. 2016b). Furthermore, al-
though AXL is highly expressed in neural progenitor cells
(NPCs) (Nowakowski et al. 2016; Onorati et al. 2016), the
anti-AXL antibody fails to reduce ZIKV infection of NPCs
(Meertens et al. 2017), and genetic ablation of AXL is not
able to block ZIKV entry or ZIKV-mediated cell death in
human induced pluripotent stem cell (hiPSC)-derived
NPCs or cerebral organoids (Wells et al. 2016), suggesting
that AXL is not required for ZIKV infection in NPCs. Fu-
ture work is needed to elucidate mechanisms underlying
ZIKV entry in NPCs and shed light onto the potential
therapeutic strategy of blocking ZIKV entry.

Vertical transmission and transplacental infection route
of ZIKV

ZIKV antigen and RNAwere present in amniotic fluid and
placental tissues fromZIKV-infected women as well as fe-
tal and newborn brain tissues diagnosed with fetal micro-

cephaly (Calvet et al. 2016; Driggers et al. 2016; Martines
et al. 2016b; Noronha et al. 2016; Bhatnagar et al. 2017),
suggesting that ZIKV is a classic TORCH (toxoplasma,
other, rubella, cytomegalovirus, and herpes) pathogen
and gains access to the fetal brain during pregnancy by
crossing the placental barrier (Fig. 2).

Recent studies suggest that the placenta is the key me-
diator for vertical transmission of ZIKV from infected
mothers to fetal brains (Bayer et al. 2016; Quicke et al.
2016). Due to its unique structural, cellular, and immuno-
logical properties, the placenta acts as a barrier against
bacterial and viral infections. Several lines of evidence
suggest that ZIKV passes through the placenta to reach
the fetus by directly infecting placental cells and disrupt-
ing the placental barrier (Fig. 2). Placental damage from
ZIKV infection, such as chronic placentitis, has been
observed in human placental tissues from infected moth-
ers (Noronha et al. 2016), in which the placental macro-
phages (known as Hofbauer cells) and trophoblasts are
the main target cells of ZIKV infection (Bayer et al.
2016; Quicke et al. 2016). This transplacental infection
route of ZIKV has also been demonstrated in vivo in preg-
nant immuno-incompetentors, a specific SJL strain of
mouse models (Table 1; Fig. 3), including maternal inocu-
lation via a subcutaneous route, resulting in placental
damage and fetal demise (Miner et al. 2016a); infection
of the pregnant mother through an intravenous route,
leading to intrauterine growth restriction (Cugola et al.
2016); and intraperitoneal injection of the virus, leading
to infection of the fetal brain in developing mice (Wu
et al. 2016). RNA and infectious ZIKV particles, but not
DENV, were found in maternal trophoblasts and fetal en-
dothelial cells in the placenta (Miner et al. 2016a) as well
as the dorsal ventricular zone (VZ) of the fetal brain (Wu

Figure 2. Vertical transmission of ZIKV and its im-
pact on human fetal development. ZIKV could be
transmitted to a pregnantwoman via the bite of an in-
fected Aedes mosquito, which could be further verti-
cally transmitted from the infected mother to the
fetus by infecting placental trophoblasts and macro-
phages (Hofbauer cells) and crossing the placental
barrier.

Wen et al.
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et al. 2016). These findings suggest that ZIKV might have
greater tropism for placental cells than other flaviviruses
and further confirm the tropism for placental cells lining
the maternal–fetal interface. In order to replicate in host
cells, ZIKV overcomes interferon-mediated host immune
responses by inducing the degradation of the IFN-regulat-
ed transcriptional activator STAT2 (Grant et al. 2016;
Kumar et al. 2016). Under immuno-competent condi-
tions, ZIKV infection in Hofbauer cells and trophoblasts
in the placenta induces the production of type I or type
III IFN and proinflammatory cytokines, resulting in anti-
viral gene expression (Bayer et al. 2016; Quicke et al.
2016). Consistentwith this notion, blocking IFN–receptor
signaling by an anti-Ifnar antibody in wild-type pregnant
mice enhanced transplacental infection of ZIKV. Func-
tionally, infection of ZIKV in placentas can induce apo-
ptosis of trophoblasts and vascular damage, which leads

to disruption of the placental barrier and thus compromis-
es protection against viral infection and conveys ZIKV to
the fetus (Miner et al. 2016a).
Placental insufficiency and inflammatory responses

could lead to fetal development deficits (Fig. 4). The find-
ings of vascular injury, the reduced number and irregular
shape of fetal capillaries, and apoptotic trophoblasts are
clinically relevant, as placental insufficiency is associat-
ed with intrauterine growth restriction. Moreover, in-
creased levels of IFN-γ-inducible protein 10 (IP-10),
interleukin-6 (IL-6), IL-8, vascular endothelial growth fac-
tor (VEGF), monocyte chemoattractive protein 1 (MCP-
1), and granulocyte colony-stimulating factor (G-CSF)
have been found in the amniotic fluid of ZIKV-infected
pregnant women with neonatal microcephaly (Ornelas
et al. 2017). Exposure of these cytokines to the fetal brain
not only causes cell death but also dysregulates the differ-
entiation and proliferation of NPCs, therefore providing
an interacting set of mechanisms underlying ZIKV-in-
duced microcephaly.

Targets of ZIKV infection in the developing
mammalian brain

To understand the impact andmechanisms of ZIKV infec-
tion on human brain development and the link of ZIKV to
microcephaly, a key step is to identify cell types that are
particularly vulnerable to viral infection in the developing
brain after ZIKV breaches the placental barrier. Following
clinical observations that ZIKV could be found in brains of
fetuses from infected pregnant women (Driggers et al.
2016; Mlakar et al. 2016; Bhatnagar et al. 2017), a hiPSC-
based cellular model provided the first evidence that
ZIKV efficiently targets human cortical NPCs, whereas
immature neurons are less susceptible to ZIKV infection
(Fig. 3; Tang et al. 2016). Compared with ZIKV, WNV
has been demonstrated to have a very different tropism
of infection with a bias toward neurons (Brault et al.
2016). Several groups have further shown that ZIKV infec-
tion of brain organoids, three-dimensional (3D) cellular
models of human brain development, leads to reduced
thickness of both NPC and neuronal layers and an overall
reduction in organoid size and surface folding, resembling
microcephaly (Table 1; Fig. 3; Cugola et al. 2016; Dang
et al. 2016; Garcez et al. 2016; Qian et al. 2016; Li et al.
2017). Strong colocalization of ZIKV E protein in NES-
TIN+SOX2+ NPCs, rather than TBR2+ intermediate neu-
ral progenitors or CTIP2+ neurons in 3D brain organoids,
again indicates relatively specific tropism of ZIKV toward
NPCs (Cugola et al. 2016; Dang et al. 2016; Garcez et al.
2016; Qian et al. 2016). These results have also been reca-
pitulated in mouse models, showing efficient ZIKV infec-
tion and replication in NPCs located in the VZ and
subventricular zones (SVZs) of the fetal mouse cortex,
leading to cortical thinning and microcephaly (Fig. 3;
Cugola et al. 2016; Li et al. 2016a; Onorati et al. 2016;
Shao et al. 2016; Wu et al. 2016). Collectively, these stud-
ies provide strong evidence that NPCs in the developing
brain are particularly vulnerable to ZIKV infection.

Figure 3. Investigation of neurotropism of ZIKV infection in vi-
tro and in vivo. The effects of ZIKV on brain development and the
underlying mechanisms could be explored with in vitro models,
such as NPCs, astrocytes, and three-dimensional (3D) brain orga-
noids derived from either hiPSCs or primary human brain tissue,
or in vivo animal models, such as mouse models at multiple
developmental stages (i.e., prenatal and postnatal stages) by infec-
tion of ZIKV through subcutaneous inoculation, intravenous in-
jection, or intraperitoneal injection in pregnant immune-
competent mice or direct injection of ZIKV into developing fetal
mouse brains.
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In addition to NPCs, studies of ZIKV infection in orga-
notypic cultures from primary human brain tissue or nec-
ropsy brain tissues from fetuses and newborns found that
astrocytes, microglia, and oligodendrocyte precursor cells
located throughout the developing cortex can be produc-
tively infected by ZIKV, while the infection rate of neu-
rons is low (Table 1; Noronha et al. 2016; Retallack et al.
2016). ZIKV infection of astrocytes and microglia has fur-
ther been demonstrated in primary cell cultures, iPSC-de-
rived astrocytes, and 3D forebrain organoids (Fig. 3;
Lindqvist et al. 2016; Qian et al. 2016; Retallack et al.
2016; Xu et al. 2016; Meertens et al. 2017). Glial cells, in-
cluding astrocytes and microglia, are known to be essen-
tial for normal brain development and function and play
an important role in neurodevelopmental disorders by ac-
tivating the neuro–immune interaction (Ma et al. 2005;
Molofsky et al. 2012; Reemst et al. 2016). Upon ZIKV in-
fection of primary human astrocytes, an increase in the
production of viral particles over time has been observed,
indicating active viral replication in these cells (Hamel
et al. 2017; Tricarico et al. 2017). Other developmentally
relevant stem cell populations are also highly susceptible
to ZIKV infection, such as neocortical and spinal cord
neuroepithelial stem cells (NESCs) (Table 1), which are
the earliest population of resident neural stem cells
(NSCs) present during neurodevelopment (Onorati et al.
2016), and cranial neural crest cells, which give rise to
most cranial bones and exert paracrine effects on the de-
veloping brain (Bayless et al. 2016).

Impact of ZIKA infection on neural progenitors

How does ZIKV infection lead tomicrocephaly? There are
both cell-autonomous and non-cell-autonomous effects
(Fig. 4). A number of recent studies revealed dysregulated
cell cycle progression in NPCs, which leads to reduced
NPC proliferation and impaired neurogenesis (Ming
et al. 2016). A dramatic reduction in cell density and a sig-

nificant decrease of EdU-labeled or Ki67-expressing prolif-
erating cells uponZIKV infection have been demonstrated
in monolayer human NPC cultures and 3D brain organo-
ids (Cugola et al. 2016; Qian et al. 2016; Souza et al. 2016;
Tang et al. 2016). Consistent with these results from hu-
man cell models, NPC proliferation is also suppressed in
the ZIKV-infected developing mouse brain, which con-
tains significantly fewer mitotic cells positive for phos-
phorylated H3 or Ki67 in the VZ/SVZ and intermediate
zone, accompanied by more centrosomes at the ventricu-
lar surface facing away from the nuclei and a marked
decrease in the intensity and band thickness of cortical
layers (Li et al. 2016a; Wu et al. 2016). The reduction of
NPC proliferation appears to be caused by perturbation
of cell cycle progression. Analysis of DNA content by
flow cytometry suggested that ZIKV infection leads to S-
phase arrest in humanNPCs (Tang et al. 2016). Similar re-
sults have been shown in the ZIKV-infected mouse fetal
brain in vivo (Nguyen et al. 2016). Most of the infected
cells in the VZ are arrested in S, G1, or G2 phase, and
NPCs in M phase are dramatically reduced (Li et al.
2016a; Shao et al. 2016). Interestingly, impaired cell cycle
progression appears to be specific for ZIKV infection but
not for WNV infection (Brault et al. 2016). Perturbation
of cell cycle progressionmay result from impaired dynam-
ic gene expression during neurogenesis and disrupted mi-
tosis (Dang et al. 2016; Souza et al. 2016). Indeed, mitotic
dysfunction has been observed in ZIKV-infectedNPC cul-
tures, in part due to mitochondrial sequestration of cen-
trosomal phospho-TBK1 (TANK-binding kinase 1) and
redirection of TBK1 activity away from mitosis to innate
immune signaling (Onorati et al. 2016). Disruptedmitosis
further leads to accumulation of chromosomal abnormal-
ities and cell division defects, resulting in not only im-
paired NPC proliferation but also cell death (Onorati
et al. 2016; Souza et al. 2016). Global transcriptome anal-
yses (RNA sequencing) revealed thatmany genes involved
in cell proliferation, differentiation, and migration and or-
gan development are down-regulated, with a particular

Figure 4. Mechanisms underlying im-
paired brain development upon ZIKV infec-
tion. ZIKV directly targets NPCs in the
developing brain and activates innate im-
mune response, which could lead to dysre-
gulation of genes involved in cell cycle,
neurogenesis, and apoptosis, resulting in in-
creased cell death, disrupted cell cycle
progression, reduced proliferation, and pre-
mature differentiation. On the other hand,
infection of ZIKV in placenta and glial cells,
including astrocytes and microglia, could
lead to placental insufficiency and activa-
tion of immune response (inflammation),
which may elicit non-cell-autonomous ef-
fects onNPCs,neurons, andvasculature, re-
sulting in impaired neurogenesis and
microcephaly.
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enrichment of down-regulated genes in cell cycle-related
and DNA replication/repair pathways upon ZIKV infec-
tion of human and mouse NPCs (Fig. 4; Li et al. 2016a;
Tang et al. 2016; Zhang et al. 2016). Intriguingly, multiple
significantly down-regulated genes are microcephaly-as-
sociated genes (Li et al. 2016a; Tang et al. 2016; Zhang
et al. 2016), many of which encode proteins localized at
the centrosome and play an important role in cell cycle
progression (Gilmore andWalsh 2013), suggesting a direct
mechanistic link of ZIKV infection tomicrocephaly at the
molecular level.
Cell death also contributes to ZIKV-induced micro-

cephaly, which has been detected extensively in human
fetal brains infected with ZIKV (Fig. 4; Driggers et al.
2016; Mlakar et al. 2016). Studies in hiPSC-derived
NPCs and 3D brain organoids also revealed that ZIKV in-
fection leads to significant caspase-3 activation and in-
creased cell death, resulting in diminished cortical
layers (Cugola et al. 2016; Garcez et al. 2016; Qian et al.
2016; Souza et al. 2016; Tang et al. 2016; Li et al. 2017).
In contrast, DENV infection does not trigger apoptosis
or viral replication in brain organoids (Li et al. 2017). In
one recently reported clinical case (Driggers et al. 2016),
post-mortem analysis revealed diffuse cerebral cortex
thinning in a fetal brain infected by ZIKV. Consistent
with cell model-based research findings (Cugola et al.
2016; Qian et al. 2016; Li et al. 2017), excessive apoptosis
was present in the neocortex, while well-differentiated
neurons and primitive cells in the germinal matrix ap-
peared to be unaffected. Investigations of ZIKV infection
inmousemodels further confirmed thatZIKV leads to cel-
lular damage accompanied by caspase-3 activation and
DNA fragmentation in NPCs, resulting in a reduction of
the cortical NPC pool and smaller brains with significant
damage to brain structure (Li et al. 2016a; Miner et al.
2016a; Shao et al. 2016; Wu et al. 2016). Notably, enrich-
ment of genes related to apoptosis-related pathways are
up-regulated upon ZIKV infection in human NPCs
(Tang et al. 2016; Zhang et al. 2016). The apoptosis-in-
duced cell death could bemediated by activation of tumor
suppressor protein p53 (TP53), as the ZIKV infection sig-
nificantly up-regulated TP53 gene and protein expression
levels and Ser15 phosphorylation, which are correlated
with genotoxic stress and apoptosis induction (Ghouzzi
et al. 2016; Zhang et al. 2016). Both p53 and caspase inhib-
itors can efficiently prevent ZIKV-induced NPC death
(Souza et al. 2016; Xu et al. 2016; Zhang et al. 2016).
NPC apoptosis upon ZIKV infection can also be caused

by activation of the immune response (Fig. 4). Infection by
the Asian strain of ZIKV, which is more closely related to
current epidemic strains, leads to significant up-regula-
tion of viral response genes involved in IFN response
and the type II IFN signaling, TLR signaling, and TNFα
signaling pathways in human NPCs (Zhang et al. 2016).
On the other hand, the prototypical African ZIKV strain
does not elicit such a virus response in humanNPCs, sug-
gesting that different ZIKV strains have specific neuro-
tropisms and unique molecular signatures. Activation of
an immune response has also been observed in mouse fe-
tal brains infected with another Asian ZIKV strain, SZ01

(Li et al. 2016a), whichwas isolated from a patient infected
in Samoa (Deng et al. 2016), and a Mexican ZIKV strain,
MEX1-44, which also belongs to the Asian lineage (Shao
et al. 2016). Notably, many genes involved in cytokine
production and response, such as IL1B, TNF, CXCL10,
IFNB1, TLR3, and OAS2, are dramatically up-regulated
upon SZ01 or MEX1-44 ZIKV infection (Li et al. 2016a;
Shao et al. 2016), suggesting that cytokines may play a
key role in the pathogenesis of ZIKV infection. Activation
of an immune response, such as activation of the innate
immune receptor TLR3, may mediate the ZIKV-induced
apoptosis and impaired neurogenesis (Fig. 1). Indeed, inhi-
bition of TLR signaling by a TLR3 competitive inhibitor
largely rescued an African strain of ZIKVMR766-induced
apoptosis and organoid shrinkage, while a TLR3 agonist,
poly(I:C), mimicked the phenotypes induced by ZIKV in-
fection in brain organoids (Dang et al. 2016). Importantly,
ZIKV infection and TLR3 activation share common mo-
lecular signatures, including dysregulation of gene expres-
sions involved in neurogenesis and apoptosis (Dang et al.
2016), suggesting thatZIKV infection could activate TLR3
signaling, which in turn perturbs neurogenesis and apo-
ptotic pathways. It remains to be addressed whether all
strains of ZIKV could activate the TLR3 pathway and
whether such activation is context-dependent and cell
type-dependent.

Non-cell-autonomous effects of ZIKV-infected glial cells

NPC infection alone cannot explain some of the pheno-
types observed in microcephaly and other congenital
malformations caused by ZIKV infection, such as calcifi-
cations in the cortical plate, axonal damage, microglial
nodules, and gliosis (Driggers et al. 2016; Martines et al.
2016a; Mlakar et al. 2016). Glial cells, including astro-
cytes and microglia, have been demonstrated to be two
major targets of ZIKV (Noronha et al. 2016; Retallack
et al. 2016; Meertens et al. 2017; Tricarico et al. 2017). Ex-
tensive microglial activation and astrogliosis, indicated
by a significant increase in the number of IBA1+ microglia
and GFAP+ astrocytes, have been detected in ZIKV-infect-
edmouse fetal brains (Fig. 4; Shao et al. 2016). AXL, which
is highly expressed in glial cells (Nowakowski et al. 2016;
Meertens et al. 2017), may mediate the entry of ZIKV.
Binding of ZIKV to AXL activates AXL kinase activity to
induce oxidative stress and subsequently trigger inflam-
mation and innate antiviral immune responses, including
the up-regulation of TLRs, NOD-like receptors (NLRs),
and RIG-I-like receptors (RLRs), which are involved in
the activation of the inflammasome pathway (Hamel
et al. 2017; Meertens et al. 2017; Tricarico et al. 2017).
Intriguingly, compared with the African strain of ZIKV,
the Asian strain induces antiviral responses in human
astrocytes, including up-regulation of TLR and RLR
downstream genes such as SPP1, TRAF3, and TBK1,
with much faster kinetics and to a greater extent (Hamel
et al. 2017). Notably, activation of inflammasome
genes, such as NLR family Pyrin domain-containing 3
(NLRP3), can subsequently trigger release of mature
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cytokines such as IL-1β (Meertens et al. 2017; Tricarico
et al. 2017).

Consequences of glia-mediated inflammation upon
ZIKV infection are largely unknown. One possibility is
neuronal death and dysfunction (Fig. 4), such as axonal
damage. Although ZIKV shows limited infection in neu-
rons (Brault et al. 2016; Cugola et al. 2016; Li et al.
2016a; Qian et al. 2016; Retallack et al. 2016; Tang et al.
2016; Wu et al. 2016), massive neuronal death and dys-
function upon ZIKV infection have been observed in hu-
man brains and organoids as well as mouse fetal brains
(Cugola et al. 2016; Driggers et al. 2016; Li et al. 2016a;
Mlakar et al. 2016; Qian et al. 2016; Shao et al. 2016;
Wu et al. 2016). Glial cells are known to play a key role
in flavivirus-mediated neurological disorders by activat-
ing the neuro–immune interaction. For example, micro-
glia activation has been shown to drive neuronal and
synaptic loss as well as memory dysfunction upon WNV
infection via the complement pathway, a key component
of innate immune pathogen defense during early postnatal
development (Vasek et al. 2016). Considering the central
role of inflammation in neurological disorders, future
studies are needed to test the model that infection and ac-
tivation of astrocytes and microglia upon ZIKV infection
triggers a strong immune response, which in turn pro-
motes neuronal death and dysfunction.

Another possible consequence of glia-mediated inflam-
mation upon ZIKV infection is vascular abnormalities
(Fig. 4). Previous studies suggest that inflammation is as-
sociated with abnormal vasculature, such as alterations
in permeability (Friedl et al. 2002; Puhlmann et al.
2005). Consistently, ZIKV infection has been shown to al-
ter vascular integrity, including vessel density and diame-
ter, in the developing mouse brain and lead to a leaky
blood–brain barrier (Shao et al. 2016). A direct causal
link between glia-mediated inflammation and abnormal
vasculature upon ZIKV infection remains to be estab-
lished. Interestingly, blood–brain barrier leakage may fur-
ther lead to neuronal calcification (Miklossy et al. 2005;
Keller et al. 2013), a key feature identified in the ZIKV-in-
fectedmicrocephalic fetal brain (Driggers et al. 2016;Mar-
tines et al. 2016a; Mlakar et al. 2016). Future studies are
also needed to examine the role of blood–brain barrier
deficiency in brain calcification caused by ZIKV infection.

Conclusions and perspectives

Since the WHO declared ZIKV infection a Public
Health Emergency of International Concern on February
1 of 2016, tremendous progress has been made in under-
standing the impact of ZIKV infection on human brain de-
velopment and its underlying biological mechanisms.
Remarkable evidence across multiple model systems, in-
cluding two-dimensional (2D) NSC cultures, 3D neuro-
spheres and human brain organoids, acute human fetal
tissue cultures, animal models, and clinical fetal samples,
all consistently point to one main conclusion: Vertical
transmission of ZIKV via a transplacental route targets
NPCs and glial cells in the developing brain, which causes

cell death and reduced NPC proliferation, resulting in im-
paired brain development. Despite this rapid progress,
these initial studies merely scratch the surface, and
many questions remain to be answered in the near future.
First, is the neurotropism of ZIKV strain-specific or hu-
man population-specific? Systematic comparison of
strain-specific effects on cells derived from different pop-
ulations will help to determinemolecular and cellular sig-
natures of vulnerability to ZIKV infection. Ultimately,
genetically engineered ZIKV or iPSC lines can provide a
more definitive answer. Previous infection with other fla-
viviruses, such as DENV and yellow fever viruses, may
also underpin the apparent geographical region-specific
differences in ZIKV effects (Bardina et al. 2017). Second,
how does each of the individual ZIKV viral proteins and
ZIKV-derived small RNAs elicit cytopathic effects on spe-
cific cellular properties? Investigation of their functions in
both viral infection and host response will provide key in-
sights into the pathogenesis of ZIKV infection. Third,
what host factors and pathways mediate the entry of
ZIKV into NPCs, one of the cell types most vulnerable
to ZIKV in the developing brain? NPCs are known to be
in direct contact and exposed to cerebrospinal fluid at
the ventricle. The possibility that this interaction make
the NPCs direct target remains to be explored. Genome-
wide screens using RNAi or CRISPR/Cas9 may facilitate
the identification of these host factors and pathways.
Fourth, what is the role of glia and microglia activation
in ZIKV-mediated brain developmental deficits? Future
studies are needed to address whether and how glia and
microglia activation and inflammation affect neuronal
and other cellular functions in the ZIKV-infected develop-
ing brain. Overall, collaborative efforts from the scientific
community across many disciplines, including virology,
neuroscience, stem cell biology, and developmental biol-
ogy, may contribute knowledge and technology in a rapid
response to this global health emergency.
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