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Ex vivo infection of human placental explants



NB: CHIKV is a negative control, as it does not replicate in human placenta,
and is transmitted vertically only in peripartum by viremic mothers

Couderc PLOS Pathog 2008, Gérardin PLOS Med 2008
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ZIKV replicates in 3rd trimester human placental explants
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ZIKV infects Hofbauer cells in human placental explants
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Pathology of congenital Zika syndrome in Brazil: a case series
Roosecelis Brasil Martines*, Julu Bhatnagar*, Ana Maria de Oliveira Ramos, Helaine Pompeia Freire Davi, Silvia D’Andretta Iglezias, 
Cristina Takami Kanamura, M Kelly Keating, Gillian Hale, Luciana Silva-Flannery, Atis Muehlenbachs, Jana Ritter, Joy Gary, Dominique Rollin, 
Cynthia S Goldsmith, Sarah Reagan-Steiner, Yokabed Ermias, Tadaki Suzuki, Kleber G Luz, Wanderson Kleber de Oliveira, Robert Lanciotti, 
Amy Lambert, Wun-Ju Shieh, Sherif R Zaki

Summary
Background Zika virus is an arthropod-borne virus that is a member of the family Flaviviridae transmitted mainly by 
mosquitoes of the genus Aedes. Although usually asymptomatic, infection can result in a mild and self-limiting illness 
characterised by fever, rash, arthralgia, and conjunctivitis. An increase in the number of children born with 
microcephaly was noted in 2015 in regions of Brazil with high transmission of Zika virus. More recently, evidence has 
been accumulating supporting a link between Zika virus and microcephaly. Here, we describe fi ndings from three 
fatal cases and two spontaneous abortions associated with Zika virus infection.

Methods In this case series, formalin-fi xed paraffi  n-embedded tissue samples from fi ve cases, including two newborn 
babies with microcephaly and severe arthrogryposis who died shortly after birth, one 2-month-old baby, and two 
placentas from spontaneous abortions, from Brazil were submitted to the Infectious Diseases Pathology Branch at 
the US Centers for Disease Control and Prevention (Atlanta, GA, USA) between December, 2015, and March, 2016. 
Specimens were assessed by histopathological examination, immunohistochemical assays using a mouse anti-Zika 
virus antibody, and RT-PCR assays targeting the NS5 and envelope genes. Amplicons of RT-PCR positive cases were 
sequenced for characterisation of strains.

Findings Viral antigens were localised to glial cells and neurons and associated with microcalcifi cations in all three 
fatal cases with microcephaly. Antigens were also seen in chorionic villi of one of the fi rst trimester placentas. Tissues 
from all fi ve cases were positive for Zika virus RNA by RT-PCR, and sequence analyses showed highest identities with 
Zika virus strains isolated from Brazil during 2015.

Interpretation These fi ndings provide strong evidence of a link between Zika virus infection and diff erent congenital 
central nervous system malformations, including microcephaly as well as arthrogryposis and spontaneous abortions.

Funding None.

Introduction
Zika virus is an arthropod-borne virus transmitted 
primarily by mosquitoes of the genus Aedes. The virus 
belongs to the Flaviviridae family, which includes other 
fl aviviruses such as dengue, yellow fever, West Nile, and 
Japanese encephalitis viruses. Zika virus was fi rst 
isolated in the Zika Forest of Uganda in 1947. Before 
2007, only sporadic small clusters of human infections 
in Africa and Asia were reported.1 The geographical 
range of several arboviruses is expanding with increased 
travel and climate change. Since 2007, several large Zika 
virus outbreaks have occurred, such as those in 
Micronesia and French Polynesia,2 and in March, 2015, 
auto ch thonous virus transmission was fi rst detected in 
Brazil.3 The Zika virus has rapidly spread through South 
and Central America, and the Caribbean. Although the 
virus is expected to continue to spread, there are 
uncertainties around where and how the virus will 
spread over time.4

Illness resulting from Zika virus infection is typically 
mild and self-limiting. However, since 2013, an increased 
incidence of neurological symptoms, including Guillain-
Barré syndrome, have been described following Zika 
virus infection.5,6 Furthermore, the Zika virus outbreak in 

Brazil in 2015 has caused worldwide concern because of 
the association with increased rates of microcephaly in 
newborn babies as well as severe ocular abnormalities.7–9

Autochthonous circulation of Zika virus has been 
described in 25 Brazilian states with 7343 suspect cases 
of microcephaly being investigated. Of these 1271, 
including 57 fatal cases, were confi rmed to have 
microcephaly or other CNS abnormalities; mothers of 
some of these infants had clinical signs consistent with 
Zika virus infection during pregnancy, but most were 
not tested for Zika virus infection.10 Before the Brazilian 
outbreak, only two cases of perinatal transmission were 
described in French Polynesia.11 However, a retrospective 
analysis of cases from French Polynesia—subsequent 
to the 2015 Brazil outbreak—reported an increase of 
CNS malformations in fetuses and infants following 
the Zika virus outbreak in 2013–14.6 Zika virus genome 
was detected in the amniotic fl uid samples from two 
pregnant women from Brazil whose fetuses had been 
diagnosed with microcephaly.8 Autopsies of two fetuses 
after elective termination of pregnancy showed 
microcephaly, and the cause was identifi ed as Zika 
virus by RT-PCR assay and electronic microscopy.12,13 

Zika virus has been recently found to target human 
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Actual data from pregnant women with zika…
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infection from other important viral infections that are 
also associated with microcephaly and micro calcifi cations, 
such as cytomegalovirus and herpes simplex virus.17 The 
paucicellular infl ammatory response in tissues is similar 
to what is seen in fatal congenital rubella syndrome.18

The three fatal cases also showed a broad array of 
congenital malformations including multiple congenital 
contractures, craniofacial malformations, craniosynostosis, 
pulmonary hypoplasia, and a wide range of brain 
abnormalities. These are seen in the syndrome known 
as fetal akinesia deformation sequence or severe 
arthrogryposis, which is caused by many disorders, 
including non-infectious and infectious agents such as 
enteroviruses and diff erent TORCH pathogens (vertically 
transmitted) like Toxoplasma gondii, varicella-zoster virus, 
cytomegalovirus, rubella virus, and measles.19,27–29 The 
mechanism for these deformities in Zika virus infection 
are not entirely clear, but most probably result from 
neurotropism of the virus with subsequent damage of the 
brain and interference in neuromuscular signalling 
leading to fetal akinesia.

Our fi ndings provide evidence that maternal Zika virus 
infection during the fi rst trimester of pregnancy can 
result in placental and fetal damage and loss; however, 
additional case assessments are needed to further 
elucidate the pathogenesis of Zika virus and establish a 
correlation between transplacental infection and fetal 
brain injury. Placenta had villous oedema, increased 
numbers of Hofbauer cells, with Zika virus antigens 
seen in chorionic villi. Chronic histiocytic intervillositis 
was also seen; additional studies are needed to investigate 
whether this reaction is directly related to viral infection 
or represents a non-specifi c immune response. Pregnant 
women who reside in or have travelled to an area with 
ongoing Zika virus transmission and who report clinical 
illness consistent with Zika virus infection should 
undergo testing.30 Our fi ndings suggest that assessment 
of fi xed placental and fetal tissues and tissues from 
neonatal deaths with evidence of microcephaly can be 
useful to establish the diagnosis of congenital Zika 
infection. An important limitation of this report is the 
small number of cases assessed. Examination of 
additional cases of microcephaly, placentas, and 
embryonic tissues from spontaneous abortion is needed. 
Further investigation into the assoication between 
maternal Zika virus infection during the second or
third trimester of pregnancy and adverse pregnancy 
outcomes, including assessment of placental and fetal 
tissue samples when available, will be important to 
identify appropriate measures to minimise the eff ect and 
assess the long-term sequelae of Zika virus infection.

Until now, there have been no reports of a mosquito-
borne virus that could cause severe birth defects on a 
large scale. This report describes the detection of Zika 
virus viral RNA and antigens in brain tissues of fatal 
cases of congenital Zika infection and the further direct 
link between Zika virus infection and microcephaly, 

arthrogryposis, and spontaneous abortion. These 
fi ndings also provide cruical insights into viral 
pathogenesis and tissue tropism.

The combination of clinical, epidemiological, and 
laboratory data is essential to confi rm a diagnosis of Zika 
virus infection in fatal cases. Zika virus is an evolving 
epidemic, and many important questions remain to be 
explored. We are continuing to investigate the possible 
spectrum of neurological lesions in infants and various 
features of abnormalities in placental tissues. Analysis 
of FFPE tissues using the combination of histopathology, 
immunohistochemical assays, and RT-PCR improves 
Zika virus diagnosis, and can be particularly useful 
when fresh-frozen tissue and other conventional 
specimens are unavailable. Further assessment of tissue 
samples from pregnancy losses during diff erent stages 
of fetal development will contribute to an understanding 
of the pathogenesis of congenital Zika infection and 
help to explore a mechanism for vertical transmission.
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Figure 3: Case 4—histopathological and immunohistochemical fi ndings of the placenta
(A) Low magnifi cation of an 11-week placenta with massive chronic intervillositis and fi brin deposition; 
haematoxylin-eosin stain. (B) Zika virus immunolocalised in Hofb auer cells (arrowheads) and in association with 
karyorrhectic debris of the chorionic villi.
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Zika virus damages the human placental  
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An unusually high incidence of microcephaly in newborns has recently been observed in Brazil. There is a 
temporal association between the increase in cases of microcephaly and the Zika virus (ZIKV) epidemic. Viral 
RNA has been detected in amniotic fluid samples, placental tissues and newborn and fetal brain tissues. However, 
much remains to be determined concerning the association between ZIKV infection and fetal malformations. In this 
study, we provide evidence of the transplacental transmission of ZIKV through the detection of viral proteins and 
viral RNA in placental tissue samples from expectant mothers infected at different stages of gestation. We observed 
chronic placentitis (TORCH type) with viral protein detection by immunohistochemistry in Hofbauer cells and some 
histiocytes in the intervillous spaces. We also demonstrated the neurotropism of the virus via the detection of viral 
proteins in glial cells and in some endothelial cells and the observation of scattered foci of microcalcifications in 
the brain tissues. Lesions were mainly located in the white matter. ZIKV RNA was also detected in these tissues by 
real-time-polymerase chain reaction. We believe that these findings will contribute to the body of knowledge of the 
mechanisms of ZIKV transmission, interactions between the virus and host cells and viral tropism.
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Zika virus (ZIKV) is an emerging flavivirus that be-
longs to the same family as the dengue (DENV), West 
Nile and yellow fever (YF) viruses (Pierson & Diamond 
2013). From the time it was discovered in 1947, ZIKV 
has been associated with sporadic human infections in 
Africa and Asia (Dick et al. 1952, Hayes 2009). How-
ever, since 2007, the virus has been associated with large 
human outbreaks and a change in the pattern of the in-
fections has been observed. High rates of infection and 
severe presentations, including neurological complica-
tions (Guillain Barré syndrome, meningoencephalitis), 
have been reported (Ioos et al. 2014, Oehler et al. 2014).

In early 2015, several patients presenting with dengue-
like symptoms, such as mild fever, rash, conjunctivitis, and 
arthralgia, caught the attention of infectious disease physi-
cians in the Northeast Region of Brazil. Although all pa-
tients lived in a dengue endemic area, dengue diagnosis was 
negative. Reverse transcriptase-polymerase chain reaction 
(RT-PCR) results from patients’ sera revealed autochtho-
nous ZIKV infection in the country for the first time (Zan-
luca et al. 2015). Currently, more than 1,500,000 cases are 
estimated to exist in Brazil and ZIKV has spread to other 
South and Central American countries (PAHO 2016).

From October 2015 onward, an unusually high inci-
dence of microcephaly in newborns was observed. Most 

of the women who delivered these children presented 
ZIKV-compatible symptoms during the first months of 
pregnancy. By February 2016, more than 5,600 suspected 
cases of microcephaly in newborns had been reported, 
representing a more than twenty-fold increase compared 
to the historical average of the last five years, and 120 
suspected deaths due to microcephaly related to ZIKV 
have been reported to the Brazilian health authorities 
(EBC 2016). Other frequent causes of birth malforma-
tions, such as common viral infections and other infec-
tions, drug and alcohol abuse, preexisting disease, and 
genetic history, have been excluded. Moreover, ZIKV 
RNA was detected in amniotic fluid samples of two preg-
nant women who had ZIKV disease symptoms and whose 
fetuses were diagnosed with microcephaly (Calvet et al. 
2016, Melo et al. 2016). Furthermore, viral RNA and pro-
tein were detected in newborn/fetal brain and placental 
tissues, which highlights the link between ZIKV infec-
tion in mothers and microcephaly in newborns (Martines 
et al. 2016, Mlakar et al. 2016). In this study, we describe 
ZIKV infection by anatomopathological, immunohisto-
chemistry (IHC), real-time RT-PCR analysis and serolog-
ical assays in placental tissues from women infected at 
different gestational time points (including first and third 
trimester of pregnancy) and in necropsy brain tissues 
from fetuses and newborns that died just after birth due 
to severe neurological disorders. These findings might 
contribute to the body of knowledge about the transpla-
cental transmission and the neurotropism of ZIKV.

MATERIALS AND METHODS

IHC - Formalin-fixed paraffin-embedded (FF-PE) tis-
sue samples were stained using a conventional hematoxy-
lin-eosin (H&E) technique (Baurakiades et al. 2011).
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Zika virus (ZIKV) recently emerged as a major public health 
risk because of its devastating effect on fetal neurodevelop-
ment (1–3). ZIKV was first isolated in Uganda in 1947, and 
the virus subsequently spread through Asia, and from there 
to the Americas (4). A causal link between ZIKV infection 
and congenital brain malformations became apparent in 
2016 following an outbreak in Brazil (1). Brazilian ZIKV is 
closely related to the Asian-lineage strain, which affected 
New Caledonia and French Polynesia, where cases of micro-
cephaly were reported retrospectively (5). 

Intrauterine infections can impair neurodevelopment 
(6), but ZIKV is highly neurotropic and interferes specifical-
ly with fetal brain development causing microcephaly, corti-
cal malformations and intracranial calcifications (7–10). We 
hypothesized that the single-stranded RNA flavivirus ZIKV 
may hijack RNA-binding factors present in the developing 
central nervous system (11). Host RNA-binding proteins are 
known to interact with untranslated regions (UTRs) to regu-
late replication, translation and stabilization of viral ge-
nomes (11). In silico analysis of the genomic RNA of the 
Brazilian ZIKV strain, PE243, revealed three consensus 
binding sites in the 3′UTR for the highly conserved Mu-
sashi family of RNA binding proteins, Musashi-1 (MSI1) and 
Musashi-2 (MSI2), both important translational regulators 

in stem cells (12–15). Two sites were conserved between 
PE243 and the Ugandan MR766 strains (Sites 1, 2), whereas 
the third (Site 3) was found only in the Asian-lineage strains 
including PE243 (Fig. 1A and fig. S1, A and B). By mapping 
these sites onto a predicted secondary structure of ZIKV 
3′UTR, we found all the three to be present on stem-loop 
structures, which are considered optimal for MSI binding 
(16, 17). Moreover, a recent study revealed nucleotide substi-
tutions proximal to Sites 1 and 2 in the Asian-lineage 
strains, which could indicate positive selection for MSI1 
binding during ZIKV evolution (18). 

To address if the Musashi proteins interacted with ZIKV, 
we first tested their binding to ZIKV 3′UTR. RNA pull-
downs identified binding of MSI1, but not MSI2, to the 
3′UTR of PE243 (Fig. 1B) (15). Mutating the three consensus 
MSI1 sites in the 3′UTR of PE243 significantly weakened 
this interaction (Fig. 1, C and D, and fig. S1C). We also con-
firmed binding between MSI1 and the 3′UTR of MR766 
(Fig. 1C). To investigate whether MSI1 also binds ZIKV 
3′UTR in vivo, ultraviolet (UV) crosslinking and RNA im-
munoprecipitation (CLIP) was performed from PE243-
infected U-251 glioblastoma cells, revealing a robust direct 
interaction between MSI1 and PE243 ZIKV RNA (Fig. 1E). 
Consistently, in ZIKV-infected cells, MSI1 co-localized with 

Neurodevelopmental protein Musashi 1 interacts with the 
Zika genome and promotes viral replication 
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A recent outbreak of Zika virus in Brazil has led to a simultaneous increase in reports of neonatal 
microcephaly. Zika targets cerebral neural precursors, a cell population essential for cortical 
development, but the cause of this neurotropism remains obscure. Here we report that the neural RNA-
binding protein Musashi-1 (MSI1) interacts with the Zika genome and enables viral replication. Zika 
infection disrupts the binding of MSI1 to its endogenous targets, thereby deregulating expression of 
factors implicated in neural stem cell function. We further show that MSI1 is highly expressed in neural 
progenitors of the human embryonic brain, and is mutated in individuals with autosomal recessive primary 
microcephaly. Selective MSI1 expression in neural precursors could therefore explain the exceptional 
vulnerability of these cells to Zika infection. 
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ZIKA-induced congenital microcephaly as	a	result of	ER	stress?



Gene	expression	profiles	suggest	that	ZIKV	activates	UPR

Gladwynng et	al.	Nat	Neurosci 2018



Human cortex	from infected fetuses show	signs of	ER	stress	and	UPR

Gladwynng et	al.	Nat	Neurosci 2018



ZIKV	induces ER	stress	and	UPR	activation	in	HiPSCs

Gladwynng et	al.	Nat	Neurosci 2018



ZIKA-induces ER	stress	and	activates UPR	in	mouse	embryos (ICV)

Gladwynng et	al.	Nat	Neurosci 2018



Fate	mapping	of	apical	progenitors	and	their	direct	cell	progeny

ICV	injection	of	ZIKV	in	E12.5	mouse	brains
In	utero	electroporation	of	GFP-expressing	plasmids	at	day	13.5
Fate-mapping	of	APs	and	of	their	direct	cell	progenies	at	E14.5

neurons	 Tbr2- Tbr1+

IPs	 Tbr2+ Tbr1+
immature	IPs	 Tbr2+ Tbr1-

APs Tbr2- Tbr1-

Does	UPR	induction	by	ZIKV-infection	result	in	impairment
of	the	neurogenic	balance?



Indirect neurogenesisDirect neurogenesis

ZIKV	infection	disrupts	the	UPR-dependent neurogenic	balance

Gladwynng et	al.	Nat	Neurosci 2018



Nature	Commun	(2017)	Vermillion

Specificity of	ZIKA-induced microcephaly in	mouse	embryos (IPL)

Gladwynng et	al.	Nat	Neurosci 2018



ZIKV	promotes UPR-dependent apoptosis in	newborn neurons

Gladwynng et	al.	Nat	Neurosci 2018



Model

UPR	PERKi

PERKi Terminal	
UPR

ZIKV	promotes microcephaly by	triggering ER	stress

Gladwynng et	al.	Nat	Neurosci 2018
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