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ABSTRACT 	

Since the emergence of Zika virus (ZIKV), reports of microcephaly have increased 

dramatically in Brazil; however, causality between the widespread epidemic and 

malformations in fetal brains has not been confirmed. Here, we examine the effects of 

ZIKV infection in human neural stem cells growing as neurospheres and cerebral 

organoids. Using immunocytochemistry and electron microscopy, we show that ZIKV 

targets human brain cells, reducing their viability and growth as neurospheres and 

cerebral organoids. These results suggest that ZIKV abrogates neurogenesis during 

human brain development.	

	

MAIN TEXT:	

Primary microcephaly is a severe malformation characterized by the reduction of brain 

size during embryonic development. Patients display a heterogeneous range of brain 

impairments, compromising motor, visual, hearing and cognitive functions (1). 	

Microcephaly is associated with decreased neuronal production as a consequence of 

proliferative defects and death of cortical progenitor cells (2). During pregnancy, the 

primary etiology of microcephaly varies from genetic mutations to external insults. The 

so-called TORCHS factors (Toxoplasmosis, Rubella, Cytomegalovirus, Herpes virus, 

Syphilis) are the main congenital infections that compromise brain development in utero 

(3).	

The dramatic increase in the rate of microcephaly in Brazil has been associated with the 

recent outbreak of Zika virus (ZIKV) (4), a flavivirus that is transmitted by mosquitoes 
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(5), and sexually (6-8). So far, ZIKV has been described in the placenta and amniotic 

fluid of microcephalic fetuses (9-12), and in the blood of microcephalic newborns 

(10,13). ZIKV had also been detected within the brain of a microcephalic fetus (12,13), 

however, there is no direct evidence that ZIKV causes brain malformations. 	

Here we used human induced pluripotent stem (iPS) cells cultured as neural stem cells 

(NSC), neurospheres and brain organoids to explore the consequences of ZIKV infection 

to neurogenesis.	

Human iPS-derived NSCs were infected with ZIKV (MOI 0.25 to 0.025). After 24 hours, 

ZIKV was detected in NSCs (Figure 1A-D), when viral envelope protein was present 

between 3.0% (MOI 0.025) and 8.4% (MOI 0.25) of the cell population exposed to ZIKV 

(Figure 1E). The virus RNA was also detected in these NSC cultures with qRT-PCR 

(Figure 1F), suggesting these cells supports productive infection. 	

In order to investigate the effects of ZIKV during neural differentiation, mock- and 

ZIKV-infected NSCs were cultured as neurospheres. After 3 days in vitro, mock NSCs 

generated round neurospheres. However, ZIKV-infected NSCs generated neurospheres 

with morphological abnormalities and cell detachment (Figure 2B). After 6 days in vitro 

(DIV), hundreds of neurospheres have grown under mock conditions (Figure 2C and 

2E). Strikingly, in ZIKV-infected NSCs (MOI 0.25 to 0.025) only a few neurospheres 

survived (Figure 2D and 2E). 	

Mock neurospheres present the expected ultrastructural morphology of nucleus and 

mitochondria (Figure 3A). ZIKV-infected neurospheres revealed the presence of viral 

particles (Figure 3C-F, arrows), similarly to the observed in murine glial and neuronal 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.1817v3 | CC-BY 4.0 Open Access | rec: 13 Mar 2016, publ: 13 Mar 2016



4	
	

cells (14). ZIKV was bound to the membranes as well as in mitochondria and vesicles of 

cells within infected neurospheres (Figure 3B-F). Apoptotic nuclei, a hallmark of cell 

death, were observed in all ZIKV-infected neurospheres analyzed (Figure 3B). Of note, 

ZIKV-infected cells in neurospheres presented smooth membrane structures (SMS) 

(Figure 3B and 3F), similar to previously described in other cell types infected with the 

dengue virus (15). These results suggest that ZIKV induces cell death in human neural 

stem cells, which impairs the formation of neurospheres. 	

To further investigate the impact of ZIKV infection during neurogenesis, human iPS-

derived cerebral organoids (16) were infected with ZIKV, and followed by 11 days in 

vitro  (Figure 4). The growth rate of 12 individual organoids (6 per condition) was 

measured during this period (Figure 4A-D). As a result of ZIKV infection, the average 

growth area of ZIKV-infected organoids was reduced by 40% when compared to brain 

organoids under mock conditions (0.624 mm2 ± 0.064 ZIKV-infected organoids versus 

1.051 mm2 ± 0.1084 mock-infected organoids normalized, Figure 4E). 	

Altogether, our results demonstrate that ZIKV induces cell death in human iPS-derived 

neural stem cells, disrupts the formation of neurospheres and reduces the growth of brain 

organoids (Figure 5). 	

Cell death impairing brain enlargement, incidence of calcifications and microcephaly is 

well described in congenital infections with TORCHS (17-19). Our results, together with 

the recent reports showing brain calcifications in microcephalic fetuses and newborns 

infected with ZIKV (9,13) reinforce the growing body of evidence connecting congenital 

ZIKV outbreak to the increased number of reports about brain malformations in Brazil.	
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METHODS:	

All protocols and procedures were approved by the institutional research ethics 

committee of Hospital Copa D'Or (CEPCOPADOR) under # 727.269.	

	

Human iPS cells 	

Human induced pluripotent stem cells (20) were cultured either on Essential 8 medium 

(Thermo Fisher Scientific, USA) containing DMEM/F12 and supplement, or mTeSR1 

(Stemcell Technologies, USA) on Matrigel (BD Biosciences, USA) coated surface. The 

colonies were manually passaged every 5-7 days until they reached 70-80% confluence 

and maintained at 37°C in humidified air with 5% CO2.     	

Neural stem cells	

Human iPS cells were split and 24h hours later medium was switched to PSC neural 

Induction Medium (Thermo Fisher Scientific, USA), containing Neurobasal medium and 

PSC supplement, according to manufacturer's protocol (21). Medium was changed every 

other day until day 7, when initial neural stem cells (NSC) are split and expanded on 

neural induction medium (Advanced DMEM/F12 and Neurobasal medium (1:1) with 

neural induction supplement; Thermo Fisher Scientific, USA).	

	

Formation of neurospheres	
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Neural stem cells (NSC) were cultured until 80% confluence and split with Accutase 

(Merck-Millipore, Germany). NSCs were resuspended in neural differentiation medium 

with half DMEM/F12 and half Neurobasal medium supplemented with 1X N2 and 1X 

B27 supplements. The suspended NSC cells were grown under rotation at 90 rpm, and 

medium was replaced every 4 days. Pictures were acquired using with EVOS Cell 

Imaging System (Thermo Fisher Scientific, USA).	

	

Formation of cerebral organoids	

The differentiation into cerebral organoids was based in a previously described protocol 

(16). Briefly, human iPS cells were dissociated and inoculated into a spinner flask 

containing a final volume of 50 mL of mTeSR1 supplemented with 10 µM Y-27632 

(Rho-associated protein kinases inhibitor, iRock) (Merck-Millipore, Germany) under 

rotation at 40 rpm. After 24h, the medium was changed to Dulbecco’s modified eagle 

medium (DMEM)/F12, supplemented with 20% KnockOut™ Serum Replacement 

(KOSR), 2 mM Glutamax, 1% MEM non-essential amino acids (MEM-NEAA), 55 µM 

2-Mercaptoethanol and 100 U/mL Penicillin-Streptomycin (Thermo Fisher Scientific, 

USA). By day 6, embryoid bodies were fed with neural induction media (DMEM/F12, 1x 

N2 supplement, 2 mM Glutamax, 1% MEM-NEAA and 1 µg/mL heparin (Sigma, USA) 

for 5 days. On day 11, cellular aggregates were embedded in Matrigel for 1h at 37°C and 

5% CO2. Then, medium was changed to 1:1 DMEM/F12: Neurobasal, 0.5x N2, 1x B27 

minus vitamin A, 2 mM Glutamax, 0.5% MEM-NEAA, 0.2 µM 2-Mercaptoethanol and 
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2.5 µg/mL insulin. After 4 days, cell aggregates were grown in neuronal differentiation 

media, composed as aforementioned except by replacing with B27 containing vitamin A 

(Thermo Fisher Scientific, USA). The medium was changed every week. Organoids were 

grown until 35 days under these conditions. Organoids were infected with ZIKV. Pictures 

were acquired using with EVOS Cell Imaging System (Thermo Fisher Scientific, USA). 

Areas of individual organoids were measured with ImageJ. 	

	

Infection of cells with ZIKV	

ZIKV strain MR766 (a kind gift of Dr. Davis F. Ferreira, Federal University of Rio de 

Janeiro, Brazil) was propagated in Vero cells. Briefly, cells were either mock or ZIKV-

infected. At 48 hours post infection (hpi), cytopathic effect was observed and conditioned 

media from mock and ZIKV-infected cells were harvested, centrifuged at 300 x g and 

stored at -80oC. ZIKV genome was sequenced and strain identity was confirmed 

(accession number NC_012532). ZIKV titers were determined by plaque assay 

performed in Vero cells 5 x 107 PFU/ml and diluted 1:100, 1:1000 and 1:10,000 (MOI 

ranging from 0.0025 to 0.25) to infect NSC and neurospheres or 1:100 and 1:10,000 in 

organoids experiments. Cells were incubated with virus or mock for 2 hours, when 

medium containing virus particles was replaced with fresh medium. NSCs were analyzed 

24 hours post-infection. Neurospheres were formed after the infection of NSC, and then 

grown until the 6th day. Organoids were infected with ZIKV (3 x 102 to 3 x 104 PFU) or 

mock on day 35 in vitro, and further incubated for 11 days until analysis.	
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RNA extraction and RT-PCR	

RNA from mock and ZIKV-infected NSCs supernatants were extracted using QIAamp 

Viral RNA Mini Kit according to manufacturer's instructions. Reverse transcription-

polymerase chain reaction (RT-PCR) was performed as a rapid molecular tool to detect 

viral infection in acute-phase samples using ZIKV primers 1086, 1162 and probe 1107 

FAM described elsewhere using TaqMan® One-Step RT-PCR Master Mix Reagents Kit 

(22). 	

	

Electron microscopy	

ZIKV-infected neurospheres were immersed in formalin for biosafety reasons. Then, 

neurospheres were immersed in fixative solution containing 2.5% glutaraldehyde (v/v), 

0.1 M Na-cacodylate buffer (pH 7.2). All samples were post fixed in 1% OsO4 in 

cacodylate buffer plus 5 mM calcium chloride and 0.8% potassium ferricyanide, 

dehydrated in acetone and embedded in EPON. Ultrathin sections (70 nm) were collected 

on 300 mesh copper grids, stained with uranyl acetate and lead citrate and observed at 80 

Kv with a Zeiss 900 transmission electron microscope.	

	

Immunostaining	

NSCs were seeded in 3.5 x 104 cells/cm2 cell density on 96-multiwell Cell-Carrier plates 

(PerkinElmer, USA) covered with 10 µg/mL poly-L-ornithine (Sigma-Aldrich, USA) 

overnight and 2.5 µg/mL laminin for 3 hours. After 24 hours, cells were fixed with 4% 
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paraformaldehyde (Sigma-Aldrich, USA) in phosphate-buffered saline for 15 min, 

permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, USA), treated with 50 mM 

ammonium chloride, followed by blocking with 3% bovine serum albumin (Sigma-

Aldrich, USA) and overnight incubation with rabbit anti-human-Sox2 (1:100; Merck-

Millipore, Germany) and mouse anti-flavivirus group antigen antibody (clone 4G2, 

1:100) (23). Subsequently, samples were incubated with the following secondary 

antibodies: goat anti-rabbit AlexaFluor 488 IgG (1:400; Thermo Fischer Scientific, USA) 

and goat anti-mouse Alexa Fluor 594 IgG (1:400; Thermo Fischer Scientific, USA). 

Nuclei were stained with 0.5 µg/mL 4′-6-diamino-2-phenylindole (DAPI) for 5 min. 

Images were acquired on Operetta high-content imaging system with a 20x objective, 

high numerical apertures (NA) (PerkinElmer, USA). Total number of cells was calculated 

by nuclei stained with DAPI. Analysis of data was performed using the image analysis 

software Harmony 5.1 (PerkinElmer, USA). Seven different fields from duplicate wells 

per experimental condition were used for quantification. Representative images were 

acquired on a confocal microscope (TCS SP8, Leica, Germany).	

	

Statistical analysis	

Data are expressed as mean ± SEM.  Statistical analyses were performed using unpaired 

two-tailed Student’s t-test with Prism software, version 6. *p < 0.05, **p < 0.01,  

***p<0.001.  	
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FIGURE LEGENDS:	

	

Fig. 1. ZIKV infects human neural stem cells 	

Confocal microscopy images of iPS-derived NSCs double stained for (A) ZIKV in the 

cytoplasm, and (B) Sox2 in nuclei, one day after virus infection. (C) DAPI staining,  (D) 

merged channels show perinuclear localization of ZIKV. Bar = 100 µm. (E) Percentage 

of ZIKV infected cells. (F) RT-PCR analysis of ZIKV RNA extracted from mock and 

ZIKV-infected neurospheres after 3 DIV, showing amplification only in infected cells.	

	

Fig. 2. ZIKV alters morphology and halts the growth of human neurospheres	

(A) Control neurosphere displays spherical morphology after 3 DIV. (B) Infected 

neurosphere showed morphological abnormalities and cell detachment after 3 DIV. (C) 

Culture well-plate containing hundreds of mock neurospheres after 6 DIV. (D) ZIKV-

infected well-plate (MOI = 0.025) containing only few neurospheres after 6 DIV. Bar = 

250 µm (A-B) and 1 cm (E). Quantification of the number of neurospheres in different 

MOI. Data presented as mean ± SEM, n=3, ***p<0.001	

	

Fig. 3. ZIKV induces death in human neurospheres	

Ultrastructural images of mock- and ZIKV-infected neurospheres after 6 days in vitro. 

(A) Well rounded mock-infected neurosphere, (B) ZIKV-infected neurosphere pyknotic 

nucleus, swollen mitochondria, smooth membrane structures and viral envelopes (arrow). 

Arrows point viral envelopes on cell surface (C), inside mitochondria (D), endoplasmic 
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reticulum (E), and close to smooth membrane structures (F). Bar = 1 µm (A-B) and 0.2 

µm (C-F). m = mitochondria; n = nucleus; sms = smooth membrane structures.	

	

Fig. 4. ZIKV reduces the growth rate of human cerebral organoids 	

(A, B) ZIKV-infected brain organoids show reduction in growth compared with mock 

brain organoids. (C, D) 11 days after infection in vitro, area of 6 mock brain organoids 

(C) and 6 ZIKV-infected brain organoids (D) was measured before and after infection. 

(E) Quantification of the average of organoid area in 46 days in vitro. Data presented as 

mean ± SEM, Student’s t-test, *p < 0.01. Arrows point to detached cells.	

 	

Fig. 5.  Summary of the effects of ZIKV infection in human neural stem cells, 

formation of neurospheres and growth of brain organoids. 	
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Figure 1	
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Figure 2	
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Figure 3	
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Figure 4	
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Figure 5	
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