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SUMMARY

Zika virus (ZIKV) infection during pregnancy is linked to microcephaly attributed to infection of 

developing brain structures. ZIKV infects neural progenitor cells in vitro, though its effects on 

other developmentally relevant stem cell populations, including cranial neural crest cells (CNCCs), 

have not been assessed. CNCCs give rise to most cranial bones and exert paracrine effects on the 

developing brain. Here, we report that CNCCs are productively infected by ZIKV, but not by the 

related dengue virus. ZIKV-infected CNCCs undergo limited apoptosis but secrete cytokines that 

promote death and drive aberrant differentiation of neural progenitor cultures. Addition of two 

such cytokines, LIF or VEGF, at levels comparable to those secreted by ZIKV-infected CNCCs is 

sufficient to recapitulate premature neuronal differentiation and apoptotic death of neural 
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progenitors. Thus, our results suggest that CNCC infection by ZIKV may contribute to associated 

embryopathies through signaling cross-talk between developing face and brain structures.
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MAIN TEXT

Zika virus (ZIKV), an arbovirus of the Flaviviridae family first isolated in Uganda in 1947, 

has recently undergone a major outbreak in Latin American countries, where it has been 

linked to significant adverse fetal outcomes including microcephaly (Brasil et al., 2016). A 

significant effort has subsequently been devoted to defining mechanisms underlying the 

developmental abnormalities that lead to microcephaly, with the focus on the direct effects 

of ZIKV infection on growth and survival of the neural progenitor cells (NPCs), whose 

expansion or decline ultimately affects brain size. These studies demonstrated that ZIKV 

infects human NPCs and in vitro derived brain organoids, impeding their proliferation and 

survival (Garcez et al., 2016; Tang et al., 2016).

However, brain development is a complex process influenced by the paracrine effects from 

other surrounding embryonic structures. For example, development of the brain and face is 

integrated at multiple levels, and this integration is mediated by the spatial proximity, shared 

inductive pathways and signaling crosstalk between the two developing structures (Marcucio 

et al., 2015). Consequently, dysfunction in either system can affect the other. Interestingly, in 

the context of ZIKV-induced microcephaly, the majority of cases are accompanied by 

craniofacial abnormalities (de Fatima Vasco Aragao et al., 2016), suggesting that such 

crosstalk may be relevant for understanding the ZIKV-associated embryopathies. 

Craniofacial structures, including the majority of bone, cartilage, smooth muscle and 

vasculature of the head and face, are largely derived from a migratory embryonic cell 

population called cranial neural crest cells (CNCCs). CNCCs emerge from the dorsal-

anterior neural tube, and thus share embryonic origins with the developing central nervous 

system. Later in embryogenesis, as CNCCs form facial structures, the signaling molecules 

secreted by them are necessary for normal brain development (Le Douarin et al., 2007).
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We hypothesized that, in addition to the previously reported direct effects of ZIKV infection 

on NPCs, this virus can also affect neurogenesis indirectly, via paracrine effects mediated by 

the infection of CNCCs. To test this hypothesis, we took advantage of the in vitro 
differentiation model previously developed in our lab, in which human embryonic stem cells 

(hESC) are first induced to form neuroepithelial spheres that subsequently attach and give 

rise to migratory CNCCs (Bajpai et al., 2010; Prescott et al., 2015) (Figure 1A). In vitro 
derived human CNCCs can be maintained as a nearly homogenous population exhibiting 

molecular and cellular characteristics of bona fide embryonic CNCCs (Bajpai et al., 2010; 

Prescott et al., 2015). To test susceptibility of these in vitro derived CNCCs to infection, we 

exposed CNCCs at early (p3) and late (p6) passages to ZIKV and, to facilitate relative 

comparisons, performed parallel infections of hESCs and neuroepithelial spheres at matched 

MOI (Figure 1A). Intracellular staining for flavivirus group antigen (which recognizes both 

ZIKV and the related dengue flavivirus, DENV) followed by flow cytometry analysis 

revealed that CNCCs were consistently more robustly infected with ZIKV than either hESCs 

or neuroepithelial spheres (example analysis shown in Figure 1B with % of positively 

stained cells indicated for each cell population). Confocal imaging of immunostained cells 

confirmed detection of viral cytoplasmic signal only in ZIKV-infected samples, and 

expression of canonical CNCC markers p75 and Sox9 in the ZIKV+ cells (Figure S1A). To 

assess whether CNCCs were permissive to viral reproduction, cellular supernatants were 

harvested from CNCCs 24 hours following ZIKV infection, and assessed for viral titer by 

plaque assay on Vero cells (Figure 1C). CNCCs supported a productive infection, with 105–

107 plaque forming units detected in the supernatant at MOIs of 0.01 to 0.1, a concentration 

that exceeds the concentration of introduced viral particles 2–10-fold. In contrast, DENV at 

matched MOI failed to infect CNCCs: in a representative experiment, 27.6% of ZIKV-

infected CNCCs were positive for flavivirus group antigen by flow cytometry, compared to 

0.20% of DENV-infected cells and 0.14% of mock-infected cells (Figure 1D). In all, ZIKV 

was associated with a significantly increased frequency of flavivirus group antigen positive 

cells (p = 0.0078, Wilcoxon paired signed-rank test) compared to mock infection and to 

DENV infection (p = 0.044, unpaired Mann-Whitney test) (Figure 1E). Consistent with the 

observed tropism of ZIKV and DENV, RNA-seq analysis reveals that CNCC express AXL, 

which allows ZIKV entry (Nowakowski et al., 2016; Savidis et al., 2016) at much greater 

levels than DC-SIGN, a canonical entry receptor for DENV (Cruz-Oliveira et al., 2015), 

(Figure S1B).

Despite productive infection of CNCCs with ZIKV, relatively little apoptotic death is seen 

following ZIKV infection. We observe a minor increase in apoptotic death at 24 hours after 

ZIKV exposure (4.3% compared to 3.6% at baseline), but not for DENV (2.9% compared to 

3.6%) (Figure 1F). This effect is slightly more pronounced at 72 hours after exposure, with 

8.8% of the ZIKV virus infected cells undergoing apoptotic death, compared to 4% 

apoptosis with mock infection ant 3.9% with DENV. (Figure 1G). A lower MOI leads to a 

slight decrease in levels of apoptosis (Figure S1E). Taken together, these observations 

indicate that CNCCs are highly susceptible to ZIKV infection and support viral replication 

while only experiencing modest apoptotic death. Interestingly, this susceptibility is specific, 

as CNCCs are resistant to infection by a related flavivirus, DENV.
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In light of the importance of CNCCs in establishing the signaling milieu in the developing 

brain, we next examined whether the paracrine effects of ZIKV-infected CNCCs could have 

an effect on developing neural progenitor cells. To this end, CNCC monolayers were seeded 

on transwell membranes and infected with ZIKV (or mock infected) for 24 hours before co-

culturing with neurospheres separated by the transwell membrane. After 3 days, 

neurospheres were fixed and visualized by confocal immunofluorescence imaging. 

Migratory projections were visualized as Tuj1+DAPI+ protrusions migrating away from the 

sphere bolus (Figure 1Hi), increased neuronal growth as Tuj1+ axonal projections (Figure 

1Hii), and apoptosis by cleaved caspase-3 staining (Figure 1H, green). Neurospheres co-

incubated in with ZIKV-infected, but not uninfected, CNCCs across a transwell membrane 

showed striking changes in morphology, including presence of migratory or neuronal 

projections (Figure 1H, quantified in Figure 1I). Notably, the pronounced morphological 

differences seen after co-incubation with infected CNCCs are not seen following direct 

infection of neurospheres with ZIKV (Figure S1F). In addition, apoptosis is significantly 

increased in neurospheres co-incubated with infected CNCCs, compared to neurospheres 

cultured alone (Figure 1H, Figure 1J).

To identify the specific soluble factors involved in the paracrine exchange between CNCCs 

and neural progenitors that drive ZIKV pathogenesis, we harvested cell supernatants from 

two independent infections of CNCCs for assessment of cytokine concentrations using a 

human 63-plex Luminex assay (Kuznetsova et al., 2015). Following infection with ZIKV at 

an MOI of 0.1, CNCCs produced over 60-fold more LIF, IL-6, and PAI-1 and 10-fold more 

VEGF, IL-17F, TGF-α and MCSF than mock infected controls, and these increases showed 

dose-dependency on the viral titer (Figure 2A, S2A). Exposure to DENV did not elicit a 

cytokine response of note (Figure 2B), and the same cytokine profile is elicited by MR-766 

or H/PF/2013 strains of ZIKV (Figure 2B, S2F). ZIKV-infected CNCCs secreted LIF at a 

concentration of 620 pg/mL, compared to 1 pg/ml as seen from the mock infected controls 

(Figure 2C). Other cytokines secreted at high concentrations included IL-6 (2427 pg/ml in 

ZIKV vs. 6.78 pg/ml in mock), PAI-1 (3978 pg/ml in ZIKV vs. 38.6 pg/ml in mock), and 

VEGF (16 ng/ml in ZIKV vs. 0.26 ng/ml in mock) (Figure 2D, Figure S2B–C). Importantly, 

infection did not universally increase cytokine concentrations; for instance, neither IL-10 (9 

pg/ml in ZIKV vs. 8 pg/ml in mock) nor VCAM1 (3.7 ng/ml in ZIKV vs. 2.1 ng/ml in 

mock) were significantly elevated in response to infection (Figure S2D–E). Of note, we also 

did not observe a strong interferon response, with less than 2-fold induction of IFN-α, -β, 

and -γ (Figure 2A), an observation consistent with previously reported requirements for 

ZIKV replication (Hamel et al., 2015; Lazear et al., 2016).

Our results are in agreement with the possibility that cytokines secreted by ZIKV-infected 

CNCCs may influence neurogenesis. To test this, we treated hESC-derived neurospheres 

with LIF or VEGF at concentrations corresponding to those secreted by infected CNCCs. 

We selected these two cytokines for our proof-of-principle experiments, as they have been 

previously linked to neural progenitor cell proliferation, neurogenesis and/or neuronal 

migration, which are processes perturbed in our co-culture experiments (Bauer and 

Patterson, 2006; Mackenzie and Ruhrberg, 2012; Simamura et al., 2010). In addition, neural 

progenitors express receptors for both LIF and VEGF, suggesting that in principle, they 

should be responsive to these signals (Figure S1C–D). After a 3 day treatment, increased 
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migratory cellular outgrowth and increased neuronal growth were observed in neurospheres 

developing in the presence of LIF or VEGF (Figure 2E, Figure S2G). Blinded image 

quantification revealed that untreated neurospheres had a significantly higher frequency of 

spheres lacking migratory (Figure 2Ei) or neuronal projections (Figure 2Eii) compared to 

neurospheres treated with either LIF or VEGF (Figure 2F, media vs. LIF, n = 202, p = 

0.0029; media vs. VEGF, n = 169, p < 0.0001, chi-square test for equal proportionality). 

Furthermore, spheres treated with either LIF or VEGF had higher proportions of 

neurospheres with migratory cellular growth compared to untreated spheres (Figure S2H, 

media vs. LIF, n = 202, p = 0.0289; media vs. VEGF, n = 169, p = 0.0029, chi-square test for 

equal proportionality). Although the proportion of neurospheres that had at least one 

neuronal outgrowth was not significantly affected between the conditions (Figure S2I), when 

spheres with >15 neuronal projections were considered, significant differences in neuronal 

phenotype were observed between untreated and either LIF or VEGF treated cells (Figure 

2G, media vs. LIF, n = 39, p = 0.0154; media vs. VEGF, n = 36, p = 0.0077, chi-square test 

for equal proportionality). More detailed analysis uncovered a shift towards a higher number 

of axonal projections per sphere in LIF or VEGF treated conditions (Figure S2J), with 

spheres containing >35 projections present only in LIF or VEGF treated samples, but not 

untreated controls. Both conditions also significantly increased the frequency of apoptotic 

cell death, as detected by cleaved caspase-3 staining (Figure 2H, LIF vs. media: p = 0.0152; 

VEGF vs. media: p = 0.0022, Mann-Whitney test). In sum, these results show that addition 

of LIF or VEGF at levels elicited by ZIKV in CNCCs to the developing neurospheres results 

in precocious neurogenesis, increased migration and elevated apoptosis. Importantly, in the 

in vivo context, these phenotypes can contribute to microcephaly, as proliferation, survival, 

and differentiation timing can all ultimately affect neural progenitor cell numbers and 

influence brain size.

Our observation that ZIKV causes productive infection in CNCCs is significant on several 

levels. Firstly, size and development of the skull are affected in ZIKV-associated 

microcephaly. While this may be an indirect consequence of defective brain growth, in light 

of our results direct impact of ZIKV infection on cranial mesenchyme should be considered. 

Secondly, we showed that ZIKV can replicate in CNCCs and that the majority of ZIKV-

infected CNCCs do not seem to undergo apoptosis, and thus these cells (and potentially their 

derivatives) could act as a reservoir for ZIKV reproduction in the vicinity of the developing 

brain, allowing for continued secretion of infectious virus. Since no infection or viral 

replication by DENV is seen, the resistance of CNCCs to DENV may provide one 

explanation of the lack of significant adverse fetal outcomes following maternal DENV 

infection. Finally, as the development of CNCCs and their derivatives is closely intertwined 

with the formation of the central nervous system, our data uncovers a potential mechanism 

by which ZIKV infection may drive embryonic pathogenesis in the brain itself. Considerable 

increases in secretion of LIF, VEGF, IL-6 and other molecules by ZIKV-infected CNCCs 

could have both autocrine effects (in turn affecting formation of cranial bone and cartilage) 

as well as paracrine effects on the developing central nervous system. Indeed, we provide 

evidence that addition of either LIF or VEGF alone at concentrations elicited by ZIKV 

infection influences survival and differentiation of neural progenitor cells. Thus, our work 
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brings attention to previously unappreciated non cell-autonomous mechanisms that may 

underlie ZIKV-associated microcephaly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zika virus (ZIKV) productively infects cranial neural crest cells (CNCCs)
A. Model of in vitro human neural development.

B. Embryonic stem cells (ESCs), neurospheres, and CNCCs were infected with ZIKV at 

MOI 0.1 (or mock infected in PBS) for 1 hour, and incubated for 23 hours at 37C. Infection 

was detected by intracellular staining for ZIKV with anti-flavivirus group surface antigen 

and analyzed by flow cytometry. See also Figure S1A.

C. Viral titers in culture supernatants as determined by plaque assay on Vero cells. Bars 

represent mean titer from two technical replicates of supernatants from two independent 
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biological experiments. Plaque formation was not detected (N.D.) in supernatants from 

mock-infected controls. Error bars are S.D.

D. CNCCs were infected with ZIKV or DENV at matched MOI (or mock infected in PBS) 

for 1 hour, followed by 23 hours of incubation at 37°C. Infection was detected by 

intracellular staining for ZIKV with anti-flavivirus group surface antigen and flow 

cytometry. Data is from a representative experiment.

E. Summary of infections of CNCCs. Points represent independent biological experiments. 

ZIKV vs. mock, p = 0.0078, Wilcoxon paired signed-rank test. ZIKV vs. DENV, p = 0.044, 

Mann-Whitney test. (Mock and ZIKV n=10, DENV n=2). *p < 0.05; **p < 0.01.

F–G. Quantifications of flow cytometry analysis of apoptotic death at 24 hours (F) and 72 

hours (G) after infection. Cells were stained with Annexin V and propidium iodide to mark 

early apoptosis (Annexin V+/PI−), late apoptosis (Annexin V+/PI+) and non-apoptotic dead 

cells (Annexin V−/PI+). See also Figure S1E.

H. Confocal immunofluorescent images of neurospheres after 72 hours of transwell culture. 

Neurospheres were incubated alone (left), or with uninfected (center) and ZIKV-infected 

(right) CNCCs on the transwell membrane. Neurospheres were stained for cleaved caspase-3 

(green), Tuj1 (red), and DAPI (blue). See Figure S1F for ZIKV-infected neurospheres alone.

i. Example of non-neuronal migratory cellular outgrowth

ii. Example of neuronal projections

I. Quantification of neurosphere morphology after exposure to transwell CNCCs. Spheres 

alone vs. +ZIKV-inf CNCCs, p = 0.0041, chi-squared test of equal proportions; uninfected 

CNCCs vs. ZIKV-inf CNCCs, p = 0.0139, chi-squared test of equal proportions. *p < 0.05; 

**p < 0.01.

J. Quantification of apoptotic activity in neurospheres. Confocal image z-stacks were 

analyzed for the intensity of Tuj1 and caspase signals. Caspase-3 intensities were normalized 

by Tuj1 signal (in the central bolus of the neurosphere) to account for differences in 

neurosphere size. Spheres alone vs. +ZIKV-inf CNCCs, p = 0.0260, Mann-Whitney test; 

uninfected CNCCs vs. ZIKV-inf CNCCs, p = 0.1320, Mann-Whitney test.

*p < 0.05.
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Figure 2. ZIKV-Infected CNCCs secrete LIF and VEGF at high concentrations, promoting 
apoptosis and premature neuronal formation in neurospheres
A. Cell culture supernatants were collected from CNCCs infected with ZIKV at MOI 0.1 or 

0.01 or mock infected for 24 hours. Secreted cytokine levels were measured by a 63-plex 

Luminex assay. Shown here are analytes with >5-fold induction, IFNs, and VCAM1 and 

IL-10 for comparison. Data is represented as mean fluorescent intensity (MFI) fold-change 

compared to uninfected sample. Each bar represents mean MFI from two technical replicates 

from each of two independent biological experiments. Error bars represent S.D. See also 

Figure S2A.
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B. Luminex fold-changes 24 hours after infection with MOI 0.01 ZIKV or DENV or mock 

infection. Data is represented as mean fluorescent intensity (MFI) fold-change compared to 

uninfected sample. Each bar represents mean MFI from two technical replicates from each 

of two independent biological experiments. Error bars represent S.D. See also Figure S2F.

C–D. Concentrations of (C) LIF and (D) VEGF in culture supernatants after 24 hour ZIKV 

infection at MOI 0.1, 0.01 or mock infection. Values represent mean concentration as 

determined from standard curves for each analyte. Error bars represent S.E.M. of two 

independent biological experiments with two technical replicates each. See also Figure S2B–

E.

E. Neural precursor cells were differentiated from hESCs and grown as neurospheres. Seven 

days after sphere formation, exogenous LIF or VEGF was added to culture media, and 

spheres were observed for 3 days, followed by fixation and staining for DNA (DAPI, blue), 

apoptosis (cleaved caspase-3, green), and β-tubulin to mark neurons (Tuj1, red). 

Representative images are shown of neurospheres grown in culture media alone (left panel), 

with 1 ng/ml LIF (center panel), and with 16 ng/ml VEGF (right panel). See also Figure 

S2G.

i. Examples of non-neuronal migratory cellular outgrowth

ii. Examples of neuronal outgrowth

F. Images were scored by an objective observer for morphology. Data represents proportions 

of spheres showing no migratory cell projections or neuronal projections under normal 

media conditions and after the addition of LIF or VEGF. Chi-squared test of equal 

proportions. See also Figure S2H-I.

G. Images scored positive for neurons were grouped into spheres with low (<15) and high 

(<15) numbers of neurons. Chi-squared test of equal proportions. See also Figure S2J.

H. Quantification of apoptotic activity in neurospheres. Confocal image z-stacks were 

analyzed for the intensity of Tuj1 and caspase signals. Caspase-3 intensities were normalized 

by Tuj1 signal (in the central bolus of the neurosphere) to account for differences in 

neurosphere size. Mann-Whitney test.

*p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001.

Bayless et al. Page 11

Cell Host Microbe. Author manuscript; available in PMC 2017 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	Graphical Abstract
	MAIN TEXT
	References
	Figure 1
	Figure 2

