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a b s t r a c t
a r t i c l e i n f o
ZIKA virus (ZIKV) is a newly emerging arbovirus. Since its discovery 60 years ago in Uganda, it has spread
throughout the Pacific, Latin America and the Caribbean, emphasizing the capacity of ZIKV to spread to non-en-
demic regions worldwide. Although infection with ZIKV often leads to mild disease, its recent emergence in the
Americas has coincidedwith an increase in adults developing Guillain-Barré syndrome and neurological compli-
cations in new-borns, such as congenital microcephaly. Many questions remain unanswered regarding the com-
plications caused by different primary isolates of ZIKV. Here, we report the permissiveness of primary human
astrocytes for two clinically relevant, Asian and African ZIKV strains and show that both isolates strongly induce
antiviral immune responses in these cells albeitwithmarkedly different kinetics. This study describes for the first
time the specific antiviral gene expression in infected primary human astrocytes, the major glial cells within the
central nervous system.
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ZIKA virus (ZIKV) is a newly emerging arbovirus belonging to the
Flaviviridae family that has caused several neurological disorders, in-
cluding Guillain-Barré Syndrome and microcephaly, during recent
French Polynesian and Latin American epidemics (Brasil et al., 2016;
Cao-Lormeau et al., 2016; Mlakar et al., 2016). Strains implicated in
these outbreaks have been traced to the Asian lineage (Enfissi et
al., 2016). Although the virus has been circulating for decades in
Sub-Saharan Africa and Asia, there has been, until recently, no
evidence for significant human pathology associated with ZIKV
infection. This might be due to deficient or inadequate surveillance
systems or to the possibility that the virusmay have evolved to become
more neurotropic with increased replicative capacity. ZIKV has been
shown to abrogate neurogenesis during human brain development
(Garcez et al., 2016), thereby confirming the neural tropism of the
virus (Qian et al., 2016). In this respect, it is important to note that
astrocytes are among the first cells to respond to viral infection in
the developing brain (Furr and Marriott, 2012). Indeed, this cell
type was reported to be permissive for ZIKV infection (Retallack et
al., 2016). However, notwithstanding the importance of astrocytes
in potential viral transmission and neural pathogenesis, no studies
have addressed the antiviral response in these cells following ZIKV
infection. Here, we have evaluated the effect of Asian (H/PF/2013)
(Genbank KJ776791) and African (HD 78788) (Genbank KF383039)
(Faye et al., 2014) clinical isolates of ZIKV on the innate antiviral re-
sponse by infected human astrocytes (CliniSciences, France). Both
virus strains were found to replicate in primary human astrocytes, as
shown by a gradual increase in viral RNA levels of infected cells, detect-
ed by real-time PCR (Fig. 1A). Starting at 6 h postinfection (hpi), ZIKV
RNA copy numbers increased with maximal expression levels detected
at 48 hpi which were maintained up to 96 hpi during the course of in-
fection. Next, we evaluated the ability of primary human astrocytes to
produce viral progeny in vitroby determining viral titers in the superna-
tants of ZIKV-infected cells, using a standard plaque assay. The results
show an increase in the production of viral particles over time, indicat-
ing active viral replication in the cells infected by the two viral strains
(Fig. 1B). It is of note that although a 2 log difference in production of
viral RNA between the two ZIKV strains was observed as early as
6 hpi, the viral production levels induced by both strainswere compara-
ble (Fig. 1).

The antiviral gene expression profile of ZIKV-infected astrocytes was
determined at early time points post infection using qPCR array and com-
paredwith that ofmock-infected cells (Fig. 2A, B and C). Unlike humanfi-
broblasts (Hamel et al., 2015), ZIKV-infected astrocytes expressed several
pattern recognition receptors (PRRs) involved in the innate immune
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Fig. 1. Primary human astrocytes are permissive to ZIKV infection. (A) Human astrocytes were infected with ZIKV strains H/PF/2013 or HD78788 at MOI (multiplicity of infection) 4 and
harvested at different times postinfection. Expression of viral RNA was determined by real-time RT-PCR. (B) Viral replication was determined by plaque assay of culture supernatants of
ZIKV-infected cells. Experiments were performed three times and error bar represent standard error of themean. The t-test was employed to analyze the differences between sets of data.
*, P b 0.05.
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response, including TLRs (Toll Like Receptors), NLRs (NOD like Receptors)
and RLRs (RIG-I Like Receptors), which was associated with the ex-
pression of not only IFN-β and Interferon-stimulated genes (ISGs),
but also chemokines and gene products involved in the activation
of the inflammasome pathway (Fig. 2). Notably, the kinetics of in-
duction of the antiviral responses by astrocytes differed significantly
between the two ZIKV strains (Fig. 2A, B and C), whereas infection of
astrocyteswith the Asian strain lead to the expression of these innate
immune response genes already at 6 hpi, their induction by the African
strain was delayed and was observed around 24 hpi. On the other
hand, the induction of several MAPKinases, as well as that of SPP1,
TRAF3 and TBK1 genes, seemed to be upregulated to a greater extent
by the Asian strain, as compared to its African counterpart (Fig. 2A).
Moreover, the upregulation of the expression of the latter genes, in-
volved in signaling events downstream of TLRs and RLRs, by the
Asian strain is likely to be specific for astrocyte-mediated antiviral
responses, because it was not observed in ZIKV-infected fibroblasts.
Both strains were able to upregulate the expression of TLR3 in
human astrocytes (Fig. 2B), confirming a similar observation in
human fibroblasts (Hamel et al., 2015) and mouse neurospheres
(Dang et al., 2016). In contrast to the Asian strain, the African strain
also upregulated the expression of TLR7 and TLR9 transcripts (Fig.
2B). The two ZIKV strains were also able to modulate the NLR signal-
ing pathway with some intrinsic differences at early time points fol-
lowing infection, such as the expression of transcripts for MEFV,
NLRP3, and NOD2 by the African, but not Asian ZIVK strain-infected
cells (Fig. 2B). However, at 48 hpi both strains induced a similar
gene expression profile (Fig. 2C). Finally, infection of astrocytes
with either strain lead to the induction of the IFN type I transcripts,
with a slightly lower induction of ISGs by the African-, as compared
to the Asian strain. At present studies are ongoing in order to deter-
mine a possible link between the elevated accumulation of viral RNA
in African ZIKV-infected astrocytes and the results of the tran-
scriptome analysis. Nevertheless, it can be hypothesized that the
delay in the induction of an antiviral response by the ZIKV strain of
West-African origin brings about the replication of viral RNA,
resulting a higher copy number of ZIKV transcripts in a time-depen-
dent manner, as compared to that of the Asian strain. In addition, the
antiviral response seems to mainly affect viral RNA replication step
since the production of virus progeny is similar between the two
ZIKV strains.

In conclusion, the results from this comparative analysis of
ZIKV-infected human astrocytes show that both the Asian and the
African strains induce the primary expression of genes, such as
those belonging to the MAPKinase family (Kim and Choi, 2010) or
those involved in ZIKV infection pathogenesis such as TBK1
(Onorati et al., 2016) and TLR3 (Dang et al., 2016), whose activity
has been associated with neurodegenerative disease. Further inves-
tigation is however needed to establish a link between these obser-
vations and the physiopathological differences between both ZIKV
strains.
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Fig. 2. Infectedhumanastrocytes induce a differential antiviral response according to the viral strain. Primaryhumanastrocyteswere exposed to ZIKVH/PF/2013 orHD78788 atMOI 4. The
modulation of antiviral geneexpressionwas quantifiedbyRT2 Profiler PCRarrays for human antiviral response (PAHS-122Z format, Qiagen, Courtaboeuf, France) at 6 (A), 24 (B) and 48 (C)
hours postinfection. Data were record on automatic datasheet for analysis. The fold change of gene expression was calculated in comparison to the values obtained from mock-infected
cells. Statistically significant up-regulation and down-regulation in fold induction appear above the upper dotted line or below the down dotted line respectively. Statistical analysis
was performed using the RT2 profiler RT-PCR Array Data Analysis version 3.5.

136 R. Hamel et al. / Infection, Genetics and Evolution 49 (2017) 134–137
References

Brasil, P., Pereira, J.P., Moreira, M.E., Ribeiro Nogueira, R.M., Damasceno, L., Wakimoto, M.,
Rabello, R.S., Valderramos, S.G., Halai, U.-A., Salles, T.S., Zin, A.A., Horovitz, D., Daltro,
P., Boechat, M., Raja Gabaglia, C., Carvalho de Sequeira, P., Pilotto, J.H., Medialdea-
Carrera, R., Cotrim da Cunha, D., Abreu de Carvalho, L.M., Pone, M., Machado
Siqueira, A., Calvet, G.A., Rodrigues Baião, A.E., Neves, E.S., Nassar de Carvalho, P.R.,
Hasue, R.H., Marschik, P.B., Einspieler, C., Janzen, C., Cherry, J.D., Bispo de Filippis,
A.M., Nielsen-Saines, K., 2016. Zika virus infection in pregnant women in Rio de
Janeiro. N. Engl. J. Med. 375:2321–2334. http://dx.doi.org/10.1056/NEJMoa1602412.

Cao-Lormeau, V.-M., Blake, A., Mons, S., Lastère, S., Roche, C., Vanhomwegen, J., Dub, T.,
Baudouin, L., Teissier, A., Larre, P., Vial, A.-L., Decam, C., Choumet, V., Halstead, S.K.,
Willison, H.J., Musset, L., Manuguerra, J.-C., Despres, P., Fournier, E., Mallet, H.-P.,
Musso, D., Fontanet, A., Neil, J., Ghawché, F., 2016. Guillain–Barré syndrome outbreak
associated with Zika virus infection in French Polynesia: a case-control study. Lancet
387:1531–1539. http://dx.doi.org/10.1016/S0140-6736(16)00562-6.

Dang, J., Tiwari, S.K., Lichinchi, G., Qin, Y., Patil, V.S., Eroshkin, A.M., Rana, T.M., 2016.
Zika virus depletes neural progenitors in human cerebral organoids through ac-
tivation of the innate immune receptor TLR3. Cell Stem Cell 19:258–265. http://
dx.doi.org/10.1016/j.stem.2016.04.014.

Enfissi, A., Codrington, J., Roosblad, J., Kazanji, M., Rousset, D., 2016. Zika virus genome
from the Americas. Lancet 387:227–228. http://dx.doi.org/10.1016/S0140-
6736(16)00003-9.
Faye, O., Freire, C.C.M., Iamarino, A., Faye, O., de Oliveira, J.V.C., Diallo, M., Zanotto, P.M.A.,
Sall, A.A., 2014. Molecular evolution of Zika virus during its emergence in the 20th
century. PLoS Negl. Trop. Dis. 8, e2636. http://dx.doi.org/10.1371/journal.pntd.
0002636.

Furr, S.R., Marriott, I., 2012. Viral CNS infections: role of glial pattern recognition receptors
in neuroinflammation. Front. Microbiol. 3. http://dx.doi.org/10.3389/fmicb.2012.
00201.

Garcez, P.P., Loiola, E.C., Madeiro da Costa, R., Higa, L.M., Trindade, P., Delvecchio, R.,
Nascimento, J.M., Brindeiro, R., Tanuri, A., Rehen, S.K., 2016. Zika virus impairs growth
in human neurospheres and brain organoids. Science 352:816–818. http://dx.doi.org/
10.1126/science.aaf6116.

Hamel, R., Dejarnac, O., Wichit, S., Ekchariyawat, P., Neyret, A., Luplertlop, N., Perera-
Lecoin, M., Surasombatpattana, P., Talignani, L., Thomas, F., Cao-Lormeau, V.-M.,
Choumet, V., Briant, L., Desprès, P., Amara, A., Yssel, H., Missé, D., 2015. Biology of
Zika virus infection in human skin cells. J. Virol. 89:8880–8896. http://dx.doi.org/10.
1128/JVI.00354-15.

Kim, E.K., Choi, E.-J., 2010. Pathological roles of MAPK signaling pathways in human dis-
eases. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1802:396–405. http://dx.doi.
org/10.1016/j.bbadis.2009.12.009.

Mlakar, J., Korva, M., Tul, N., Popović, M., Poljšak-Prijatelj, M., Mraz, J., Kolenc, M., Resman
Rus, K., Vesnaver Vipotnik, T., Fabjan Vodušek, V., Vizjak, A., Pižem, J., Petrovec, M.,
Avšič Županc, T., 2016. Zika virus associated with microcephaly. N. Engl. J. Med.
374:951–958. http://dx.doi.org/10.1056/NEJMoa1600651.

http://dx.doi.org/10.1056/NEJMoa1602412
http://dx.doi.org/10.1016/S0140-6736(16)00562-6
http://dx.doi.org/10.1016/j.stem.2016.04.014
http://dx.doi.org/10.1016/S0140-6736(16)00003-9
http://dx.doi.org/10.1016/S0140-6736(16)00003-9
http://dx.doi.org/10.1371/journal.pntd.0002636
http://dx.doi.org/10.1371/journal.pntd.0002636
http://dx.doi.org/10.3389/fmicb.2012.00201
http://dx.doi.org/10.3389/fmicb.2012.00201
http://dx.doi.org/10.1126/science.aaf6116
http://dx.doi.org/10.1128/JVI.00354-15
http://dx.doi.org/10.1128/JVI.00354-15
http://dx.doi.org/10.1016/j.bbadis.2009.12.009
http://dx.doi.org/10.1056/NEJMoa1600651
Image of Fig. 2


137R. Hamel et al. / Infection, Genetics and Evolution 49 (2017) 134–137
Onorati, M., Li, Z., Liu, F., Sousa, A.M.M., Nakagawa, N., Li, M., Dell'Anno, M.T., Gulden, F.O.,
Pochareddy, S., Tebbenkamp, A.T.N., Han, W., Pletikos, M., Gao, T., Zhu, Y., Bichsel, C.,
Varela, L., Szigeti-Buck, K., Lisgo, S., Zhang, Y., Testen, A., Gao, X.-B., Mlakar, J., Popovic,
M., Flamand, M., Strittmatter, S.M., Kaczmarek, L.K., Anton, E.S., Horvath, T.L.,
Lindenbach, B.D., Sestan, N., 2016. Zika virus disrupts phospho-TBK1 localization
and mitosis in human neuroepithelial stem cells and radial glia. Cell Rep. 16:
2576–2592. http://dx.doi.org/10.1016/j.celrep.2016.08.038.

Qian, X., Nguyen, H.N., Song, M.M., Hadiono, C., Ogden, S.C., Hammack, C., Yao, B.,
Hamersky, G.R., Jacob, F., Zhong, C., Yoon, K., Jeang, W., Lin, L., Li, Y., Thakor, J., Berg,
D.A., Zhang, C., Kang, E., Chickering, M., Nauen, D., Ho, C.-Y., Wen, Z., Christian, K.M.,
Shi, P.-Y., Maher, B.J., Wu, H., Jin, P., Tang, H., Song, H., Ming, G., 2016. Brain-region-
specific organoids using mini-bioreactors for modeling ZIKV exposure. Cell 165:
1238–1254. http://dx.doi.org/10.1016/j.cell.2016.04.032.

Retallack, H., Di Lullo, E., Arias, C., Knopp, K.A., Laurie, M.T., Sandoval-Espinosa, C., Mancia
Leon, W.R., Krencik, R., Ullian, E.M., Spatazza, J., Pollen, A.A., Mandel-Brehm, C.,
Nowakowski, T.J., Kriegstein, A.R., DeRisi, J.L., 2016. Zika virus cell tropism in the de-
veloping human brain and inhibition by azithromycin. Proc. Natl. Acad. Sci. 113:
14408–14413. http://dx.doi.org/10.1073/pnas.1618029113.

http://dx.doi.org/10.1016/j.celrep.2016.08.038
http://dx.doi.org/10.1016/j.cell.2016.04.032
http://dx.doi.org/10.1073/pnas.1618029113

	African and Asian Zika virus strains differentially induce early antiviral responses in primary human astrocytes
	Acknowledgments
	References


